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PReFACe

We welcome you to our fourth edition of Design-
ing Resistance Training Programs, which over the 
years has been a solid resource in the field of exer-
cise and sport science. This textbook has been used 
by a wide variety of readers seriously interested in 
resistance training, including undergraduate stu-
dents in resistance training theory courses, strength 
coaches, and personal trainers, in addition to sport 
scientists wanting to further their understanding of 
the scientific basis of resistance training. Because 
the concept of individualization is so important 
in designing a resistance training program, this 
text has also been highly individualized for many 
needs and settings. Ultimately, it provides the 
tools for understanding and designing resistance 
training programs for almost any situation or 
need. It also offers a comprehensive background 
in resistance training program design from both 
scientific and practical perspectives. We hope you 
will gain an understanding of the dynamic nature 
of the program design process and will pick up 
on the many subtleties involved in bringing the 
science of resistance training into practice.

What Is new in the  
Fourth edition?

All chapters of this fourth edition have been 
updated given that research in the field of resis-
tance training has moved forward quickly as exer-
cise and sport scientists from all parts of the world 
have advanced knowledge in this field. This new 
edition combines the knowledge from the past 
with the dramatic amount of new information 
that has come to light over the past several years. 
Thus, readers of our previous editions will find 
important updates to fill in the blanks of the past 
and further their understanding of the growing 
field of resistance training and program design.

In the early 1980s we were both struck with 
the importance of understanding how to design a 
resistance training program. We sought to develop 
a scientifically based theoretical paradigm to 

help people understand how to design training 
programs. This resulted in identifying the acute 
program variables to address when developing a 
training session and the need to manipulate these 
variables over time so that the desired chronic 
training adaptations occur. This paradigm pro-
vided the theoretical framework for both practical 
applications and the scientific study of resistance 
training. Our own work with athletes and in the 
laboratory has benefited from this more quan-
titative approach to resistance training, and we 
have been overwhelmed through the years at its 
acceptance and use by a multitude of practitioners 
and scientists.

This edition explores both the acute program 
variables and their chronic manipulation using 
the most recent information available. Because 
we both understand that the process of program 
design is related to the art of using science, previ-
ous editions attempted to use the science of resis-
tance training to understand and further develop 
resistance training program design. This fourth 
edition continues in this vein and adds recent 
information. Over the years students, instructors, 
strength coaches, personal trainers, and even those 
just interested in what they are doing in the weight 
room have found this book to be a valuable refer-
ence as well as a good read. We believe this edition 
will not disappoint.

We have added two types of sidebars:

• Practical Question boxes look at ques-
tions resistance training professionals and 
coaches are likely to ask and apply the latest 
research to answer those questions.

• Research boxes explain research findings 
and apply those findings to resistance train-
ing and program design.

Since our last edition, the 
number of scientific studies 
concerning some aspect of 
resistance training has grown 
almost exponentially. Thus, 
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this textbook can no longer be a comprehensive 
source for such a dramatic amount of new data. 
Rather, we have used this large database to con-
tinue to mature and develop the concepts we put 
forth in our previous editions. The field is clearly 
moving forward at what might be called warp 
speed, with the interest in resistance training as 
great as ever and growing worldwide. This textbook 
will give you information and tools to help you 
evaluate resistance training programs and better 
understand the context and efficacy of the infor-
mation you receive from the Internet, magazines, 
television, radio, videos, and infomercials concern-
ing resistance training. More than ever we need a 
paradigm for understanding the information now 
available in this growing field.

organization
We have added information and reorganized all of 
the chapters of this book. Chapter 1 concerns the 
basic principles of resistance training and exercise 
prescription. This chapter lays the foundation for 
all subsequent chapters. For example, one of the 
hallmarks of resistance training is the concept of 
training specificity, which affects everything from 
the cellular-level events in the muscle to the per-
formance of athletic skills. Chapter 2 provides a 
detailed examination of the types of strength train-
ing from isometrics to eccentrics and makes unique 
comparisons among types of resistance training 
to help you understand how muscle action type 
influences adaptations and performance changes.

It is vital that you have an understanding of 
basic physiology and the adaptations to resistance 
training to be able to use new information in 
the future and put into context expected training 
outcomes from resistance training. You need to 
understand what causes strength gains in the first 
weeks of training and after months or years of 
training, as well as what you can expect in terms 
of muscle hypertrophy in the first six weeks of a 
program. A fundamental understanding of basic 
physiology will help you distinguish fact from 
fiction when assessing the physical changes that 
occur with resistance training. Chapter 3 provides 
this comprehensive and important view of resis-
tance training from a physiological perspective. 
This chapter is one of the few in the literature to 
present such a perspective and offers a new look 
at some basic concepts in physiological science. 

This chapter also provides students studying kine-
siology, exercise and sport sciences, and physical 
education a chance to integrate what they have 
learned from their courses in anatomy, physiology, 
and exercise physiology into an understanding of 
the acute response to and chronic adaptations that 
result from resistance training.

Because resistance training is only one compo-
nent of a total conditioning program, we believe 
it is very important to show you how resistance 
training programs interact with other condition-
ing components such as aerobic training, interval 
training, and flexibility training. Chapter 4 offers 
an overview of important conditioning compo-
nents and explains how they interact with, and 
whether they are compatible with, resistance 
training.

Chapter 5 presents the design of a single 
workout session. Proper design of each session 
is important because individual sessions are the 
building blocks of long-term training programs. 
This chapter addresses the acute program variables 
in detail as we continue using a specific paradigm 
to help you understand what you are asking 
someone to do in the weight room and why. The 
discussion starts with a needs analysis to help you 
develop a sound rationale for using the acute pro-
gram variables and set reasonable training goals.

Chapter 6 presents an overview from a scientific 
perspective of some of the many popular resistance 
training systems so you can understand them in 
terms of the acute program variables presented in 
chapter 5. In chapter 6 you get to apply what you 
learned about program variables in chapter 5 to a 
variety of training systems. The skill of evaluating 
programs based on an analysis of the acute variable 
used will help you assess the value of the many new 
programs and systems to which you are exposed 
each year. This process allows you to predict the 
potential physiological stress of, and extrapolate 
realistic training adaptations for, programs that 
may not have been studied scientifically.

Chapter 7 explores advanced training strat-
egies and explains how to manipulate training 
variables as the trainee progresses in a long-term 
resistance training program. Principles such as 
periodization are important to this process. Work 
from laboratories around the world, including our 
own, has shown that without variation in training, 
adaptations and gains can plateau well before the 
person’s potential has been reached. We also cover 
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the popular topic of plyometrics and power-type 
training, which are important components of 
many training strategies used today.

Rest is crucial at some points in any resistance 
training program. It can, however, result in detrain-
ing or loss of training adaptations and perfor-
mance gains, especially when training is stopped 
or significantly reduced. How does this affect the 
average person, fitness enthusiast, or athlete? What 
about training in-season? How long can one go 
without working out or with reduced training 
before losing fitness gains? These are some of the 
questions addressed in chapter 8 to help you plan 
rest into long-term training without experiencing 
a significant loss of fitness or performance gains.

In the final three chapters we take a careful look 
at resistance training exercise prescription in sev-
eral populations. Chapter 9 addresses women and 
resistance training. Although women undertaking 
resistance training are similar to men in many 
respects, some sex differences do exist. The exercise 
prescription process must take these factors into 
account to bring about optimal gains. This theme 
continues in chapter 10, which addresses resistance 
training in children and adolescents. The benefits 
of resistance training are clearly established for 
children of all ages, but this unique population 
requires careful consideration to create programs 
that are safe and effective. Given the epidemic of 
obesity and inactivity in children today, resistance 
training is a fun way to attract more children to 
an active lifestyle. This chapter helps create the 
proper mind-set for working with young children 
and adolescents to ensure that they are not viewed 
as little adults, which can result in ineffective or 
unsafe programs.

We end the book by addressing those at the 
other end of the age continuum, older adults. 
This area of study is important because people 
are living longer and it is clear that even the very 
old can safely perform and receive benefits from 
resistance training, in terms of both health and 
performance. This population requires particular 
program design considerations to achieve optimal 
health and performance gains. For example, joint 
compression and pain are problems that must be 
addressed with this group to ensure the success-
ful use of and adherence to resistance training 
programs.

Designing Resistance Training Programs is a lit-
erature-based book that can be a cornerstone in 

your understanding of this topic. We understand 
that the ideas, philosophies, and approaches to 
resistance training change by the day; ultimately, 
science-based knowledge creates the stability 
needed for designing effective resistance training 
programs for any population from children to 
elite athletes. We have provided extensive literature 
citations and selected readings to give you a context 
of what is being explored and a historical feel for 
the field. This book will be an important compo-
nent in your preparation for designing resistance 
training programs. We wish you good reading and 
good training!

Instructor Resources
Designing Resistance Training Programs, Fourth Edi-
tion, comes with a full array of instructor ancil-
laries, including an instructor guide, presentation 
package, image bank, and test package.

• The instructor guide includes a sample 
course syllabus, sample lecture outlines, 
suggestions for class projects and student 
assignments, and ideas for presenting 
important key concepts.

• The presentation package features hun-
dreds of full-color PowerPoint slides that 
highlight the most important concepts 
and selected text, figures, and tables from 
the book.

• The image bank includes almost all of the 
figures, content photos, and tables from 
the text, sorted by chapter. Images can be 
used to develop a customized presentation 
based on specific course requirements. A 
blank PowerPoint template is provided 
so instructors can quickly insert images 
from the image bank to create their own 
presentations.

• The test package includes a bank of 110 
questions. The test package is available for 
download in three different formats: Rich 
Text Format (.rtf) for use with word pro-
cessing software such as Microsoft Word, 
Respondus, and LMS format.

All of the ancillaries are accessible at www.
HumanKinetics.com/DesigningResistanceTrain-
ingPrograms.
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After studying this chapter, you should be able to

1. define basic terms commonly used in the design of resistance training programs,

2. demonstrate the three types of muscle actions,

3. explain the use of voluntary muscle actions and their role in bringing about optimal gains 
in strength or muscle hypertrophy,

4. discuss principles of program design, including intensity, training volume, rest periods, 
specificity, periodization, and progressive overload, and

5. discuss the importance of safety, including proper spotting, breathing, technique, range 
of motion, and equipment.

health and fitness benefits, such as increased 
strength, increased fat-free mass, decreased body 
fat, and improved physical performance in either a 
sporting activity or daily life activities. Other health 
benefits, such as changes in resting blood pressure, 
blood lipid profile, and insulin sensitivity, can also 
occur. A well-designed and consistently performed 
resistance training program can produce all of 
these benefits while emphasizing one or several 
of them.

The fitness enthusiast, recreational weight 
trainer, and athlete all expect gains in strength or 
muscle size (muscle hypertrophy) from a resistance 
training program. Many types of resistance training 
modalities (e.g., isokinetic, variable resistance, 
isometric, plyometric) can be used to accomplish 
these goals. In addition, a variety of training sys-
tems or programs (i.e., combinations of sets, rep-
etitions, and resistances) can produce significant 
increases in strength or muscle hypertrophy as long 
as an effective training stimulus is presented to the 

Basic Principles of Resistance 
Training and Exercise Prescription

1

Resistance training, also known as 
strength or weight training, has become one of 
the most popular forms of exercise for enhancing 
physical fitness as well as for conditioning athletes. 
The terms strength training, weight training, and 
resistance training have all been used to describe 
a type of exercise that requires the body’s muscu-
lature to move (or attempt to move) against an 
opposing force, usually presented by some type 
of equipment. The terms resistance training and 
strength training encompass a wide range of training 
modalities, including body weight exercises, the 
use of elastic bands, plyometrics, and hill running. 
The term weight training typically refers only to 
resistance training using free weights or some type 
of weight training machine.

The increasing number of health club, high 
school, and college resistance training facilities 
attests to the popularity of this form of physical 
conditioning. Those who participate in resistance 
training programs expect them to produce certain 
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neuromuscular system. The effectiveness of a spe-
cific type of resistance training system or program 
depends on its efficacy and proper use in the total 
exercise prescription or program. Fitness gains will 
continue as long as the training stimulus remains 
effective, which requires increasing the difficulty 
(i.e., progressive overload) in some manner and 
using periodized programs.

Most athletes and fitness enthusiasts expect 
the gains in strength and power produced by a 
resistance training program to result in improved 
sport or daily life activity performance. Resistance 
training can improve motor performance (e.g., the 
ability to sprint, throw an object, or climb stairs), 
which can lead to better performance in various 
games, sports, and daily life activities. The amount 
of carryover from a resistance training program to 
a specific physical task depends on the specificity 
of the program. For example, multijoint exercises, 
such as clean pulls from the knees, have greater 
carryover to vertical jump ability than isolated 
single-joint exercises, such as knee extensions and 
leg curls. Both multijoint and single-joint exer-
cises increase the strength of the quadriceps and 
hamstring muscle groups. However, the greater 
similarity of biomechanical movement and muscle 
fiber recruitment patterns between a multijoint 
exercise and most sporting or daily life activities 
results in greater specificity and carryover. In gen-
eral, multijoint exercises have a greater specificity 
and carryover to motor performance tasks than 
single-joint exercises do.

Body composition change is also a goal of many 
fitness enthusiasts and athletes engaged in resis-
tance training programs. Normally, the changes 
desired are a decrease in the amount of body fat 
and an increase in fat-free mass. However, some 
people also desire a gain or loss in total body 
weight. Body composition changes are associated 
with not only increases in physical performance, 
but also health benefits. Fitness enthusiasts, and 
to a lesser extent athletes, may also be interested 
in the health benefits of weight training, such 
as adaptations that reduce the risk for disease. 
For example, decreased resting blood pressure is 
associated with a decreased risk for cardiovascular 
disease. The success of any program in bringing 
about a specific adaptation depends on the effec-
tiveness of the training stimulus produced by 
that program. All of the preceding changes can be 
achieved by a properly designed and performed 
resistance training program.

Resistance training can produce the changes 
in body composition, strength, power, muscle 
hypertrophy, and motor performance that many 
people desire, as well as other health benefits. To 
achieve optimal changes in these areas, people 
must adhere to some basic principles that apply 
regardless of the resistance modality or the type of 
system or program.

Different people desire different changes from a 
resistance training program. Bodybuilders mostly 
desire increased fat-free mass and decreased per-
cent body fat. Other athletes may desire improved 
power or motor performance, and fitness enthu-
siasts often desire the aforementioned changes as 
well as health benefits such as decreased blood 
pressure and positive changes to the blood lipid 
profile.

Basic Definitions
Before discussing the principles of resistance train-
ing, we will define some basic terms commonly 
used in describing resistance training programs 
and principles. Having multiple meanings for 
the same term leads to misunderstanding. This is 
why terminology is so important when commu-
nicating with others interested in strength and 
conditioning.

• When a weight is being lifted, the major 
muscles involved are shortening, or performing a 
concentric muscle action (see figure 1.1a). During 
a concentric muscle action, force is developed and 
shortening of the muscle occurs; therefore, the 
word contraction is also appropriate for this type 
of muscle action.

• When a weight is being lowered in a con-
trolled manner, the major muscles involved are 
developing force and lengthening in a controlled 
manner; this is termed an eccentric muscle 
action (see figure 1.1b). Muscles can only shorten 
or lengthen in a controlled manner; they cannot 
push against the bones to which they are attached. 
In most exercises, gravity pulls the weight back to 
the starting position. To control the weight as it 
returns to the starting position, the muscles must 
lengthen in a controlled manner; otherwise, the 
weight will fall abruptly.

• When a muscle is activated and develops 
force, but no visible movement at the joint occurs, 
an isometric muscle action takes place (see figure 
1.1c). This can occur when a weight is held sta-
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tionary or when a weight is too heavy to lift any 
farther. Maximal isometric action force is greater 
than maximal concentric force at any velocity of 
movement, but less than maximal eccentric force 
at any movement velocity.

• A repetition  is one complete motion of 
an exercise. It normally consists of two phases: 
the concentric muscle action, or lifting of the 
resistance, and the eccentric muscle action, or 
lowering of the resistance. However, in some exer-
cises a complete repetition may involve several 
movements and thus several muscle actions. For 
example, a complete repetition of the power clean 
requires concentric muscle actions to accelerate 
the weight so it can be caught at a shoulder-height 
position, eccentric muscle actions as the knees 
and hips flex to drop underneath the weight, and 
then concentric actions to assume a full standing 
position.

• A set  is a group of repetitions performed 
continuously without stopping or resting. 
Although a set can consist of any number of repe-
titions, sets typically range from 1 to 15 repetitions.

• A repetition maximum, or RM, is the max-
imal number of repetitions per set that can be per-
formed in succession with proper lifting technique 
using a given resistance. Thus, a set at a certain RM 
implies that the set is performed to momentary 
voluntary fatigue usually in the concentric phase 
of a repetition. The heaviest resistance that can be 
used for one complete repetition of an exercise is 
called 1RM. A lighter resistance that allows com-
pletion of 10, but not 11, repetitions with proper 
exercise technique is called 10RM.

• A  repetition training zone  is a range of 
typically three repetitions (e.g., 3-5, 8-10). When 

performing the repetitions in a repetition training 
zone, the resistance used can allow the person to 
perform the desired number of repetitions with 
relative ease or can result in momentary voluntary 
failure. If the resistance used results in momentary 
voluntary failure, the repetition training zone is 
termed an RM training zone. However, using an 
RM training zone does not necessarily result in a set 
to failure. For example, using an 8- to 10RM train-
ing zone for 8 repetitions is not training to failure; 
performing 10 repetitions may bring the person 
close to failure.

• Power is the rate of performing work (see 
box 1.1). During a repetition, power is defined as 
the weight lifted multiplied by the vertical distance 
the weight is lifted divided by the time to com-
plete the repetition. Power can be increased by 
lifting the same weight the same vertical distance 
in a shorter period of time. Power can also be 
increased by lifting a heavier resistance the same 
vertical distance in the same period of time as a 
lighter resistance. Normally, factors such as arm 
and leg length limit the ability to increase power by 
moving a weight a greater distance. Thus, the only 
ways to increase power are to increase movement 
speed or lift a heavier resistance with the same or 
greater movement speed than one would use with 
a lighter resistance.

• Maximal strength is the maximal amount 
of force a muscle or muscle group can generate in a 
specified movement pattern at a specified velocity 
(Knuttgen and Kraemer 1987). In an exercise such 
as the bench press, 1RM is a measure of strength 
at a relatively slow speed. The classic strength–
velocity curve indicates that as the concentric 
velocity increases, maximal strength decreases 
(see chapter 3). On the other hand, as eccentric 

Fleck/E4758/Fig 1.1a-c/460537,538,539/TB/R1

a b c

No movement

FiguRE 1.1 Major types of muscle actions. (a) During a concentric muscle action, the muscle shortens. (b) During an 
eccentric muscle action, the muscle lengthens in a controlled manner. (c) During an isometric muscle action, no movement 
of the joint occurs, and no shortening or lengthening of the total muscle takes place.
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velocity increases, maximal strength increases and 
then plateaus.

Maximal Voluntary  
Muscle Actions

Maximal voluntary muscle actions, or performing 
sets to failure, appears to be an effective way to 
increase muscular strength (see the discussion of 
dynamic constant external resistance training in 
chapter 2). This does not mean that the maximal 
resistance possible for one complete repetition 
(1RM) must be lifted. Performing maximal volun-
tary muscle actions means that the muscle gener-
ates as much force as its present fatigue level will 
allow. The force a partially fatigued muscle can gen-
erate during a maximal voluntary muscle action is 
not as great as that of a nonfatigued muscle. The 
last repetition in a set to momentary concentric 
failure is thus a maximal voluntary muscle action, 
even though the force produced is not the absolute 
maximum because the muscle is partially fatigued.

Many resistance training systems use momentary 
concentric failure, or RM resistance, to ensure the 
performance of maximal voluntary muscle actions. 
This does result in increases in strength, power, 
or local muscular endurance (see chapter 2). As 
a result of daily variation in strength due to a 
variety of factors (e.g., fatigue from other types of 
training, a poor night's sleep), many programs use 

repetition training zones or RM training zones to 
prescribe training resistances for a set.

A training zone encompasses a small number 
of repetitions, such as a 4-6 zone or an 8-10 zone, 
and does not necessarily result in momentary con-
centric failure. An RM training zone also encom-
passes a small range of repetitions, but does result 
in momentary concentric failure. One rationale to 
use training zones instead of RM training zones 
is that always carrying sets to failure may result in 
less than optimal increases in power (see chapter 
6). Training zones and RM training zones allow 
for day-to-day variations in strength, whereas 
prescribing a true repetition maximum, such as 
6RM, requires that the lifter perform exactly six 
repetitions. The lifter can be instructed to perform 
a minimum of six repetitions or more if possible, 
or as close to six repetitions as possible. Prescribing 
the number of repetitions per set in this manner 
results in prescribing an RM training zone or sets 
to momentary voluntary fatigue.

Maximal increases in strength can occur without 
maximal voluntary muscle actions or sets carried 
to failure in all training sessions or even no train-
ing sessions. This is true for seniors (Hunter et 
al. 2001) as well as healthy adults (Izquierdo et 
al. 2006). In seniors equivalent strength and fat-
free mass gains occur when performing maximal 
voluntary muscle actions during all three training 
sessions per week and during only one of three 
training sessions per week. In healthy adults, not 

Box 1.1 PRAcTicAl QuEsTion

What is the Difference Between Work and Power?
Work is defined as force multiplied by the distance a weight or resistance is moved. Power is the rate 
of doing work, or work divided by time. Work can be increased by increasing the distance a weight 
is moved or increasing the weight or resistance being moved. Power can be increased the same way 
work is increased, or by decreasing the time in which a certain amount of work is performed. If the 
time to perform a certain amount of work is decreased by half, power doubles. Work and power can 
be calculated for a resistance training exercise and are normally calculated for the concentric phase of 
a repetition. If 100 kg (220 lb) is lifted 0.9 m vertically in two seconds during a bench press, the work 
performed is 90 kg ∙ m–1 (100 kg  0.9 m) or 882.9 joules (1 kg ∙ m–1 = 9.81 joules). The average 
power during the concentric phase is 45 kg ∙ m–1. sec–1 (100 kg  0.9 m / 2 sec) or 441.5 watts (1 watt 
= 1 joule ∙ s–1). During weight training exercises high-speed video recording or some other means is 
needed for accurately determining the time and distance a weight is moved to accurately determine 
work and power. In some exercises, such as the bench press as in this example, ignoring the mass of 
the body parts moved results in little error in calculating work and power. But in other exercises, such 
as a squat, in which the mass of the body parts moved is high, not including the mass of the body 
parts moved does result in a significant amount of error when calculating work and power.

?
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performing sets to failure resulted in equivalent 
maximal strength gains as well as greater power 
gains after a peaking training phase compared 
to carrying sets to failure (see chapter 6).  Thus, 
performing sets to voluntary fatigue is not a pre-
requisite for strength gains. However, how far from 
failure (the number of repetitions prior to being 
unable to continue) a set can be terminated and 
still result in optimal maximal strength gains is not 
known. So generally, it is recommended that sets 
be carried at least close to failure at some point in 
a training program.

In some exercises, performance of maximal vol-
untary muscle actions does not necessarily mean 
that the last repetition in a set is not completed. 
For example, when some muscle fibers become 
fatigued during power cleans, the velocity of the 
bar decreases and the weight is not pulled as high 
as it could be during the first repetition of a set 
even though the trainee is exerting maximal effort. 
Because the trainee developed maximal force in 
a partially fatigued state, by definition this is a 
maximal voluntary muscle action.

Some resistance training machines have been 
specifically designed to force the muscle to perform 
maximal voluntary muscle actions either through a 
greater range of motion or for more repetitions in 
a set. Developments in equipment such as variable 
resistance, variable variable resistance, and isoki-
netic equipment (see chapter 2) attest to a belief 
in the necessity for close to maximal voluntary 
muscle actions in training. All competitive Olym-
pic weightlifters, powerlifters, and bodybuilders 
use maximal voluntary muscle  actions at some 
point in their training programs. They recognize 
the need for such actions at some point in the 
training process to bring about optimal gains in 
strength or muscle hypertrophy. However, strength 

gains and hypertrophy can clearly occur without 
carrying sets to absolute failure.

intensity
The  intensity of a resistance training exercise is 
estimated as a percentage of the 1RM or any RM 
resistance for the exercise. The minimal intensity 
that can be used to perform a set to momentary 
voluntary fatigue in young, healthy people to 
result in increased strength is 60 to 65% of 1RM 
(McDonagh and Davies 1984; Rhea et al. 2003). 
However, progression with resistances in the 50 to 
60% of 1RM range may be effective and may result 
in greater 1RM increases than the use of heavier 
resistances in some populations (e.g., in children 
and senior women; see chapters 10 and 11). Addi-
tionally, approximately 80% of 1RM results in 
optimal maximal strength gains in weight-trained 
people (Rhea et al. 2003). Performing a large 
number of repetitions with a very light resistance 
will result in no or minimal strength gain. How-
ever, the maximal number of repetitions per set 
of an exercise that will result in increased strength 
varies from exercise to exercise and from muscle 
group to muscle group. For example, the maximal 
number of repetitions possible at 60% of 1RM by 
trained men in the leg press is 45.5 and for the arm 
curl is 21.3 (see table 1.1).

In addition, training level may also affect the 
number of repetitions performed in a weight 
machine exercise; trained men and women typ-
ically perform more repetitions at a given per-
centage of 1RM than untrained men and women 
do (Hoeger et al. 1990). Trained was defined very 
heterogeneously as having two months to four 
years of training experience. Thus, it appears that 
when using a percentage of 1RM resistance, the 

TaBle 1.1 number of Repetitions to concentric Failure at Various Percentages of an 
Exercise
Hoeger et al. 
1990

leg press 60% 
of 1RM

leg press
80% of 1RM

Bench press 
60% of 1RM

Bench press 
80% of 1RM 

Arm curl 60% 
of 1RM

Arm curl 80% 
of 1RM

Untrained 33.9 15.2 19.7 9.8 15.3 7.6

Trained 45.5 19.4 22.6 12.2 21.3 11.4

shimano et al. 
2006

squat 60% of 
1RM

squat 80% of 
1RM

Bench press 
60% of 1RM

Bench press 
80% of 1RM

Arm curl 60% 
of 1RM

Arm curl 80% 
of 1RM

Untrained 35.9 11.8 21.6 9.1 17.2 8.9

Trained 29.9 12.3 21.7 9.2 19.0 9.1

The average number of repetitions possible at percentages of 1RM in machine exercises and free weight barbell exercises.
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number of repetitions possible is higher with 
larger muscle groups and in trained people when 
using weight machines. However, not all studies 
confirm that the number of repetitions possible at 
a percentage of 1RM increases with training; the 
percentage of 1RM used for a 10RM in machine 
exercises was generally unchanged in previously 
untrained women after 14 weeks of training (Fleck, 
Mattie, and Martensen 2006).

When trained men perform barbell free weight 
exercises, more repetitions per set are also pos-
sible with large-muscle-group exercises (squat 
and bench press) than with small-muscle-group 
exercises (arm curl). However, cross-sectional 
data indicate that trained men may perform fewer 
repetitions at given percentages than untrained 
men in the squat but not in other exercises (table 
1.1). Also, 12 weeks of weight training of Ameri-
can football players did not increase the number 
of repetitions possible at 60, 70, 80 and 90% of 
1RM in the bench press (Brechue and Mayhew 
2009), but did increase the number of repetitions 
possible at 70% of 1RM in the squat (Brechue and 
Mathew 2012). On average, similar free weight and 
machine exercises, such as barbell and machine 
arm curls, produce similar results in the number 
of repetitions possible at a specific percentage of 
1RM except for the squat, in which typically fewer 
repetitions than the leg press were performed by 
trained and untrained men, probable due to less 
low back use in the leg press.

Thus, RMs or RM training zones vary from exer-
cise to exercise, between men and women, between 
similar machine and free weight exercises and 
possibly with training status. It is also important 
to note that a great deal of individual variation 
exists in the number of repetitions possible at a 
percentage of 1RM in all exercises (as shown by the 
large standard deviations in the aforementioned 
studies). These factors need to be considered when 
the percentage of 1RM or RM training zones are 
used to prescribe training intensity and volume.

Lower intensities, with resistance moved at a 
fast velocity, are used when training for power 
(see chapter 7). This is in large part because, in 
many exercises, lower intensities (light resistance) 
allow faster velocities of movement and result in 
higher power output than other combinations of 
intensity and velocity of movement. This is true for 
both multijoint and single-joint exercises (Komi 
1979), but typically, multijoint exercises are used 
when training for power.

Unlike the intensity of endurance exercise, the 
intensity of resistance training is not estimated by 
heart rate during the exercise. Heart rate during 
resistance exercise does not consistently vary 
with the exercise intensity (see figure 1.2). Heart 
rate attained during sets to momentary voluntary 
fatigue at 50 to 80% of 1RM can be higher than 
heart rate attained during sets with 1RM or sets 
performed to momentary voluntary fatigue at 
higher percentages of 1RM (Fleck and Dean 1987). 
Heart rate during training is different with various 
types of weight training programs (Deminice 
et al. 2011). Maximal heart rate attained during 
a training session using three sets of 10RM and 
90-second rest periods between sets and exercises, 
and performing all the arm exercises followed by 
all the leg exercises, results in a mean heart rate 
of 117 beats per minute (60% of maximal heart 
rate). Performing the same exercises for the same 
number of sets with the same resistance with an 
alternating arm–leg exercise order with little rest 
between exercises results in a mean heart rate of 
126 beats per minute (65% of maximal heart 
rate). In both training sessions the same intensity, 
number of sets, and repetitions were performed. 
The difference in heart rate was due to the use of 
exercise order and rest period lengths and not to 
differences in training intensity or volume, which 
is the next concept discussed. Recovering between 
sets and exercises to a specific heart rate, however, 
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FiguRE 1.2 Maximal heart rate of a moderately trained 
group of males during knee extension sets to momentary 
voluntary fatigue at various percentages of 1RM. The 
heart rate does not reflect the intensity (% of 1RM) of 
the exercise.
Based on Fleck and Dean 1987.
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has been used to determine the rest period length 
between sets and exercises (Piirainen et al. 2011).

Training Volume
Training volume is a measure of the total amount 
of work (in joules) performed in a training ses-
sion, a week of training, a month of training, or 
some other period of time. Training frequency 
(number of training sessions per week, month, or 
year), training session duration, number of sets, 
number of repetitions per set, and number of 
exercises performed per training session all have 
a direct impact on training volume. The simplest 
method to estimate volume is to add the number 
of repetitions performed in a specific time period, 
such as a week or a month of training. Volume can 
also be estimated by the total amount of weight 
lifted. For example, if 100 lb (45 kg) are used to 
perform 10 repetitions, the volume of training is 
1,000 lb (450 kg) (10 repetitions multiplied by 
100 lb, or 45 kg).

Training volume is more precisely determined 
by calculating the work performed. Total work 
in a repetition is the resistance multiplied by the 
vertical distance the weight is lifted. Thus, if 100 
lb (45 kg or 445 N) is lifted vertically 3 ft (0.9 m) 
in a repetition, the volume or total work is 100 lb 
multiplied by 3 ft or 300 ft ∙ lb (445 N  0.9 m = 
400 J). Training volume for a set of 10 repetitions 
in this example is 300 ft ∙ lb (400 J) per repetition 

multiplied by 10 repetitions, which equals 3,000  
ft ∙ lb (4,000 J). The calculation of training volume 
is useful in determining the total training stress.

A relationship exists between higher training 
volumes and training outcomes, such as muscle 
hypertrophy, decreased body fat, increased fat-free 
mass, and even motor performance. Larger training 
volumes may also result in a slower loss of strength 
gains after cessation of training (Hather, Tesch et 
al. 1992). Thus, training volume is a consideration 
when designing a resistance training program (see 
box 1.2).

Rest Periods
Rest periods between sets of an exercise, between 
exercises, and between training sessions allow 
recovery and are important for the success of any 
program. The rest periods allowed between sets 
and between exercises during a training session 
are in large part determined by the goals of the 
training program. Rest period length affects recov-
ery and blood lactate, a measure of acidity, as well 
as the hormonal responses to a training session 
(see chapter 3). The rest periods between sets and 
exercises, the resistance used, and the number 
of repetitions performed per set all affect the 
design and goals of the program (see chapter 5). 
In general, if the goal is to emphasize the ability 
to exhibit maximal strength, relatively long rest 
periods (several minutes), heavy resistances, and 

Box 1.2 REsEARcH

Training Volume Affects strength gains
Strength gains are affected by total training volume. Several meta-analyses have concluded that 
training programs that use multiple sets of an exercise result in greater increases in strength than 
single-set programs do (Peterson et al. 2004; Rhea et al. 2003; Wolfe, LeMura, and Cole 2004). But 
increasing the number of sets performed is only one way of increasing training volume. Training 
volume is also affected by other training variables, such as training frequency. Performing nine 
exercises during six weeks of training for either three days per week with two sets of 10 repetitions 
(10RM) or two days per week with three sets of 10 repetitions (10RM) results in the same total 
training volume (six sets of 10 repetitions of each exercise per week). The only difference between 
the programs is training frequency. No significant difference in 1RM bench press or back squat 
was shown between training programs. The authors concluded that total training volume is more 
important than other training variables, such as training frequency and number of sets, to bring 
about maximal strength gains (Candow and Burke 2007).

Candow, D.G., and Burke, D.G. 2007. Effect of short-term equal-volume resistance training with different workout frequency 
on muscle mass and strength in untrained men and women. Journal of Strength and Conditioning Research 21: 204-207.
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one to six repetitions per set are suggested. When 
the goal is to emphasize the ability to perform 
high-intensity exercise for short periods of time, 
rest periods between sets should be less than one 
minute. Repetitions and resistance can range from 
10 to 25 repetitions per set, depending on the 
type of high-intensity ability the person wishes to 
enhance. If enhancement of long-term endurance 
(aerobic power) is the goal, then circuit-type resis-
tance training with short rest periods (less than 
30 seconds), relatively light resistances, and 10 to 
15 repetitions per set is one training prescription.

Shorter rest period lengths do result in an overall 
shorter training session. If the same session is per-

formed with one-minute rest periods rather than 
two-minute rest periods between sets and exercises, 
the session is completed in about half the time. 
This may be important for trainees with limited 
time in which to train. However, other training 
variables, such as the number of repetitions per 
set, may be affected (see box 1.3). Trainees must 
also make sure that exercise technique is not 
compromised by short rest periods; greater fatigue 
levels can result in improper technique, which may 
increase the potential for injury.

Many fitness enthusiasts and some athletes 
allow one day of recovery between resistance train-
ing sessions for a particular muscle group. This 

Box 1.3 REsEARcH

shorter Rest Periods significantly Affect Training Volume
Short rest periods between sets and exercises offer the advantage of completing a training session 
in less time. Fatigue as the training session progresses decreases training volume as indicated by a 
decrease in number of repetitions possible with a specific intensity. Figure 1.3 presents the number 
of repetitions possible at 8RM as a training session progresses. Three-minute rest periods allow sig-
nificantly more repetitions per set than one-minute rest periods. The number of repetitions possible 
in a set decreases substantially in successive sets of an exercise and particularly when two exercises 
involving the same muscle groups are performed in succession. Rest periods as well as exercise order 
affect training volume by affecting the number of repetitions performed per set.

FiguRE 1.3 The number of repetitions possible in a training session with one- and three-min-
ute rest periods between sets and exercises.
* = significant difference in repetitions with one- and three-minute rest periods in the same set.

adapted, by permission, from R. Miranda, S.J. Fleck, et al., 2007, “effect of two different rest period lengths on the 
number of repetitions performed during resistance training,” Journal of Strength and Conditioning Research 21:1032-1036. 
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is a good general rule, although some evidence 
indicates that other patterns of training sessions 
and recovery periods are equally or even more ben-
eficial (see the discussion of rest periods between 
workouts in chapter 5 and the discussion of two 
training sessions per day in chapter 7). A practical 
indication of the need for more rest between train-
ing sessions is residual muscular soreness. When 
muscular soreness interferes with performance in 
the following training session, the rest between 
training sessions was probably insufficient.

Velocity specificity
Many coaches and athletes maintain that some 
resistance training should be performed at the 
velocity required during the actual sporting event. 
For many sporting events this means a high veloc-
ity of movement. Velocity specificity is the con-
cept that resistance training produces its greatest 
strength and power gains at the velocity at which 
the training is performed (see chapter 7 for a discus-
sion of movement speed and power development). 
However, if the training goal is to increase strength 
at all velocities of movement and only one training 
velocity is to be used, an intermediate velocity is 
the best choice. Thus, for someone interested in 
general strength, an intermediate training velocity 
is generally recommended. However, training at a 
fast velocity against light resistance and training 
at a slower velocity against heavy resistance both 
demonstrate velocity-specific strength gains. Thus, 
velocity-specific training to maximize strength and 
power gains at velocities needed during competi-
tion is appropriate for athletes at some point in 
their total training programs. If strength and power 
need to be maximized across velocities ranging 
from slow to very fast, training at several velocities 
of movement should be performed.

Muscle Action specificity
If a person trains isometrically and progress is 
evaluated with a static muscle action, a large 
increase in strength may be apparent. However, if 
progress is evaluated using concentric or eccentric 
muscle actions, little or no increase in strength may 
be demonstrated. This is termed muscle action 
specificity or testing specificity. Muscle action 
specificity indicates that gains in strength are in 
part specific to the type of muscle action used in 

training (e.g., isometric, variable resistance, isoki-
netic). Testing specificity is a similar term refer-
ring to the fact that strength increases are higher 
when tested using an exercise or muscle action 
performed during training and less when tested 
using an exercise or muscle action involving the 
same muscle groups, but not performed during 
training. Testing specificity is also apparent when 
testing and training are performed using the same 
exercise but different types of equipment, such as 
training with a machine bench press and testing 
with a free weight bench press.

The specificity of strength gains is caused by 
neural adaptations resulting in the ability to recruit 
the muscles in the most efficient way to perform 
a particular type of muscle action or exercise (see 
the discussion of nervous system adaptations in 
chapter 3). Generally, fitness gains are evaluated 
with an exercise performed during training, and 
the training program for a specific sport or activ-
ity should include the types of muscle actions 
encountered in that sport or activity. For example, 
isometric muscle actions are frequently performed 
while wrestling, so it is beneficial to incorporate 
some isometric training into the resistance training 
program of wrestlers.

Muscle group specificity
Muscle group specificity  simply means that 
each muscle group requiring strength gains or 
other adaptations to the training program must 
be trained. In other words, the muscle tissue in 
which adaptations are desired must be activated 
or recruited by the exercises performed during 
training (see chapter 3). If an increase in strength 
is desired in the flexors (biceps group) and exten-
sors (triceps) of the elbow, exercises for both 
muscle groups need to be included in the training 
program. Exercises in a training program must be 
specifically chosen for each muscle group in which 
a training adaptation such as increased strength, 
power, endurance, or hypertrophy is desired.

Energy source specificity
Energy source specificity  refers to the concept 
that physical training may bring about adaptations 
of the metabolic systems predominantly used to 
supply the energy needed by muscles to perform 
a given physical activity. There are two anaerobic 
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sources and one aerobic source of energy for muscle 
actions. The anaerobic sources of energy supply the 
majority of energy for high-power, short-duration 
events such as sprinting 100 m, whereas the aero-
bic energy source supplies the majority of energy 
for longer-duration, lower-power events, such as 
running 5,000 m. If an increase in the ability of a 
muscle to perform anaerobic exercise is desired, the 
bouts of exercise should be of short duration and 
high intensity. To increase aerobic capability, train-
ing bouts should be of longer duration and lower 
intensity. Resistance training is most commonly 
used to bring about adaptations of the anaerobic 
energy sources; however, resistance training can 
cause increases in aerobic capability as indicated 
by increases in maximal oxygen consumption (see 
chapter 3). The number of sets and repetitions, the 
length of rest periods between sets and exercises, 
and other training variables need to be appropriate 
for the energy source in which training adaptations 
are desired (see chapter 5).

Periodization
Periodization, planned variation in the training 
volume and intensity, is extremely important for 
continued optimal gains in strength, as well as 
other training outcomes (see chapter 7). Addi-
tionally, changes in other training variables, such 
as exercise choice (e.g., performing more pow-
er-oriented exercises at some point in the training 
program) and rest period length between sets and 

exercises can also be made on a regular basis in a 
periodized fashion.

Variations in the position of the feet, hands, and 
other body parts that do not affect the safety of the 
lifter affect muscle fiber recruitment patterns and 
can also be used as training variations. The use of 
several exercises to vary the conditioning stimulus 
of a particular muscle group is also a valuable way 
to change muscle fiber recruitment patterns to pro-
duce continued increases in strength and muscle 
fiber hypertrophy (see the discussion of motor 
unit activation in chapter 3). Periodization is 
needed for achieving optimal gains in strength and 
power as training progresses (American College of 
Sports Medicine 2009; Rhea and Alderman 2004). 
Considering the factors that can be manipulated, 
there are an infinite number of possibilities for 
periodization of resistance training; however, in 
terms of research, training volume and intensity 
are the most commonly manipulated variables 
(see box 1.4).

Progressive overload
Progressive overload is the practice of continually 
increasing the stress placed on the body as force, 
power, or endurance capabilities increase as a result 
of training. Progressive resistance is a similar term 
that applies specifically to resistance training; the 
stress of resistance training is gradually increased 
as fitness gains are achieved with training.  The 
term was developed by physician Capt. Thomas 

Box 1.4 PRAcTicAl QuEsTion

can the same Training Volume and intensity Be used to create 
Two Different Periodization Plans?

Training volume and intensity are the most commonly manipulated training variables in research 
examining the effects of periodized resistance training. These variables are also commonly changed 
by strength and conditioning professionals when creating programs for athletes or clients. The same 
average intensity and volume can be used to create very different programs. If three training zones 
of 12- to 15RM, 8- to 10RM, and 4- to 6RM are used each for one month of training in succession 
(linear periodization; see chapter 7) with three training days per week, a total of 12 training sessions 
are performed with each RM training zone. If the same RM training zones are performed one day 
per week for three months of training (nonlinear periodization), there are also 12 training sessions 
performed with each of the three training zones. Although the arrangement of training volume 
and intensity is quite different in these two programs, the total training volume and intensity are 
equivalent.

?
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Delorme after World War II when he demonstrated 
in a series of studies that resistance training was 
an effective medical treatment for rehabilitating 
wounded soldiers from war-related injuries. Not 
knowing what to call this form of resistance train-
ing in which he carefully increased the resistance 
used over time, his wife during a dinner conver-
sation on the topic said, “Why don’t you call it 
progressive resistance training,” and so the term 
was created (oral communication with Dr. Terry 
Todd, University of Texas at Austin). For example, 
at the start of a training program the 5RM for arm 
curls might be 50 lb (23 kg), which is a sufficient 
stimulus to produce an increase in strength. As 
the program progresses, five repetitions with 50 lb 
(23 kg) would not be a sufficient stimulus to pro-
duce further gains in strength because the trainee 
can now easily perform five repetitions with this 
weight. If the training stimulus is not increased in 
some way at this point, no further gains in strength 
will occur.

Several methods are used to progressively 
overload muscles (American College of Sports 
Medicine 2009). The most common is to increase 
the resistance to perform a certain number of repe-
titions. The use of RMs or RM training zones auto-
matically provides progressive overload because 
as a muscle’s strength increases, the resistance 
necessary for performing an RM or staying within 
an RM training zone increases. For example, a 5RM 
or a 4- to 6RM training zone may increase from 50 
lb (23 kg) to 60 lb (27 kg) after several weeks of 
training. However, as discussed earlier, performing 
sets to failure is not needed to cause increased 
strength. As long as the resistance used is gradually 
increased, progressive overload is occurring.

Other methods to progressively overload 
the muscle include increasing the total training 
volume by increasing the number of repetitions, 
sets, or exercises performed per training session; 
increasing the repetition speed with submaxi-
mal resistances; changing the rest period length 
between exercises (i.e., shortening the rest period 
length for local muscular endurance training); and 
changing the training frequency (e.g., performing 
multiple training sessions per day for a short period 
of time). To provide sufficient time for adaptations 
and to avoid overtraining, progressive overload of 
any kind should be gradually introduced into the 
training program; sufficient time is needed for the 
trainee to become accustomed to the training and 
make physiological adaptations to it.

safety Aspects
Successful resistance training programs have one 
feature in common—safety. Resistance training has 
some inherent risk, as do all physical activities. The 
chance of injury can be greatly reduced or com-
pletely removed by using correct lifting techniques, 
spotting, and proper breathing; by maintaining 
equipment in good working condition; and by 
wearing appropriate clothing.

The chance of being injured while performing 
resistance training is very slight. Among college 
American football players (Zemper 1990) the 
weight room injury rate was very low (0.35 per 
100 players per season). Weight room injuries 
accounted for only 0.74% of the total reported 
time-lost injuries during the football season. This 
injury rate may be reduced to even lower levels 
through more rigorous attention to proper proce-
dures in the weight room (Zemper 1990), such as 
proper exercise technique and the use of collars 
with free weight bars. Injury rates in a supervised 
health and fitness facility that included resistance 
training as part of the total training program were 
also very low (0.048 per 1,000 participant-hours) 
(Morrey and Hensrud 1999). A review of the U.S. 
Consumer Product Safety Commission National 
Electronic Injury Surveillance System indicates 
that 42% of resistance training injuries occur at 
home (Lombardi and Troxel 1999), and 29 and 
16% of resistance training injuries occur at sport 
facilities and schools, respectively. Muscle sprains 
and strains during weight training are common 
injuries in children as well as adults, but increase in 
frequency with age from 8-13 years to 23-30 years 
of age (Meyer et al. 2009). Accidental injury is high-
est in children and decreases with increasing age.

These results indicate that lack of supervision 
contributes to injury. Exercise techniques involving 
the shoulder complex also need special attention 
because 36% of documented resistance training 
injuries involve the shoulder complex (Kolber et 
al. 2010). The injury rate even in competitive male 
and female powerlifters is low compared to that in 
other sports. The rate of injury in powerlifters was 
only 0.3 injuries per lifter per year (1,000 hours 
of training = 1 injury) (Siewe et al. 2011). The rate 
of injury in the powerlifters increased with age, 
and women had more injuries than men. Inter-
estingly, the use of weight belts actually increased 
the rate of lumbar spine injuries most likely due 
to an overestimation of the degree of protection 
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FiguRE 1.4 Systolic and diastolic blood pressure during 
an isometric action only, simultaneous isometric action 
and Valsalva maneuver, and Valsalva maneuver only.

n = 6.

Unpublished data of authors.

to the low back weight belts provide when lifting 
maximal loads. So, although resistance training 
is a very safe activity, all proper safety precautions 
should be taken, and supervision should always 
be present.

spotting
Proper spotting is necessary for ensuring the safety 
of the participants in a resistance training program. 
Spotting  refers to the activities of people other 
than the lifter that help ensure the safety of the 
lifter. Spotters serve three major functions: to assist 
the trainee with the completion of a repetition if 
needed, to critique the trainee’s exercise technique, 
and to summon help if an accident does occur. 
Briefly, the following factors should be considered 
when spotting:

• Spotters must be strong enough to assist the 
trainee if needed.

• During the performance of certain exercises 
(e.g., back squats), more than one spotter 
may be necessary to ensure the safety of 
the lifter.

• Spotters should know proper spotting tech-
nique and the proper exercise technique for 
each lift for which they are spotting.

• Spotters should know how many repetitions 
the trainee is going to attempt.

• Spotters should be attentive at all times to 
the lifter and to his or her exercise tech-
nique.

• Spotters should summon help if an accident 
or injury occurs.

Following these simple guidelines will aid in 
the avoidance of weight room injuries. A detailed 
description of spotting techniques for all exer-
cises is beyond the scope of this text, but spotting 
techniques for a wide variety of resistance training 
exercises have been presented elsewhere (Fleck 
1998; Kraemer and Fleck 2005).

Breathing
A Valsalva maneuver is holding one’s breath while 
attempting to exhale with a closed glottis. This 
maneuver is not recommended during resistance 
training exercises because blood pressure rises 
substantially (see the discussion of acute cardiovas-
cular responses in chapter 3). Figure 1.4 depicts the 
intra-arterial blood pressure response to maximal 

isometric muscle actions during one-legged knee 
extensions. The blood pressure response during 
an isometric muscle action in which breathing 
was allowed is lower than the response observed 
during either an isometric action performed simul-
taneously with a Valsalva maneuver or during a 
Valsalva maneuver in the absence of an isometric 
muscle action. This demonstrates that the eleva-
tion of blood pressure during resistance training is 
lower when the person breathes during the muscle 
action compared to when a Valsalva maneuver 
is performed during the muscle action. Elevated 
blood pressure increases the afterload on the heart; 
this requires the left ventricle to develop more 
pressure to eject blood, which makes the work of 
the left ventricle more difficult.

Exhaling during the lifting of the resistance and 
inhaling during the lowering of the resistance are 
normally recommended, although little difference 
in the heart rate and blood pressure response 
during resistance training is observed between that 
and inhaling during lifting and exhaling during 
lowering (Linsenbardt, Thomas, and Madsen 
1992). During an exercise using 1RM or during the 
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last few repetitions of a set performed to momen-
tary voluntary fatigue, the Valsalva maneuver will 
occur. However, excessive breath holding should 
be discouraged.

Proper Exercise Technique
Proper technique for resistance training exercises is 
partially determined by anatomy and the specific 
muscle groups being trained. Altering the form of 
an exercise causes other muscle groups to assist in 
the movement. This decreases the training stim-
ulus on the muscles normally associated with a 
particular exercise. Proper technique is altered in 
several advanced resistance training techniques 
(e.g., the forced repetition technique), but these 
techniques are not recommended for beginning 
resistance trainees (see chapter 6).

Proper technique is also necessary for pre-
venting injury, especially in exercises in which 
improper technique exposes the low back to addi-
tional stress (e.g., squat, deadlift) or in which the 
resistance can be “bounced” off a body part (e.g., 
free weight bench press). Improper form often 
occurs when the lifter performs an exercise with 
resistances that exceeds his or her present strength 
capabilities for a certain number of repetitions. If 
exercise technique deteriorates, the set should be 
terminated. Proper exercise technique for a large 
variety of exercises has been described elsewhere 
(Fleck 1998; Kraemer and Fleck 2005).

Full Range of Motion
Full range of motion refers to performing an exer-
cise with the greatest possible range of movement. 
Exercises are normally performed with the full 
range of motion allowed by the body’s position 
and the joints involved. Although no definitive 
studies are available to confirm this, it is assumed 
that to develop strength throughout the joint’s 
full range of motion, training must be performed 
throughout that range. Studies demonstrating 
joint-angle specificity with isometric training 
indicate that when training is performed only at 
a specific joint angle, strength gains are realized 
in a narrow range around that specific joint angle 
and not throughout the joint’s range of motion 
(see chapter 2). In advanced training programs 
joint-angle specificity is used to increase strength 
and power in a range of motion to increase motor 
performance (e.g., using quarter squats to develop 
jumping ability). Some advanced training tech-

niques (e.g., partial repetitions) intentionally limit 
the range of motion (see chapter 6). However, 
generally, exercises are performed throughout 
a full range of motion to ensure strength gains 
throughout that range.

Resistance Training shoes
A safe shoe for resistance training does not have to 
be one specifically designed for Olympic-style lift-
ing or powerlifting, but should have good arch sup-
port, a nonslip sole, proper fit, and a sole that is not 
shock absorbing. The first three of these factors are 
for safety reasons. The last is important for a simple 
reason: Force produced by the leg muscles to lift 
the weight should not be wasted in compressing 
the shoe’s sole. Additionally, if the heel area is 
very compressible, such as in a running shoe, in 
some exercises, such as back squats, compression 
of the heel area during the lift may result in a loss 
of balance. Shoes designed for cross-training offer 
all of these characteristics and are appropriate for 
all but the advanced fitness enthusiast, strength or 
power athlete, Olympic-style lifter, or powerlifter.

Resistance Training gloves
Gloves for resistance training cover only the palm 
area. This protects the palms from catching or 
scraping on free weight and machine handles, 
but allows a good grip of the bar or handle with 
the fingers. Gloves help prevent blisters and the 
ripping of calluses on the hand. However, they are 
not mandatory for safe resistance training.

Training Belts
Training belts have a wide back portion that 
supposedly helps support the lumbar area or low 
back. They do help support the low back, but not 
because of the wide back area. Instead, the belt 
gives the abdominal muscles an object to push 
against. This helps to raise intra-abdominal pres-
sure, which supports the lumbar vertebrae from 
the anterior side (Harman et al. 1989; Lander, 
Hundley, and Simonton 1992; Lander, Simonton, 
and Giacobbe 1990). Increased intra-abdominal 
pressure prevents flexion of the lumbar vertebrae, 
which aids in maintaining an upright posture. 
Strong abdominal musculature helps to maintain 
intra-abdominal pressure. When intra-abdominal 
pressure increases, weak abdominal musculature 
protrude anteriorly. This results in decreased 
intra-abdominal pressure and so less support for 
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the lumbar vertebrae. A training belt can be used 
for exercises that place significant stress on the 
lumbar area, such as squats and deadlifts. How-
ever, it is not necessary for the safe performance of 
these exercises and should not be used to alleviate 
technique problems caused by weak abdominal or 
low back musculature.

Many lifters use weight training belts in inap-
propriate situations (e.g., lifting light weights or 
performing exercises not related to low back stress; 
Finnie et al. 2003). As noted earlier, the use of 
weight training belts has been shown to increase 
the injury rate to the lower spine possibly as a result 
of the belief that they protect competitive lifters 
as they push their ability with maximal or supra-
maximal weights in preparation for competition 
(Siewe et al. 2011). In addition, electromyographic 
activity of the lumbar extensor musculature is 
higher when wearing a belt during squats at 60% 
of 1RM compared to without a belt. This suggests 
that a belt does not reduce stress on the low back 
when using relatively light resistance and therefore 
should not be used with such resistances (Bauer, 
Fry, and Carter 1999). If exercises placing a great 
deal of stress on the low back are to be performed, 
exercises to strengthen the low back and abdom-
inal regions need to be included in the training 
program.

Wearing a tightly cinched belt during an activ-
ity increases blood pressure (Hunter et al. 1989), 
which can result in increased cardiovascular stress. 
Thus, a tightly cinched training belt should not be 
worn during activities such as riding a stationary 
bike or during exercises in which the lumbar area 
is not significantly stressed. Belts should normally 
not be worn when performing exercises that do 
not require back support or when using light to 
moderate resistances (i.e., RMs higher than 6RM 
or low percentages of 1RM).

Equipment Maintenance
Maintaining equipment in proper operating 
condition is of utmost importance for a safe 
resistance training program. Pulleys and cables or 
belts should be checked frequently for wear and 

replaced as needed. Equipment should be lubri-
cated as indicated by the manufacturer. Cracked 
or broken free weight plates, dumbbells, or plates 
in a machine’s weight stack should be retired and 
replaced. Upholstery should be disinfected daily. 
The sleeves on Olympic bars and other free weight 
bars should revolve freely to avoid tearing the 
skin on a lifter’s hands. Equipment in a facility 
that is not in working order needs to be clearly 
marked as such. An injury resulting from improper 
equipment maintenance should never happen in 
a well-run resistance training facility or program.

summary
Understandable and clear definitions of termi-
nology are important to any field of study. Clear 
definitions of weight training terms are necessary 
for accurate communication and an exchange 
of ideas among fitness enthusiasts and strength 
and conditioning professionals. Proper safety 
precautions, such as spotting and proper exercise 
technique, are a necessity of all properly designed 
and implemented resistance training programs. 
An understanding of the basic terminology and 
safety aspects of weight training is important when 
examining the topic of the next chapter, the types 
of strength training.
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After studying this chapter, you should be able to

1. define isometric, dynamic constant external resistance, variable resistance, variable-vari-
able resistance, isokinetic, and eccentric training,

2. describe what is known from research concerning the optimal training frequency, volume, 
and intensity to cause strength increases, motor performance increases, hypertrophy 
increases and body composition changes with the various types of training,

3. describe considerations unique to each type of training,

4. discuss how the various types of training compare in causing strength increases, motor 
performance increases, hypertrophy increases and body composition changes, and

5. define and discuss specificity of training factors such as joint angle specificity, velocity 
specificity, and testing specificity.

of the range of motion, performance may not be 
enhanced to the extent that it could be. The major-
ity of athletic events require strength and power at 
a variety of movement speeds, particularly at fast 
velocities. If strength and power are not increased 
over a wide variety of movement velocities, once 
again, improvements in performance may not be 
optimal.

Other questions to consider when examining 
types of strength training include the following: To 
what extent does the type of training cause changes 
in body composition, such as the percentage of 
body fat or fat-free body mass? How much of an 
increase in strength and power can be expected 
over a specified training period with this type of 
training? How does it compare with other training 
types in the preceding factors?

A considerable amount of research concerning 
types of resistance training exists. The emergence 
of conclusions from this research, however, is 
hampered by several factors. The vast majority 
of studies have been of short-term duration (8 to 
12 weeks) with sedentary or moderately trained 

Types of Strength Training

2

Most athletes and fitness enthusiasts perform 
strength training as a portion of their overall 
training program. The main interest for athletes is 
not how much weight they can lift, but whether 
increased strength and power and changes in body 
composition brought about by weight training 
result in better performances in their sports. Fitness 
enthusiasts may be interested in some of the same 
training adaptations as athletes, but also in health 
benefits such as decreased blood pressure and 
changes in body composition, as well as the lean, 
fit appearance brought about by weight training.

There are several factors to consider when exam-
ining a type of strength training. Does this type 
of training increase motor performance? Vertical 
jump tests, a 40 yd sprint, and throwing a ball or 
medicine ball for distance are common motor 
performance tests. Is strength increased through-
out the full range of motion and at all velocities 
of movement? Most sports and daily life activities 
require strength and power throughout a large 
portion of a joint's range of motion. If strength and 
power are not increased throughout a large portion 
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people. This makes the direct application of their 
results to long-term training (years) and highly 
trained fitness enthusiasts or athletes questionable.

As an example, following one year of training, 
elite Olympic-style weightlifters show an increase 
in 1RM snatch ability of 1.5% and in 1RM clean 
and jerk ability of 2%; they also exhibit an increase 
in fat-free body mass of 1% or less and a decrease 
in percent body fat up to 1.7% (Häkkinen, Komi 
et al. 1987; Häkkinen, Pakarinen et al. 1987b). 
Following two years of training, elite Olympic-style 
weightlifters show an increase in their lifting total 
(total = 1RM snatch + 1RM clean and jerk) of 2.7%, 
an increase in fat-free body mass of 1%, and a 
decrease in percent body fat of 1.7% (Häkkinen et 
al. 1988b). These changes are much smaller than 
those shown by untrained or moderately trained 
people in strength and body composition (see 
table 3.3 in chapter 3) over much shorter train-
ing periods. This indicates that causing changes 
in strength and body composition in highly fit 
people, such as athletes and advanced fitness 
enthusiasts, is more difficult than in untrained 
or moderately trained people. The idea that it is 
more difficult to increase strength in highly trained 
people is supported by a meta-analysis of research 
studies (Rhea et al. 2003) and clearly shown in 
figure 2.1.

Other factors that can affect gains in strength are 
the training volume (number of muscle actions or 
sets and repetitions) performed and the training 

intensity (% 1RM) used in training. These factors 
vary considerably from study to study and make 
interpretation of the results difficult. Additionally, 
training volume (four vs. eight sets per muscle 
group for untrained people and athletes, respec-
tively) and training intensity (60 vs. 85% of 1RM 
for untrained people and athletes, respectively) 
may not be the same in all populations to bring 
about maximal strength gains (Peterson, Rhea, 
and Alvar 2004). Another factor making inter-
pretations and comparisons of studies difficult is 
the fact that strength increases in different muscle 
groups do not necessarily occur at the same rate 
or to the same magnitude with identical training 
programs (Willoughby 1993). Ultimately, the 
outcome of any comparison of strength training 
types depends on the efficacy of the programs used 
in the comparison.

A comparison of the optimal dynamic constant 
external resistance training program to a very inef-
fective isokinetic program will favor the former. 
Conversely, a comparison of the optimal isokinetic 
program to a very ineffective dynamic constant 
external resistance training program will favor 
the isokinetic program. Ideally, any comparison 
of strength training types would be of long dura-
tion and use the optimal programs, which may 
change over time. Unfortunately, comparisons of 
this nature do not exist. Enough research has been 
conducted, however, to reach some tentative con-
clusions concerning the types of strength training 
and how to use them in a training program. This 
chapter addresses the major research studies and 
their conclusions.

Isometric Training
Isometric training, or static resistance training, 
refers to a muscular action during which no change 
in the length of the total muscle takes place. This 
means that no visible movement at a joint (or 
joints) takes place. Isometric actions can take place 
voluntarily against less than 100% of maximal 
voluntary action, such as voluntarily holding a 
light dumbbell at a certain point in an exercise’s 
range of motion or voluntarily generating less than 
maximal force against an immovable object. An 
isometric action can also be performed at 100% of 
maximal voluntary muscle action (MVMA) against 
an immovable object.

Isometric training is most commonly performed 
against an immovable object such as a wall or 
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FIgure 2.1 The percentage of change in maximal squat 
ability from the pretraining value depends on the pretrain-
ing status of the trainees and the duration of training.
Adapted, by permission, from K. Häkkinen, 1985, “Factors influencing 
trainability of muscular strength during short-term and prolonged training,” 
National Strength and Conditioning Association Journal 7: 33.
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a weight machine loaded beyond the person’s 
maximal concentric strength. Isometrics can also 
be performed by having a weak muscle group act 
against a strong muscle group—for example, acti-
vating the left elbow flexors maximally to try to 
flex the left elbow while simultaneously resisting 
the movement by pushing down on the left hand 
with the right hand with just enough force to stop 
any movement at the left elbow. If the left elbow 
flexors are weaker than the right elbow extensors, 
the left elbow flexors would perform an isometric 
action at a 100% of MVMA. Isometric actions can 
also be performed after a partial range of motion 
of a dynamic action in some exercises (see the 
chapter 6 section Functional Isometrics).

Isometrics came to the attention of the Amer-
ican public in the early 1950s, when Steinhaus 
(1954) introduced the work of two Germans, 
Hettinger and Muller (1953). Hettinger and Muller 

concluded that gains in isometric strength of 5% 
per week were produced by one daily 66% max-
imal isometric action performed for six seconds. 
Gains in strength of this magnitude with such 
little training time and effort seemed unbelievable. 
A subsequent review concluded that isometric 
training leads to static strength gains, and that the 
gains can be substantial and variable over short 
duration training periods (Fleck and Schutt 1985; 
also see table 2.1).

Increases in strength from isometric training 
may be related to the number of muscle actions 
performed, the duration of the muscle actions, 
whether the muscle actions are maximal, and 
the frequency of training. Because most studies 
involving isometric training manipulate several of 
these factors simultaneously, it is difficult to eval-
uate the importance of any one of them. Enough 
research has been conducted, however, to suggest 

TAble 2.1 effects of 100% Maximal Voluntary Contractions on Isometric Strength

reference

Duration 
of contrac-
tion(s)

Contrac-
tions per 
day

Duration 
 contrac-
tions per 
day

Number 
of training 
days

MVIC 
increase 
(%)

MVIC 
increase % 
per day Muscle

bonde-Peterson 
1960

5 1 5 36 0 0 elbow flexors

Ikai and Fukunaga 
1970 

10 3 30 100 92 0.9 elbow flexors

Komi and Karlsson 
1978

3-5 5 15-25 48 20 0.4 Quadriceps

bonde-Peterson 
1960

5 10 50 36 15 0.4 elbow flexors

Maffiuletti and 
Martin 2001

4 12 48 21 16 0.7 Quadriceps

Alway et al. 1989 10 5-15 50-150 48 44 0.9 Triceps surae

McDonagh, Hayward, 
and Davies 1983

3 30 90 28 20 0.71 elbow flexors

Grimby et al. 1973 3 30 90 30 32 1.1 Triceps

Davies and Young 
1983

3 42 126 35 30 0.86 Triceps surae

Carolyn and Cafarelli 
1992

3-4 30 90-120 24 32 1.3 Quadriceps

Garfinkel and 
Cafarelli 1992

3-5 30 90-150 24 28 1.2 Quadriceps

Kanehisa et al. 
2002

6 12 48 30 60 2.0 elbow exten-
sors

MVIC = maximal voluntary isometric contraction.

With kind permission from Springer Science+business Media: European Journal of Applied Physiology “Adaptive responses of mammalian skeletal muscle 
to exercise with high loads,” 52: 140, M.J.N. McDonagh and C.T.M. Davies, table 1, copyright 1984; Additional data from Garfinkel and Cafarelli 1992; 
Carolyn and Cafarelli 1992; Alway et al. 1989; Kanehisa et al. 2002.
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 recommendations and tentative conclusions con-
cerning isometric training.

Maximal Voluntary Muscle Actions
Increases in isometric strength can be achieved 
with submaximal isometric muscle actions (Alway, 
Sale, and McDougall 1990; Davies, Greenwood, 
and Jones 1988; Davies and Young 1983; Folland 
et al. 2005; Hettinger and Mueller 1953; Kanehisa 
et al. 2002; Kubo et al. 2001; Lyle and Rutherford 
1998; Macaluso et al. 2000). However, contra-
dictions exist concerning the need for MVMAs 
because they have been shown to be superior to 
submaximal voluntary isometric muscle actions in 
causing strength increases (Rasch and Morehouse 
1957; Ward and Fisk 1964), and no difference 
in strength increases between maximal and sub-
maximal actions have been shown (Kanehisa et 
al. 2002). There may be adaptational differences 
depending on how a maximal voluntary isometric 
action is performed (Maffiuletti and Martin 2001).

Isometric actions can be performed in such a 
way that maximal force is developed as quickly 
as possible or that force increases and reaches 
maximal in a specified time period, such as four 
seconds. Both types of training result in significant 
and similar increases in maximal isokinetic and 
isometric force capabilities. However, electro-
myographic (EMG) and electrically evoked twitch 
contractile properties indicate that training in 
which maximal force is developed in four seconds 
results in modifications of the nervous system in 
the periphery (i.e., muscle membrane electrical 
activity), whereas training by developing maximal 
force as quickly as possible results in adaptations 
in contractile muscle properties (i.e., excitation–
contraction coupling).

As with other types of resistance training, the 
effect of the "quality" of the muscle action needs to 
be further investigated. Generally, MVMAs are used 
in training healthy people, and submaximal iso-
metric actions are used in rehabilitation programs 
or remedial strength training programs in which 
maximal muscular actions are contraindicated.

Number of Muscle Actions  
and Duration
Hettinger and Muller (1953) proposed that only 
one 6-second muscle action per day was necessary 
to produce maximal strength gains. As shown in 
table 2.1, many combinations in the number and 

duration of MVMAs result in significant strength 
gain. The majority of MVMA studies used isometric 
actions 3 to 10 seconds in duration, with 3 being 
the least number of muscle actions resulting in a 
significant strength gain. Similarly, many combina-
tions in the number and duration of submaximal 
isometric actions can result in increased isometric 
strength. For example, four sets of six repetitions 
of two seconds in duration at 50% MVMA (adduc-
tor pollicis) and four muscle actions each 30 
seconds in duration at 70% MVMA (quadriceps) 
have resulted in significant increases of isomet-
ric strength (Lyle and Rutherford 1998; Schott, 
McCully, and Rutherford 1995). It is important to 
note that, generally, these studies used healthy, but 
non-weight-trained people as subjects.

The duration of the muscle action and the 
number of training muscle actions per day indi-
vidually show weaker correlations to strength 
increases than do duration and number combined 
(McDonagh and Davies 1984). This means that the 
total length of the isometric actions performed is 
directly related to increased strength. It also indi-
cates that optimal gains in strength are the result 
of either a small number of long-duration muscle 
actions or a high number of short-duration muscle 
actions (Kanehisa et al. 2002). As an example, 
seven daily one-minute muscle actions at 30% of 
MVMA or 42 three-second MVMAs per training 
day over a six-week training period both result in 
about a 30% increase in isometric MVMA (Davies 
and Young 1983).

However, some information indicates that lon-
ger-duration isometric actions may be superior to 
short-duration actions in causing strength gains 
(Schott, McCully, and Rutherford 1995). Train-
ing the quadriceps at 70% of MVMA with four 
30-second actions and four sets of 10 repetitions 
each three seconds in duration both result in 
significant isometric strength gains. Even though 
the total duration of the isometric muscle actions 
(120 seconds per training session) was identical 
between the two training programs, the longer-du-
ration isometric actions resulted in a significantly 
greater increase in isometric strength (median 55 
vs. 32% increase). The longer-duration isometric 
actions resulted in a significant increase in isomet-
ric strength after two weeks of training, whereas 
eight weeks of training was necessary before a 
significant increase in strength was achieved with 
the short-duration isometric actions. This indicates 
that longer-duration submaximal isometric actions 
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may be more appropriate when a quick increase 
in strength is desired.

During isometric actions, blood flow occlusion 
does occur and may in part be responsible for 
increased metabolite concentrations and acidity; 
this could be a stimulus for greater strength gains 
from long-duration isometric actions than from 
short-duration ones (see the section in chapter 6, 
Vascular Occlusion). The possible role of occlusion 
as a stimulus for strength gains is shown in stud-
ies by Takarada and colleagues. They found that 
training using 20 to 50% of 1RM while blood flow 
is occluded results in increased metabolite con-
centrations, acidity, and serum growth hormone 
concentrations (Takarada et al. 2000a, 2000b). 
Training at 30 to 50% of 1RM with blood flow 
occlusion resulted in a significantly higher blood 
lactate concentration compared to training at 50 
to 80% of 1RM without occlusion, indicating 
greater concentrations of intramuscular metab-
olites (Takarada et al. 2000b). Over 16 weeks of 
training, both programs resulted in significant, but 
similar, increases in strength. This indicates that 
blood flow occlusion and the resulting increase 
in intramuscular metabolites do affect strength 
increases.

Many studies using isometrics give subjects 
several seconds to increase the force of the muscle 
action until they reach the desired percentage of 
MVMA. This is in part done for safety reasons. 
Some information, however, indicates that a rapid 
increase in the isometric force results in signifi-
cantly greater increases in strength at the training 
joint angle (Maffiuletti and Martin 2001). During 
seven weeks of training, some subjects performed 
isometric actions of the knee extensors by increas-
ing muscle force as rapidly as possible (the action 
lasted approximately one second), and others 
increased force to a maximal over four seconds. 
They experienced an increase in MVMA of 28 
and 16%, respectively. Similar and comparable 
increases in strength were shown at knee angles dif-
ferent from the training angle, and during eccentric 
and concentric isokinetic testing. Thus, increasing 
force as quickly as possible during training revealed 
a significantly greater increase in strength only at 
the training joint angle.

Collectively, these studies indicate that many 
combinations of maximal and submaximal iso-
metric muscle action durations and numbers can 
bring about isometric strength gains. However, in 
typical training settings with healthy people, per-

haps the most efficient use of isometric training 
time is to perform a minimum of 15 MVMAs or 
near MVMAs of three to five seconds in duration 
for three sessions per week as discussed in the next 
section on training frequency.

Training Frequency
Three training sessions per week using either max-
imal or submaximal isometric actions result in a 
significant increase in isometric MVMA (Alway, 
MacDougall, and Sale 1989; Alway, Sale, and 
MacDougall 1990; Carolyn and Cafarelli 1992; 
Davies et al. 1988; Folland et al. 2005; Garfinkel 
and Cafarelli 1992; Lyle and Rutherford 1998; 
Macaluso et al. 2000; Maffiuletti and Martin 
2001; Schott, McCully, and Rutherford 1995; 
Weir, Housh, and Weir 1994; Weir et al. 1995). 
Increases in isometric MVMA over 6 to 16 weeks 
of training ranged from 8 to 79% in these stud-
ies. However, whether three training sessions per 
week cause maximal increases in strength is not 
fully substantiated. Hettinger (1961) calculated 
that alternate-day isometric training is 80% and 
that once-a-week training is 40% as effective as 
daily training sessions. Hettinger also concluded 
that training once every two weeks does not cause 
increases in strength, although it does serve to 
maintain strength. Daily training with isometrics 
is superior to less frequent training (Atha 1981), 
although the exact percentage of strength supe-
riority is debated and may vary by muscle group 
and other training variables (e.g., muscle action 
duration, number of muscle actions). To increase 
maximal strength, daily isometric training may be 
optimal; however, two or three training sessions 
per week will bring about significant increases in 
maximal strength. Three sessions per week is the 
routine most frequently used in studies.

Muscle Hypertrophy
Increases in limb circumferences have been used 
to determine muscle hypertrophy and have been 
shown to occur as a result of isometric training 
(Kanehisa and Miyashita 1983a; Kitai and Sale 
1989; Meyers 1967; Rarick and Larson 1958). More 
recently, technologies (computerized tomography, 
magnetic resonance imaging [MRI]) that more 
accurately determine muscle cross-sectional area 
and muscle thickness (ultrasound) have been used 
to measure changes in muscle hypertrophy due to 
isometric training.
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It is clear that isometric training can result in 
significant hypertrophy (Wernbom, Augustsson, 
and Thomee 2007). Quadriceps cross-sectional 
area (CSA) increases on average 8.9% (range 4.8-
14.6%) after 8 to 14 weeks of isometric training 
(Wernbom, Augustsson, and Thomee 2007). Like-
wise, significant gains in elbow flexor CSA up to 
23% have been shown following isometric train-
ing. Increases in CSA are typically accompanied 
by increases in maximal strength. For example, 12 
weeks of training resulted in a significant increase 
of 8% in knee extensor CSA and a 41% increase 
in isometric strength (Kubo et al. 2001). As with 
other training types, strength increases are due to 
a combination of neural adaptations and hyper-
trophy as indicated by studies showing significant 
(Garfinkel and Cafarelli 1992) and nonsignificant 
(Davies et al. 1988) correlations between increases 
in strength and CSA.

Whether hypertrophy occurs and the extent to 
which it occurs may vary from muscle to muscle 
and by muscle fiber type. Type I and II muscle fiber 
diameters in the vastus lateralis did not change 
after isometric training at 100% of MVMA (Lewis 
et al. 1984). Type I and II fiber areas increased 
in the soleus approximately 30% after isometric 
training with either 30 or 100% of MVMA (Alway, 
MacDougall, and Sale 1989; Alway, Sale, and Mac-
Dougall 1990), whereas only the type II fibers of 
the lateral gastrocnemius increased in area 30 to 
40% after an identical isometric training program.

Longer-duration muscle actions may result in 
greater gains in CSA than shorter-duration muscle 
actions (Schott, McCully, and Rutherford 1995). 
Muscle CSA was determined (via computerized 
tomography) before and after training with four 
30-second actions and four sets of 10 repetitions 
each three seconds in duration. Even though the 
total duration of the isometric muscle actions 
(120 seconds per training session) was identical 
between the two groups, the longer-duration iso-
metric actions resulted in a significant increase in 
quadriceps CSA (10-11%), whereas the shorter-du-
ration muscular actions resulted in nonsignificant 
increases (4-7%) in quadriceps CSA. Additionally, 
maximal MVMAs may result in significantly greater 
hypertrophy than 60% MVMAs over 10 weeks of 
training (Kanehisa et al. 2002). This comparison 
was between 12 muscle actions at 100% MVMA 
with each action lasting six seconds and four 
actions at 60% MVMA with each action lasting 
30 seconds. So total isometric action duration 

per training session was equivalent (120 seconds) 
between the two training programs. However, 
when training volume is expressed as the total 
duration of isometric actions per training session 
or as the product of training intensity times total 
duration, no apparent relation between volume 
and rate of CSA increase was apparent (Wernbom, 
Augustsson, and Thomee 2007). This indicates that 
a variety of training intensity and volume can result 
in significant hypertrophy.

Muscle protein synthesis in the soleus after 
an isometric action at 40% of MVMA to fatigue 
(approximately 27 minutes) increases significantly 
by 49% (Fowles et al. 2000). This finding supports 
the efficacy of isometric actions inducing muscle 
hypertrophy. Collectively, this information indi-
cates that muscle hypertrophy of both the type I 
and type II muscle fibers can occur from isometric 
training with submaximal and maximal muscle 
actions of varying durations. Table 2.2 describes 
guidelines to bring about muscle hypertrophy with 
various intensities of isometric training.

Joint-Angle Specificity
Gains in strength occur predominantly at or near 
the joint angle at which isometric training is per-
formed; this is termed joint-angle specificity. The 
majority of research indicates that static strength 
increases from isometric training are joint-angle 
specific (Bender and Kaplan 1963; Gardner 1963; 
Kitai and Sale 1989; Lindh 1979; Meyers 1967; 
Thepaut-Mathieu, Van Hoecke, and Martin 1988; 
Weir, Housh, and Weir 1994; Weir et al. 1995; 
Williams and Stutzman 1959), although lack of 
joint-angle specificity strength gains have also 
been shown (Knapik, Mawdsley, and Ramos 1983; 
Rasch and Pierson 1964; Rasch, Preston, and Logan 
1961). Several factors may affect the degree to 
which joint-angle specificity occurs, including the 
muscle group(s) trained, the joint angle at which 
the training is performed, and the intensity and 
duration of the isometric actions. Joint-angle spec-
ificity is normally attributed to neural adaptations, 
such as increased muscle fiber recruitment at the 
trained angle and the inhibition of the antagonistic 
muscles at the trained angle.

Carryover of significant isometric strength 
increases to other joint angles can vary from 5 to 
30 degrees on either side of the joint angle trained 
depending on the muscle group and joint angle 
trained (Kitai and Sale 1989; Knapik, Mawdsley, 
and Ramos 1983; Maffiuletti and Martin 2001; 
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Thepaut-Mathieu, Van Hoecke, and Martin 1988). 
Joint-angle specificity (see figure 2.2) may be most 
marked when the training is performed with the 
muscle in a shortened position (25-degree angle) 
and occurs to a smaller extent when the training 
occurs with the muscle in a lengthened position 
(120-degree angle) (Gardner 1963; Thepaut-
Mathieu, Van Hoecke, and Martin 1988). When 
training occurs at the midpoint of a joint’s range 
of motion (80-degree angle), joint-angle spec-
ificity may occur throughout a greater range of 
motion (Kitai and Sale 1989; Knapik, Mawdsley, 
and Ramos 1983; Thepaut-Mathieu, Van Hoeke, 
and Martin 1988). In addition, twenty 6-second 
muscle actions result in greater carryover to other 
joint angles than six 6-second muscle actions do 
(Meyers 1967). This indicates that the longer the 
duration of isometric training per training session 
(i.e., the number of muscle actions multiplied by 
the duration of each muscle action), the greater 
the carryover to other joint angles.

Isometric training at one joint angle may not 
result in dynamic power increases. Isometric train-
ing of the knee extensors at one joint angle results 
in inconsistent and for the most part nonsignificant 
changes in isokinetic torque across a wide range of 
movement velocities (Schott, McCully, and Ruth-
erford 1995). However, it has also been reported 
that isometric training at one joint angle results in 
significant force increases in dynamic (isokinetic) 
eccentric and concentric actions (Maffiuletti and 
Martin 2001) and increases peak power at 40, 60, 
and 80% of normal weight training 1RM (Ullrich, 
Kleinoder, and Bruggemann 2010). Thus, isometric 

training at one joint angle may not always result in 
increased force and power throughout the joint’s 
range of motion. However, isometric training of 
the elbow flexors and knee extensors at four dif-
ferent joint angles increases static strength at all 
four joint angles and significantly increases the 
dynamic power and force (isokinetic) through-
out the range of motion at several velocities (45, 
150, and 300 degrees per second) (Folland et al. 
2005; Kanehisa and Miyashita 1983a). Thus, to 
ensure an increase in dynamic power and strength 
throughout a joint’s range of motion, a trainee 

TAble 2.2 guidelines to Increase Hypertrophy With Isometric Training 
Training variable Low intensity High intensity Maximal intensity

Intensity 30-50% MVIA 70-80% MVIA 100% MVIA

Repetitions 1 1 10

Sets 2-6 per exercise
Progress from 2 to 4-6 sets 

per muscle group

2-6 per exercise
Progress from 2 to 4-6 sets 

per muscle group

1-3 per exercise
Progress from 1 to 3 sets 

per muscle group

Repetition duration 40-60 sec, and to muscular 
failure during the final 1-2 
sets

15-20 sec, and to muscular 
failure during the final 1-2 
sets

3-5 sec

Rest between repetitions 
and sets 

30-60 sec 30-60 sec 25-30 sec and 60 sec

Training frequency 3-4 sessions per muscle 
group per week

3-4 sessions per muscle 
group per week

3 sessions per muscle 
group per week

MVIA = maximal voluntary isometric action

Adapted from Wernbom, Augustsson, and Thomee 2007.
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must perform isometric training at several points 
in a joint’s range of motion.

This information on joint-angle specificity offers 
some practical guidelines for increasing strength 
and power throughout the entire range of motion. 
First, the training should be performed at joint-an-
gle increments of approximately 10 to 30 degrees. 
Second, the total duration of isometric training 
(the duration of each muscle action multiplied by 
the number of muscle actions) per session should 
be long (three- to five-second actions, 15 to 20 
actions per session). Third, if isometric actions 
cannot be performed throughout the entire range 
of motion, it may be best to perform them with 
the muscle(s) in a lengthened position rather 
than a shortened position. It is also possible to 
use isometric training’s joint-angle specificity to 
increase dynamic strength lifting ability by per-
forming isometric actions at the sticking point of 
an exercise (see the section Functional Isometrics 
in chapter 6).

Motor Performance
Maximal isometric strength has shown signifi-
cant correlations to performance in sports such 
as basketball (Häkkinen 1987), rowing (Secher 
1975), and sprinting (Mero et al. 1981), as well 
as to countermovement and static jump ability 
(Häkkinen 1987; Kawamori et al. 2006; Khamoui 
et al. 2011; Ugarkovic et al. 2002) and dynamic 
force in a mid-thigh clean pull (Kawamori et 
al. 2006). However, nonsignificant correlations 
between maximal isometric strength and dynamic 

performance have also been shown. A review 
(Wilson and Murphy 1996) concluded that the 
relationship between maximal isometric strength 
and dynamic performance is questionable, even 
though some studies demonstrated significant 
correlations between the rate of force development 
during an isometric test and dynamic performance. 
Similarly, isometric tests are not sensitive to train-
ing adaptations induced by dynamic activity nor 
do they consistently discriminate among athletes 
of differing caliber in the same sport or activity 
(Wilson and Murphy 1996). The isometric rate of 
force development (first 50 and 100 ms) in a clean 
high pull does correlate to peak velocity in a clean 
high pull, and isometric peak force per kilogram of 
body mass correlates with vertical jump height and 
vertical jump peak velocity (Khamoui et al. 2011). 
All of these correlations, although significant, were 
moderate (r = .49-.62); however, they do indicate 
that isometric force development in a multijoint 
movement does correlate to vertical jump and clean 
pull ability. Thus, although isometric testing may 
not be the best modality for monitoring changes 
in dynamic motor performance, if it is used in 
this manner, an isometric multijoint movement 
appears to be most appropriate. This information 
may also indicate that when isometric training 
is used to increase dynamic motor performance, 
such as sprinting or vertical jumping, the training 
should be multijoint in nature. Isometric training 
and testing is, however, of substantial value if the 
sport involves a significant amount of isometric 
action, such as rock climbing (see box 2.1).

box 2.1 reSeArCH

rock Climbing and Isometric Strength
Rock climbers use numerous isometric actions—in particular, while gripping a handhold, which 
involves flexion of the fingers. Maximal isometric force per kilogram of body mass of the fingers is 
significantly correlated to rock climbing ability (Wall et al. 2004). Additionally, this same measure 
is significantly greater in climbers of higher ability than in climbers of lesser ability. Climbers per-
form isometric actions of the fingers when training by gripping handholds (finger board). Isometric 
actions of the fingers are also recommended to climbers for rehabilitation after an injury to the 
fingers (Kubiac, Klugman, and Bosco 2006). This is clearly one sport in which isometric actions are 
very important for successful performance and for rehabilitation after injury.

Kubiak, E.N., Klugman, J.A., and Bosco, J.A. 2006. Hand injuries in rock climbers. Bulletin of the NYU Hospital for Joint 
Diseases 64: 172-177.

Wall, C., Byrnes, W., Starek, J., and Fleck, S.J. 2004. Prediction of performance in female rock climbers. Journal of Strength 
and Conditioning Research 18: 77-83.
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Isometric training at one joint angle has been 
shown to increase motor performance in the novel 
task of one-legged jumping using only plantar 
flexion (Burgess et al. 2007); however, it does not 
consistently increase dynamic motor performance 
(Clarke 1973; Fleck and Schutt 1985). The lack of 
any or a consistent increase in motor performance 
may be due to the inconsistent changes in the 
rate of force or power, as discussed previously, 
and the lack of an increase in the limb’s maximal 
velocity of movement with little or no resistance 
(DeKoning et al. 1982) with isometric training 
at one joint angle. Other factors that may inhibit 
isometric strength gains from affecting dynamic 
motor performance include differences in muscle 
fiber recruitment patterns between isometric and 
dynamic actions and mechanical differences, such 
as little, if any, stretch-shortening cycle during in 
an isometric action.

Maximal isometric force varies throughout the 
range of motion of a movement. The correlation 
between dynamic bench press ability and isometric 
strength varies drastically with the elbow angle at 
which the isometric test is performed (Murphy 
et al. 1995). This has led to the suggestion that 
isometric testing should be performed at the point 
within the range of motion at which maximal 
force is developed. However, the use of such an 
angle may not demonstrate the highest correla-
tion between isometric strength and dynamic 
motor performance (Wilson and Murphy 1996). 
Thus, the exact angle at which isometric strength 
should be assessed to monitor isometric training 
to increase motor performance or train to increase 
motor performance remains unclear.

If isometric actions are used to monitor or 
increase dynamic motor performance, several sug-
gestions seem warranted. First, as discussed earlier, 
dynamic power can be increased with isometric 
training if the isometric actions are performed 
at several points within the range of motion. 
Thus, performance of isometric actions at 10- to 
20-degree intervals throughout the movement’s 
range of motion may aid in carryover of isometric 
strength gains to dynamic actions. Second, most 
dynamic motor performance tasks are multijoint 
and multi-muscle-group in nature. Thus, multi-
joint, sport-specific isometric movements, such 
as a leg press or clean pull movement, should be 
used to monitor or improve dynamic motor perfor-
mance tasks. Third, if previous research indicates 
a point within the range of motion that demon-

strates a high significant correlation between 
isometric strength and a motor performance task, 
isometric strength should be assessed at this point. 
If previous research does not indicate such a point, 
the strongest point within the range of motion 
can be used as the initial position for isometric 
strength testing. Fourth, the quick development 
of maximal force (within one second) at one joint 
angle has been shown to increase peak power 
(Ullrich, Kleinoder, and Bruggemann 2010); iso-
metric force in 50 to 100 ms has shown significant 
correlations to vertical jump ability (Khamoui et 
al. 2011); and although not significant, a trend for 
significance (p = .059) was shown for an increase 
in one-legged jumping ability with quick force 
development of the plantar flexors after isometric 
training (Burgess et al. 2007). Therefore, the quick 
development of isometric force may help improve 
motor performance, but this type of training does 
carry risks for injury.

Combining Isometric  
With Other Types of Training
Minimal information is available concerning the 
effect of combining isometric with other types 
of training. Combining isometric training of the 
elbow flexors with power training (resistance 
moved as fast as possible) at 30 and 60% of maxi-
mal force resulted in increased peak power, but the 
increase was not different from what would result 
from power training alone (Toji and Kaneko 2004). 
Combining isometric training of the knee exten-
sors and flexors with weight training in which the 
concentric repetition phase was performed as fast 
as possible and the eccentric phase was performed 
in 0.5 second also resulted in increased peak power 
at 40, 60, and 80% of 1RM; however, again, the 
increase in power was not different from what 
resulted from concentric–eccentric or isometric 
training alone (Ullrich, Kleinoder, and Brugge-
mann 2010). Thus, although the information is 
minimal and used only single-joint movements, 
no advantage was shown for increasing power by 
combining isometric with power-type training.

Other Considerations
Long-term isometric training decreases resting 
blood pressure (Taylor et al. 2003). However, as 
with all resistance training, a Valsalva maneuver 
may occur, resulting in an exaggerated blood pres-
sure response during training. Performance of a 
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Valsalva maneuver should be discouraged because 
it results in higher blood pressure. As duration, 
intensity (% MVMA), and muscle mass increase 
during an isometric action, the blood pressure 
response increases (Kjaer and Secher 1992; Seals 
1993). The increased blood pressure response 
during high-intensity large-muscle-group isometric 
exercise can decrease left ventricular function (ejec-
tion fraction) (Vitcenda et al. 1990). These factors 
need to be considered when isometric actions are 
performed by those with compromised, or poten-
tially compromised, cardiovascular function, such 
as older trainees.

Because they do not lift or move an actual 
weight, some trainees may experience motivational 
problems with isometric training. It is also difficult 
to evaluate whether the trainees are performing 
the isometric actions at the desired intensity 
without feedback on force development. Visual 
feedback of force development, especially during 
unfamiliar movements, serves as positive feedback 
and encourages greater force production during 
isometric actions (Graves and James 1990). EMG 
feedback during isometric training is beneficial for 
increasing strength, but there is wide variability in 
its effect on strength increases (Lepley, Gribble, and 
Pietrosimone 2011). Feedback equipment may not 
be practical in many training situations. However, 
for isometric actions to be optimal, use of a feed-
back-monitoring system may be warranted.

Dynamic Constant external 
resistance Training

Isotonic  is a term traditionally used to describe 
an action in which the muscle exerts constant 
tension. Free weight exercises and exercises on 
various weight training machines that are usually 
considered isotonic are not isotonic according to 
this definition. The force exerted by muscles in the 
performance of such exercises is not constant, but 
rather varies with the mechanical advantage of the 
joint(s) involved in the exercise and the accelera-
tion or deceleration of the resistance. Two terms, 
dynamic constant external resistance  (DCER) 
and isoinertial, more accurately describe resistance 
training exercise in which the external resistance 
does not change in the lifting (concentric) or low-
ering (eccentric) phase. These terms imply that the 
weight or resistance being lifted is held constant 
and not that the force developed by a muscle 
during the exercise is constant.

On many resistance training machines the 
weight stack or weight plates have constant 
values. However, the point at which a cable or 
strap attaches to a movable handle or foot pad on 
the machine changes the muscular force needed 
to move the resistance throughout the exercise's 
range of motion. If the resistance training machine 
has circular pulleys (as opposed to noncircular 
pulleys), even though the muscular force needed 
to lift the resistance through the range of motion 
changes, the machine is still termed a DCER or 
isoinertial machine. With free weights and weight 
training machines, the external resistance or weight 
lifted is held constant even though the muscular 
force varies throughout the exercise movement. 
Thus, DCER and isoinertial describe this type of 
resistance training more accurately than the old 
term isotonic.

Number of Sets and repetitions
The number of sets and repetitions needed for 
DCER exercises to result in maximal gains in 
strength and power, and in body composition 
changes, has received a great deal of attention 
from personal trainers, strength coaches, and sport 
scientists. The search for an optimal number of 
sets and repetitions assumes several factors: that 
an optimal number of sets and repetitions actually 
exists; that once found, it will work for all people 
and exercises or muscle groups; that it will work 
equally well in untrained and trained people; and 
that it will promote maximal increases in strength, 
power, and local muscular endurance, as well as 
body composition changes for an indefinite period 
of time. Acceptance of some of these assumptions 
would mean, among other things, that periodiza-
tion of training and different programs for different 
age groups or training statuses are not necessary. 
Additionally, the optimal number of sets may 
be different among muscle groups. Researchers 
reported no difference in upper-body strength 
gains between people performing one set and 
people performing three sets. However, previously 
untrained men experienced significantly greater 
strength gains with three sets of exercises of the 
lower body (Ronnestad et al. 2007); increases in 
bench press and leg press strength of 3 and 9%, 
respectively, after performing the same training 
program for eight weeks (Kerrsick et al. 2009); 
and increases in bench press and leg press strength 
of 17 and 79%, respectively, after performing the 
same daily nonlinear program (Buford et al. 2007).
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The vast majority of research studies concerning 
DCER have used novice, college-age subjects and a 
relatively short duration of training (8 to 12 weeks, 
with several lasting 20 to 36 weeks). Pretraining 
status and the duration of the training affect the 
results of any weight training program. These fac-
tors make interpretation of the studies and drawing 
conclusions concerning long-term training effects 
difficult. Common to the vast majority of studies 
concerning DCER is the use of sets carried to or 
close to volitional fatigue or the use of an RM 
resistance at some point in the training program 
(see chapter 6, Sets to Failure Technique).

Perhaps the earliest studies investigating the 
effect of varying numbers of sets and repetitions 
were by Berger in the 1960s; they indicated that 
optimal increases in 1RM in the bench press and 
back squat can occur with a variety of numbers of 
sets and repetitions when sets are carried to fail-
ure (Berger 1962b, 1962c, 1963a). The point that 
various combinations of sets and repetitions can 
bring about increased strength is well supported by 
research. Using nonperiodized training numbers 
of sets ranging from 1 to 6 and numbers of repe-
titions per set ranging from 1 to 20 have resulted 
in increased strength (see tables 2.3 and 2.4; 
Bemben et al. 2000; Calder et al. 1994; Dudley et 
al. 1991; Graves et al. 1988; Häkkinen 1985; Hass 
et al. 2000; Humburg et al. 2007; Kraemer et al. 
2000; Marx et al. 2001; Schlumberger, Stec, and 
Schmidtbleicher 2001; Staron et al. 1989, 1994; 
Willoughby 1992, 1993).

Direct comparisons substantiate the assertion 
that there is no one optimal combination of 
nonperiodized sets and repetitions for increasing 

strength. No significant difference in increases in 
1RM were found when training consisted of five 
sets of three at 3RM, four sets of five at 5RM, or 
three sets of seven at 7RM (Withers 1970); three 
sets of two to three, five to six, or nine to ten repeti-
tions at the same respective RM resistance (O’Shea 
1966); or one, two, or four sets all at 7 to 12RM 
(Ostrowski et al. 1997). Various combinations of 
nonperiodized sets and repetitions per set result in 
strength increases; however, multiple sets do result 
in greater strength increases than single sets, and 
the optimal number of sets varies with training 
status (see Considerations for All Types of Training 
later in this chapter).

Training Frequency
Training frequency, the number of sets and repeti-
tions, and the number of exercises per training ses-
sion determine total training volume. The optimal 
training frequency, therefore, may depend in part 
on total training volume per training session. The 
term training frequency is normally used to refer to 
the number of training sessions per week in which 
a certain muscle group is trained. This definition 
is important because it is possible to have daily 
training sessions and train a particular muscle 
group or body part from anywhere between not at 
all to seven sessions per week. Training frequency 
is defined here as the number of training sessions 
per week in which a certain muscle group is trained 
or a particular exercise is performed.

The importance of the definition of training 
frequency is made apparent by comparing an upper- 
and lower-body split program (see chapter 6) to 
a total-body weight training routine (Calder et al. 

TAble 2.3 Changes in Bench Press Strength Due to Training

reference
Sex  
of subjects

Type of 
training

Training 
duration 
(wk)

Training 
days/ 
week Sets and repetitions

% increase 
for  
equipment 
trained on

Comparative 
type  
of equipment

Compara-
tive test % 
increase

boyer 1990 F DCeR 12 3 3 wk = 3  10RM
3 wk = 3  6RM
6 wk = 3  8RM

24 VR 23

brazell-Roberts 
and Thomas 
1989

F DCeR 12 2 3  10 (75% of 1RM) 37 — —

brazell-Roberts 
and Thomas 
1989

F DCeR 12 3 3  10 (75% of 1RM) 38 — —

>continued
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reference
Sex  
of subjects

Type of 
training

Training 
duration 
(wk)

Training 
days/ 
week Sets and repetitions

% increase 
for  
equipment 
trained on

Comparative 
type  
of equipment

Compara-
tive test % 
increase

brown and 
Wilmore 1974

F DCeR 24 3 8 wk = 1  10, 8, 7, 
6, 5,4

16 wk = 1  10, 6, 5, 
4, 3

38 — —

Calder et al. 
1994

F DCeR 20 2 5  6- to 10RM 33 — —

Hostler, Crill et 
al. 2001

F DCeR 16 2-3 4 wk = 2  7RM
4 wk = 3  7RM (10 

days off)
8 wk = 3  7RM

47 — —

Kraemer et al. 
2000

F (college 
tennis)

DCeR 36 3 1  8- to 10RM 8 — —

Kraemer, Häk-
kinen et al. 
2003 

F (college 
tennis)

DCeR 36 2 or 3 3  8- to 10RM 17 — —

Marx et al. 
2001

F DCeR 24 3 1  8- to 10RM 12 — —

Kraemer, Maz-
zetti et al. 
2001e 

F DCeR 24 3 Periodized
3  3- to 8RM 

37 — —

Kraemer, Maz-
zetti et al. 
2001e

F DCeR 24 3 Periodized
3  8- to12RM

23 — —

Mayhew and 
Gross 1974

F DCeR 9 3 2  20 26 — —

Wilmore 1974 F DCeR 10 2 2  7-16 29 — —

Wilmore et al. 
1978

F DCeR 10 3 40-55% of 1RM for 30 s 20 — —

Allen, byrd, and 
Smith 1976

M DCeR 12 3 2  8, 1  exhaustion 44 — —

Ariel 1977 M DCeR 20 5 4  3-8 14 — —

baker, Wilson, 
and Carlyon 
1994b

M DCeR 12 3 3  6 13 — —

berger 1962b M DCeR 12 3 3  6 30 — —

Coleman 1977 M DCeR 10 3 2  8- to 10RM 12 — —

Fahey and 
brown 1973

M DCeR 9 3 5  5 12 — —

Gettman et al. 
1978

M DCeR 20 3 50% of 1RM,
6 wk = 2  10-20
14 wk = 2  15

32 IK (12 deg/s) 27

Hoffman et al. 
1990

M (college 
football)

DCeR 10 3 4 wk = 4  8RM
4 wk = 5  6RM
2 wk = 1  10, 8, 6, 4, 

2RM

2 — —

Hoffman et al. 
1990

M (college 
football)

DCeR 10 4 Same as 3/wk 4 — —

Hoffman et al. 
1990

M (college 
football)

DCeR 10 5 Same as 3/wk 3 — —

Hoffman et al. 
1990

M (college 
football)

DCeR 10 6 Same as 3/wk 4 — —

TABLe 2.3 >continued
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reference
Sex  
of subjects

Type of 
training

Training 
duration 
(wk)

Training 
days/ 
week Sets and repetitions

% increase 
for  
equipment 
trained on

Comparative 
type  
of equipment

Compara-
tive test % 
increase

Hostler, Crill et 
al. 2001

M DCeR 16 2 or 3 4 wk = 2  7RM
4 wk = 3  7RM (10 

days off)
8 wk = 3  7RM

29 — —

Rhea et al. 
2002

M DCeR 12 3 DNlP 1  8- to 10RM
1  6- to 8RM
1  4- to 6RM each
1 day/wk

20 — —

Rhea et al. 
2002

M DCeR 12 3 DNlP 1  8- to 10RM
3  6- to 8RM
3  4- to 6RM each
3 day/wk

33 — —

buford et al. 
2007

M and F DCeR 9 3 lP 3 wk = 3  8
3 wk = 3  6
3 wk = 3  4

24 — —

buford et al. 
2007

M and F DCeR 9 3 DNlP 3  8
3  6
3  4 each 1 day/wk

17 — —

Kerksick et al. 
2009 

M DCeR 8 4 4 wk = 3  10
4 wk = 3  8

3 — —

Marcinik et al. 
1991

M DCeR 12 3 1  8- to 12RM 20 — —

Stone, Nelson 
et al. 1983

M DCeR 6 3 3  6RM 7 — —

Wilmore 1974 M DCeR 10 2 2  7-16 16 — —

Ariel 1977 M VR 20 5 4  3-8 — DCeR 29

boyer 1990 F VR 12 3 3 wk = 3  10RM
3 wk = 3  6RM
6 wk = 3  8RM

47 DCeR 15

Coleman 1977 M VR 10 3 1  8- to 12RM — DCeRa 12

lee et al. 1990 M VR 10 3 3  10RM 20 — —

Stanforth, 
Painter, and 
Wilmore 1992

M and F VR 12 3 3  8- to 12RM 11 IK (1.5 s/con-
traction)

17

Fleck, Mattie, 
and Mar-
tensen 2006 

F VVR 14 3 3  10RM 28 — —

Gettman and 
Ayres 1978

M IK (60 
deg/s)

10 3 3  10-15 — DCeR 11

Gettman and 
Ayres 1978

M IK (120 
deg/s)

10 3 3  10-15 — DCeR 9

Gettman et al. 
1979

M IK 8 3 4 wk = 1  10 at 60 
deg/s

4 wk = 1  15 at 90 
deg/s

22 DCeR 11

Stanforth, 
Painter, and 
Wilmore 1992

M and F IK (1.5 s/
contrac-
tion)

12 3 3  8- to 12RM 20 VR 11

DCeR = dynamic constant external resistance; VR = variable resistance; VVR = variable variable resistance; IK = isokinetic; DNlP = daily nonlinear peri-
odization; lP = linear periodization; RM = repetition maximum; * = values for average training weights.
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TAble 2.4 Changes in Leg Press Strength Due to Training 

reference
Sex  
of subjects

Type of 
training

Training 
duration 
(wk)

Training 
days/ 
week Sets and repetitions

% increase 
for equipment 
trained on

Compara-
tive type of 
equipment

Compara-
tive test % 
increase

brown and 
Wilmore 
1974

F DCeR 24 3 8 wk = 1  10, 8, 7, 6, 5, 4
16 wk = 1  10, 6, 5, 4, 3

29 — —

Calder et 
al. 1994

F DCeR 20 2 5  10- to 12RM 21 — —

Cordova et 
al. 1995

F DCeR 5 3 1  10, 1  6, 2  as many 
as possible normally up 
to 11 

50 — —

Kraemer et 
al. 2000

F (college 
tennis) 

DCeR 36 3 1  8- to 10RM 8 — —

Kraemer, 
Häkkinen 
et al. 
2003 

F (college 
tennis)

DCeR 36 2-3 3  8- to 10RM 17 — —

Marx et al. 
2001

F DCeR 24 3 1  8- to 10RM 11 — —

Mayhew 
and Gross 
1974

F DCeR 9 3 2  10 48a — —

Staron et 
al. 1991

F DCeR (ver-
tical leg 
press)

18 (8 wk, 1 
wk off, 10 
wk)

2 3  6- to 8RM 148 — —

Wilmore et 
al. 1978

F DCeR 10 3 40-55% of 1RM for 30 s 27 — —

Allen, byrd, 
and Smith 
1976

M DCeR 12 3 2  8
1  exhaustion

71b — —

Coleman 
1977

M DCeR 10 3 2  8- to 10RM 17 — —

Dudley et 
al. 1991

M DCeR 19 2 4-5  6- to 12RM 26 — —

Gettman et 
al. 1978

M DCeR 20 3 50% 1RM, 6 wk = 2  10-20
14 wk = 2  15

— IK 43

Pipes 1978 M DCeR 10 3 3  8 29 VR 8

Sale et al. 
1990

M and F DCeR 11 (3 wk 
off), 11 
more, 
total 22

3 6  15- to 20RM (one-legged 
training)

30 — —

Tatro, 
Dudley, 
and Con-
vertino 
1992

M DCeR 19 2 7 wk = 4  10- to 12RM
6 wk = 5  8- to 10RM
6 wk = 5  6- to 8RM

25 (3RM) — —

Wilmore et 
al. 1978

M DCeR 10 3 40-55% of 1RM for 30 s 7 — —

Rhea et al. 
2002

M DCeR 12 3 DNlP 1  8- to 10RM
1  6- to 8RM
1  4- to 6RM each
1 day/wk

26 — —
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reference
Sex  
of subjects

Type of 
training

Training 
duration 
(wk)

Training 
days/ 
week Sets and repetitions

% increase 
for equipment 
trained on

Compara-
tive type of 
equipment

Compara-
tive test % 
increase

Rhea et al. 
2002

M DCeR 12 3 DNlP 1  8- to 10RM
3  6- to 8RM
3  4- to 6RM each
3 day/wk

56 — —

buford et 
al. 2007

M and F DCeR 9 3 lP 3 wk = 3  8
3 wk = 3  6
3 wk = 3  4

85 — —

buford et 
al. 2007

M and F DCeR 9 3 DNlP 3  8
3  6
3  4 each 1 day/wk

79 — —

Kerksick et 
al. 2009 

M DCeR 8 4 4 wk = 3  10
4 wk = 3  8

9 — —

Coleman 
1977

M VR 10 3 1  10- to 12RM — DCeR 18

Gettman, 
Culter, 
and 
Strath-
man 
1980

M VR 20 3 3  8 18c IK 17

lee et al. 
1990

M VR 10 3 3  10RM 6 — —

Pipes 1978 M VR 10 3 3  8 27 DCeR 8

Smith and 
Melton 
1981

M VR 6 4 3  10 — VRd 11

Fleck, 
Mattie, 
and Mar-
tensen 
2006 

F VVR 14 3 3  10RM 31 — —

Cordova et 
al. 1995

F IK 5 3 2  10 at 60, 180, and 240 
deg/s 

64 — —

Gettman et 
al. 1979

M IK 8 3 4 wk = 1  10 at 60 deg/s
4 wk = 1  15 at 90 deg/s

38 DCeR 18

Gettman, 
Culter, 
and 
Strath-
man 
1980

M IK 20 3 2  12 at 60 deg/s 42 VR 10

Smith and 
Melton 
1981

M IK 6 4 Sets to 50% exhaustion at 
30, 60, and 90 deg/s 

— VR 10

Smith and 
Melton 
1981

M IK 6 4 Sets to 50% fatigue at 180, 
240, and 300 deg/s

— VR 7

DCeR = dynamic constant external resistance; IK = isokinetic; DNlP = daily nonlinear periodization; lP = linear periodization; VR = variable resistance; 
VVR = variable variable resistance; RM = repetition maximum; a = values for 10RM; b = values for average training weights; c = values for number of 
weight plates; d = different type of VR equipment.
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1994). Trainees in both programs performed the 
same exercises and numbers of sets and repetitions 
per exercise. However, those in the total-body 
program performed all upper- and lower-body 
exercises in two training sessions per week, whereas 
those in the split program performed all of the 
upper-body exercises two days per week and the 
lower-body exercises on two other days per week 
resulting in four training sessions per week. Total 
training volume was not different between the pro-
grams, but training frequency was different (unless 
it is defined as the total number of training sessions 
performed per week). The two training programs 
showed no difference in strength gains during the 
10 weeks of training. Additionally, the importance 
of total training volume when examining train-
ing frequency is apparent from a comparison of 
training untrained people two days per week with 
three sets of each exercise or three days per week 
with two sets of each exercise for six weeks; no sig-
nificant difference in 1RM bench press and squat 
ability or body composition (DEXA) was noted. 
Training volume was equal (six sets per week of 
each exercise) in this comparison (Candow and 
Burke 2007).

The optimal training frequency may be different 
for different muscle groups. The American College 
of Sports Medicine recommends a training fre-
quency of two or three sessions per week for major 
muscle groups (2011). However, comparisons of 
training frequency for the bench press and squat 
concluded that three sessions resulted in greater 
strength increases than one or two sessions (Berger 
1962a; Faigenbaum and Pollock 1997). Graves 
and colleagues (1990) concluded that one session 
was equally as effective as two or three sessions per 
week when training for isolated lumbar extension 
strength. DeMichele and colleagues (1997) found 
that two sessions per week was equivalent to 

three and superior to one when training for torso 
rotation. These studies indicate that a frequency 
of three sessions per week is superior to one or 
two sessions per week when training arm and 
leg musculature, whereas a frequency of one or 
two sessions per week results in equivalent gains 
compared to three sessions per week when training 
lumbar extension or torso rotation.

In a comparison of varying self-selected training 
frequencies among collegiate American football 
players using various body-part training programs 
over 10 weeks of training (see table 2.5), 1RM 
bench press ability significantly increased only 
in the five-sessions-per-week group (Hoffman 
et al. 1990), and 1RM squat ability significantly 
increased in the four-, five-, and six-sessions-per-
week groups. All training frequencies did result 
in gains in bench press (2-4%) and squat (5-8%) 
ability. Examining all of the tests (vertical jump, 
sum of skinfolds, 2 mi [3.2 km] run, 40 yd sprint, 
thigh circumference, and chest circumference) 
pre- and posttraining, the researchers concluded 
that a frequency of four or five sessions per week 
results in the greatest overall fitness gains. Note, 
however, that each muscle group was trained only 
two or four times per week.

Table 2.6 presents two studies of training fre-
quency. One study (Gillam 1981) compared from 
one to five training sessions per week. All groups 
performed a large number of very intense sets (18 
sets of 1RM) per training session. Five sessions 
were shown to be superior in causing increases in 
1RM bench press ability compared to the other 
training frequencies. Additionally, five and three 
sessions per week showed significantly greater 
increases than two or one session per week. A study 
comparing training frequencies of four and three 
sessions reported significantly greater gains in both 
sexes with more frequent training sessions (Hunter 

TAble 2.5 resistance Training Programs With Three to Six Sessions per Week
Frequency Training days Body parts trained 

3 Mon., Wed., Fri. Total body

4 Mon., Thurs.
Tues., Fri. 

Chest, shoulders, triceps, neck
legs, back, biceps, forearms

5 Mon., Wed., Fri.
Tues., Thurs.

Chest, triceps, legs, neck
back, shoulders, biceps, forearms

6 Mon., Tues., Thurs., Fri.
Wed., Sat.

Chest, triceps, legs, shoulders, neck
back, biceps, forearms

Adapted, by permission, from J.R. Hoffman et al., 1990, “The effects of self-selection for frequency of training in a winter conditioning program for football,” 
Journal of Applied Sport Science Research 4: 76-82.
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1985). Both groups performed all exercises using 
a 7- to 10RM resistance; the three-sessions-per-
week group performing three sets of each exercise 
per session, and the four-sessions-per-week group 
performing two sets of each exercise three days 
per week and three sets one day per week. Thus, 
total training sets were equivalent between the 
two groups. Interestingly, the four-sessions-per-
week subjects trained two consecutive days twice 
a week (i.e., Monday and Tuesday, and Thursday 
and Friday), whereas the three-sessions-per-week 
subjects trained in the traditional alternate-day 
method (i.e., Monday, Wednesday, Friday). Results 
indicate that the necessity of the traditional one 
day of rest between weight training sessions may 
not apply to all muscle groups.

Meta-analyses (see box 2.2) of studies in which 
the majority of subjects trained using DCER con-
cluded that a training frequency of three days per 
week per muscle group is optimal for untrained 

people, whereas a frequency of two days per week 
per muscle group is optimal for recreationally 
trained nonathletes and trained athletes (Peterson, 
Rhea, and Alvar 2004, 2005; Rhea et al. 2003). The 
difference in optimal training frequencies may be 
due to the higher training volumes used in the 
studies with trained subjects (Rhea et al. 2003). 
The results indicate that optimal training frequency 
may vary with training status and training volume.

Many of the aforementioned studies have design 
limitations: The majority used beginning resis-
tance exercisers (novice subjects) and examined 
short training durations (up to 12 weeks), and 
some studies did not equate the total number 
of sets and repetitions performed by the various 
training groups. However, based on the available 
information, to improve strength, hypertrophy, 
or local muscular endurance training with DCER, 
novice trainees should use a total-body program 
two or three days per week, intermediate trainees 

TAble 2.6 effect of Training Frequency on 1rM Bench Press

reference Sex
Days per week of training  
and % improvement

Gillam 1981 M Days 1, 2, 3, 4, 5
% improvement 19, 24, 32+, 29, 41* 

Hunter 1985 M Days 3, 4
% improvement 12, 17^

Hunter 1985 F Days 3, 4
% improvement 20, 33^

* = significantly greater than all other frequencies; + = significantly greater than frequencies 1 and 2; ^ = significantly greater than 
frequency 3.

box 2.2 PrACTICAL QueSTION

What Is a Meta-Analysis?
A meta-analysis is a statistical method to quantitatively analyze the results of a group of studies 
concerning the same general question (Rhea 2004)—for example, does the number of repetitions 
per set affect strength and body composition changes, or does training frequency per week affect 
strength gains? The basic calculation used in a meta-analysis is effect size, which is a measure of the 
magnitude of change shown between two time points, such as from pre- to posttesting. There are 
multiple ways to compute the effect size of a study. For example, the effect size for the change in 
a single group can be calculated as the posttraining mean minus the pretraining mean divided by 
the pretraining standard deviation. The effect size comparing two groups can be calculated as the 
posttraining mean of the treatment group minus the posttraining mean of the control group divided 
by the pretraining standard deviation of the control group. The pretraining standard deviation is 
used in both calculations because it is unbiased.

Rhea, M.R. 2004. Synthesizing strength and conditioning research: The meta-analysis. Journal of Strength and Conditioning 
Research 18: 921-923.

?
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should use a total-body program three days per 
week or a split-body routine four days per week, 
and advanced lifters should train four to six days 
per week with a variety of split routines to train 
one to three muscle groups per session (American 
College of Sports Medicine 2009).

Motor Performance
It has long been known that DCER exercise can 
increase motor performance. Studies show signif-
icant small increases of several percent or less in 
the following motor performance tests:

• Vertical jump ability (Adams et al. 1992; 
Campbell 1962; Caruso et al. 2008; Chan-
nel and Barfield 2008; Dodd and Alvar 
2007; Kraemer et al. 2000; Kraemer, Maz-
zetti et al. 2001; Kraemer et al. 2003; Marx et 
al. 2001; Stone, Johnson, and Carter 1979; 
Stone, O’Bryant, and Garhammer 1981; 
Taube et al. 2007)

• Standing long jump (Capen 1950; Chu 
1950; Dodd and Alvar 2007; Taube et al. 
2007)

• Shuttle run (Campbell 1962; Kusintz and 
Kenney 1958)

• T-agility test (Cressey et al. 2007)

• Short sprint (Capen 1950; Comfort, Haigh, 
and Matthews 2012; Deane et al. 2005; 

Dodd and Alvar 2007; Marx et al. 2001; 
Schultz 1967)

• Baseball throwing velocity (Thompson and 
Martin 1965)

• Soccer kick and ball velocity (Young and 
Rath 2011)

• Shot put (Chu 1950; Schultz 1967; Terzis 
et al. 2008)

Statistically insignificant changes in short sprint 
time (Chu 1950; Dodd and Alvar 2007; Hoffman 
et al. 1990; Jullian et al. 2008; Kraemer et al. 2003; 
Marx et al. 2001) and in vertical jump ability 
(Hoffman et al. 1990; Marx et al. 2001; Newton, 
Kraemer, and Häkkinen 1999; Stone, Nelson et 
al. 1983) and standing long jump ability (Schultz 
1967) have also been demonstrated. Perhaps more 
important from a training perspective, significant 
increases in softball throwing velocity (Prokopy et 
al. 2008); team handball throwing velocity, vertical 
jump ability, and short sprint ability (Marques and 
Gonzalez-Badillo 2006); tennis serve, forehand, 
and backhand ball velocity (Kraemer, Ratamess 
et al. 2000 Kraemer, Häkkinen et al. 2003); and 
vertical jump ability have been shown when 
weight training is incorporated into a total train-
ing program (sprint, aerobic, agility, plyometrics; 
see box 2.3). No significant changes were shown 
when weight training was incorporated into a total 
training program for athletes (rugby, basketball) 

box 2.3 reSeArCH

effects of resistance Training on Motor Performance
The degree of change in motor performance that occurs in athletes as a result of resistance training 
is highly variable. Significant changes and nonsignificant changes have been shown in a variety 
of motor performance tasks when athletes perform weight training in addition to their normal 
training. How much of a change, if any, depends on a wide variety of factors including the type of 
weight training program and the specific motor performance task.

In professional team handball players, performance of a 12-week in-season resistance training 
program increased motor performance and strength (Marques and Gonzalez-Badillo 2006). The 
program was a multiple-set periodized program performed two or three times per week in addition 
to sprint, plyometric, and normal skill and technique training. The program resulted in a significant 
increase in ball-throwing velocity of 6%, in 30 m sprint ability of 3%, and in countermovement 
jump ability of 13%. Although these changes were significant, they were substantially lower than 
the significant change in 1RM bench press ability of 27%. This is not unusual given that changes 
in strength are generally substantially greater than changes in motor performance when resistance 
training is performed.

Marques, M.C., and Gonzalez-Badillo, J.J. 2006. In-season resistance training and detraining in professional team handball 
players. Journal of Strength and Conditioning Research 20: 563-571.
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in short-range (less than 6.25 m) and long-range 
(more than 6.25 m) basketball shooting ability, 
vertical jump, and short sprint ability (Gabbett, 
Johns, and Riemann 2008; Kilinc 2008). Signif-
icant changes in job-related motor performance 
tasks such as a 1RM lift and repetitive box lift 
have also been demonstrated (Kraemer, Mazzetti 
et al. 2001).

Similar to strength increases, changes in motor 
performance tests depend in part on the initial 
physical condition of the trainee, with smaller 
increases apparent with better initial physical 
fitness. Past training history, the type of weight 
training program, and the duration of training 
may also affect whether a change in motor perfor-
mance occurs. The effect of the type of program 
on a motor performance task is shown by the 
following examples. Untrained women’s vertical 
jump power and 40 yd sprint ability improved sig-
nificantly more during six months of training with 
a multiple-set periodized program compared to a 
single-set-to-momentary-fatigue program (Marx 
et al. 2001). Similar results over nine months of 
training women collegiate tennis athletes have 
been shown: Vertical jump height and tennis serve 
velocity showed significant improvements with a 
multiple-set periodized program and no improve-
ment with a single-set-to-momentary-fatigue pro-
gram (Kraemer, Ratamess et al. 2000). Over nine 
months of training (Kraemer et al. 2003) women 
collegiate tennis athletes performing a multiple-set 
periodized program and a multiple-set nonperi-
odized program increased maximal strength simi-
larly. However, the periodized program resulted in 
significantly greater increases in vertical jump, as 
well as serve, forehand, and backhand ball veloc-
ity. Thus, the type of program can affect whether 
significant increases in motor performance occur 
and the magnitude of those increases.

Other program variables may also affect the 
outcome on motor performance. For example, after 
weight training for five weeks with 20-second rest 
periods between sets (15- to 20RM), subjects expe-
rienced a significantly greater increase (12.5 vs. 
5.4%) in repeat cycle sprint ability than did those 
training with 80-second rest periods (Hill-Hass 
et al. 2007). However, greater strength increases 
(3RM 45.9 vs. 19.6%) occurred in those taking 
the 80-second rest periods than did those taking 
the 20-second rest periods. Although conflicting 
results concerning significant changes in motor 
performance can be found, as a whole, research 

supports the contention that DCER exercise can 
significantly improve motor performance ability.

Training smaller muscle groups may also affect 
motor performance. For example, significant 
increases in vertical jump and shot put ability 
occurred in college-age subjects after training only 
the toe and finger flexors over a 12-week period 
(Kokkonen et al. 1988). Dynamic resistance 
training of the finger flexors also increases rock 
climbing performance (Schweizer, Schneider, and 
Goehner 2007).

Many people assume that an increase in strength 
and power brought about by a training program 
can be usefully applied to a motor performance 
task. For this to occur, however, trainees must 
train all of the muscles involved in the motor 
performance task, especially the weakest muscles 
involved in the task, because they may limit the 
useful application of the strength and power from 
stronger muscle groups. Additionally, proper tech-
nique of the motor task must be trained, because 
technique may also limit the useful application 
of increased strength and power. This last point 
is supported by projects showing that direct prac-
tice, alone or combined with resistance training, 
increases standing long jump ability to a signifi-
cantly greater extent than resistance training alone 
in previously untrained subjects (Schultz 1967), 
and strength training combined with sprint train-
ing results in greater changes in sprinting speed 
than either type of training alone (Delecluse et 
al. 1997).

Strength Changes
Strength increases in a large variety of muscle 
groups in both women and men from DCER 
training are well documented. Tables 2.3, 2.4, 
and 2.6 present changes in 1RM bench press and 
leg press ability in both sexes after short-term 
DCER training. Women demonstrate substantial 
increases in 1RM bench press ability; increases 
range from 8% in college tennis athletes after 36 
weeks of training (Kraemer et al. 2000) to 47% 
in untrained women after 16 weeks of training 
(Hostler, Crill et al. 2001). Similarly, men experi-
ence strength increases ranging from 3% in college 
American football players after 10 weeks of training 
(Hoffman et al. 1990) to 44% in untrained men 
after 12 weeks of training (Allen, Byrd, and Smith 
1976). Using 1RM as the testing criteria, women 
have demonstrated increases in leg press ability 
ranging from 8% in college tennis players after 36 
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weeks of training (Kraemer et al. 2000) to 148% 
in untrained women after 18 weeks of training 
(Staron et al. 1991). Increases in men’s leg press 
ability range from 7% after 6 weeks of training 
(Stone, Nelson, et al. 1983) to 71% after 10 weeks 
of training (Allen, Byrd, and Smith 1976). The 
wide ranges in strength increases are probably 
related to differences in pretraining status, familiar-
ity with the exercise tests, the duration of training, 
and the type of program.

Body Composition Changes
The normal changes in body composition as a 
result of short-term DCER exercise in both sexes 
are small increases in fat-free mass and small 
decreases in percent body fat (see table 3.3). The 
decrease in percent body fat is often due in large 
part to an increase in fat-free mass rather than a 
large decrease in fat mass. Many times these two 
changes occur simultaneously, resulting in little or 
no change in total body weight.

Safety Considerations
If DCER exercise is performed using free weights, 
appropriate spotting should be used. For machine 
DCER exercises, spotting is normally not needed. 
Because free weights must be controlled in three 
planes of movement, generally more time is 
needed to learn proper lifting technique, especially 
of multijoint or multi-muscle-group exercises, 
compared to a similar exercise performed using 
a machine.

Variable resistance Training
Variable resistance  equipment has a lever arm, 
cam, or pulley arrangement that varies the resis-
tance throughout the exercise’s range of motion. 
One possible advantage of variable resistance 
equipment is that it can match the increases and 
decreases in strength (strength curve) throughout 
an exercise’s range of motion. This could result 
in the muscle exerting near-maximal or maximal 
force throughout the range of motion, resulting in 
maximal strength gains.

The three major types of strength curves are 
ascending, descending, and bell shaped (see figure 
2.3). Although the ascending and descending 
strength curves shown in figure 2.3 are linear, gen-
erally they are curvilinear. In exercises such as the 
squat and bench press, which have an ascending 
strength curve, it is possible to lift more weight if 

only the last half or last quarter of the concentric 
portion of a repetition is performed. If an exercise 
has a descending strength curve, it is possible 
to lift more weight if only the first half or first 
quarter of the concentric repetition phase is per-
formed. An example of such an exercise is upright 
rowing. An exercise in which it is possible to lift 
more resistance if only the middle portion of the 
range of motion is performed has a bell-shaped 
strength curve. Arm curls, like many single-joint 
exercises, have a bell-shaped strength curve. To 
match the three major types of strength curves, 
variable resistance machines must be able to vary 

a
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F
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Start Finish
Concentric range of motion

E4758/Fleck/fig2.3a-c/460552-54/alw/r2

FIgure 2.3 The three major types of strength curves 
are (a) ascending, (b) descending, and (c) bell shaped.
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the resistance in three major patterns, which most 
types are not capable of doing (see the section 
Variable Variable Resistance later in this chapter). 
Additionally, because of variations in limb length, 
the point of attachment of the muscle’s tendons to 
the bones, and torso size, it is difficult to conceive 
of one mechanical arrangement that would match 
all people’s strength curves for a particular exercise.

Biomechanical research indicates that one 
type of cam variable resistance equipment does 
not match the strength curves of the elbow curl, 
multibiceps curl, chest fly, knee extension, knee 
flexion, and pullover exercises (Cabell and Zebras 
1999; Harman 1983; Pizzimenti 1992). The 
equipment’s ability to match the strength curve 
is especially ineffective at the extreme ranges of 
an exercise’s range of motion (Cabell and Zebras 
1999). A second type of cam equipment has been 
reported to match the strength curves of females 
fairly well (Johnson, Colodny, and Jackson 1990). 
However, for females the cam resulted in too great 
a resistance near the end of the knee extension 
exercise. The cam also provided too much resis-
tance during the first half and too little during 
the second half of the elbow flexion and elbow 
extension exercises. The knee flexion machine 
matched females’ strength curves well through-
out the range of motion. The resistance curve of 
eight variable resistance knee extension machines 
from six manufacturers also poorly matched the 
strength curve of young men; the matching of the 
strength curve was highly variable from machine 
to machine and significantly less curvilinear than 
the actual isometric strength curve (Folland and 
Morris 2008). Thus, in general cam-type variable 
resistance equipment does not appear to match 
strength curves of exercises.

Number of Sets and repetitions
Significant strength gains from short-term (4 to 
18 weeks) variable resistance training have been 
demonstrated in a large variety of muscle groups 
with various combinations of sets and repetitions. 
Significant increases in strength have been shown 
with the following protocols (sets  repetitions):

• 1  6- to 10RM (Jacobson 1986)

• 1  7- to 10RM (Braith et al. 1993; Graves 
et al. 1989)

• 1  8- to 12RM (Coleman 1977; Hurley, 
Seals, Ehsani et al. 1984; Keeler et al. 2001; 

Manning et al. 1990; Pollock et al. 1993; 
Silvester et al. 1984; Starkey et al. 1996; 
Westcott et al. 2001)

• 1  10- to 12RM (Peterson 1975)

• 1  12- to 15RM (Stone, Johnson, and 
Carter 1979)

• 2  10- to 12RM (Coleman 1977)

• 2  12 at 50% of 1RM (Gettman, Culter, 
and Strathman 1980)

• 2 or 3  8- to 10RM (LeMura et al. 2000)

• 3  6RM (Jacobson 1986; Silvester et al. 
1984)

• 3  8- to 12RM (Starkey et al. 1996)

• 3  15RM (Hunter and Culpepper 1995)

• 6  15- to 20RM (Sale et al. 1990)

• 3  10RM for three weeks, 3  8RM for 
three weeks, and 3  6RM for six weeks 
(Boyer 1990)

• Four sets with increasing resistance and 
repetitions decreasing from eight to three in 
a half-pyramid program (Ariel 1977)

Variable resistance training has also been shown 
to increase maximal isometric strength throughout 
the full range of motion of an exercise (Hunter and 
Culpepper 1995). Thus, various combinations of 
sets and repetitions can cause significant strength 
increases.

Strength Changes
Substantial increases in strength have been 
demonstrated with variable resistance training. For 
example, after 16 weeks of training males demon-
strated an increase of 50% in upper-body strength 
and 33% in lower-body strength (Hurley, Seals, 
Ehsani et al. 1984), and females demonstrated 
an increase of 29% in upper-body strength and 
38% in lower-body strength (LeMura et al. 2000). 
Increases in bench press and leg press strength 
from variable resistance training are depicted in 
tables 2.3 and 2.4, respectively. Tests using variable 
resistance equipment and other types of muscle 
actions reveal that this type of resistance training 
can cause substantial increases in strength.

Variable Variable resistance
One type of variable resistance equipment allows 
adjustment of the resistance curve of an exercise. 
Variable variable resistance  equipment allows 
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an exercise to be performed with an ascending, 
descending, and bell-shaped strength curves (see 
figure 2.4). The concept of this type of equipment 
is to force muscles to use more motor units at 
different points in the exercise’s range of motion 
by using strength curves that do not match the 
strength curve of the exercise (e.g., using a bell-
shaped and descending curve in addition to an 
ascending curve in an exercise that has an ascend-
ing strength curve). This type of equipment also 
offers the ability to decrease the force needed in a 
portion of an exercise’s range of motion in which 
high force output is contraindicated, such as after 
some types of injuries. Women performing a 
total-body training program for 14 weeks of three 
sessions per week showed significant increases in 
1RM strength and increased (dual-energy X-ray 
absorptiometry) lean soft tissue (see table 3.3) 
and decreased percent fat (Fleck, Mattie, and Mar-
tensen 2006). Training consisted of performing 
one set of 10 repetitions for each of the strength 
curves (bell-shaped, ascending, and descending) 
resulting in three sets of each exercise. Their 1RM 
strength increased significantly (between 25 and 
30%) in the leg press, bench press, lat pull-down, 
and overhead press. Thus, this type of equipment 

is effective in increasing strength and promoting 
body composition changes.

Motor Performance
Little information exists concerning changes in 
motor performance as a result of variable resis-
tance training. American football players who 
participated in a combined program of in-season 
football training and total-body variable resis-
tance strength training demonstrated small but 
greater mean improvements in the 40 yd sprint 
and vertical jump ability than a control group 
performing only the in-season football training 
program (Peterson 1975). Whether the changes 
were statistically significant or whether a signifi-
cant difference existed between the groups was not 
addressed. Although this study showed a slightly 
greater increase in motor performance with vari-
able resistance training, it offers little concrete evi-
dence of variable resistance training effectiveness 
in terms of motor performance changes relative to 
other types of training.

A comparison of a cam-type variable resistance 
machine and an increasing lever arm–type variable 
resistance machine showed both types of equip-
ment to increase motor performance (Silvester et 
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al. 1984). The cam-type group trained three days 
per week for six weeks followed by two days per 
week for five weeks. Participants did knee exten-
sions immediately followed by leg presses and 
performed each exercise for one set of 12 repe-
titions to failure. The increasing lever arm–type 
group trained three days per week for the entire 
11-week training period; they performed the leg 
press for one set of 7 to 10 repetitions followed by 
one set to concentric failure. No difference in static 
leg strength gains was demonstrated between the 
groups. The cam-type and lever arm–type groups 
increased their mean vertical jumps by 0.3 in. (0.76 
cm) and 1.1 in. (2.8 cm), respectively. The increase 
in vertical jump shown by the lever arm–type 
group was significantly greater than the increase 
shown by the cam-type group. So motor perfor-
mance can increase as a result of variable resistance 
training, and the increase depends in part on the 
training protocol, equipment used, or both.

Body Composition Changes
Significant increases in muscle thickness of the 
quadriceps and knee flexors (hamstrings) have 
been reported after variable resistance training 
(Starkey et al. 1996). Increases in fat-free mass 
and decreases in percent body fat also occur as a 
result of variable variable resistance training (Fleck, 
Mattie, and Martensen 2006). These changes in 
body composition are depicted in table 3.3 and are 
of the same magnitude as the changes that occur 
from DCER training.

Safety Considerations
As with all types of weight training machines, 
safety is not a major concern when using variable 
resistance or variable variable resistance machines, 
and a spotter is not normally necessary. Similarly, 
as with all weight training machines, care must 
be taken to ensure that the variable resistance 
machine fits the trainee properly and that the 
trainee is properly positioned on it. Without 
proper fit and positioning, proper exercise tech-
nique is impossible and risk of injury increases.

Isokinetic Training
Isokinetic refers to a muscular action performed 
at constant angular limb velocity. Unlike other 
types of resistance training, isokinetic training has 
no specified resistance to meet; rather, the velocity 

of movement is controlled. At the start of each 
movement, acceleration from 0 degrees per second 
takes place until the set velocity is achieved. After 
the set velocity is achieved, further acceleration 
is not possible and any force applied against the 
equipment results in an equal reaction force. The 
reaction force mirrors the force applied to the 
equipment throughout the range of movement 
of the exercise, until deceleration starts to occur at 
the end of the range of motion. It is theoretically 
possible for the muscle(s) to exert a continual max-
imal force throughout the movement’s range of 
motion except where acceleration at the start and 
deceleration at the end of the movement occurs.

The majority of isokinetic equipment found in 
resistance training facilities allows concentric-only 
actions, although eccentric and coupled concen-
tric–eccentric isokinetic actions (i.e., the same 
exercise movement performed in a concentric fol-
lowed by an eccentric action) are possible on some 
isokinetic equipment. The emphasis here will be 
on concentric-only isokinetic training. Advantages 
of isokinetic training include the ability to exert 
maximal force throughout a large portion of an 
exercise’s range of motion, the ability to train over 
a wide range of movement velocities, and minimal 
muscle and joint soreness. Another characteristic 
of many types of isokinetic equipment is that they 
allow only single-joint movements (knee exten-
sion, elbow flexion) in unilateral (one leg or arm) 
as opposed to bilateral (both arms or legs) actions. 
One major criticism of this type of training is that 
isokinetic muscle actions do not exist in the real 
world; this potentially limits the application of 
isokinetic training to daily life and sport activities.

Strength Changes
The vast majority of studies examining concen-
tric-only isokinetic training have been of short 
duration (3 to 16 weeks); have examined strength 
changes of single-joint movements; and have 
tested for strength gains using isometric, DCER, 
eccentric-only isokinetic, and concentric-only 
isokinetic tests. As depicted in table 2.7, programs 
of 1 to 15 sets at various movement velocities and 
with various numbers of repetitions and sets cause 
significant increases in strength.

Significant gains in strength have also been 
achieved by performing as many repetitions as 
possible in a fixed period of time, as shown in the 
following studies:
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TAble 2.7 Isokinetic Training and Combinations of Sets and repetitions That Cause 
Significant gains in Strength
reference Sets  reps at degrees per second

bond et al. 1996 1  12 at 15

Gur et al. 2002 1  12 at 30, 60, 90, 120, 150 and 180

Jenkins, Thackaberry, and Killian 1984 1  15 at 60
1  15 at 240

lacerte et al. 1992 1  20 at 60
1  20 at 180

Moffroid et al. 1969 1  30 at 22.5

Knapik, Mawdsley, and Ramos 1983 1  50 at 30

Pearson and Costill 1988 1  65 at 120

Gettman, Culter, and Strathman 1980 2  12 at 60

Gettman et al. 1979 2  10 at 60 followed by
2  15 at 90

Farthing and Chilibeck 2003 2-6  8 at 30
2-6  8 at 180

Kelly et al. 2007 3  8 at 60

Higbie et al. 1996 3  10 at 60

ewing et al. 1990 3  8 at 60
3  20 at 240

Tomberline et al. 1991 3  10 at 100

Morris, Tolfroy, and Coppack 2001 3  10 at 100 

Gettman and Ayers 1978 3  15 at 90
3  15 at 60

Kanehisa and Miyashita 1983b 1  10 at 60
1  30 at 179
1  50 at 300

blazevich et al. 2007 4-6  6 at 30 

Seger, Arvidsson, and Thorstensson 1998 4  10 at 90

Colliander and Tesch 1990a 4 or 5  12 at 60

Coyle et al. 1981 5  6 at 60
5  12 at 300

Coyle et al. 1981 (6 sets total) 3  6 at 60 and 3  12 at 300

Cirello, Holden, and evans 1983 5  5 at 60

Petersen et al. 1990 5  10 at 120

Mannion, Jakeman, and Willan 1992 6  25 at 240
5  15 at 60

Housh et al. 1992 6  10 at 120

Narici et al. 1989 6  10 at 120

Akima et al. 1999 10  5 at 120

Kovaleski et al. 1995 10  12 at 120 to 210 

Cirello, Holden, and evans 1983 5  5 at 60
15  10 at 60
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• One set of 6 seconds at 180 degrees per 
second (Lesmes et al. 1978)

• One set of 30 seconds at 180 degrees per 
second (Lesmes et al. 1978)

• Two sets of 20 seconds at 180 degrees per 
second (Bell et al. 1992; Petersen et al. 
1987)

• Two sets of 30 seconds at 60 degrees per 
second (Bell et al. 1991a)

• Two sets of 30 seconds at 120 or 300 degrees 
per second (Bell et al. 1989)

• One set of 60 seconds at 36 or 180 degrees 
per second (Seaborne and Taylor 1984)

Increases in strength have also been achieved 
by performing a set of maximal voluntary muscle 
actions until a given percentage of peak force 
could no longer be generated. One set continued 
until at least 60, 75, or 90% of peak force could 
no longer be generated at each velocity of 30, 60, 
and 90 degrees per second (Fleck et al. 1982) and 
until 50% of peak force could no longer be main-
tained during slow-speed training (one set each at 
a velocity of 30, 60, and 90 degrees per second) 
or fast-speed training (one set each at a velocity of 
180, 240, and 300 degrees per second) (Smith and 
Melton 1981). All resulted in significant increases 
in strength.

Isokinetic velocity spectrum training has also 
resulted in significant strength gains. This type of 
training involves performing several sets in suc-
cession at various movement velocities. Velocity 
spectrum training can be performed with either the 
faster velocities or the slower velocities performed 
first. A typical fast-velocity spectrum exercise pro-
tocol is presented in table 2.8. A series of acute 
and short-duration (four-week) training studies 
(Kovaleski and Heitman 1993a, 1993b; Kovale-
ski et al. 1992) indicates that training protocols 
in which the fast-velocity sets are performed first 
result in greater power gains, especially at faster 
movement velocities, but not necessarily greater 
maximal torque gains across a range of movement 
velocities compared to protocols in which the 
slower movement velocities are performed first.

Velocity spectrum training (30 to 180 degrees 
per second at 30 degree per second intervals) in 
41- to 75-year-olds resulted in significant concen-
tric peak torque gains at 120 and 180 degrees per 
second, but not 60 degrees per second (Gur et al. 
2002). The concentric velocity spectrum training 
also resulted in significant eccentric peak torque 
gains at 120 degrees per second, but not 60 and 
180 degrees per second. Tables 2.3 and 2.4 include 
changes in strength of the bench press and leg 
press, respectively, after isokinetic training. Appar-
ently, many combinations of sets, repetitions, and 
velocity of concentric-only isokinetic training can 
cause significant increases in strength.

Concentric-only isokinetic training can increase 
eccentric isokinetic strength (Blazevich et al. 2007; 
Seger, Arvidsson, and Thorstensson 1998; Tomber-
line et al. 1991). Although fewer studies have 
examined the effect of eccentric-only versus concen-
tric-only isokinetic training, it is clear that both types 
of training can increase concentric and eccentric 
isokinetic strength (Blazevich et al. 2007; Higbie et 
al. 1996; Miller et al. 2006; Seger, Arvidsson, and 
Thorstensson 1998) at relatively slow velocities of 
30 to 90 degrees per second. The majority of these 
studies indicate contraction specificity; in other 
words, the concentric training resulted in greater 
concentric strength gains, and vice versa. For exam-
ple, concentric-only and eccentric-only training 
(knee extension, 90 degrees per second) have both 
been shown to increase concentric (14 vs. 2%) and 
eccentric (10 vs. 18%) strength significantly at the 
training velocity (Seger, Arvidsson, and Thorstensson 
1998). Not all studies, however, consistently indicate 
a large contraction specificity (Blazevich et al. 2007).

Coupled eccentric–concentric isokinetic train-
ing (a movement performed in a concentric action 
followed by an eccentric action) also results in 
significant eccentric and concentric isokinetic 
strength gains (Caruso et al. 1997; Gur et al. 2002). 
Collectively, the preceding studies indicate that 
eccentric-only, concentric-only, and coupled eccen-
tric–concentric isokinetic training result in signif-
icant eccentric and concentric isokinetic strength 
gains, and that eccentric-only and concentric-only 
training generally show contraction specificity.

TAble 2.8 Typical Isokinetic Fast-Velocity Spectrum Training 
Set 1 2 3 4 5 6 7 8 9 10

Velocity (degrees per second) 180 210 240 270 300 300 270 240 210 180

Reps 10 10 10 10 10 10 10 10 10 10
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Number of Sets and repetitions
Despite the vast quantity of research concerning 
the training effects of concentric-only isokinetic 
training, few studies have investigated the optimal 
training number of sets and repetitions. No dif-
ference in peak torque gains when training at 180 
degrees per second between 10 sets of 6-second 
duration with as many repetitions as possible 
(approximately three), and two sets of 30-second 
duration with as many repetitions as possible 
(approximately 10) has been shown (Lesmes et 
al. 1978). A comparison of all combinations of 5, 
10, and 15 repetitions at slow, intermediate, and 
fast velocities of movement showed no significant 
strength differences after training three days a week 
for nine weeks (Davies 1977). A comparison of 5 
sets of 5 repetitions and 15 sets of 10 repetitions 
training at 60 degrees per second showed minimal 
differences (Cirello, Holden, and Evans 1983). 
Both groups improved strength significantly at 
all concentric test velocities ranging from 0 to 
300 degrees per second; only one significant 
difference existed between the two groups: at 
30 degrees per second the 15-set group showed 
greater gains than the 5-set group did. All three of 
these studies agree on at least one point: various 
numbers of repetitions per set and sets can result 
in significant increases in peak torque over short 
training durations. Additionally, three sets (60 
degrees per second) result in significantly greater 
strength increases than one set at the same veloc-
ity (17 vs. 2%) when peak torque is tested at the 
training velocity (Kelly et al. 2007). Thus, similar 
to DCER training, multiple sets appear to result in 
significantly greater strength increases than one set.

Training Velocity
Previously cited studies firmly support the conten-
tion that concentric-only, eccentric-only, and cou-
pled eccentric–concentric isokinetic training at a 
variety of velocities can result in increased strength. 
One question that has received some research 
attention is, What is the optimal concentric isoki-
netic training velocity—fast or slow? It is important 
to note that the answer may depend on the task the 
training is meant to improve. If strength at a slow 
velocity of movement is necessary for success, the 
optimal training velocity may be different from 
that for a task in which strength at a fast velocity 
of movement is necessary for success.

The question of optimal training velocity for 
concentric-only isokinetic training depends in part 

on the issue of velocity specificity, which states 
that strength increases due to training at a certain 
velocity are greatest at that velocity. The majority of 
research indicates that isokinetic training does have 
velocity specificity (Behm and Sale 1993), and that 
this specificity occurs even after very short (three 
sessions) training periods (Coburn et al. 2006). 
This means that greater strength gains are made at 
or near the training velocity; therefore, if strength 
at a fast velocity of movement is necessary, training 
should be performed at a fast velocity, and vice 
versa. Neural mechanisms, such as the selective 
activation of motor units, the selective activation 
of muscles, and the deactivation of co-contractions 
by antagonists, are generally believed to be the 
cause of velocity specificity (Behm and Sale 1993).

Other issues of optimal training velocity are to 
what extent velocity specificity exists and whether 
training at one velocity results in increased strength 
over a wide range of movement velocities. An 
early study indicated that two training velocities 
demonstrated some degree of velocity specificity 
(Moffroid and Whipple 1970). However, the faster 
training velocity demonstrated velocity specificity 
to a smaller extent and more consistent strength 
gains across the range of velocities at which 
strength was tested (see figure 2.5). It is import-
ant to note that both training velocities examined 
in this study were relatively slow. Another study 
showed that slow-speed training (four seconds to 

30

P
er

ce
nt

 im
pr

ov
em

en
t

20

10

0

Velocity in degrees

Slow speed (36 degrees/second)
Fast speed (108 degrees/second)

0 18 36 54 72 90 108

E4758/Fleck/fig2.5/460557/alw/r1FIgure 2.5 Percentage of change in peak torque due 
to slow- and fast-speed concentric-only isokinetic training.
Reprinted from M.T. Moffroid and R.H. Whipple, 1970, “Specificity of speed 
of exercise,” Physical Therapy 50: 1695. ©1970 American Physical Therapy 
Association. Reprinted with permission.



Types of Strength Training

41

complete one leg press repetition) resulted in a 
greater strength increase than fast-speed training 
(two seconds to complete one leg press repetition) 
(Oteghen 1975). However, the velocity at which 
strength was tested was undefined.

Several studies do provide more insight into 
the fast-versus-slow optimal concentric training 
velocity question. Training at velocities of 60, 179, 
and 300 degrees per second with 10, 30, and 50 
maximal voluntary muscle actions per session, 
respectively, showed some advantage for the inter-
mediate velocity (Kanehisa and Miyashita 1983b). 
All groups were tested for peak torque at a variety 
of velocities ranging from 60 to 300 degrees per 
second both before and after the training program. 
The varied number of repetitions at different 
training velocities limits general conclusions. 
However, the results indicate that an intermediate 
speed (179 degrees per second) may be the most 
advantageous for gains in average power across a 
range of movement velocities. Another study by 
Kanehisa and Miyashita (1983a) indicated velocity 
specific power gains after training at either 73 or 
157 degrees per second.

Training at 60 and 240 degrees per second 
(Jenkins, Thackaberry, and Killian 1984) showed 
that peak torque of the 60-degrees-per-second 
group improved at all but the slowest and fastest 
velocities, whereas the 240-degree-per-second 
group improved significantly at all test velocities 
(see figure 2.6). No significant differences in 

improvement between the two training groups 
were shown. However, because of the nonsignif-
icant improvement at the 30-degrees-per-second 
and 300-degrees-per-second test velocities by the 
60-degrees-per-second group, it could be con-
cluded that the 240-degrees-per-second training 
resulted in superior overall strength gains.

A comparison of three velocities and with vary-
ing numbers of sets and repetitions indicates veloc-
ity specificity (Coyle et al. 1981). A slow-speed 
group trained at 60 degrees per second with five 
sets of six maximal muscular actions. A fast-speed 
group trained at 300 degrees per seconds with five 
sets of 12 maximal actions. A third group trained 
using a combination of slow and fast speeds, with 
two or three sets of six repetitions at 60 degrees 
per second and two or three sets of 12 repetitions 
at 300 degrees per second. Peak torque test results 
are presented in table 2.9. Each group showed its 
greatest gains at its specific training velocity, indi-
cating that the velocity of training is in part dictated 
by the velocity at which peak torque increases are 
desired. However, substantial carryover to other 
velocities is also shown. This is especially apparent 
for velocities slower than the training velocity.

Some research suggests that there is little or no 
reason to favor a particular velocity when consider-
ing gains in strength. Training at 60 or 180 degrees 
per second results in equal gains in peak torque at 
60, 120, 180, and 240 degrees per second (Bell et 
al. 1989; Lacerte et al. 1992). Additionally, training 
at 60 or 240 degrees per second results in equal 
isometric strength gains (Mannion, Jakeman, and 
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TAble 2.9 Percentage of Increases  
in Peak Torque Due to Isokinetic Training 
at Specific Velocities
Testing velocity Peak torque increases (%)

PT/0 [Fast
23.6

Slow
20.3

Mixed]
18.9

PT/60 [Slow
31.8

Mixed
23.6

Fast]
15.1

PT/180 [Fast
16.8

Slow
9.2

Mixed]
7.9

PT/300 [Fast
18.5

Mixed]
16.1

Slow
0.9

PT/0-PT/300 = peak torque at 0 to 300 degrees per second; 
bracketed groups exhibit no statistically significant difference in 
peak torque.

Data from Coyle et al. 1981.
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Willan 1992). All of these projects used a short 
training duration of no more than 16 weeks.

Collectively, the preceding studies indicate 
that, with concentric-only training, if gains in 
concentric strength over a wide range of veloci-
ties are desired, training should be at a velocity 
of somewhere between 180 and 240 degrees per 
second. Additionally, if the training goal is to 
maximally increase strength at a specific velocity, 
training should be performed at that velocity. 
However, because the majority of the studies used 
relatively slow training velocities in general, any 
comparisons between slow and fast speeds is in 
reality a comparison of two or more relatively 
slow concentric velocities. During many physical 
activities, angular limb velocities of greater than 
300 degrees per second are easily achieved, making 
the application of conclusions to actual physical 
tasks tenuous.

Research concerning the optimal eccentric isoki-
netic training velocity is more limited. A study of 
two groups who trained eccentrically at 20 or 210 
degrees per second revealed that overall strength 
gains at concentric and eccentric velocities of 20, 
60, 120, 180 and 210 degrees per second were 
greater for those in the group that trained at 210 
degrees per second (Shepstone et al. 2005). Sim-
ilarly, training at 180 compared to 30 degrees per 
second resulted in greater overall strength gains 
at concentric and eccentric velocities of 30 and 
180 degrees per second (Farthing and Chilibeck 
2003). Both studies indicate that fast eccentric-only 
training results in greater strength gains than slow 
eccentric-only training does.

Velocity Specificity  
and Strength Carryover
Closely associated with the concept of velocity 
specificity is the question, To what extent do 
increases in strength carry over to velocities other 
than the training velocity? A previously discussed 
study (Moffroid and Whipple 1970) comparing 
concentric training at 36 and 108 degrees per 
second demonstrated that significant increases in 
peak torque carry over only at movement speeds 
below the training velocity (see figure 2.5). Simi-
larly, a group that trained at 90 degrees per second 
demonstrated significant increases in peak torque 
at 90 and 30 degrees per second, but no significant 
increase in peak torque at 270 degrees per second 
(Seger, Arvidsson, and Thorstensson 1998). The 

study illustrated in figure 2.6 indicates veloc-
ity specificity for slow (60 degrees per second) 
training and carryover below and above the train-
ing velocity, with less carryover as the velocity 
moves farther from the training velocity, while 
training at an intermediate velocity (240 degrees 
per second) results in carryover both below and 
above the training velocity. Another study testing 
concentric strength gains at 60 to 240 degrees per 
second (Ewing et al. 1990) suggests that there is 
carryover of peak torque gains at velocities above 
and below the training velocity. The carryover may 
be as great as 210 degrees per second below the 
training velocity and up to 180 degrees per second 
above the training velocity. Studies using training 
velocities of 60, 120, and 180 degrees per second 
indicate that significant gains in peak torque are 
made at all velocities from isometric to 240 degrees 
per second, but not necessarily at 300 degrees per 
second (Akima et al. 1999; Bell et al. 1989; Lacerte 
et al. 1992).

Collectively, the preceding studies indicate that 
significant gains in concentric peak torque may 
occur above and below the training velocity except 
when the training velocity is very slow (30 degrees 
per second) and that generally the greatest gains 
in strength are made at the training velocity. These 
studies all determined peak torque irrespective of 
the joint angle at which peak torque occurred. It 
might be questioned whether the torque actually 
increased at a specific joint angle and therefore 
a specific muscle length, an indication that the 
mechanisms controlling muscle tension at that 
length have been altered.

Peak torque of the knee extensors irrespective 
of joint angle at velocities from 30 to 300 degrees 
per second is slightly higher than joint-angle-spe-
cific torque at a knee angle 30 degrees from full 
extension (Yates and Kamon 1983). When subjects 
are grouped according to whether they have more 
or less than 50% type II muscle fibers, the two 
groups show no significant difference in the torque 
velocity curves for peak torque. For angle-specific 
torque, however, the torque velocity curves are sig-
nificantly different between the two groups (Yates 
and Kamon 1983). This suggests that torque at a 
specific angle is influenced to a greater extent than 
peak torque by muscle fiber–type composition. 
Thus, comparisons of peak torque and angle-spe-
cific torque must be viewed with caution.

A comparison of training at 96 and 239 degrees 
per second determined torque at a specific joint 
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angle (Caiozzo, Perrine, and Edgerton 1981). 
Figure 2.7 depicts the percentage of improvement 
that occurred at the testing velocities. The results 
indicate that when the test criterion is angle-spe-
cific torque, training at a slow velocity (96 degrees 
per second) causes significant increases in torque 
at faster velocities as well as at slower velocities, 
whereas training at a faster velocity (239 degrees 
per second) results in significant increases only 
at slower velocities close to the training velocity.

The results of research concerning concentric 
velocity specificity and carryover using peak torque 
and angle-specific torque as criterion measures are 
not necessarily contradictory (see figures 2.5, 2.6, 
and 2.7). All studies demonstrate that fast-velocity 
training (108 up to 240 degrees per second) results 
in significant increases in torque below the train-
ing velocity and in some cases above the training 
velocity. Differences in the magnitude (significant 
or insignificant) of carryover to other velocities 
may in part be attributed to the velocities that were 
defined as fast (108 up to 240 degrees per second). 
The preceding also indicates that slow-velocity 
training (36 to 96 degrees per second) causes 
significant carryover in torque below and above 
the training velocity. Generally, whether fast- or 
slow-velocity training is performed, carryover at 
velocities substantially faster than the training 
velocity are the least evident.

A previously cited comparison (Kanehisa and 
Miyashita 1983b) demonstrated that an interme-
diate training velocity (179 degrees per second) 
caused greater carryover of average power to a 
wider range of velocities both above and below the 
training velocity than did a slow (60 degrees per 
second) or fast (300 degrees per second) training 
velocity. Examinations of the changes in peak 
torque previously discussed indicate that training 
velocities in the range of 180 to 240 degrees per 
second result in carryover to velocities above and 
below the training velocity, but that the amount of 
carryover may decrease as the difference between 
the training and test velocity increases. The results 
indirectly support the contention that an interme-
diate concentric training velocity offers the best 
possible carryover to velocities other than the 
training velocity.

Research concerning the carryover of eccentric 
isokinetic training to velocities other than the 
training velocity is quite limited. Two previously 
described studies (Farthing and Chilibeck 2003; 
Shepstone et al. 2005) indicate that training with 
fast eccentric velocities (180 and 210 degrees per 
second) causes greater strength gains and carryover 
to velocities lower than the training velocity than 
slow eccentric velocities do (20 and 30 degrees per 
second). These studies did not test peak torque 
above the fast training velocity. So, as with concen-
tric isokinetic training, strength increases due to 
eccentric isokinetic training carry over to velocities 
lower than the training velocity.

Body Composition Changes
Concentric-only isokinetic training has been 
reported to significantly increase muscle fiber 
cross-sectional area (Coyle et al. 1981; Ewing et 
al. 1990; Wernbom, Augustsson, and Thomee 
2007) and total muscle cross-sectional area (Bell 
et al. 1992; Housh et al. 1992; Narici et al. 1989). 
However, nonsignificant changes in muscle fiber 
area (Akima et al. 1999; Colliander and Tesch 
1990a; Costill et al. 1979; Cote et al. 1988; 
Seger, Arvidsson, and Thorstensson 1998) and 
total muscle cross-sectional area have also been 
shown (Akima et al. 1999; Seger, Arvidsson, and 
Thorstensson 1998). Increases of cross-sectional 
area in one muscle group (quadriceps) and not 
another (hamstrings) have also been reported 
after the same concentric-only isokinetic training 
program (Petersen et al. 1990). Additionally, con-
centric-only isokinetic training does result in an 
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increase in fascicle angle (see chapter 3) indicating 
muscle hypertrophy (Blazevich et al. 2007).

Eccentric-only isokinetic training also increases 
muscle fiber cross-sectional area and total muscle 
cross-sectional area (Seger, Arvidsson, and Thor-
stensson 1998; Wernbom, Augustsson, and 
Thomee 2007). Additionally, fast eccentric isoki-
netic training (180 and 210 degrees per second) 
results in greater muscle and muscle fiber cross-sec-
tional area increases than slow eccentric isokinetic 
training (20 and 30 degrees per second) and fast 
and slow (180 and 30 degrees per second) con-
centric isokinetic training (Farthing and Chilibeck 
2003; Shepstone et al. 2005). Thus, concentric-only 
and eccentric-only isokinetic training can result in 
increased muscle fiber and muscle cross-sectional 
areas and so increased fat-free mass. However, 
these increases are not necessarily an outcome of 
all isokinetic training programs.

Changes in body composition as a result of 
concentric-only isokinetic training are included in 
table 3.3. These changes include increases in fat-
free mass and decreases in percent fat and are of 
the same approximate magnitude as those induced 
by other types of training.

Motor Performance
Motor performance—specifically vertical jump 
ability (Augustsson et al. 1998; Blattner and 
Noble 1979; Oteghen 1975; Smith and Melton 
1981), standing broad jump ability (Smith and 
Melton 1981), 40 yd sprint ability (Smith and 
Melton 1981), soccer ball kicking distance (Young 
and Rath 2011), and ball velocity of a tennis serve 
(Ellenbecker, Davies, and Rowinski 1988)—has 
been shown to improve with concentric-only 
isokinetic training. Power output during 6-second 
and 30-second maximal sprint cycling is also 
improved with concentric isokinetic training 
(Bell et al. 1989; Mannion, Jakeman, and Willan 
1992). Functional ability (stair climbing, speed 
walking, rising from a chair) in people 41 to 75 
years old is improved with both concentric-only 
and coupled concentric–eccentric isokinetic 
training, but more so with the latter (Gur et 
al. 2002). However, concentric-only training of 
the hip musculature (flexors and extensors, and 
abductors and adductors) for four weeks with 
training velocity increased weekly (60, 180, 300, 
and 400 degrees per second) did not result in 
significant changes in a rapid step test (Bera et al. 

2007). This points out the potential disadvantage 
of isokinetic equipment generally allowing only 
the performance of single-joint exercises, which 
may not increase motor performance in some 
tasks. However, isokinetic training can improve 
motor performance.

Motor performance may be increased by fast-
speed concentric isokinetic training more than by 
slow-speed training (Smith and Melton 1981). 
Training in the Smith and Melton study consisted 
of one set to 50% fatigue in peak torque at veloci-
ties of 180, 240, and 300 degrees per second for the 
fast-speed group and one set to 50% fatigue peak 
torque at velocities of 30, 60, and 90 degrees per 
second for the slow-speed group. The fast-speed 
and slow-speed groups improved, respectively, 5.4 
and 3.9% in the vertical jump, 9.1 and 0.4% in the 
standing long jump, and –10.1 and +4.1% in the 
40 yd sprint. However, increases in sprint cycling 
power output were shown not to be significantly 
different when isokinetic training was performed 
at 60, 180, or 240 degrees per second (Bell et al. 
1989; Mannion, Jakeman, and Willan 1992). Thus, 
fast-speed isokinetic training may be more effective 
than slow-speed training for increasing some, but 
not all, motor performance tasks.

Other Considerations
Concentric-only isokinetic training has been 
reported to cause minimal muscle soreness 
after training (Atha 1981) and results in greater 
decreases in subjective evaluation of pain during 
everyday tasks than does coupled concentric–
eccentric isokinetic training (Gur et al. 2002). 
Concentric isokinetic training may also result in 
significant strength gains (quadriceps) with three 
days of training (Coburn et al. 2006; Cramer et al. 
2007), but such rapid increases may not be present 
in all muscle groups (e.g., elbow flexors and exten-
sors; Beck et al. 2007). Such rapid strength gains 
may be useful in rehabilitation settings.

Because neither a free weight nor a weight 
stack has to be lifted in this type of training, the 
possibility of injury is minimal and no spotter is 
required. It is difficult to judge effort unless the 
machine has an accurate feedback system of either 
force generated or work performed that is visible 
to the exerciser. Furthermore, motivation may be 
a problem with some trainees because isokinetic 
equipment lacks the visible movement of a weight 
or weight stack.
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eccentric Training
Eccentric training (also called negative resistance 
training) refers to training with only the eccentric, 
or muscle lengthening, phase of a repetition or 
performing the eccentric phase with greater than 
the normal 1RM. Eccentric muscle actions occur 
in many daily activities such as walking down a 
flight of stairs, which requires the thigh muscles to 
perform eccentric muscle actions. During normal 
DCER training, when the weight is being lifted, the 
muscle shortens or performs a concentric action. 
When the weight is lowered, the same muscles 
that lifted the weight are active and lengthen in a 
controlled manner, or perform an eccentric action. 
If the muscles did not perform an eccentric action 
when the weight was lowered, the weight would 
fall as a result of the force of gravity.

Eccentric training can be achieved on many 
resistance training machines by lifting with both 
limbs a resistance greater than the 1RM of one 
arm or leg and then lowering it with only one 
limb. On some weight training machines it is 
also possible to perform the eccentric portion of 
repetitions with a resistance greater than that used 
in the concentric phase, but not necessarily more 
than that possible for 1RM. This type of training 
is termed accentuated eccentric training (some-
times called negative accentuated training). Some 
isokinetic machines also have an eccentric mode 
(isokinetic eccentric training was discussed earlier). 
Resistances heavier than 1RM may also be achieved 
with free weights by having spotters add more 
weight after the weight is lifted, having spotters 
apply resistance during the eccentric phase of a 
repetition, or having spotters help with the lifting 
of a resistance that is heavier than 1RM and then 
having the lifter perform the eccentric portion of 
the repetition without assistance. Weight release 
hooks (see figure 2.8) are also available to achieve 
a heavier resistance than 1RM with free weights 
(Doan et al. 2002; Moore et al. 2007).

Whenever eccentric training is performed, 
proper safety precautions should always be used, 
especially when using free weights or nonisokinetic 
machines. This is to avoid the temptation to use 
more weight than can be safely controlled during 
the eccentric portion of a repetition. Safety can be 
enhanced when performing eccentric training with 
some free weight exercises, such as the bench press 
and squat, by setting the pins of a power rack so 

they will catch the weight if needed at the lowest 
position of the exercise.

Strength Changes
Normal DCER training of the legs with both a 
concentric and an eccentric action causes greater 
concentric and eccentric strength increases than 
performing concentric-only resistance training 
for the same number of repetitions (Dudley et al. 
1991). Performing 50 or 75% of the repetitions 
with an eccentric phase results in greater increases 
in squat, but not bench press, ability than perform-
ing the same training program in a concentric-only 
manner (Häkkinen, Komi, and Tesch 1981). This 
indicates that an eccentric component during 
DCER training appears to be important, especially 
for the leg musculature.

Fleck/E4758/Fig 2.8a-c/460747,748,749/TB/R2-alw

Weight release hooks hang
from the bar during the
eccentric phase of the lift,
allowing for a heavier
eccentric load.

Weight release hooks pivot
forward as the base of the
device touches the ground
and the hooks release from
the bar just as the bar
touches the lifter’s chest
(height of release is adjustable).

Weight release hooks are
now cleared from the bar,
and less weight is lifted
concentrically than was
lowered eccentrically.

FIgure 2.8 Weight hooks can be used to increase the 
resistance during the eccentric phase of a repetition.
Adapted, by permission, from b.K. Doan et al., 2002. “The effects of 
increased eccentric loading on bench press.” Journal of Strength and 
Conditioning Research 16:11.



Designing Resistance Training Programs

46

Eccentric-only DCER training has been shown 
to increase maximal strength. For example, maxi-
mal eccentric 1RM significantly increased (29%) 
by training with three to five sets of six repetitions 
at 80% of the eccentric 1RM (Housh et al. 1998). 
A six-exercise total-body eccentric-only DCER 
program resulted in significant and similar 1RM 
increases (20-40%) when performed by previously 
untrained women with either 125 or 75% of the 
concentric 1RM, but no significant difference was 
shown between groups for strength gains (Schro-
eder, Hawkins, and Jaque 2004). Eccentric-only 
DCER training in seniors (74 years old) at 80% 
of the DCER 5RM increases isokinetic eccentric 
and isometric force capabilities, but not isoki-
netic concentric force capabilities (Reeves et al. 
2009). Training in an eccentric-only manner with 
three sets of 120 to 180% of maximal isometric 
strength varied in a linear periodization style for 
three weeks significantly increased maximal iso-
metric strength (Colduck and Abernathy 1997). 
Eccentric-only DCER training with six sets of five 
repetitions at 100% of 1RM significantly increased 
isometric and isokinetic strength at all velocities 
tested ranging from 60 to 360 degrees per second 
(Martin, Martin, and Morlon 1995).

Comparisons of DCER concentric-only and 
eccentric-only training indicate little difference 
between training modes. Two sets of 10 repetitions 
performed in a concentric-only manner at 80% 
of the normal 1RM or two sets of six repetitions 
performed in an eccentric-only fashion at 120% of 
the normal 1RM showed no difference in isometric 
or concentric-only 1RM increases (Johnson et al. 
1976). Concentric-only and eccentric-only training 
for 20 weeks with four sets of 10 repetitions, at a 
contraction mode specific 10RM, demonstrated 
little advantage with either type of training (Smith 
and Rutherford 1995). No significant difference 
between training modes was demonstrated for 
isometric strength at 10-degree intervals of knee 
extension; however, the concentric-only mode did 
show significant increases in strength at a greater 
number of joint angles. Likewise, no significant 
differences were demonstrated for concentric isoki-
netic strength at velocities of movement ranging 
from 30 to 300 degrees per second; however, the 
eccentric-only mode demonstrated significant 
increases in strength at a greater number of veloc-
ities. It is important to note that in neither of the 
previously mentioned comparisons was eccentric 
maximal strength tested. However, the results 

indicate that DCER eccentric-only training does 
significantly increase isometric and concentric 
strength.

Comparisons of concentric-only and eccen-
tric-only isokinetic training demonstrate con-
flicting results. Training at 60 degrees per second 
showed eccentric-only training to significantly 
increase isokinetic (60 degrees per second) eccen-
tric strength to a greater extent than concentric-only 
training, with isometric and concentric isokinetic 
strength showing no significant difference between 
training modes (Hortobagyi et al. 1996). Training 
at 60 degrees per second either concentrically or 
eccentrically showed no significant difference in 
isokinetic (60 degrees per second) concentric or 
eccentric strength gains (Hawkins et al. 1999). 
Concentric-only training at 90 degrees per second 
demonstrated a greater number of significant 
increases in concentric and eccentric isokinetic 
strength at velocities of 30, 90, and 270 degrees 
per second than did eccentric-only training (Seger, 
Arvidsson, and Thorstensson 1998).

The studies mentioned indicate that eccentric 
muscle actions are needed to optimally increase 
muscle strength, especially when strength is mea-
sured in an eccentric manner. Although greater 
gains in eccentric strength have been shown with 
eccentric-only compared to DCER training (Reeves 
et al. 2009) and DCER eccentric-only compared to 
concentric-only training (Vikne et al. 2006), the 
majority of evidence indicates that eccentric-only 
training results in no greater gains in isometric, 
eccentric, and concentric strength than normal 
DCER training (Atha 1981; Clarke 1973; Fleck and 
Schutt 1985).

Accentuated eccentric training in which more 
resistance, but not necessarily more than the 
normal 1RM, is used in the eccentric phase of rep-
etitions than in the concentric phase has received 
some study. This type of training is possible on 
some machines and with specialized devices that 
allow weight to be released from a barbell at the 
start of the concentric repetition phase. One prac-
tical question from a training perspective is, Does 
accentuated eccentric training result in greater 
strength gains than normal DCER training?

Accentuated eccentric DCER training has 
been shown to have an acute effect on strength 
in moderately trained males (Doan et al. 2002). 
When accentuated eccentric DCER repetitions are 
performed with 105% of the normal 1RM imme-
diately before 1RM bench press attempts, 1RM 
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significantly increases on average from 214 lb (97 
kg) to 221 lb (100.2 kg). However, no acute effect 
on power was shown when jump squats at 30% 
squat 1RM were performed after repetitions using 
30% of 1RM during the concentric phase and 20, 
50, or 80% of 1RM during the eccentric repetition 
phase (Moore et al. 2007). Note that only the 50 
and 80% 1RM eccentric resistances can be termed 
accentuated eccentric resistances. Contradicting 
these two previous studies, in the bench press, 
when accentuated eccentric DCER repetitions 
(105, 110, and 120% 1RM) are performed, no 
acute effect on maximal concentric strength, but 
an acute significant increase in concentric power, 
is shown (Ojastro and Hakkinen 2009).

Accentuated eccentric DCER training has been 
shown to increase strength to a greater extent than 
normal DCER training over seven consecutive 
training days (Hortobagyi et al. 2001). Normal 
training consisted of five or six sets of 10 to 12 
repetitions at approximately 60% of 1RM. Accen-
tuated eccentric training used the same numbers 
of repetitions and sets; however, during the eccen-
tric portion of each repetition the resistance was 
increased 40 to 50%. Concentric 3RM and isoki-
netic (90 degrees per second) concentric strength 
gains were not significantly different between the 
two types of training. However, accentuated eccen-
tric training resulted in significantly greater gains in 
eccentric 3RM (27 vs. 11%), isokinetic (90 degrees 
per second) eccentric, and isometric strength than 
the normal training did. Changes in electromyog-
raphy (EMG) parameters paralleled the increases 
in strength, indicating that the majority of strength 
gains were related to neural adaptations, as would 
be expected over such a short training period.

Accentuated eccentric isokinetic training for 10 
weeks demonstrated gains in concentric-only isoki-
netic (30 degrees per second) strength to be not sig-
nificantly different from the gains from isokinetic 
training with both a concentric and an eccentric 
repetition phase (Godard et al. 1998). Training 
for both groups consisted of one set of 8 to 12 
repetitions at 30 degrees per second. Resistance for 
the isokinetic training with both a concentric and 
an eccentric repetition phase was initially set at 
80% of maximal concentric isokinetic torque. The 
accentuated eccentric isokinetic training followed 
the same training protocol, except that during the 
eccentric phase of each repetition, resistance was 
increased 40%. Unfortunately, no other strength 
measures were determined in this study.

A 12-week study of seniors does show that 
DCER eccentric accentuated training can be safely 
performed with six different machine exercises 
(Nichols, Hitzelberger et al. 1995). Training 
involved a higher percentage of 1RM to perform 
the eccentric compared to the concentric portions 
of repetitions respectively as follows: leg press, 
57.5 and 50%; chest press, 70 and 50%; lat pull-
down, 70 and 50%; seated row, 70 and 50%; fly, 
70 and 60%; and shoulder press, 56.25 and 45%. 
All exercises were performed for three sets of 10 
repetitions, except for the leg press, which was 
performed for four sets of 10 repetitions. Note 
that this accentuated eccentric system did not use 
more than the normal 1RM during the eccentric 
repetition phase. Compared to a training group 
that used the same resistance for an entire repeti-
tion and performed all exercises for three sets of 
12 repetitions except for the leg press, which was 
performed for four sets of 12 repetitions, the only 
significant difference in predicted 1RM was in the 
shoulder press. For that exercise, the accentuated 
eccentric training resulted in a significantly greater 
increase (43.7 vs. 19.1%). Both training groups 
significantly improved in strength compared to a 
control group in the shoulder press, lat pull-down, 
and fly exercises, whereas only the accentuated 
eccentric system resulted in significant strength 
gains in the seated row. The results indicate that 
this accentuated eccentric system can be used safely 
in seniors, but that little advantage in strength 
gains is observed after 12 weeks of training.

Several accentuated eccentric studies have used 
resistances equal to or greater than the normal 
1RM during the eccentric phase of repetitions. 
Young males with some resistance training expe-
rience training with either a traditional (four 
sets of 10 repetitions at 75% of 1RM) or DCER 
accentuated eccentric (three sets of 10 repetitions 
at 75% of 1RM concentric and 110-120% of 1RM 
eccentric repetition phase) program showed mixed 
results for 1RM strength gains (Brandenburg and 
Docherty 2002). The elbow flexors (preacher curl) 
showed similar gains in 1RM with traditional and 
accentuated eccentric training (11 vs. 9%). How-
ever, the elbow extensors (supine elbow exten-
sion) showed greater 1RM gains with accentuated 
eccentric training (24 vs. 15%). Untrained men 
after five weeks of training with either a traditional 
(four sets of six repetitions at 52.5% of 1RM) or 
an accentuated eccentric (three sets of six repe-
titions at 40% of 1RM concentric and 100% of 
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1RM eccentric repetition phases) program showed 
similar strength gains in the bench press and squat 
of approximately 10 and 22%, respectively (Yarrow 
et al. 2008). The use of these training resistances 
resulted in similar total training volume. Addi-
tionally, acute serum hormonal responses (growth 
hormone, testosterone) were similar between the 
two groups.

The preceding discussion indicates that when 
less-than-normal 1RM is used in accentuated 
eccentric training, there is no advantage in 
strength gains over traditional training. However, 
if greater-than-normal 1RM is used for accentu-
ated eccentric training, greater 1RM gains in one 
muscle group (elbow extensors), but not another 
muscle group (elbow flexors), are apparent. 
Collectively, the preceding studies may indicate 
that for accentuated eccentric training to result 
in greater strength gains than traditional weight 
training, greater-than-normal 1RM must be used 
during the eccentric repetition phase. There is some 
support for this hypothesis (Schroeder, Hawkins, 
and Jaque 2004). Over 16 weeks, young women 
trained with six exercises. Training consisted of 
heavy negative-only (125% of 1RM for three sets 
of six repetitions) or light negative-only (75% 
of 1RM for three sets of 10 repetitions) training. 
Both groups significantly improved in 1RM in all 
six exercises (20-40%). The heavy negative-only 
training resulted in greater percentage gains in five 
of the six exercises, although these gains were not 
statistically significant. However, one exercise, the 
chest press, showed significantly greater gains in 
1RM with the heavy negative-only training (65 vs. 
40%), which indicates an advantage in maximal 
strength gains for the heavy negative-only training. 
Additionally, both groups significantly increased 
lean mass (dual-energy X-ray absorptiometry); 
however, the heavy negative-only training resulted 
in a significantly greater gain (0.9 vs. 0.7 kg, or 2 
vs. 1.5 lb).

In summary, eccentric-only training does result 
in strength gains, and the gains may be greater 
than with normal training, although the major-
ity of evidence shows no significant differences 
between eccentric-only and normal training. 
However, accentuated eccentric training of trained 
or moderately trained people does result in sig-
nificant strength gains, especially when strength 
is determined in an eccentric manner, and it may 
be superior to normal resistance training when 
greater-than-normal 1RM is used in the eccentric 

portion of repetitions. Not all muscle groups, 
though, may respond equally to accentuated 
eccentric DCER training.

Optimal eccentric Training
Increases in strength have been reported following 
eccentric-only DCER training using the following:

• 120-180% of maximal isometric strength 
(Colduck and Abernathy 1997)

• 80% of the eccentric 1RM (Housh et al. 
1998)

• 75% of concentric 1RM (Schroeder, Haw-
kins, and Jaque 2004)

• 100% of normal 1RM (Martin, Martin, and 
Morlon 1995)

• 120% of normal 1RM (Johnson et al. 1976)

• 125% of concentric 1RM (Schroeder, Haw-
kins, and Jaque 2004)

• 100% of 10RM (Smith and Rutherford 
1995)

• 80% of 5RM (Reeves et al. 2009)

• 85-90% of 4- to 8RM (Vikne et al. 2006)

Increases in strength have also been shown 
using maximal isokinetic eccentric–only muscle 
actions (Hawkins et al. 1999; Hortobagyi et al. 
1996; Seger, Arvidsson, and Thorstensson 1998). 
Accentuated eccentric DCER training using 40 to 
50% more resistance than in the concentric phase 
of repetitions (Hortobagyi et al. 2001) and 75% 
of 1RM in concentric and 110 to 120% of 1RM 
in eccentric repetition phases (Brandenburg and 
Docherty 2002), and accentuated eccentric isoki-
netic training using 40% more resistance than in 
the concentric phase of repetitions (Godard et al. 
1998), have also shown significant increases in 
strength. None of these studies, however, addressed 
what constitutes the optimal eccentric resistance 
to be used in eccentric training. Jones (1973) 
indicated the optimal resistance to be one that the 
trainee can lower slowly and stop at will. Using this 
definition, Johnson and colleagues (1976) claimed 
that a resistance of 120% of the DCER 1RM is the 
optimal eccentric resistance.

Previous studies have shown significant strength 
increases using greater than and less than 120% 
of the DCER 1RM. For example, eccentric strength 
depending on velocity of movement is greater than 
or at least equal to maximal isometric strength 
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and up to 180% of maximal isometric strength 
(Colduck and Abernathy 1997). This may, how-
ever, be near the maximal resistance possible in 
eccentric training. If tension is applied rapidly 
or gradually to tetanized frog muscle, complete 
mechanical relaxation occurs at approximately 
180 and 210%, respectively, of maximal voluntary 
contraction (Katz 1939). The optimal resistance to 
use in eccentric training has yet to be elucidated.

Another practical question concerning eccen-
tric training is, How many repetitions need to be 
performed in a heavy eccentric or accentuated 
eccentric manner? One study (see the section on 
negative system training in chapter 6) indicates 
that as few as 25% of the total number of DCER 
repetitions need to be performed in an accentuated 
eccentric manner to bring about greater strength 
increases than normal DCER training (Häkkinen 
and Komi 1981). It is important to note that this 
project was performed on highly trained compet-
itive Olympic weightlifters. Thus, results of these 
studies are applicable to highly trained resistance 
athletes.

Motor Performance  
and Body Composition Changes
Eccentric training and accentuated eccentric 
training can increase isometric, concentric, and 
eccentric strength. Thus, these types of training 
may increase motor performance ability. How-
ever, vertical jump ability has been shown to both 
increase (Bonde-Peterson and Knuttgen 1971) 
and remain unchanged (Stone, Johnson, and 
Carter 1979) with eccentric-only training. Tennis 
serve velocity has shown no change as a result of 
shoulder and arm musculature isokinetic eccen-
tric training (Ellenbecker, Davies, and Rowinski 
1988) and has shown a significant increase with 
isokinetic eccentric training, but the increase was 
not significantly different from that resulting from 
isokinetic-concentric training (Mont et al. 1994). 
Acutely accentuated eccentric training with up to 
120% of 1RM used during the eccentric phase of a 
bench press does increase power in the concentric 
phase of a bench press (Ojastro and Häkkinen 
2009), which indicates that accentuated eccentric 
training can increase motor performance. However, 
currently, the potential impact of eccentric training 
on motor performance is unclear.

Net muscle protein synthesis is a balance of pro-
tein synthesis and protein breakdown. Both eccen-

tric-only and concentric-only muscle actions have 
been shown to increase muscle protein synthesis 
and increase muscle protein breakdown, resulting 
in an increase in net muscle protein synthesis in 
untrained subjects, with no difference by muscle 
action type (Phillips et al. 1997). Net protein 
synthesis rate has also been shown to significantly 
increase in both untrained and weight-trained 
people after an eccentric exercise bout of eight sets 
of 10 repetitions at 120% of DCER 1RM (Phillips 
et al. 1999). These results indicate that eccentric 
training can increase fat-free mass over time.

Increases in limb circumference and muscle 
cross-sectional area are usually associated with 
muscle hypertrophy. Limb circumferences increase 
with eccentric-only training (Komi and Buskirk 
1972) and accentuated isokinetic eccentric training 
(Godard et al. 1998), but the increases are not dif-
ferent from those resulting from concentric or cou-
pled concentric–eccentric training. Eccentric-only 
DCER has been shown to cause no significant 
change (Housh et al. 1998), an increase (Vikne 
et al. 2006) in muscle cross-sectional area, and a 
significant increase in muscle thickness (Reeves et 
al. 2009). While isokinetic eccentric-only training 
has been shown to significantly increase muscle 
cross-sectional area, concentric-only training 
shows no change (Hawkins et al. 1999; Seger, 
Arvidsson, and Thorstensson 1998), a significant 
increase (Higbie et al. 1996), and an increase in 
cross-sectional area not significantly different from 
eccentric-only training (Blazevich et al. 2007; Jones 
and Rutherford 1987).

DCER eccentric-only training increases type I 
and II muscle fiber cross-sectional area, whereas 
concentric-only training shows no change in these 
measures (Vikne et al. 2006). Isokinetic eccen-
tric-only training has shown no significant change 
in type I and II muscle fiber cross-sectional area 
(Seger, Arvidsson, and Thorstensson 1998) and 
no significant change in type I, but a significant 
increase in type II, cross-sectional area (Hortobagyi 
et al. 1996). Isokinetic eccentric-only training has 
also shown a significant increase in muscle thick-
ness (Farthing and Chilibeck 2003) and muscle 
fiber cross-sectional area in both type I and II 
fibers (Shepstone et al. 2005); greater increases in 
muscle size and type II fiber area are shown with 
fast compared to slow eccentric-only isokinetic 
training (210 vs. 20 and 180 vs. 30 degrees per 
second). Collectively, this information indicates 
that eccentric training can increase fat-free mass, 
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but the increase may not be different from that 
resulting from other types of muscle actions or 
training.

Postexercise Soreness
A possible disadvantage of eccentric training, espe-
cially with greater than 1RM concentric strength 
or maximal eccentric actions, is the development 
of greater postexercise soreness, also termed 
delayed-onset muscle soreness (DOMS),  than 
that which accompanies isometric, DCER, or 
concentric-only isokinetic training (Fleck and 
Schutt 1985; Hamlin and Quigley 2001; Kellis and 
Baltzopoulos 1995). Additionally, women may 
(Sewright et al. 2008) or may not (Hubal, Rubin-
stein, and Clarkson 2008) be more susceptible 
to muscle damage and DOMS. DOMS generally 
begins approximately eight hours after eccentric 
exercise; it peaks two to three days after the exer-
cise bout and lasts 8 to 10 days (Byrne, Twist, and 
Eston 2004; Cheung, Hume, and Maxwell 2003; 
Hamlin and Quigley 2001; Hubal, Rubinstein, 
and Clarkson 2007; Leiger and Milner 2001). 
Likewise, strength is decreased for up to 10 days 
after an eccentric exercise bout (Cheung, Hume, 
and Maxwell 2003; Leiger and Milner 2001). 
However, one bout of eccentric exercise appears 
to result in protection from excessive soreness 
due to another eccentric exercise session for a 
period of up to seven weeks in untrained or novice 
weight training people (Black and McCully 2008; 
Ebbeling and Clarkson 1990; Clarkson, Nosaka, 
and Braun 1992; Golden and Dudley 1992; Hyatt 
and Clarkson 1998; Nosaka et al. 1991) and 
possibly up to six months (Brughelli and Cronin 
2007). Protection from excessive soreness due to 
another eccentric exercise bout may occur as early 
as 13 days after the first eccentric bout (Mair et al. 
1995) and appears to occur even with low-volume 
eccentric exercise bouts (one set of six maximal 
eccentric actions for two sessions; Paddon-Jones 
and Abernathy 2001) and low-intensity eccentric 
training (40% maximal isometric force) repeated 
every two weeks (Chen et al. 2010). Additionally, 
performance of eccentric training at one velocity 
(30 degrees per second) results in a decrease in 
muscle soreness caused by performance of an 
exercise bout at another eccentric velocity (210 
degrees per second) 14 days after the first exercise 
bout (Chapman et al. 2011).

Some information indicates that for excessive 
soreness to develop, the eccentric actions must be 

performed with a resistance greater than the con-
centric 1RM (Donnelly, Clarkson, and Maughan 
1992), which can be accomplished with maxi-
mal eccentric actions because more force can be 
developed during an eccentric action than during 
a concentric action. However, little difference in 
the muscle damage immediately after exercise 
between maximal eccentric actions and eccentric 
actions performed with 50% of maximal isometric 
force has been shown (Nosaka and Newton 2002). 
Markers (i.e., creatine kinase, force recovery) of 
muscle damage indicate that maximal eccentric 
actions result in greater muscle damage two to 
three days postexercise than eccentric actions 
performed with 50% of maximal isometric force. 
Additionally, the performance of some eccentric 
actions before complete recovery from an eccen-
tric exercise bout does not aid or hinder recovery 
from the initial eccentric exercise bout (Donnelly, 
Clarkson, and Maughan 1992; Nosaka and Clark-
son 1995).

Light exercise for several days after an eccentric 
work bout may reduce muscle soreness slightly, 
although the effect is temporary (Cheung, Hume, 
and Maxwell 2003) and does not affect strength 
recovery (Saxton and Donnelly 1995). Moreover, 
stretching immediately before and immediately 
after an eccentric exercise bout does not affect 
muscle soreness or strength recovery (Cheung, 
Hume, and Maxwell 2003; Lund et al. 1998). 
Performance of another eccentric training bout 
three days after an initial training bout does not 
exacerbate soreness or decrease the rate of strength 
recovery and does not appear to affect muscle 
damage (Chen and Nosaka 2006). So performance 
of another eccentric exercise bout shortly after an 
initial bout has neither positive nor negative effects 
on recovery. After one to two weeks of eccentric 
training, the soreness appears to be no greater than 
that which follows isometric training (Komi and 
Buskirk 1972) or DCER training (Colduck and 
Abernathy 1997).

Some people seem to be prone to excessive 
muscle soreness and muscle fiber necrosis as a 
result of eccentric muscle actions. Forty-five per-
cent of people experience a strength loss of 49% 
immediately after an eccentric exercise bout with 
a 33% strength loss still apparent 24 hours after 
an eccentric exercise bout (Hubal, Rubinstein, and 
Clarkson 2007). While as many as 21% of people 
exposed to an intense eccentric exercise bout (50 
maximal eccentric actions) may not completely 
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recover for 26 days, some require 89 days for com-
plete recovery (Sayers and Clarkson 2001). Three 
percent of people may suffer from rhabdomyolysis 
after a strenuous eccentric exercise bout (Sayers 
et al. 1999). Rhabdomyolysis is the degeneration 
of muscle cells resulting in myalgia, muscle ten-
derness, weakness, swelling, and myoglobinuria 
(dark-color urine). This condition results in a loss 
of the muscles’ ability to generate force and may 
last as long as seven weeks.

Why more soreness occurs after eccentric train-
ing than after normal DCER or concentric-only 
training is unclear. Electromyographic (EMG) 
activity can be less during an eccentric action 
than during a concentric action (Komi, Kaneko, 
and Aura 1987; Komi et al. 2000; Tesch et al. 
1990), and eccentric actions rely more on type II 
muscle fibers than concentric actions do (Cheung, 
Hume, and Maxwell 2003; McHugh et al. 2002). 
This could lead to muscle fiber damage because 
fewer fibers are active exposing individual fibers 
to greater force, and because type II muscle fibers 
are more susceptible to damage than type I fibers 
are (Cheung, Hume, and Maxwell 2003).

Several factors are probably involved in caus-
ing the soreness and loss of strength following 
eccentric exercise (Byrne, Twist, and Eston 2004; 
Cheung, Hume, and Maxwell 2003; Hamlin and 
Quigley 2001). Factors such as edema, swelling, 
and inflammation are attractive explanations for 
the pain experienced several days after exercise 
(Clarkson, Nosaka, and Braun 1992; Stauber et 
al. 1990). As a result of muscle soreness, swelling, 
and stiffness, the voluntary activation of muscle is 
impaired, decreasing strength capabilities. Selec-
tive damage to the type II fibers, as described ear-
lier, results in a decreased ability to generate force. 
Additionally, eccentric exercise results in the dila-
tion of the sarcoplasmic reticulum, accompanied 
by a slowing of calcium release and uptake (Byrd 
1992; Hamlin and Quigley 2001). These changes 
are transient, but they are related to decreased 
force production.

Damage to the sarcoplasmic reticulum also 
allows the influx of more calcium into muscle 
fibers. Calcium activates proteolytic enzymes, 
which degrade structures within muscle fibers 
(Z-disks, troponin, tropomyosin) and muscle 
fiber proteins by lysomal protease, which increases 
damage, edema, inflammation, and muscle 
soreness. Eccentric exercise may also result in a 
nonuniform distribution of sarcomere lengths: 

Some sarcomeres rapidly stretch and become 
overextended resulting in insufficient overlap of 
the myofilaments and a failure to reintegrate the 
myofilaments upon relaxation. As a result, the 
still-functioning sarcomeres adapt to a shorter 
length, resulting in the muscle’s length–tension 
curve shifting toward longer muscle lengths. The 
practical outcome of this is the inability to generate 
force when the muscle is at a short length.

Impaired muscle glycogen resynthesis, espe-
cially in type II fibers, is also evident after eccentric 
exercise, which suggests decreased recovery after 
eccentric exercise. Other factors such as muscle 
spasm and enzymes leaking out of the muscle 
fibers because of muscle membrane damage may 
also be involved in the loss of strength following 
eccentric exercise.

None of the preceding factors completely 
explains the soreness and loss of strength following 
eccentric exercise. For this reason it is likely that 
several or all of these factors are involved.

Repeated bouts of eccentric exercise may reduce 
sarcolemmal damage and hence the cascade of 
events resulting in muscle soreness. There are, how-
ever, other possible explanations of adaptations 
that can reduce the muscle damage and soreness 
from repeated exercise bouts. Repeated eccentric 
work bouts may result in an increased activation of 
type I muscle fibers and a concomitant decreased 
activation of type II fibers (Warren et al. 2000) to 
protect the type II fibers from damage. Eccentric 
training may also result in the addition of sar-
comeres in series (Brockett, Morgan, and Proske 
2001; Brughelli and Cronin 2007). This protects 
the muscle from microdamage because it allows 
the muscle fibers to be shorter at any given muscle 
length, thus avoiding the descending limb of the 
length–tension diagram or the decreased force 
capabilities at longer sarcomere lengths. The 
descending portion is the region of the length–
tension diagram at which damage to sarcomeres 
may be most likely to occur. Although the exact 
explanation of the adaptations that protect against 
muscle soreness after repeated exercise bouts is 
unclear, some adaptation(s) do occur to protect 
muscle from soreness in successive exercise bouts.

Motivational Considerations
Some people derive great satisfaction from training 
with heavy resistances. Eccentric training for them 
is a positive motivational factor. However, the 
soreness that can accompany eccentric training, 
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especially during the first week or two, can be a 
detriment to motivation.

Other Considerations
Because excessive soreness may accompany eccen-
tric exercise, a program involving eccentric exercise 
should not be initiated immediately before a 
major competition. Similarly, eccentric exercise 
should be introduced progressively over several 
weeks to help reduce soreness and muscle damage 
(Cheung, Hume, and Maxwell 2003). The soreness 
and loss of strength due to eccentric training will 
decrease physical performance (Cheung, Hume, 
and Maxwell 2003). This may be especially true 
in rapid force development or power-type activi-
ties. For example, one-legged vertical jump height 
significantly decreased after an eccentric exercise 
bout and remained decreased for three to four days 
(Mair et al. 1995). A successive eccentric exercise 
bout four days after the initial bout resulted in the 
same decrease in vertical jump height immediately 
after the eccentric bout as that experienced after 
the initial eccentric bout. Although jump height 
recovered more quickly after the second eccentric 
bout, it did not reach baseline values until three to 
four days after the eccentric exercise bout. However, 
13 days after the initial eccentric bout a successive 
eccentric bout resulted in no significant decrease 
in vertical jump height. These results indicate that 
caution must be used concerning the time frame in 
which eccentric training is initiated before a com-
petition or a point in time when optimal physical 
performance is desired.

The incorporation of eccentric training is appro-
priate when a goal of the training program is to 
increase 1RM and bench press and squat ability. 
One factor that separates great from good power-
lifters in the bench press and squat is the speed at 
which they perform the eccentric portion of the 
lift. Lifters who can lift heavier weights lower the 
resistance more slowly (Madsen and McLaughlin 
1984; McLaughlin, Dillman, and Lardner 1977). 
This suggests that eccentric training may help lifters 
lower the resistance more slowly and maintain 
proper form while doing so.

Considerations  
for All Types of Training

Information for all of the training types discussed 
in this chapter indicates that multiple-set programs 

result in greater strength gains than single-set 
programs. However, most people, whether they 
are fitness enthusiasts or athletes, predominantly 
perform DCER and variable resistance training, 
although isometric, isokinetic, or eccentric training 
may also be incorporated into a training program. 
Guidelines for training have been developed, and 
although these guidelines could be applied to any 
training type, because the majority of research used 
to compile these guidelines concerned DCER and 
variable resistance training, they are generally more 
applicable to these types of training.

The majority of training studies and training 
programs used by fitness enthusiasts and athletes 
incorporate maximal voluntary muscle actions 
(MVMAs) at some point. This does not mean 
that a 1RM has to be performed; rather, it means 
that a set is performed to momentary concentric 
failure or sets are performed using RMs or close to 
RM resistances at some point in training, but not 
necessarily during all training sessions (see chapter 
6, Sets to Failure Technique).

Berger and Hardage as early as 1967 demon-
strated a need for MVMAs to bring about maximal 
strength gains. Sets to failure result in a signifi-
cantly greater acute hormonal response (growth 
hormone, testosterone) compared to sets not to 
failure (Linnamo et al. 2005). However, during 
16 weeks of training, sets not to failure resulted 
in lower resting blood cortisol levels and higher 
testosterone concentrations compared to training 
to failure; this indicates a more positive anabolic 
environment when training not to failure (Izqui-
erdo et al. 2006). Training with sets to failure 
has shown no advantage for increasing maximal 
strength (1RM), and no advantage and an advan-
tage for increasing local muscular endurance 
(Izquierdo et al. 2006; Willardson et al. 2008). 
Training with sets to failure also results in a 
change in exercise technique (bench press) as the 
repetitions in a set progress (Duffy and Challis 
2007). Thus, no clear advantage of training with 
sets to failure has been shown. However, sets to 
failure have been proposed as a method for highly 
trained people to break through a training plateau 
(Willardson 2007a).

Because one-set programs do increase strength, 
it has been recommended that healthy adults 
interested in general fitness include a minimum 
of one set of 8 to 12 repetitions per set to improve 
muscular strength and power, that middle-aged 
and older adults perform 10 to 15 repetitions per 
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set to improve strength, and 15 to 20 repetitions 
per set to improve muscular endurance, using at 
least one exercise for all major muscle groups in 
a weight training session (American College of 
Sports Medicine 2011). This recommendation is 
for healthy adults desiring fitness gains or main-
tenance of fitness and not for athletes or highly 
trained fitness enthusiasts. Guidelines (see table 
7.2) for progressing resistance training programs 
suggest that different numbers of repetitions per set 
be used to emphasize different training outcomes, 
but that the person interested in general fitness 
or the advanced lifter progress to multiple-set 
programs (American College of Sports Medicine 
2009). Although one set per exercise per train-
ing session may be appropriate as a short-term 
in-season program for some athletes, it is not 
recommended as a long-term program for ath-
letes desiring optimal fitness gains. Multiple-set 
programs (American College of Sports Medicine 
2009) as well as multiple-set periodized training 
programs result in greater strength and fitness 
gains than single-set programs do (Kraemer et al. 
2000; Marx et al. 2001; McGee et al. 1992). Over 
the course of a training year or career, even small 
gains in strength, power, local muscular endurance, 
or body composition from performing multiple 
sets in a periodized fashion may result in greater 
performance increases than single sets would.

Meta-analyses (Rhea, Alvar, and Burkett 
2002; Rhea et al. 2003; Peterson, Rhea, and Alvar 
2004; Wolfe, LeMura, and Cole 2004) indicate 
that multiple sets performed by both trained 
and untrained people result in greater strength 
gains, especially during long-term training (6-16 
weeks vs. 17-40 weeks), than single-set programs 
do. Additionally, multiple-set programs may be 
more important to bring about long-term gains in 
strength in trained compared to untrained people 
(Wolfe, LeMura, and Cole 2004). Conclusions from 
these meta-analyses are that three sets per muscle 
group result in greater strength gains than one 
set (Rhea, Alvar, and Burkett 2002), four sets per 
muscle group result in optimal maximal strength 
gains in both trained and untrained people (Rhea 
et al. 2003), four sets per muscle group result 
in optimal maximal strength gains in untrained 
people and trained nonathletes, and eight sets per 
muscle group result in optimal maximal strength 
gains in athletes (Peterson, Rhea, and Alvar 2005). 
A meta-analysis also concludes that multiple sets 
result in more hypertrophy than single sets do 

(Krieger 2010). Thus, if maximal changes in body 
composition are desired, multiple-set programs 
are more appropriate than single-set programs.

Additionally, periodization of weight training 
may allow more frequent training sessions and the 
use of a higher total training volume compared to 
nonvaried training programs. In comparisons of 
a daily nonlinear periodized program (see chap-
ter 7) and a single-set nonvaried program over 
six and nine months of training, the periodized 
program resulted in significantly greater strength, 
power, and motor performance changes, as well 
as more positive body composition changes, than 
the nonvaried programs did (Kraemer et al. 2000; 
Marx et al. 2001). However, total training volume 
performed by those in the periodized programs 
was substantially more (one set vs. multiple sets; 
Kraemer et al. 2000; Marx et al. 2001), and train-
ing frequency was greater (four vs. three sessions 
per week; Marx et al. 2001) than that performed 
by those in the nonvaried program. Thus, peri-
odization of training may affect training volume, 
frequency, and intensity.

The greater training effect of multiple sets, 
the effects of various numbers of repetitions per 
set, and the effect of periodization on a training 
program has resulted in an American College of 
Sports Medicine (ACSM) Progression models in resis-
tance training for healthy adults (2009). The ACSM 
recommends different training frequencies for 
people with varying resistance training experience 
as well as different numbers of sets and repetitions 
for increases in maximal strength, hypertrophy, 
power, and local muscular endurance (see table 
7.2 for other recommendations and the recom-
mendations for highly trained people from this 
position stand).

To improve strength, hypertrophy, or local 
muscular endurance, novices should train using 
a total-body program two or three days per week. 
Intermediate trainees should train either with a 
total-body program three days per week or with a 
split-body routine four days per week. Advanced 
lifters should train four to six days per week train-
ing a muscle group two days per week.

• Strength increases: Novice and interme-
diate trainees use 60 to 70% of 1RM for 8 to 12 
repetitions per set for one to three sets per exer-
cise; advanced trainees cycle training resistances 
between 80 and 100% of 1RM and use multiple 
sets per exercise.
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• Hypertrophy: Novice and intermediate 
trainees use 70 to 85% of 1RM for 8 to 12 repe-
titions per set with one to three sets per exercise; 
advanced trainees cycle training between 70 and 
100% of 1RM for 1 to 12 repetitions per set with 
three to six sets per exercise. The majority of train-
ing is devoted to 6- to 12RM resistances.

• Power increases: Power-type (Olympic lifts) 
or ballistic type (bench throws) resistance training 
should be incorporated into the typical strength 
training program using 30 to 60% of 1RM for one 
to three sets per exercise for upper-body exercises 
and 0 to 60% of 1RM for three to six repetitions per 
set for lower-body exercises. For advanced training, 
heavier resistances (85-100% of 1RM) may also be 
incorporated in a periodized manner using multi-
ple sets (three to six) for one to six repetitions per 
set of power-type exercises.

• Muscular endurance: Novice and interme-
diate trainees should use light resistances for 10 to 
15 repetitions per set; advanced trainees should 
use various resistances for 10 to 25 repetitions or 
more per set in a periodized manner.

Some of these recommendations need further 
research to elucidate more precisely the resistances, 
number of repetitions per set, and number of sets 
necessary to optimize training for a particular 
outcome.

Comparison of Training Types
Studies comparing the various types of resistance 
training are rare, and there are several difficulties 
in identifying the most beneficial type of training 
for a specific physiological adaptation. One issue 
is specificity of training and strength gains. When 
training and testing are performed using the same 
type of resistant equipment, a large increase in 
strength normally is demonstrated. If training 
and testing are performed on two different types 
of equipment, however, the increase in strength 
normally is substantially less and sometimes non-
existent. Ideally, strength should be tested using 
several types of muscular actions. This permits 
the examination of training specificity as well as 
carryover to other types of muscular actions.

Problems in comparison also arise in equating 
total training volume (i.e., sets and repetitions), 
total work (i.e., total repetitions  resistance  
vertical distance the weight is moved), and the 
duration of a training session. These discrepancies 

make it difficult to compare fairly and so prove 
the superiority of one resistance training type over 
another. Other study design difficulties that hinder 
the generalization of results to various populations 
include the training status of the subjects and the 
fact that some studies train only one muscle group. 
The application of results from training one muscle 
group or exercise to another muscle group or exer-
cise can be difficult because muscle groups may 
not respond with the same magnitude or with the 
same time line of adaptations. Additionally, most 
comparisons train novice subjects with relatively 
short training durations (i.e., 10-20 weeks), which 
makes generalization to highly trained people and 
to long-term training (i.e., years) difficult.

Several of these difficulties are illustrated in 
one study (Leighton et al. 1967). Subjects trained 
twice a week for eight weeks using several isometric 
and DCER regimes. Two particular regimes were 
an isometric program consisting of one 6-second 
maximal voluntary muscle action and a DCER 
program using three sets of 10 repetitions pro-
gressing in resistance from 50 to 75% and finally 
to 100% of 10RM resistance. The isometric and 
DCER regimes resulted in a 0 and 9% increase in 
isometric elbow flexion force, respectively, and a 
35 and 16% increase in isometric elbow exten-
sion force, respectively. Thus, depending on the 
muscle group tested, isometric and DCER train-
ing are both superior to the other training type 
in isometric strength gains. This same study also 
showed that a DCER cheat regime demonstrated 
a greater percentage of isometric strength gains 
in elbow flexion, elbow extension, and back and 
leg strength in a deadlift-type movement than the 
isometric regime and the DCER regime. The overall 
results are therefore ambiguous: isometric training 
is both inferior and superior to DCER training 
depending on the muscle group compared and 
the type of DCER regime. Testing specificity may 
also be of concern when comparing two types of 
resistance training of the same general type, such 
as DCER (see box 2.4).

Perhaps the most important factor when com-
paring training types is the efficacy of the training 
programs. Is each program optimal in bringing 
about physiological adaptations? If the answer 
to this question is no, any conclusions based on 
the studies’ results must be viewed with caution. 
Despite the interpretation difficulties, however, 
some conclusions concerning comparisons of 
training types can be made, although virtually all 
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comparisons of training modes warrant further 
study.

Isometric Versus Dynamic  
Constant external  
resistance Training
Many comparisons of strength gains between 
isometric training and DCER training follow a 
pattern of test specificity. When isometric testing 
procedures are used, isometric training is supe-
rior (Amusa and Obajuluwa 1986; Berger 1962a, 
1963b; Folland et al. 2005; Moffroid et al. 1969), 
and when DCER testing (1RM) is used, DCER 
training is superior (Berger 1962a, 1963c). How-
ever, it has also been shown that DCER training 
results in greater increases in isometric force than 
does isometric training (Rasch and Morehouse 
1957). Isokinetic testing for increases in strength 
are inconclusive. When isokinetically tested at 
20.5 degrees per second, both isometric and DCER 
training improved peak torque 3% (Moffroid et al. 

1969). Another comparison demonstrated a 13% 
increase in peak torque for isometric training and 
a 28% increase for DCER training (the velocity of 
isokinetic testing was not reported; Thistle et al. 
1967). No significant difference in isokinetic peak 
torque increases at several velocities (45, 150, and 
300 degrees per second) due to isometric training 
at four different joint angles compared to DCER 
training has been shown (Folland et al. 2005).

A review of the literature concludes that well- 
designed DCER programs are more effective 
than standard isometric programs for increas-
ing strength (Atha 1981). Isometric training at 
one joint angle and DCER training through a 
restricted range of motion (knee extension, 80 
to 115 degrees; knee flexion, 170 to 135 degrees) 
both increase power with no significant differ-
ence between training regimes (Ullrich, Kleinder, 
and Bruggemann 2010); this indicates that both 
training modes can increase motor performance. 
However, isometric training at one joint angle 
does not consistently increase dynamic motor 

box 2.4 reSeArCH

Testing Specificity Between Two Types of DCer
Several types of machines can be classified as DCER. One is the traditional DCER machine that 
allows movement in only one plane of movement. Cable-type DCER machines allow some move-
ment in all three planes of movement because of the use of the handles attached with cables to 
a pulley system. With this type of equipment, during a bench press the handles do not just move 
away from and toward the chest area; they can also move up and down and to the left and right 
to some extent. After eight weeks of training three days per week with three sets of 10 repetitions 
at 60% of machine-specific 1RM (Cacchio et al. 2008), the traditional machine training showed 
significant strength increases on both types of machines. However, significantly greater increases 
in 1RM strength on both types of machines were shown by training with the cable-type machine 
(see table 2.10).

TAble 2.10 Strength Increases on Cable and Traditional Machines
Training machine type 1rM % increase on cable machine 1rM % increase on traditional machine

Cable 144* # 72*#

Traditional 34* 49*

* = significant increase pre- to posttraining; # = significant difference between training types.

Data from Cacchio et al. 2008.

The cable-type machine showed significantly greater increases than the traditional machine 
when the person was tested on both types of machines. But both types of machines showed testing 
specificity.

Cacchio, A., Don, R., Ranavolo, A., Guerra, E., McCaw, S.T., Procaccianti, R., Carnerota, F., Frascarell, M., and Santilli, V. 
2008. Effects of 8-week strength training with two models of chest press machines on muscular activity pattern and strength. 
Electromyography and Kinesiology 18: 618-627.
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performance (see Isometric Training earlier in 
chapter), whereas DCER training can increase 
dynamic motor performance.

It is not surprising, then, that motor perfor-
mance is improved to a greater extent by DCER 
training than by isometric training at only one 
joint angle (Brown et al. 1988; Campbell 1962; 
Chu 1950). Thus, if an increase in motor per-
formance is desired, DCER training would be a 
better choice than isometric training at one joint 
angle. Both types of training can result in muscle 
hypertrophy, and currently there is no information 
favoring either one for muscle hypertrophy (Wer-
nbom, Augustsson, and Thomee 2007).

Isometric Versus Variable  
resistance Training
The authors are aware of no studies that directly 
compare isometric and variable resistance training. 
However, it can be hypothesized that strength gains 
may follow a specificity of testing pattern similar 
to comparisons of isometric and DCER. It can also 
be hypothesized that because no improvement in 
motor performance has been reported from iso-
metric training at one joint angle (Clarke 1973; 
Fleck and Schutt 1985), and because improvement 
in motor performance has been shown with vari-
able resistance training (Peterson 1975; Silvester et 
al. 1984), variable resistance training may be supe-
rior to isometric training in this parameter. Thus, 
if an increase in motor performance is desired, 
variable resistance training would be a better 
choice than isometric training at one joint angle.

Isometric Versus Concentric  
Isokinetic resistance Training
Comparisons of isometric and concentric isoki-
netic training for the most part follow a pattern 
of test specificity. However, direct comparisons 
have used only relatively slow-velocity isokinetic 
training (up to 30 degrees per second). Isomet-
ric training is superior to isokinetic training at 
22.5 degrees per second for increasing isometric 
strength (Moffroid et al. 1969). Isometric force 
of the knee extensors at knee angles of 90 and 45 
degrees increased 17 and 14%, respectively, with 
isometric training and 14 and 24%, respectively, 
with isokinetic training. Similarly, knee flexor 
isometric strength at knee angles of 90 and 45 
degrees increased 26 and 24%, respectively, with 

isometric training and 11 and 19%, respectively, 
with isokinetic training. The isometric training 
demonstrated superior isometric force improve-
ments over the isokinetic training in three of these 
four tests. However, isokinetic training of the elbow 
extensors at 30 degrees per second resulted in 
greater increases in isometric force than isometric 
training did (Knapik, Mawdsley, and Ramos 1983).

Isokinetic training is superior to isometric train-
ing in the development of isokinetic torque (Mof-
froid et al. 1969; Thistle et al. 1967). For example, 
knee extensor strength for isokinetic and isometric 
training increased 47 and 13%, respectively (This-
tle et al. 1967). Another comparison reported that 
isokinetically and isometrically trained groups 
increased 11 and 3%, respectively, in knee exten-
sion peak torque at 22.5 degrees per second. For 
knee flexion the increases in peak torque were 15 
and 3%, respectively, at 22.5 degrees per second 
(Moffroid et al. 1969). Thus, the phenomenon of 
test specificity is evident in the strength increases 
that result from both isometric and isokinetic 
training.

Training isometrically at one joint angle results 
in no improvement in motor performance (Clarke 
1973; Fleck and Schutt 1985), whereas improve-
ments in motor performance have been achieved 
with isokinetic training (Bell et al. 1989; Blattner 
and Noble 1979; Mannion, Jakeman, and Willan 
1992). Thus, it can be hypothesized that isokinetic 
training is superior to isometric training at one 
joint angle for improving motor performance. Both 
modes of training can result in significant increases 
in muscle hypertrophy, although little information 
indicates the superiority of one mode over the 
other (Wernbom, Augustsson, and Thomee 2007).

Isometric Versus eccentric  
resistance Training
The comparisons made in this section are between 
isometric training and eccentric training with free 
weights or normal resistance training machines. 
Measured isometrically, isometric and eccentric 
training show no difference in strength gains. A 
comparison of training the elbow flexors and knee 
extensors either only isometrically or only eccentri-
cally shows little difference between training types 
(Bonde-Peterson 1960). All trainees performed 10 
maximal five-second actions per day. The isomet-
ric training showed the following improvements 
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in isometric strength: elbow flexion, 13.8% for 
males and 1% for females; knee extension, 10% for 
males and 8.3% for females. The eccentric training 
showed the following improvements in isometric 
strength: elbow flexion, 8.5% for males and 5% 
for females; knee extension, 14.6% for males and 
11.2% for females. Thus, there may be no signifi-
cant difference between these two types of training 
with regard to increasing isometric strength.

The same conclusion was reached after training 
subjects’ knee extensors three times per week for six 
weeks (Laycoe and Marteniuk 1971). The isometric 
and eccentric training improved isometric knee 
extension force 17.4 and 17%, respectively. Other 
studies also report no difference in strength gains 
between these two training methods (Atha 1981).

Reviews conclude that isometric training at one 
joint angle does not result in increased motor 
performance (Clarke 1973; Fleck and Schutt 
1985), whereas the effect of eccentric training 
on motor performance is unclear, with increases 
(Bonde-Peterson and Knuttgen 1971) and no 
change (Ellenbecker, Davies, and Rowinski 1988; 
Stone, Johnson, and Carter 1979) in motor per-
formance shown. Thus, the superiority of one of 
these training types over the other in terms of 
motor performance increases is unclear.

Dynamic Constant external  
resistance Versus Variable  
resistance Training
Comparisons of strength increases as a result of 
DCER and variable resistance training are equivo-
cal. After 20 weeks of training, variable resistance 
training demonstrated a clear superiority over 
DCER training in 1RM free weight bench press 
ability (Ariel 1977). DCER and variable resistance 
training produced gains of 14 and 29.5%, respec-
tively. Another bench press comparison demon-
strated a specificity of training (Boyer 1990); 
both training types showed significantly greater 
increases in 1RM over the other type when tested 
on the type of equipment on which training was 
performed. Further information concerning these 
studies is presented in table 2.3.

Leg press strength shows test specificity for 
these two types of training. After 10 weeks of 
training, a variable resistance group increased 
27% when tested with variable resistance equip-
ment and 7.5% when tested with DCER methods 

(Pipes 1978). Conversely, a group trained with 
DCER improved 7.5% when tested on variable 
resistance equipment and 28.9% when tested 
with DCER methods. Three other exercises tested 
and trained in the study demonstrated a similar 
test specificity pattern. Likewise, after 12 weeks, 
DCER training significantly improved DCER and 
variable resistance leg press ability by 15.5 and 
17.1%, respectively (Boyer 1990), whereas variable 
resistance training significantly improved DCER 
and variable resistance leg press ability by 11.2 
and 28.2%, respectively. Both groups showed a 
significantly greater increase than the other group 
when tested on the type of equipment on which 
subjects trained. More information concerning 
these studies is presented in table 2.4.

After a five-week program, DCER training was 
found to be superior to variable resistance training 
in producing strength gains determined by DCER 
testing (Stone, Johnson, and Carter 1979). No 
difference between the two types of training was 
shown when tested for variable resistance strength 
improvements.

After 10 weeks of training, variable resistance 
training and DCER training resulted in no sig-
nificant difference in isometric knee extension 
strength gains at multiple knee angles (Manning 
et al. 1990). Another comparison (Silvester et al. 
1984) supports the conclusion that these two 
training types result in the same gains in isometric 
strength. Collectively, this information indicates 
no clear superiority of either training type over the 
other in terms of strength gains.

Silvester and colleagues (1984) demonstrated 
that both DCER (free weight) and increasing 
lever-arm variable resistance training result in sig-
nificantly greater increases in vertical jump ability 
than does cam-type variable resistance training. 
Thus, the superiority of either training type over 
the other may be explained in part by the type 
of variable resistance equipment or the training 
program used.

Table 3.3 indicates that body composition 
changes from these two types of training are of 
the same magnitude. A 10-week (Pipes 1978) 
and a 12-week (Boyer 1990) comparative study 
demonstrated no significant difference between 
DCER and variable resistance training in changes 
of percent fat, fat-free mass, total body weight, 
and limb circumferences. Thus, body composition 
changes with these two types of training are similar.
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Concentric Versus eccentric  
resistance Training
Concentric and eccentric training can both be 
performed isokinetically or using DCER equip-
ment. A review of comparative studies indicates 
no significant difference in strength gains between 
concentric and eccentric training when the training 
is performed using DCER equipment (Atha 1981).

For example, strength gains tested with DCER 
elbow curls, arm presses, knee flexions, and knee 
extensions after six weeks of training are not sig-
nificantly different between these two training 
types (Johnson et al. 1976). Concentric training 
consisted of two sets of 10 repetitions at 80% of 
1RM, and eccentric training consisted of two sets 
of six repetitions at 120% of 1RM. Moreover, after 
20 weeks of training little advantage in isometric 
or isokinetic strength gains was shown for either 
concentric or eccentric DCER training (Smith and 
Rutherford 1995). It should be noted that maximal 
eccentric strength was not determined in either 
of the aforementioned studies. However, eccen-
tric-only DCER training has also shown similar 
concentric 1RM strength gains (14 vs. 18%), but 
significantly greater eccentric 1RM strength gains 
(26 vs. 9%) compared to concentric-only DCER 
training (Vikne et al. 2006).

A comparison of three DCER squat types of 
training has been done (Häkkinen and Komi 
1981): concentric-only training in which only 
the concentric repetition phase was performed, 
concentric–eccentric training in which primarily 
the concentric phase of repetitions with some 
eccentric phases of repetitions was performed, 
and eccentric–concentric training that consisted 
primarily of the eccentric phase and some concen-
tric phases of repetitions. Those training with both 
eccentric and concentric actions made significantly 
greater gains in 1RM squat ability (approximately 
29%) than those training with concentric actions 
only (approximately 23%). This suggests that 
both eccentric and concentric actions may be 
necessary to bring about maximal strength gains. 
This conclusion is supported by a 20-week train-
ing comparison in which normal DCER training 
was compared to concentric-only DCER training 
(O’Hagan et al. 1995a). Note that a direct compar-
ison of concentric-only and eccentric-only training 
cannot be made from these studies.

Concentric and eccentric resistance training 
have also been compared using isokinetic muscle 

actions. Short-term training periods have shown 
no significant difference between concentric-only 
and eccentric-only isokinetic training for maxi-
mal concentric, eccentric, or isometric strength 
increases (Hawkins et al. 1999; Komi and Buskirk 
1972).

However, contraction mode specificity has 
also been shown when training with isokinetic 
concentric-only and eccentric-only actions. After 
short-term training periods (6-20 weeks) eccen-
tric-only and concentric-only isokinetic training 
at 30 to 100 degrees per second generally result 
in both concentric and eccentric strength gains 
(Blazevich et al. 2007; Farthing and Chilibeck 
2003; Higbie et al. 1996; Hortobagyi et al. 
1996; Miller et al. 2006; Seger, Arvidsson, and 
Thorstensson 1998; Tomberline et al. 1991). The 
majority of these studies demonstrate contraction 
mode specificity, although it is not always pres-
ent. Training at 30 degrees per second, concen-
tric-only and eccentric-only training resulted in 
concentric peak torque increases of 24 and 16% 
and eccentric peak torque increases of 36 and 
39%, respectively (Blazevich et al. 2007). The 
difference in concentric peak torque increases 
between concentric-only and eccentric-only 
training was significant, whereas the difference 
in eccentric peak torque was not. Some informa-
tion also favors fast eccentric-only training for 
strength gains. Fast eccentric-only training (180 
and 210 degrees per second) results in greater 
strength gains than slow eccentric-only (20 and 
30 degrees per second) and fast and slow (180 
and 30 degrees per second) concentric-only 
isokinetic training (Farthing and Chilibeck 2003; 
Shepstone et al. 2005).

The effect isokinetic concentric-only and 
eccentric-only training of the shoulder internal 
and external rotators has on tennis serve velocity 
(a motor performance) task is inconclusive. Six 
weeks of training with six sets of 10 repetitions 
at velocities ranging from 60 degrees per second 
to 210 degrees per second (velocity spectrum 
training) demonstrated that eccentric but not 
concentric training significantly increases serve 
velocity (Ellenbecker, Davies, and Rowinski 1988). 
Another comparison of six-week training regimes 
of concentric-only and eccentric-only with eight 
sets of 10 repetitions at velocities ranging from 
90 to 180 degrees per second (velocity spectrum 
training) demonstrated that both eccentric and 
concentric training significantly increases serve 
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velocity, but there was no significant difference 
between training types (Mont et al. 1994).

As discussed in the section on eccentric train-
ing, although eccentric training does bring about 
increases in motor performance and changes in 
body composition, the changes appear not to be 
significantly different from those resulting from 
other types of muscle actions or training types. 
Postexercise soreness is a potential disadvantage 
of eccentric-only training, especially during the 
first several weeks of training. Thus, eccentric-only 
training should be incorporated slowly into a 
training program to minimize muscle soreness. 
Both concentric-only and eccentric-only isokinetic 
training, as discussed in the section on isokinetic 
training, can increase muscle and muscle fiber 
cross-sectional area indicating that both can affect 
body composition by increasing fat-free mass.

Dynamic Constant external  
resistance Versus Isokinetic 
resistance Training
Studies comparing DCER and concentric-only 
isokinetic resistance training indicate no clear 
superiority of either type over the other. After 
eight weeks of training, the isokinetic torque 
of the knee extensors due to isokinetic training 
increased 47.2%, whereas DCER training resulted 
in an increase of 28.6% (Thistle et al. 1967). 
Daily training of the knee extensors and flexors 
for four weeks demonstrated that isokinetic and 
isometric strength gains with isokinetic training 
(22.5 degrees per seconds) are superior to those 
with DCER training (Moffroid et al. 1969). The 
isokinetic and DCER training resulted in increases 
of 24 and 13%, respectively, in isometric knee 
extension force and 19 and 1%, respectively, in 
isometric knee flexion force. Isokinetic peak torque 
at 22.5 degrees per seconds with the isokinetic and 
DCER training increased 11 and 3%, respectively, 
in knee extension and 16 and 1%, respectively, in 
knee flexion.

In contrast to the previously mentioned studies, 
DCER training was demonstrated to be superior 
to isokinetic training in producing strength and 
power gains (Kovaleski et al. 1995). Subjects sep-
arated into the two training types trained the knee 
extensors three days per week for six weeks with 
12 sets of 10 repetitions. The isokinetic training 
consisted of using velocities of movement ranging 
from 120 degrees per second to 210 degrees per 

second in a velocity spectrum training protocol. 
The DCER training consisted of using 25% of 
peak isometric force during the first week with the 
resistance increased (5 Newton meters) weekly. 
The DCER training resulted in greater peak DCER 
power than the isokinetic training did and greater 
peak isokinetic power at velocities of 120, 150, 
180, and 210 degrees per second than the isoki-
netic training did. DCER and isokinetic training 
have also shown testing specificity (Pearson and 
Costill 1988). After eight weeks, DCER and isoki-
netic training demonstrated 32 and 4% increases, 
respectively, in 1RM strength tested in a DCER 
fashion. The isokinetic and DCER training resulted 
in 12 and 8% increases, respectively, in isokinetic 
force at 60 degrees per second and 10 and 1% 
increases, respectively, at 240 degrees per second, 
indicating testing specificity.

Training the elbow flexors for 20 weeks with 
either a hydraulic isokinetic device or resistance 
training machine favored the resistance training 
machine for muscle cross-sectional area and 1RM 
(87 vs. 43% increase) (O'Hagan et al. 1995a). 
However, no significant difference between 
increases in type I and II muscle fiber area were 
shown. The hydraulic isokinetic machine did allow 
variability in the velocity of movement (35-51 
degrees per second).

A biomechanical comparison of free weight 
and isokinetic bench pressing indicates some 
similarity (Lander et al. 1985). Subjects performed 
a free weight bench press at 90 and 75% of their 
1RM and maximal isokinetic bench presses at 
a velocity of movement corresponding to their 
individual movement velocities during their 90 
and 75% free weight bench presses. No significant 
difference in maximal force existed between the 
isokinetic bench press and the 90% or the 75% 
of 1RM free weight bench press. This indicates 
that free weights may affect muscles in a manner 
similar to isokinetic devices, at least in the context 
of force production, during the major portion of 
an exercise movement.

DCER and isokinetic training increase motor 
performance ability similarly. A comparison of 
two-legged leg press training for five weeks demon-
strated no significant difference in one-legged 
jumping ability (ground reaction force; Cordova 
et al. 1995).

Both modes of training increase muscle and 
muscle fiber cross-sectional area, and changes 
in body composition with DCER and isokinetic 
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training are of the same magnitude. See table 3.3 
for information concerning comparative changes 
in percent fat, fat-free mass, and total body weight.

Isokinetic Versus Variable  
resistance Training
Comparisons of isokinetic and variable resistance 
training demonstrate testing specificity. A com-
parison of slow- and fast-speed concentric-only 
isokinetic training with variable resistance training 
of the knee extensors and flexors showed testing 
specificity (Smith and Welton 1981). Slow-speed 
concentric-only isokinetic training consisted of 
one set until peak torque declined to 50% at 
velocities of 30, 60, and 90 degrees per second. 
Fast-speed isokinetic training followed the same 
format as the slow-speed training, except that the 
training velocities were 180, 240, and 300 degrees 
per second. Variable resistance training initially 

consisted of three sets of 10 repetitions at 80% 
of 10RM with resistance increased as strength 
increased. Figures 2.9 and 2.10 present the results 
of this study. In measures of strength, the isokinetic 
training demonstrated a relatively consistent pat-
tern of test speed specificity. The variable resistance 
training demonstrated consistent increases in knee 
flexion, irrelevant of the test criterion, but knee 
extension showed large increases in isometric force 
only. In leg press ability the variable resistance and 
slow-speed isokinetic training showed similar and 
larger gains than the fast-speed isokinetic training. 
Another comparison (see table 2.4) of changes in 
leg press strength also clearly illustrated testing 
specificity between these two types of training 
(Gettman, Culter, and Strathman 1980).

Figure 2.10 compares the motor performance 
benefits of isokinetic and variable resistance train-
ing. Fast-speed isokinetic training demonstrated 
greater increases in all three motor performance 
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tests than the other two types of training, whereas 
the variable resistance and slow-speed isokinetic 
training groups showed similar changes in the 
motor performance tests. The training protocols 
used by all three groups were described previously 
(Smith and Melton 1981). These results indicate 
that fast-speed isokinetic training may be superior 
to slow-speed isokinetic and variable resistance 
training in the context of motor performance 
improvement.

Body composition changes due to isokinetic 
and variable resistance training are presented in 
table 3.3. Although minimal data are available, 
these two training types appear to bring about 
similar changes in body composition.

Summary
The information presented in this chapter con-
cerning types of resistance training and changes in 
strength, muscle hypertrophy, body composition, 
motor performance, training frequency, number 
of sets, number of repetitions per set, and test 
specificity should be considered in the design of 
all resistance training programs. The next chapter 
discusses the physiological adaptations to resis-
tance training.

SeLeCTeD reADINgS
Atha, J. 1981. Strengthening muscle. Exercise and Sport 

Sciences Reviews 9: 1-73.

Behm, D.G., and Sale, D.G. 1993. Velocity specificity of 
resistance training. Sports Medicine 15: 374-388.

Blazevich, A.J., Cannavan, D., Coleman, D.R., and Horne, 
S. 2007. Influence of concentric and eccentric resistance 
training on architectural adaptation in human quadriceps 
muscles. Journal of Applied Physiology 103: 1565-1575.

Brughelli, M., and Cronin, J. 2007. Altering the length-ten-
sion relationship with eccentric exercise implications for 
performance and injury. Sports Medicine 37: 807-826.

Byrne, C., Twist, C., and Eston, R. 2004. Neuromuscular 
function after exercise-induced muscle damage: Theoreti-
cal and practical implications. Sports Medicine 34: 149-69.

Cheung, K., Hume, P.A., and Maxwell, L. 2003. Delayed 
onset muscle soreness treatment strategies and perfor-
mance factors. Sports Medicine 33: 145-164.

Clarke, D.H. 1973. Adaptations in strength and muscular 
endurance resulting from exercise. Exercise and Sport Sci-
ences Reviews 1: 73-102.

Fleck, S.J., and Schutt, R.C. 1985. Types of strength training. 
Clinics in Sports Medicine 4: 150-169.

Hortobagyi, T., Devita, P., Money, J., and Barrier, J. 2001. 
Effects of standard and eccentric overload strength 
training in young women. Medicine & Science in Sports & 
Exercise 33: 1206-1212.

Kraemer, W.J., Mazzetti, S.A., Ratamess, N.A., and Fleck, 
S.J. 2000. Specificity of training modes. In Isokinetics in 
the human performance, edited by L.E. Brown. Champaign, 
IL: Human Kinetics.

McDonagh, M.J.N., and Davies, C.T.M. 1984. Adaptive 
response of mammalian skeletal muscle to exercise with 
high loads. European Journal of Applied Physiology 52: 
139-155.

Wernbom, M., Augustsson, J., and Thomee, R. 2007. The 
influence of frequency, intensity, volume and mode of 
strength training on whole muscle cross-sectional area 
in humans. Sports Medicine 37: 225-264.



dawns
Text Box
This page intentionally left blank.



63

After studying this chapter, you should be able to 

1. understand the basic components of exercise metabolism and how they contribute and 
adapt to differing exercise stimuli,

2. describe the anatomy and physiology of skeletal muscle, as well as the mechanisms of 
adaptation specificity to exercise,

3. explain the role of the nervous system in muscle actions, control, and adaptations to 
exercise,

4. describe the size principle and understand how it reflects and fundamentally determines 
functional and metabolic aspects of exercise as well as adaptations,

5. explain changes in body composition that would be expected with different forms of 
exercise training, and the time course of such changes,

6. discuss the complexity and importance of resistance exercise responses and adaptations 
of the major anabolic and catabolic hormones, and how this relates to program design,

7. understand the connective tissue adaptations to resistance exercise, and

8. describe the acute responses and chronic adaptations of the cardiovascular system to 
resistance exercise, at rest and during exercise.

of up a motor neuron and its associated muscle 
fibers, are recruited to create the force needed to 
lift a weight or perform a resistance exercise in 
a training session. The choices made within the 
different acute program variable domains affect 
how muscle fibers are recruited and what phys-
iological systems will be needed to support the 
activated motor units. Thus, the physiological sup-
port of the activated motor units defines the acute 
physiological responses to the resistance exercise 
performed in a workout and with repeated use the 
specific adaptations associated with training. This 
is why understanding motor unit recruitment and 
muscle fiber types is important for understanding 
adaptations to training.

Physiological Adaptations  
to Resistance Training

3

Adaptations to a resistance training pro-
gram are related to the physical demands placed 
on the neuromuscular system and the associated 
physiological systems needed to perform a training 
session. The physiological process by which the 
body responds to exercise is called adaptation. 
Interestingly, each physiological variable adapts 
on a unique time line (e.g., nervous system versus 
protein accretion in muscle) and in a specific 
manner related to the specific type of exercise pro-
gram—thus, the term exercise specificity. Choices 
made for each of the acute program variables (see 
chapter 5) result in specific workout or training 
sessions with their own physiological demands. 
Various numbers of motor units, which are made 
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The acute program variable choices result in 
the engagement of other physiological systems, 
such as the cardiovascular, immune, and endo-
crine systems, to meet the demands of the train-
ing session and aid in the recovery process that 
follows. Recovery after each workout is vital to 
the adaptation process. Remodeling and repair 
processes in muscle and other tissues contribute 
to the accumulated long-term adaptations, such as 
increased muscle fiber size and decreased resting 
blood pressure.

An immediate change that occurs to support the 
demands of the workout, such as an increase in 
heart rate, is called an acute physiological response. 
For example, when performing a circuit weight 
training workout with rest periods of 60 seconds 
between sets and exercises, the heart rate response 
pattern will be much different from that resulting 
from a “heavy day” (95% of 1RM) with rest periods 
of five to seven minutes. The heart rate increase 
needed to support a circuit weight training pro-
gram is much greater than that needed to support 
a heavy lifting protocol. Workout design choices 
(e.g., use of shorter rest periods) determine the 
needed acute physiological support (e.g., higher 
heart rate for short-rest circuit training). However, 
these same choices also dictate the rate and mag-
nitude of increases in strength, power, and muscle 
hypertrophy with training. The acute response 
also includes the physiological recovery responses 
immediately after a session, such as the repair and 
remodeling of tissues. Thus, chronic adaptations to 
any training program are the accumulated effects of 
the acute physiological demands of each workout 
over time.

The body’s response to long-term exposure to 
exercise stimuli results in adaptations to better 
meet the demands of exercise and reduce the 
stress of the exercise challenge. Program progres-
sion and overload are needed to adequately stress 
the physiological systems to result in continued 
adaptation. Over the course of a long-term training 
program, adaptations occur at different rates and 
plateaus can occur (i.e., little or no improvements 
in some physiological functions such as blood 
pressure response or in anatomical structures such 
as muscle fibers). When this happens, the train-
ing program needs to be evaluated to make sure 
adequate variation, rest, and recovery are provided 
to optimize the training program. As we will see 
later, mistakes in training leading to nonfunctional 
overreaching or even overtraining can cause pos-

itive adaptations to cease. Adaptations can take 
place within days of training (e.g., changes in the 
isoforms of myosin ATPase; Staron et al. 1994) 
or continue to make small improvements with 
years of training (e.g., muscle size increases in elite 
weightlifters; Häkkinen, Pakarinen et al. 1988c). 
However, eventually, each physiological function 
or structure will reach a maximum adaptation to 
the training program based on the trainee’s inher-
ent genetic potential.

Ultimately, adaptations to training determine 
whether a resistance training program is effective 
and whether the trainee is capable of a higher level 
of physiological function, performance, or both. 
The extent of an adaptation to a resistance training 
program depends on the person’s starting fitness 
level and inherent genetic potential and the length 
of training (see figure 3.1). This chapter provides 
an overview of the physiological adaptations to 
resistance training.

Physiological Adaptations
Before we discuss adaptations to resistance train-
ing, let’s examine what exactly is meant by phys-
iological adaptation. First, if a person has never 
trained the squat exercise, the change in the first 
several weeks in 1RM strength will be dramatic 
(e.g., 50% improvement). However, after the 
person has progressively trained this exercise for 
a long period of time, the strength gains will be 
smaller for each successive month of training. This 
is because the potential for adaptation in this exer-
cise, or physiological function, has reached close to 
its genetic ceiling. In other words, the window of 
adaptation, or how large of an adaptation is possi-
ble, is now much smaller as a result of prior train-
ing (Newton and Kraemer 1994). With six months 
of training, trained people make less than a third 
of the strength gains that untrained people make in 
only 12 weeks (Häkkinen 1985). In highly trained 
athletes, the physiological mechanisms that medi-
ate strength gains (e.g., nervous system and muscle 
fiber adaptations) are highly developed. Unless 
there is some increase in physiological potential, 
such as natural growth and development from 16 
to 20 years (i.e., the genetic potential has not yet 
been realized), improvements, though possible, 
will be slow. Thus, fitness gains or adaptations 
do not take place at a constant rate throughout 
a training program (American College of Sports 
Medicine 2009). For the average person the most 



Physiological Adaptations to Resistance Training

65

dramatic increases in strength occur during the 
first six months of training; to reach one’s genetic 
potential, more sophisticated resistance training 
programs are needed (American College of Sports 
Medicine 2009).

Bioenergetics
Bioenergetics refers to the sources of energy for 
bodily functions including muscle activity. Such 
general terms as aerobic  (energy production 
with oxygen) and anaerobic  (energy produc-
tion without the immediate need for oxygen) 
have become popular among fitness enthusiasts, 
coaches, and athletes. The two major sources of 
anaerobic energy are the phosphocreatine system 
and anaerobic glycolysis; the source of aerobic 
energy is oxidative phosphorylation. Knowledge 
of these energy sources and their interactions with 
each other is necessary for planning a resistance 
training program that will optimally condition 
a person for a particular sport or activity. Each 
sport or activity has a unique energy demand and 
profile. Resistance training enhances primarily 

anaerobic and to some extent aerobic metabolism. 
It is important to understand that the bioener-
getic demands are specific to the neuromuscular 
recruitment demands because those demands 
change throughout an activity. Thus, each activity 
demands different percentages of the three energy 
systems depending on the specific physiological 
demands for the muscles involved in producing 
force or power. Understanding the bioenergetics 
of any activity or sport is vital to the development 
of the needs analysis (see chapter 5) in the exercise 
prescription and program development processes.

ATP, the Energy Molecule
The source of energy for muscle activation is the 
adenosine triphosphate molecule, or ATP. The 
main functional components of ATP are adenos-
ine, ribose, and three phosphate groups. When 
ATP is broken down to adenosine diphosphate 
(ADP; the adenosine molecule now has only two 
attached phosphates) and a free phosphate mole-
cule (P

i), energy is released. ATP is used for many 
physiological functions including crossbridge 
movement, in which it helps to mediate pulling 

FiguRE 3.1 Elite Olympic weightlifters require years of training to reach their full genetic potential.
Kelly Kline/Icon SMI
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the actin filaments across the myosin filaments 
to shorten the muscle fiber. ATP is the immediate 
energy source for muscular actions (see figure 3.2). 
However, all three major energy systems supply 
ATP in different ways.

The adenosine triphosphate–phosphocreatine 
(ATP-PC) energy system (also called the phos-
phagen system; see the section that follows) is 
important for muscle actions (whether concentric 
shortening, eccentric elongation, or isometric 
action). When adenosine triphosphate (ATP) 
breaks down to adenosine diphosphate (ADP) as 
a result of the hydrolysis of one of the phosphates 
from the ATP molecule, energy is produced and is 
used in muscle actions. Important in muscle is the 
reverse reaction of adding an inorganic phosphate 
(P

i) to ADP; energy provided from the hydrolysis 
of a phosphate molecule from phosphocreatine 
(PC) results in creatine (Cr) and Pi providing the 
energy to resynthesize (add a phosphate molecule 
to ADP) to make ATP, which again is needed for 
muscle contractions. Each bioenergetic reaction 
is mediated by an enzyme (ATPase and creatine 
phosphokinase, respectively), as shown in figure 
3.2. Both reactions are reversible as indicated by 
the dual-direction arrows.

Adenosine Triphosphate–Phospho-
creatine (ATP-PC) Energy System
Stored within muscle and ready for immedi-
ate use to supply energy to the muscle are two 
compounds that work together to make energy 
quickly available—ATP and PC. Phosphocreatine 
is similar to ATP in that it also has a phosphate 

group attached with a high-energy bond. In PC the 
inorganic phosphate group is bound to a creatine 
molecule. Phosphocreatine provides a convenient 
mechanism to help maintain ATP concentrations. 
When ATP is broken down to ADP and Pi, energy is 
released. This energy is needed to support muscular 
actions (see the section Sliding Filament Theory 
later in this chapter). However, when PC is broken 
down to Cr and Pi, the resulting energy is used to 
recombine ADP and Pi to create ATP (see figure 
3.2). The rebuilt ATP can then be again broken 
down to ADP and Pi and the energy again used 
to continue a specific muscle action. The energy 
released from the breakdown of PC cannot be 
used to cause muscle shortening because PC does 
not bind to the myosin crossbridges (again, see 
the Sliding Filament Theory section later in this 
chapter).

ATP and PC are stored within the muscle fiber in 
the sarcoplasm, which is the fluid compartment of 
the muscle fiber. However, intramuscular stores of 
ATP and PC are limited, which limits the amount 
of energy that the ATP-PC system can produce. In 
fact, in an all-out exercise bout, the energy available 
from the ATP-PC system (phosphagen energy) will 
be exhausted in 30 seconds or less (Meyer and 
Terjung 1979). Although it is attractive to associate 
the depletion of intramuscular ATP and PC with 
a singular cause of fatigue, such as an inability to 
perform two repetitions with a true 1RM weight, 
several factors make this sole association unlikely 
(Fitts 1996). ATP does not show a correlation to 
force declines, and PC decreases show a different 
time course than force decreases. This indicates 
that other factors also contribute to the elusive 
cause of fatigue, yet a depletion in the rate of ATP 
energy supply to the muscle will limit force and 
power production.

Although not shown in figure 3.2, when ATP 
is broken down to ADP, a hydrogen ion results, 
which partially contributes to the increased acidity 
of the muscle but is only one source of hydrogen 
ions with exercise stress. Thus, an imbalance 
between ATP use and resynthesis can contribute 
to an increase in acidity, which is associated with 
fatigue. Another factor associated with fatigue is an 
increase in P

i that is not bound to creatine, which 
also increases with an imbalance between ATP use 
and resynthesis.

Although decreased ATP concentrations do 
occur with fatiguing exercise, they may not be the 
sole cause of fatigue. One advantage of this energy 
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system is that the energy is immediately available 
for use in the muscle. A second advantage is that 
the ATP-PC system has a large power capacity; that 
is, it can provide the muscle with a large amount 
of ATP energy per second to support repetitive 
myosin crossbridge interactions with actin due to 
its immediate availability at the site of the cross-
bridge interactions in the sarcoplasm.

Because of the characteristics of the ATP-PC 
energy system, it is the primary source of energy for 
short-duration, high-power, and high-force events 
or resistance exercises. It supplies the major por-
tion of energy to the muscles for such activities as a 
maximal lift, the shot put, the high jump, and the 
40 yd (36.7 m) dash. One of the reasons for con-
tinued heavy breathing after an intense short-du-
ration exercise bout or competition (e.g., between 
interval sprints or wrestling periods, respectively) 
is that the muscular stores of ATP and PC must be 
replenished aerobically if the ATP-PC system is to 
be used again for such training or competition. The 
success of creatine supplementation to enhance 
the PC pool (resulting in greater availability of 
energy, thereby improved explosive and repeated 
high-intensity performances, including high-power 
and high-force resistance workouts) underscores 
the importance of this energy system for these types 
of conditioning activities and sports (Rawson and 
Volek 2003; Volek et al. 1999).

Anaerobic glycolytic  
Energy System
Glycolysis, a metabolic pathway that uses a 
sequence of reactions to produce ATP, uses only 
carbohydrate as an energy substrate. Carbohydrate 
in the form of glucose can be obtained from 
the bloodstream or from glycogen stored in the 
muscle. Glycogen is made up of a long chain of 
glucose molecules that can be broken down to 
provide glucose, which can enter the glycolytic 
reactions. Glycogen stored in the liver is broken 
down as needed to help maintain blood glucose 
concentrations. In a series of enzymatic reactions, 
glucose is broken down into two pyruvate mole-
cules resulting in the energy necessary to make ATP. 
The energy released from splitting each glucose 
molecule produces a net gain of two ATP molecules 
if the glucose comes from the blood and three ATP 
molecules if the glucose comes from intramuscu-
lar glycogen. The pyruvate is then enzymatically 
converted into lactic acid. Note that no oxygen 

is needed for these reactions; if the pyruvate is 
converted into lactic acid, the process is called 
anaerobic glycolysis. Thus, many people also term 
this energy system the “lactic acid system.”

Anaerobic glycolysis and its role in human 
metabolism during exercise is still an area of 
important research (Brooks 2010). A major 
research question is, Does a relationship between 
lactate generation and acidosis exist? The active 
area of research is whether the H+ ions resulting 
in acidity are derived more from ATP hydrolysis 
or lactate generation. Recently, scientists have sug-
gested that lactate acidosis does occur and is related 
to the production of H+ ions and decreases in pH 
(Marcinek, Kusmerick, and Conley 2010). Yet, the 
role of lactate in causing fatigue directly is more 
controversial because of its circumstantial associa-
tion with the production of H+ ions and increased 
acidity (Robergs, Ghiasvand, and Parker 2004). It 
may well be that the reduction of ATP turnover 
rates may be the ultimate fatigue mechanism. 
Additionally, with intense exercise, an increase in 
the intramuscular lactate concentration and an 
increase in PCO

2 results in an increase in H
+, which 

contributes to a decrease in pH. However, the 
reduction in pH due to increased H+ production 
does decrease enzyme function and other factors 
related to fatigue. These effects can influence the 
fatigue associated with various resistance exercise 
protocols and impact training adaptations.

The extreme fatigue and nauseous feeling after 
several sets of a 10RM squat with only a minute of 
rest between sets is associated with the buildup of 
lactate. The breakdown of lactic acid in the muscle 
to lactate and its associated hydrogen ions causes 
concentrations of these compounds to increase in 
the muscle and blood. While not causal, lactate 
is associated with fatigue and reduction in the 
force muscle is capable of producing (Hogan et 
al. 1995). With severe exercise, blood pH can go 
from a resting level of 7.4 to as low as 6.6 (Gordon 
et al. 1994; Sahlin and Ren 1989). This increase 
in hydrogen ions and decrease in pH are thought 
to be major contributors to fatigue by decreasing 
the release of Ca++ from the sarcoplasmic reticulum 
(see the section Sliding Filament Theory later in the 
chapter). The breakdown of intramuscular lactate 
concentration with intense exercise along with an 
increase in PCO

2 results in an increase in H
+, which 

contributes to a decrease in pH. This increase in 
acidity and a decrease in pH can cause problems 
with chemical reactions in the metabolic cycles 
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of the energy systems and slow the production of 
ATP molecules. For example, the inhibition of key 
glycolytic enzymes such as phosphofructokinase, 
which is a rate-limiting enzyme, can slow down 
glycolysis with reductions in pH (Gordon, Krae-
mer, Pedro et al. 1991). This can interfere with the 
chemical processes of the muscle cell, including 
the processes of producing more ATP (Trivedi 
and Dansforth 1966) and altering membrane ion 
(sodium and potassium) permeability. This in turn 
results in hyperpolarization, which inhibits glycol-
ysis through the allosteric regulation of enzyme 
function, and the binding of Ca++  to troponin 
(Nakamaru and Schwartz 1972). Thus, exercise 
protocols that produce high concentrations of 
blood lactate are associated with high levels of 
fatigue and acidic conditions (e.g., short-rest 
circuit weight training protocols), but the actual 
cause of fatigue is still not clear due to the many 
different sites (e.g., central inhibition and muscle 
tissue damage) that can influence a loss of force 
or power production.

Despite the side effects of lactate accumulation, 
the anaerobic glycolytic energy system (also called 
the glycolytic or lactic acid energy system) can pro-
duce a greater amount of energy than the ATP-PC 
system can and is 100 times faster than the aerobic 
energy system (discussed next) in producing ATP 
energy. The amount of energy that can be obtained 
from this system is limited, however, by the side 
effects of increased acidity. Anaerobic glycolysis 
cannot supply the muscle with as much energy per 
second as the ATP-PC system can and therefore is 
not as powerful. Thus, as one starts to rely more 
and more on glycolysis and less on the ATP-PC 
system, muscular power decreases. The anaerobic 
energy system is a major supplier of ATP in all-out 
exercise bouts lasting from approximately one to 
three minutes (Kraemer et al. 1989). Such bouts 
may include high-intensity sets at 10- to 12RM 
with very short rest periods (30 to 60 seconds) or 
a 400 m sprint.

Another side effect of the glycolytic anaerobic 
energy system is pain when the lactate and hydro-
gen ion concentrations are high enough to affect 
nerve endings. In addition, nausea and dizziness 
can occur with short-rest, high-intensity resistance 
exercise protocols (Kraemer, Noble et al. 1987). 
Heavy breathing continues after completion of 
these types of exercise bouts. This is in part due to 
the need to remove the accumulated lactate from 
the body. Resistance training has been shown to 

specifically improve anaerobic capacity without 
affecting oxidative metabolism (LeBrasseur, Walsh, 
and Arany 2011).

Aerobic, or Oxidative, Energy 
System
The aerobic (or oxidative) energy system has 
received a lot of attention for many years. The 
major goal of jogging, swimming, cycling, and 
aerobic dancing is to improve cardiorespiratory 
fitness, which is analogous to improving oxidative 
phosphorylation. This energy system uses oxygen 
in the production of ATP and is therefore called 
an aerobic energy system.

The aerobic energy system  can metabolize 
carbohydrate, fat (fatty acids), and protein, but 
significant amounts of protein are not normally 
metabolized (see figure 3.3). However, during 
long-term starvation and long exercise bouts, espe-
cially during the last minutes of exercise, significant 
amounts of protein (5-15% of total energy) can 
be metabolized to produce energy (Abernathy, 
Thayer, and Taylor 1990; Dohm et al. 1982; Lemon 
and Mullin 1980; Tarnopolsky, MacDougall, 
and Atkinson 1988). Normally, at rest, the body 
derives one-third of the needed ATP from metab-
olizing carbohydrate and two-thirds from fat. As 
exercise intensity increases, the body undergoes a 
gradual change to metabolizing more and more 
carbohydrate and less and less fat. During maxi-
mal physical exercise the muscle is metabolizing 
nearly 100% carbohydrate if carbohydrate stores 
are sufficient (Maresh et al. 1989, 1992).

Aerobic metabolism of the glucose from intra-
muscular glycogen or glucose from the blood 
begins in the same manner as it does in anaerobic 
glycolysis. In this system, however, as a result of 
the presence of sufficient oxygen, the pyruvate 
is not converted into lactic acid, but enters into 
two long series of chemical reactions called the 
Krebs cycle and the electron transport chain. These 
series of reactions produce carbon dioxide, which 
is expired at the lungs, and water. The water is 
produced by combining hydrogen molecules with 
the oxygen that was originally taken into the body 
via the lungs. Thirty-eight molecules of ATP can be 
produced by aerobically metabolizing 1 glucose 
molecule from the blood and 39 from a glucose 
molecule obtained from intramuscular glycogen. 
The aerobic metabolism of fatty acids does not 
have to start with glycolysis. Fatty acids can go 
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through a series of reactions called beta oxidation 
and then enter directly into the Krebs cycle. The 
products of fatty acid metabolism are similarly 
water, carbon dioxide, and ATP. Interestingly, pro-
tein in the form of amino acids can enter aerobic 
metabolism by being transformed into pyruvate or 
directly at several other places (acetyl-Co-A or the 
Krebs cycle). No matter where amino acids enter 
metabolism, they must first be deaminated (i.e., 
remove the amine group from an amino acid).

The maximal amount of energy per unit of 
time that can be produced via aerobic metabolism 
is lower than that produced by the ATP-PC and 
anaerobic glycolytic energy systems and depends 
on how much oxygen the body can obtain and 
use. If a plateau of oxygen consumption can be 
determined, it is called maximal oxygen consump-
tion (V

.
O

2max). This is typically determined via a 
treadmill exercise test. However, when a plateau 
of 30 seconds to a minute is not seen in the mea-
surement of oxygen consumption, the highest 
value is used, and it is typically then called peak 

oxygen consumption (V
.
O

2peak). Cycle ergometer 
and lifting tasks usually produce only a single peak 
measurement. Maximal aerobic power (V

.
O2peak 

or V
.
O2max) is the maximal amount of oxygen 

the body can obtain and use per unit of time. It is 
usually expressed either in absolute terms as liters 
of oxygen per minute (L · min–1) or in relative 
terms as milliliters of oxygen per kilogram (2.2 lb) 
of body mass per minute (mL · kg–1 · min–1). 
When expressed in absolute terms (L · min–1), 
it does not take into account body mass. A larger 
person might be expected to use more oxygen per 
minute solely as a result of body size. Expressing 
oxygen consumption, either submaximal or max-
imal on a per body mass basis (V

.
O

2max = mL · 
kg-1 · min-1) places everyone on a scale relative to 
body mass. In this way, comparisons can be made 
among people with varying amounts of body mass.

The aerobic energy system is less powerful than 
either of the two anaerobic energy–producing 
systems (ATP-PC and glycolytic/lactic acid). The 
aerobic energy system cannot produce enough ATP 
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FiguRE 3.3 Carbohydrate, fatty acids, and amino acids can all be aerobically metabolized. However, the entrance into 
aerobic metabolism varies among these substrates based on availability and the intensity of exercise.
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per second to allow the performance of maximal 
intensity exercise, such as a 1RM lift or a 400 m 
sprint. On the other hand, this system, because 
of the abundance of carbohydrate and fatty acids 
and the lack of by-products that can immedi-
ately inhibit performance, can supply virtually 
an unlimited amount of ATP over a long period 
of time. Therefore, it is the predominant energy 
source for long-duration, submaximal activities 
(e.g., a 10K run). In addition, this energy system 
contributes a moderate to high percentage of the 
ATP during activities composed of high-intensity 
exercise interspersed with rest periods or high-in-
tensity activities lasting longer than about 25 sec-
onds, such as interval run training and wrestling. 
These activities result in very high blood lactate 
levels ranging from 15 to 22 mmol · L–1 (Serresse 
et al. 1988). In these conditioning activities, both 
aerobic and anaerobic energy systems are needed 
at different times during the activity but the aerobic 
system predominates during the recovery period 
or between rounds or intervals to help with the 
recovery of ATP energy molecules. During many 
activities one system may provide the majority 
of energy (e.g., the aerobic system during a mara-
thon), but all energy systems contribute some of 
the energy during all activities. The percentage of 
contribution from each system can change as the 
demands of the activity (e.g., running up a steep 
hill during a marathon) or the muscles involved 
change.

Replenishing the Anaerobic  
Energy Systems
After an intense exercise bout, the anaerobic energy 
systems must be replenished so it can be used 
again at a later time. Interestingly, the anaerobic 
energy sources are replenished by the aerobic 
energy system. After cessation of an anaerobic 
activity, heavy breathing continues for a period 
of time even though physical activity is no longer 
taking place. The oxygen taken into the body, 
above the resting value, is used to replenish the 
two anaerobic energy sources. This extra oxygen 
has been referred to as an oxygen debt or now 
more commonly called excess postexercise oxygen 
consumption (EPOC). Aerobic fitness does aid in 
replenishing the anaerobic energy stores (Tomlin 
and Wenger 2001). Replenishing both the ATP-PC 
and the anaerobic glycolytic energy systems needs 
to be accomplished after an intense exercise bout if 

these systems are to be optimally recovered for later 
use, such as the next interval in a sprint training 
workout, next set in a resistance workout, or the 
next round in a wrestling match.

Replenishing the ATP-PC  
Energy System
Immediately after an intense exercise bout, there is 
a several-minute period of very heavy, rapid breath-
ing. The oxygen taken into the body above normal 
resting oxygen consumption is used to aerobically 
produce ATP in excess of what is required at rest. 
Part of this excess ATP is immediately broken 
down to ADP and Pi; the energy released is used 
to combine Pi and creatine back into PC. Part of 
the excess ATP is simply stored as intramuscular 
ATP. This rebuilding of the ATP and PC stores is 
accomplished in several minutes (Hultman, Berg-
strom, and Anderson 1967; Karlsson et al. 1975; 
Lemon and Mullin 1980). This part of EPOC has 
been referred to as the alactacid portion of the 
oxygen debt.

The half-life of the alactacid portion of the 
oxygen debt has been estimated to be approxi-
mately 20 seconds (DiPrampero and Margaria 
1978; Meyer and Terjung 1979) and as long as 
36 to 48 seconds (Laurent et al. 1992). Half-life 
means that within that time period 50%, or half, 
of the alactacid debt is repaid. So within 20 to 48 
seconds, 50% of the depleted ATP and PC is replen-
ished; in 40 to 96 seconds, 75% is replenished; 
and in 60 to 144 seconds, 87% is replenished. 
Thus, within approximately 2 to 4 minutes the 
majority of the depleted ATP and PC intramuscular 
stores are replenished. Clearly, short rest resistance 
programs that use only one minute or less of rest 
result in incomplete recovery of the ATP-PC energy 
system and thereby place more demands on the 
anaerobic energy system contributing to the high 
blood concentrations of lactate (e.g., 10-20 mmol 
· L–1 ) with such workout protocols.

If activity is performed during the alactacid 
portion of the oxygen debt, the rebuilding of the 
ATP and PC intramuscular stores will take longer. 
This is because part of the ATP generated via the 
aerobic system has to be used to provide energy 
to perform the activity. An understanding both 
of the alactacid portion of the oxygen debt and 
of the rebuilding of the ATP-PC energy system 
is important when planning a training program 
that involves short-duration, high-intensity exer-
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cise, such as heavy sets of an exercise. The ATP-PC 
energy system is the most powerful and is there-
fore the major source of energy for maximal lifts 
and heavy sets. Several minutes of rest must be 
allowed between heavy sets and maximal lifts to 
replenish the ATP and PC intramuscular stores; 
otherwise, they will not be available for use in the 
next heavy set. If sufficient recovery time is not 
allowed between heavy sets or maximal lifts, the lift 
or set either will not be completed for the desired 
number of repetitions or it will not be completed 
with the desired speed or proper technique.

Recovery of the Lactacid Portion 
of the Energy Debt System
The aerobic energy system is also, in part, respon-
sible for removing accumulated lactate from the 
body. Approximately 70% of the accumulated 
lactic acid is aerobically metabolized during this 
portion of EPOC, 20% is used to synthesize glu-
cose, and 10% is used to synthesize amino acids. 
The energy produced from the metabolism of lactic 
acid is used by tissues.

The relationship between the lactacid portion 
of the oxygen debt and lactate removal has been 
questioned (Roth, Stanley, and Brooks 1988); 
however, many tissues of the body can aerobically 
metabolize lactate. Skeletal muscle active during 
an exercise bout (Hatta et al. 1989; McLoughlin, 
McCaffrey, and Moynihan 1991), skeletal muscle 
inactive during an exercise bout (Kowalchuk et al. 
1988), cardiac muscle (Hatta et al. 1989; Spitzer 
1974; Stanley 1991), the kidneys (Hatta et al. 1989; 
Yudkin and Cohen 1974), the liver (Rowell et al. 
1966; Wasserman, Connely, and Pagliassotti 1991), 
and the brain (Nemoto, Hoff, and Sereringhaus 
1974) can all metabolize lactate. The half-life of 
the lactacid portion of the oxygen debt is approxi-
mately 25 minutes (Hermansen et al. 1976). Thus, 
approximately 95% of the accumulated lactic acid 
is removed from the blood in 1 hour and 15 min-
utes. Many sporting events use this information to 
determine the minimal rest needed between events 
or matches (e.g., track events or wrestling matches 
in a tournament).

If light activity (walking, slow jogging) is per-
formed after a workout, the accumulated lactate 
is removed more quickly than if complete rest fol-
lows the workout (Hermansen et al. 1976; Hildeb-
randt, Schutze, and Stegemann 1992; McLoughlin, 
McCaffrey, and Moynihan 1991; Mero 1988). 

When light activity is performed after the activity, 
a portion of the accumulated lactate is aerobically 
metabolized to supply some of the needed ATP 
to perform the light activity. It also appears that 
accumulated lactate is removed from the blood 
more quickly when the light activity is performed 
by the muscles active during the exercise bout and 
not by the muscles that were inactive during the 
exercise bout (Hildebrandt, Schutze, and Stege-
mann 1992). The light activity must be below 
the person’s lactic acid threshold, or the exercise 
intensity below which a significant increase in 
blood lactate occurs. In aerobically untrained 
people, the lactic acid threshold is approximately 
50 to 60% of peak oxygen consumption; in highly 
trained endurance athletes, it may be 80 to 85% of 
peak oxygen consumption. So, as aerobic fitness 
increases, so does the lactic acid threshold.

Light activity between sets during a weight 
training workout has been shown to be beneficial. 
Pedaling a bike at 25% of peak oxygen consump-
tion during rest periods of four minutes between 
six sets of squats (85% of 10RM) results in a lower 
blood lactate compared to pedaling at 50% of peak 
oxygen consumption or resting quietly (Corder et 
al. 2000). Additionally, at the end of a workout 
during which a bike was ridden at 25% of peak 
oxygen consumption, more repetitions were per-
formed in a set to volitional fatigue (65% of 10RM) 
than during other types of rest periods.

A higher maximal oxygen consumption is ben-
eficial in recovery; quicker recovery of heart rate 
and blood lactate concentration occurred after 
performing four sets of 15 repetitions at 60% of 
1RM and four sets of 10 repetitions at 75% of 1RM 
than after performing four sets of four repetitions 
at 90% of 1RM (Kang et al. 2005). The blood 
lactate concentration was lower after the sets at 
90% of 1RM than after the other sets, which may 
account for the lack of a higher maximal oxygen 
consumption being a factor related to recovery 
after the sets at 90% of 1RM.

The preceding information indicates that it may 
be prudent for weightlifters and anaerobic-type 
athletes to maintain at least average aerobic fit-
ness to aid in recovery between anaerobic exercise 
bouts, such as sets during weight training sessions. 
Yet, this does not mean that intense long-distance 
running (i.e., road work) or long intervals in a 
training program are required because these may 
be detrimental to force and power development 
(see chapter 4). Lower-volume, higher-intensity 
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short sprint intervals can bring about the needed 
aerobic fitness. Additionally, light exercise can aid 
recovery between sets in a weight training workout 
if the rest periods are of sufficient length. Because 
of this, experts recommend light activity rather 
than complete rest, if practical, between sets in 
which lactate accumulation occurs, such as short-
rest-period programs and circuit weight training.

interaction of the Energy Systems
Although one energy system may be the predom-
inant energy source for a particular activity, such 
as the ATP-PC energy system for a maximal lift or 
the aerobic energy system for running a marathon, 
as mentioned earlier, all three systems supply a 
portion of the ATP needed by the body at all times. 
Thus, the ATP-PC energy system is operating even 
when the body is at rest, and the aerobic energy 
system is operating during a maximal lift. Even at 
rest some lactate is being released by muscles into 
the blood (Brooks et al. 1991). During a marathon, 
even though the majority of energy is supplied by 
the aerobic energy system, a small percentage of 
the needed energy is supplied by the ATP-PC and 
anaerobic glycolytic energy systems.

As the duration and intensity of activity changes, 
the predominant energy system also changes. At 
one end of the spectrum are activities such as a 
maximal lift, the shot put, and a 40 yd sprint (see 
box 3.1). The ATP-PC energy system supplies the 
vast majority of energy for these activities. The 
anaerobic energy systems supply the majority of 
the energy for activities such as sets of 20 to 25 
repetitions with no rest between sets or exercises 
in a circuit program, three sets of 10RM with 
one-minute rest periods, or 200 m sprints. The 

aerobic energy system supplies the majority of the 
needed ATP for long duration continuous exercise 
beyond 2 to 3 minutes and for endurance events 
such as a 5K run. However, all three systems are 
still producing some energy at all times; the per-
centage of contribution of the systems to the total 
energy varies.

There is no point at which one energy system 
provides the majority of ATP energy for an activity. 
Shifts in the percentage of contribution from each 
system are based on the intensity and duration of 
the activity. Also, muscles may be under different 
metabolic demands, and the differential use of 
energy systems is based on the type and number 
of motor units activated to meet the intensity and 
duration demands of the activity. For example, as 
a marathon runner climbs a steep hill and lactate 
accumulates in the body, the anaerobic systems 
will contribute more energy to the performance of 
the activity at that point because the leg and arm 
muscles will have greater energy demands than 
running on the flat.

Bioenergetic Adaptations
Increases in the enzyme activities of an energy 
system can lead to more ATP production and use 
per unit of time, which could lead to increases 
in physical performance. Enzyme activity of the 
ATP-PC energy system (e.g., creatine phosphoki-
nase and myokinase) has been shown to increase 
in humans after isokinetic training (Costill et al. 
1979) and traditional resistance training (Komi et 
al. 1982; Thorstensson, Hulten et al. 1976), and 
in rats after isometric training (Exner, Staudte, and 
Pette 1973). In two isokinetic training regimes the 
enzymes associated with the ATP-PC energy system 
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Energy Sources During high-intensity, Short-Duration Activity
Energy systems other than the ATP-PC system supply energy during high-intensity, short-duration 
activity. Even during very short high-intensity activity, all three energy systems supply some por-
tion of the needed energy (Spencer et al. 2005). For example, during a three-second cycling sprint, 
approximately 3, 10, and 87% of the needed energy is obtained from aerobic metabolism, anaerobic 
glycolysis, and the ATP-PC energy system, respectively. Although it is clear that the ATP-PC system 
supplies the vast majority of the energy needed for this activity, the other two systems contribute.

Spencer, M., Bishop, D., Dawson, B., and Goodman, C. 2005. Physiological and metabolic responses of repeated-sprint 
activities specific to field-based team sports. Sports Medicine 35: 1025-1044.
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showed significant increases of approximately 12% 
in legs trained with 30-second bouts and insignif-
icant changes in legs trained with 6-second bouts 
(Costill et al. 1979). According to these findings, 
enzymatic changes associated with the ATP-PC 
energy system are linked to the duration of the 
exercise bouts; the changes do not take place with 
exercise bouts of six seconds or less. However, little 
change, no change, or a decrease in enzymes (cre-
atine phosphokinase and myokinase) associated 
with the ATP-PC energy system have also been 
observed after resistance training (Tesch 1992; 
Tesch, Komi, and Häkkinen 1987).

A significant increase was also observed in phos-
phofructokinase (PFK), the rate-limiting enzyme 
associated with the glycolysis of 7 and 18%, respec-
tively, in the 6-second- and 30-second-trained legs 
discussed earlier (Costill et al. 1979). Neither leg 
showed a significant increase in a second enzyme 
(lactate dehydrogenase) associated with the anaer-
obic energy system. Other glycolytic enzymes have 
also shown increases, decreases, and no change 
with training. The enzyme phosphorylase has 
been shown to increase after 12 weeks of resistance 
training (Green et al. 1999). The enzymes PFK, 
lactate dehydrogenase, and hexokinase have also 
been shown to be unaffected by, or to decrease 
after, heavy resistance exercise training (Green et 
al. 1999; Houston et al. 1983; Komi et al. 1982; 
Tesch 1987; Tesch, Thorsson, and Colliander 1990; 
Thorstensson, Hulten et al. 1976).

The preceding results suggest that the type of 
resistance program affects the enzymatic adapta-
tions. In addition, most studies showing no change 
or a decrease in enzyme activity also reported 
significant muscle hypertrophy, or an increase in 
individual muscle fiber size. This indicates that 
enzyme activity may increase in response to resis-
tance training, but it may not change or decrease 
if the subsequent training produces significant 
muscle hypertrophy. A reduction in enzyme con-
centration per unit of muscle mass or enzyme dilu-
tion can occur. Thus, the type of lifting protocol 
and the magnitude of muscle hypertrophy affect 
the adaptations of the enzymes associated with the 
ATP-PC and anaerobic glycolytic energy systems.

Increases in the activity of enzymes associated 
with aerobic metabolism have been reported with 
isokinetic training in humans (Costill et al. 1979), 
isometric training in humans (Grimby et al. 1973), 
and isometric training in rats (Exner, Staudte, and 
Pette 1973). Enzymatic changes associated with 

the aerobic energy system may also depend on the 
duration of the exercise bout (Costill et al. 1979). 
However, enzymes involved with aerobic metab-
olism obtained from pooled samples of weight-
trained muscle fibers have not demonstrated 
increased activity (Tesch 1992), have been shown 
to decrease with resistance training (Chilibeck, 
Syrotuik, and Bell 1999), and have been shown 
to be lower in lifters than in untrained people 
(Tesch, Thorsson, and Essen-Gustavsson 1989). 
Bodybuilders using high-volume programs, short 
rest periods between sets and exercises, and moder-
ate-intensity training resistances have been shown 
to have higher citrate synthase, an enzyme of the 
Krebs cycle, and more activity in type II fibers (fast 
twitch) than lifters who train with heavier loads 
and take longer rest periods between sets (Tesch 
1992). This demonstrates the influence of short 
rest periods on oxidative enzymes where shorter 
rest between sets places a higher demand on the 
aerobic system. However, because bodybuilders 
typically perform aerobic exercise as well as resis-
tance training, this cross-sectional data should be 
viewed with caution as the stimulus for the changes 
in the aerobic enzymes may arise from multiple 
exercise stimuli. Again, the type of program design 
(e.g., rest period lengths) may influence the mag-
nitude of enzyme changes in the muscle.

Myosin ATPase, an enzyme associated with all 
three energy systems and one that breaks down 
ATP to supply energy for muscle shortening, has 
shown only minor changes in pooled muscle fibers 
(Tesch 1992). The fact that various types of myosin 
ATPase exist and are altered with strength training 
may indicate that the absolute concentration is not 
as important as the type of ATPase.

Enzymatic changes associated with any of 
the three energy systems depend on the acute 
program variables. Normal heavy resistance pro-
grams appear to have a minimal effect on enzyme 
activities over time. However, a training program 
that minimizes hypertrophy and targets specific 
energy systems will most likely result in increased 
enzyme activities.

Muscle Substrate Stores
One adaptation that can lead to increased phys-
ical performance is an increase in the substrate 
available to the three energy systems. In humans, 
after five months of strength training, the resting 
intramuscular concentrations of PC and ATP are 
elevated 28 and 18%, respectively (MacDougall et 
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al. 1977), although this finding is not supported by 
other studies (Tesch 1992). The resting PC-to-inor-
ganic-phosphate ratio has been shown to increase 
after five weeks of resistance training (Walker et 
al. 1998). However, cross-sectional information 
shows that in athletes with a significant amount 
of hypertrophy, PC and ATP concentrations are not 
increased (Tesch 1992).

A 66% increase in intramuscular glycogen stores 
was shown after resistance training for five months 
(MacDougall et al. 1977). Bodybuilders have 
been shown to have approximately a 50% greater 
concentration of glycogen than untrained people 
(Tesch 1992). However, muscle glycogen content 
has also been shown to not change with resistance 
training (Tesch 1992). Several research studies have 
also shown that blood glucose levels do not change 
significantly during resistance training sessions 
(Keul et al. 1978; Kraemer et al. 1990). Whether 
an increase in PC and ATP occurs with resistance 
training may depend on pretraining status, the 
muscle group examined, and the type of program. 
However, it is clear that skeletal muscle glycogen 
content can increase as a result of resistance train-
ing and that blood glucose concentrations do not 
decrease during resistance training. This indicates 
that at least during one training session carbohy-
drate availability for the anaerobic energy system 
is not a limiting factor to performance.

The aerobic energy system metabolizes glucose, 
fatty acids, and some protein to produce ATP. Intra-
muscular glycogen stores can be increased through 
strength training. The enhancement of triglyceride 
(fat) stores in muscles after resistance training, 
however, remains equivocal, as decreases in and 
no difference from normal triglyceride content in 
the muscles of trained lifters have been reported 
(Tesch 1992). Increased lipid content has been 
observed in the triceps, but not in the quadriceps, 
after training (Tesch 1992). Thus, muscle groups 
may respond differently as to how they store and 
use triglyceride depending upon their use (i.e., 
whether activated as part of a motor unit needed 
to perform the exercise) in an exercise or training 
program. Although dietary practices and the type 
of program may affect triglyceride concentrations, 
we can speculate that because most resistance 
training programs are anaerobic, intramuscular 
triglyceride concentrations are minimally affected 
by resistance training unless it is accompanied by 
significant body mass or fat mass loss.

Skeletal Muscle Fibers
Skeletal muscle fibers are unique as cells in that 
they are multinucleated. Because of this character-
istic, the protein that makes up the muscle fiber is 
under the control of different nuclei throughout 
the fiber. The portion of a fiber under the control 
of one nucleus is termed a myonuclear domain; 
different portions of the muscle fiber are controlled 
by different individual nuclei (Hall and Ralston 
1989; Hikida et al. 1997; Kadi et al. 2005; Pavlath 
et al. 1989) (see figure 3.4). Satellite cells are small 
cells with no cytoplasm that are found in skeletal 
muscle between the basement membrane and 
the sarcolemma or cell membrane of the muscle 
fiber (see the section Satellite Cells and Myonuclei 
later in this chapter). Even more interesting is the 
fact that unless the number of nuclei is increased 
through mitotic division of satellite cells, muscle 
proteins, which are needed for hypertrophy to 
occur, may not be able to be added to the muscle 
fiber (Hawke and Garry 2001; Staron and Hikida 
2001). Therefore, the greater the hypertrophy of 
the muscle fiber, the greater the need for satellite 
cells to divide to supply myonuclei to control more 
myonuclear domains (Hall and Ralston 1989). 
Increases in the pool of myonuclei that result from 
satellite division may well begin before hyper-
trophy or significant protein accretion in muscle 
fibers occurs (Bruusgaard et al. 2010). In addition, 
people with higher numbers of satellite cells prior 
to training may be more capable of greater muscle 
hypertrophy (Petrella et al. 2008).

Fleck/E4758/Fig 3.4/460640/TB/R1

Muscle fiber

Nuclear domain: Protein
that nucleus controls

The myonuclei contain the
cell’s DNA machinery and
receive the molecular signaling
from hormones and other
molecules to synthesize proteins.

FiguRE 3.4 Each myonucleus controls a given amount 
of muscle protein, called the nuclear domain. If a muscle 
fiber increases in size, more myonuclei are needed to keep 
the nuclear domains a similar size.
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Skeletal muscle is a heterogeneous mixture of 
several types of muscle fibers. Quantification of 
the biochemical and physical characteristics of the 
various muscle fibers has led to the development 
of several muscle fiber histochemical classification 
systems (Pette and Staron 1990). Although these 
classification systems appear similar, they are 
different. The characteristics of the type I (slow-
twitch) and type II (fast-twitch) muscle fibers are 
shown in table 3.1. The most popular classification 
system used in the literature today is the myosin 
ATPase typing system.

Figure 3.5 shows how muscle fiber types are 
classified using the histochemical myosin ATPase 
staining method. Myosin ATPase is the enzyme 
that is intimately involved in the cleaving of ATP 
to ADP, Pi, H+, and energy and is vital to the rate 
of crossbridge cycling. It is found in the heads of 
the myosin crossbridges. This classification system 
is possible because different types (isoforms) of 
myosin ATPase are found in the various muscle 
fiber types. Different pH conditions result in dif-

ferent staining intensities of the muscle fiber types. 
Myosin ATPase is an enzyme very specific to the 
cycling speed of myosin heads on the actin active 
sites; thus, it provides a functional classification 
representative of a muscle fiber’s functional abil-
ity without the actual determination of “twitch 
speed.”

The most common method of obtaining 
a muscle sample in humans is the muscle 
biopsy  (see figure 3.6). A hollow stainless steel 
needle is used to obtain about 100 to 400 mg of 
muscle tissue, typically from a thigh, calf, or arm 
muscle. The sample is removed from the needle, 
processed, and then frozen. The muscle sample is 
then cut (sectioned) into consecutive (serial) sec-
tions and placed on cover slips for histochemical 
assay to determine the various muscle fiber types 
(Staron et al. 2000). Other variables, such as the 
glycogen content of the fibers, receptor numbers, 
mitochondria, capillaries, and other metabolic 
enzymes, can also be analyzed from a serial section 
of the biopsy sample.

Of great importance to the histochemical 
muscle fiber typing procedure is the fact that serial 
sections from the same muscle are placed into each 
of the preincubation baths, which consist of an 
alkaline (pH 10.4) and two acid (pH 4.6 and 4.3) 
baths, before the rest of the histochemical assay. 
Ultimately, after the assay is completed, a muscle 
fiber is typed by comparing its color under each 
of the pH conditions (see figure 3.7).

TABlE 3.1 Some of the Primary Muscle 
Fiber Type Classification Systems
Classification 
system Theoretical basis

Red and white fibers View of fiber color; the more 
myoglobin (oxygen carrier in 
a fiber), the darker or redder 
the color. 

Fast twitch and slow 
twitch

Based on the speed and 
shape of the muscle twitch 
with stimulation. Fast-twitch 
fibers have higher rates of 
force development and a 
greater fatigue rate than 
slow-twitch fibers. 

Slow oxidative, fast 
oxidative glycolytic, 
fast glycolytic

Based on metabolic staining 
and the characteristics 
of oxidative and glycolytic 
enzymes.

Type I and type II Stability of the enzyme myosin 
ATPase under various pH 
conditions. The enzyme 
myosin ATPase has differ-
ent forms, some of which 
result in quicker enzymatic 
reactions for ATP breakdown 
and thus higher cycling rates 
for that fiber’s actin–myosin 
interactions.

pH 10.4 pH 4.3 pH 4. 6

I

IC

IIC

IIAC

IIA

IIAX

IIX
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FiguRE 3.5 Myosin ATPase staining nomenclature for 
determining type I and type II muscle fiber types.
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FiguRE 3.6 Obtaining a muscle biopsy involves anes-
thetizing the surface area and (a) making a small incision 
in the skin and subcutaneous fat tissue. (b) The biopsy 
needle is inserted into the incision and suction is provided 
by a syringe connected via tubing; the biopsy needle is 
used to obtain a small portion of muscle (100-400 mg). 
(c) The needle is removed, and the muscle sample is then 
frozen for subsequent analyses.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University 
of Connecticut, Storrs, CT.

FiguRE 3.7 Myosin ATPase–stained muscle fibers 
demonstrating types I, IIa, IIax, and IIx fibers: (a) pH 4.3, 
(b) pH 10, and (c) pH 4.6 indicate fibers that stain slightly 
differently in different serial sections of the same pH. (d) 
The black dots around the fibers are capillaries.
Courtesy of Dr. Robert S. Staron, Ohio University, Athens, OH.

a

c

b
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In the classification system presented in figure 
3.5, muscle fibers are classified as type I or type 
II. In addition, various muscle fiber subtypes (also 
called hybrids) can also be determined in both of 
the general type I and type II categories. The type I 
fiber is the most oxidative. Starting at the top and 
progressing toward the bottom in figure 3.5, each 
succeeding fiber type becomes less oxidative than 
the previous one. In figure 3.7 the fiber subtypes 
can be seen in the muscle fibers after myosin 
ATPase histochemical staining. Fiber subtypes 
are highly related to the type of myosin heavy 
chain contained in the muscle’s structure (Fry, 
Kraemer, Stone et al. 1994; Staron et al. 1991). In 
this way they are also related to the rate at which 
the crossbridges can be cycled, and therefore to 
“twitch speed.”

Functional abilities have been associated with 
the classifications of fiber types because type II 
(white, fast twitch, fast oxidative glycolytic, and 
fast glycolytic) and type I (red, slow twitch, and 
slow oxidative) fibers have different metabolic and 
contractile properties. Table 3.2 shows that type 
II fibers are better adapted to anaerobic exercise, 
whereas type I fibers are better adapted to aerobic 
exercise.

Type II fibers are suited to the performance 
of high-intensity, short-duration exercise bouts 
as evidenced by their biochemical and physical 
characteristics (see table 3.2). Examples of such 
exercise bouts are a 40 yd sprint (36.6 m), a 1RM 

lift, and sets with heavy resistance (2- to 4RM). 
These fiber types have a high activity of myofibril-
lar ATPase, the enzyme that breaks down ATP and 
releases the energy to cause fiber shortening. Type 
II fibers are able to shorten with a faster contrac-
tion speed and have fast relaxation times. Thus, 
they can develop force in a short period of time 
or have a high power output. Type II fibers rely 
predominantly on anaerobic sources to supply 
the energy necessary for muscle activation. This 
is evidenced by their high levels of ATP and 
PC intramuscular stores, as well as their high 
glycolytic enzyme activity. Type II fibers have a 
low aerobic capability as evidenced by their low 
intramuscular stores of triglyceride, low capillary 
density, low mitochondria density, and low aero-
bic enzyme activity. The fact that type II fibers rely 
predominantly on anaerobic sources for ATP and 
have low capabilities to supply ATP aerobically 
makes them highly susceptible to fatigue. Type II 
fibers are suited to short-duration activities that 
require high power output.

Type I fibers are more suited to endurance 
(aerobic) activities. These fibers have high levels 
of aerobic enzyme activity, capillary density, mito-
chondrial density, and intramuscular triglyceride 
stores, and low fatigability. Type I fibers are ideal 
for low-intensity, long-duration (endurance) activ-
ities, such as long-distance running and swimming 
and high numbers of repetitions in a set with light 
weights.

TABlE 3.2 Characteristics of Type i and Type ii Muscle Fibers
Characteristic Type i Type ii

Force per cross-sectional area low High

Myofibrillar ATPase activity (pH 9.4) low High

Intramuscular ATP stores low High

Intramuscular PC stores low High

Contraction speed Slow Fast

Relaxation time Slow Fast

Glycolytic enzyme activity low High

Endurance High low

Intramuscular glycogen stores No difference No difference

Intramuscular triglyceride stores High low

Myoglobin content High low

Aerobic enzyme activity High low

Capillary density High low

Mitochondrial density High low
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Several subtypes of type I and type II fibers have 
been demonstrated. Type IIa fibers possess good 
aerobic and anaerobic characteristics, whereas type 
IIx (the former name was type IIb, but new genetic 
studies showed this type is not typically found in 
human muscle so these fibers were renamed and 
called type IIx) fibers possess good anaerobic char-
acteristics, but poor aerobic characteristics (Essen 
et al. 1975; Staron, Hagerman et al. 2000; Staron, 
Hikida, and Hagerman 1983). It now appears 
that the type IIx fibers may in fact be just a pool 
of unused fibers (with low oxidative ability) that 
upon recruitment start a shift or transformation to 
the type IIa fiber type (Adams et al. 1993; Staron 
et al. 1991, 1994). Dramatic reductions in the IIx 
fiber type occur with heavy resistance training, 
which supports such a theory (Kraemer, Patton et 
al. 1995). In humans, type IIc fibers occur infre-
quently (less than 3% of all fibers), but these are 
more oxidative than type IIa and type IIx fibers in 
several biochemical characteristics. Type IIax fibers 
represent a hybrid (i.e., a combination of type IIa 
and IIx fiber types) and are a transition phase going 
to more or less oxidative fiber types.

The type I muscle fiber has only one subtype, 
Ic. There are very few type Ic fibers, usually less 
than 5% of the total, and they are a less oxidative 
(aerobic) form of the type I fiber. With resistance 
training or some types of anaerobic training, type 
Ic fibers may make small increases in number 
because of the lack of increased oxidative stress 
with these types of training.

Type II muscle fiber subtypes represent a contin-
uum from the least oxidative type IIx to the more 

oxidative type IIc. The larger array of type II muscle 
fiber subtypes allows for a greater transformation 
among type II fiber subtypes with physical train-
ing (Ingjer 1969; Staron, Hikida, and Hagerman 
1983; Staron et al. 1991, 1994). A number of older 
studies that did not use a full spectrum of fiber 
type profiles indicated that a fiber transformation 
may occur between the type I and type II fibers 
with exercise training (Haggmark, Jansson, and 
Eriksson 1982; Howald 1982). However, it now 
appears that the changes occur only within the 
subtypes of type I or type II fibers and that these 
early studies most likely were in error as a result 
of a lack of histochemical subtyping of all muscle 
fiber subtypes (Pette and Staron 1997). Thus, fiber 
type transformation occurs within the major fiber 
types of I and II, but not between types I and II 
(see box 3.2).

Sliding Filament Theory
How muscles contract remained a mystery until 
an interesting theory was proposed in the middle 
of the 20th century. In 1954 two papers were 
published simultaneously in the journal Nature. 
Papers by A.F. Huxley and R. Niedergerke and by 
H.E. Huxley and E.J. Hansen provided the first fun-
damentally important insights into how muscles 
shortened. These scientists explained that muscle 
shortening was associated with the sliding of two 
protein filaments over each other (i.e., myosin 
and actin filaments) without these filaments 
themselves changing significantly in length. When 
the sarcomere (the smallest length of muscle 
capable of developing force and shortening; see 

BOx 3.2 PRACTiCAL QuESTiOn

Can intense Resistance Training  
Convert Type i Fibers into Type ii Fibers?

The quick answer is no! Early studies that examined muscle fiber types using a limited histochemical 
profile showed slight increases in the percentage of type I or type II fibers following either endur-
ance or heavy resistance training; this was most likely due to misclassified fibers. Under normal 
physiological circumstances, leading experts in muscle physiology agree that type I to type II muscle 
fiber changes, or vice versa, do not occur, but resistance training can increase fiber size and force 
production. Conversely, endurance training has been shown to decrease type I muscle fiber size 
and show little or no changes in type II muscle fiber size. So training may alter the percentage of a 
muscle’s cross-sectional area that is in a certain fiber type (e.g., hypertrophy of type II fibers), which 
increases the percentage of an intact muscle’s cross-sectional area that is type II, but the percentage 
of fibers that are type II is not changed.

?
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figure 3.8) shortens, myosin filaments remain 
stationary while myosin heads pull the actin fila-
ments over the myosin filaments, resulting in the 
actin filaments sliding over the myosin filaments. 
By the turn of the 21st century, a host of findings 
on the dynamics of muscle contraction had been 
demonstrated, but interestingly, the basic theory 
remained intact (A.F. Huxley 2000). The contrac-
tile proteins are held in a very tight relationship 
by the noncontractile proteins, which make up an 
extensive type of basket weave to keep the protein 
filaments of the sarcomere in place.

An understanding of the structural arrangement 
of skeletal muscle is needed to understand the 
sliding filament theory  of muscular activation. 
Skeletal muscle is called striated muscle because 
the arrangement of proteins in the muscle gives it 
a striped, or striated, appearance under a micro-
scope (see figure 3.9). Muscle fibers are composed 
of sarcomeres stacked end to end. At rest, several 

distinct light and dark areas create striations 
within each sarcomere. These light and dark areas 
are the result of the arrangement of the actin and 
myosin filaments, the major proteins involved in 
the contractile process. In the contracted (fully 
shortened) state, there are still striations, but they 
have a different pattern. This change in the striation 
pattern occurs as a result of the sliding of the actin 
over the myosin protein filaments.

A sarcomere runs from one Z-line to the next 
Z-line. At rest there are two distinct light areas in 
each sarcomere: the H-zone, which contains no 
actin but does contain myosin, and the I-bands 
located at the ends of the sarcomere, which contain 
only actin filaments. These two areas appear light 
in comparison to the A-band, which contains both 
actin and myosin filaments.

As the sarcomere shortens, the actin filaments 
slide over the myosin filaments. This causes the 
H-zone to seem to disappear as actin filaments 
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FiguRE 3.8 Sarcomere demonstrating the sliding filament theory: As the actin and myosin filaments slide over each 
other, the entire sarcomere shortens, but the lengths of the individual actin and myosin filaments do not change.
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slide into it and give it a darker appearance. The 
I-bands become shorter as the Z-lines come closer 
to the ends of the myosin filaments. When the 
sarcomere relaxes and returns to its original length, 
the H-zone and I-bands return to their original size 
and appearance.

Phases of Muscle Action
Since the sliding filament theory was originally 
proposed in the 1950s, many newer studies have 
discovered how the protein filaments of muscle 
interact (for a review, see A.F. Huxley 2000). At 
rest, the projections or crossbridges of the myosin 
filaments touch the actin filaments, but cannot 
interact to cause shortening. The actin filament 
has active sites on it that the myosin crossbridges 
can interact with to cause shortening. At rest, how-
ever, the active sites are covered by tropomyosin, 
to which troponin is also attached. These two 
important regulatory proteins are associated with 
the actin filament (see figure 3.10).

In the resting state the myosin heads are cocked 
and ready to swivel or ratchet upon interaction 
with the active site on the actin filament. Upon 

electrical activation of a motor unit (discussed 
later), the result is the release of the neurotransmit-
ter acetylcholine, or ACh, into the neuromuscular 
junction. ACh binds with postjunctional receptors 
on the muscle and causes an ionic electrical current 
to run down the T-tubules and throughout the 
sarcoplasmic reticulum, a membranous structure 
that surrounds each muscle fiber. This causes the 
energy-mediated Ca++ pump in the sarcoplasmic 
reticulum to stop, releasing large concentrations 
of Ca++ into the sarcoplasm of the muscle. The 
released Ca++  binds to the troponin molecule, 
which is attached to the tropomyosin protein of 
the actin filament. This triggers a change in the 
troponin structure, which then pulls on the tropo-
myosin protein taking it out of its groove within 
the actin filaments. This exposes the active sites on 
the actin filament. The blocking of the active sites 
by tropomyosin is called the steric blocking model. 
With the active site now exposed, the myosin cross-
bridges can make contact with the active sites on 
the actin filament. Contraction, or shortening of 
the sarcomere, can now take place. The heads of the 
crossbridge of the myosin filament now attach to 
the active sites on the actin filament. Attached, the 
heads of the myosin filament pull and swivel, or 
ratchet, the actin filament a short distance inward 
toward the center of the sarcomere. At this point 
another ATP molecule that is proximate to these 
heads and derived from the energy systems binds 
to the myosin heads and activates the enzyme 
myosin ATPase that is located in the heads of the 
myosin crossbridges. This results in the breakdown 
of the ATP molecule, releasing energy and helping 
to again “cock” the myosin crossbridge head and 
make it ready to interact with a new actin active 
site closer to the Z-line as a result of the inward 
movement of the filament. The process of breaking 
contact with one active site and binding to another 
is termed recharging. This process pulls the actin 
over the myosin, causing the sarcomere to shorten.

The tilt of the crossbridge has been generally 
accepted as producing all of the force generation in 
muscle, but recent studies implicate a much more 
complicated series of steps in the movement of 
the crossbridge and possible roles for other factors 
such as nonmyosin proteins and temperature (for 
a detailed review, see A.F. Huxley 2000). Upon 
contact with a new active site, the myosin head 
again swivels. This causes the actin to slide farther 
over the myosin, resulting in the shortening of the 
sarcomere. This cyclical (or “ratcheting”) process is 

FiguRE 3.9 Electron micrograph of human skeletal 
muscle from the lateral head of the gastrocnemius show-
ing the sarcomere and associated bands and organelles.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University 
of Connecticut, Storrs, CT.
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repeated until either the sarcomere has shortened 
as much as possible or the muscle relaxes. In an 
isometric muscle action, the heads of the myosin 
crossbridge remain in the same place interacting 
with the same active site while producing force at 
that range of motion, but no movement occurs. 
Eccentrically, as the muscle lengthens, myosin 
crossbridges interact or grab hold of each active site 
producing more force as the speed of the eccentric 
action increases (see the later discussion of the 
force velocity curve). However, the exact molecular 
dynamics of this muscle action are still unclear 
and continue to be an area of scientific research in 
muscle physiology and molecular biology.

ATPase breaks down the new ATP, causing the 
crossbridge head to be cocked and ready for inter-
action with a new active site. Relaxation of the 
muscle occurs when the electrical impulse from 
the motor cortex in the brain stops sending action 
potentials down the alpha motor neuron. As a 
result, the secretion of the ACh neurotransmitter 
stops. This triggers the startup of the Ca++ because 
of the lack of electrical interference, and once again 
Ca++ is actively pumped back into the sarcoplasmic 
reticulum. This pump mechanism also requires 
energy from the breakdown of ATP to function. 
With no Ca++ bound to the troponin, it assumes its 
original shape and allows tropomyosin to fall back 
into its groove within the actin filament covering 
the active sites. The crossbridges of the myosin 
filament now have no active sites to interact with, 
and movement stops. With the relaxation of a 
motor unit and its alpha motor neurons, muscle 

activity stops. The muscle remains in the shortened 
position it finds itself in when neural activations 
stops unless it is passively pulled to a lengthened 
position by gravity or an outside force, such as an 
antagonistic muscle.

Length–Tension (Force) Curve
The length–tension (force) curve  (see figure 
3.11) demonstrates that there is an optimal length 
at which muscle fibers generate maximal force. 
The amount of force developed depends on the 
number of myosin crossbridges interacting with 
active sites on the actin. At different lengths dif-
ferent numbers of crossbridges are attached to the 
actin filament. At the optimal length, there is the 
potential for maximal crossbridge interaction and 
thus maximal force. Below this optimal length, less 
tension is developed during activation because 
with excessive shortening actin filaments overlap 
and thus interfere with each other’s ability to 
contact the myosin crossbridges. Less crossbridge 
contact with the active sites on the actin results in 
a smaller potential to develop tension.

At lengths greater than optimal, less overlap of 
the actin and myosin filaments occurs. This results 
in less of a potential for crossbridge contact with 
the active sites on the actin. Thus, if the sarcomere’s 
length is greater than optimal, less force can be 
developed.

The length–tension curve indicates that some 
prestretch of the muscle before initiation of a 
contraction will increase the amount of force gen-
erated. Many everyday and sporting activities do 
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involve a prestretch. For example, every time the 
knee slightly bends before extending while walk-
ing, the quadriceps muscle is prestretched. Some 
powerlifters attempt to use a prestretch by pulling 
their shoulders back (adducting the scapulas) and 
stretching the pectoral muscles before performing 
the bench press.

Adaptations to Muscle Fibers
One of the most prominent adaptations to a 
resistance training program is the enlargement of 
muscles. Today, sport scientists, athletes, person-
nel trainers, and coaches all agree that a properly 
designed and implemented strength training 
program leads to muscle growth. This growth 
in muscle size has been thought to be primarily 
due to muscle fiber hypertrophy, or an increase 
in the size of the individual muscle fibers (Krae-
mer, Fleck, and Evans 1996; MacDougall 1992; 
Schoenfeld 2010).

Muscle fiber hyperplasia, or an increase in the 
number of muscle fibers, has also been proposed 
as a mechanism for increasing the size of muscle. 
The concept of hyperplasia after resistance training 
in humans has not been directly proven because of 
methodological difficulties (e.g., one cannot take 
out the whole human muscle for examination), 
but it has been shown in response to various exer-
cise protocols in birds and mammals (for reviews, 
see Antonio and Gonyea 1994; MacDougall 1992).

Hypertrophy
An increase in muscle size has been observed in 
both animals and humans. In laboratory animals, 
muscle growth has occurred as a result of hyper-
trophy alone (Bass, Mackova, and Vitek 1973; 
Gollnick et al. 1981; Timson et al. 1985). Increased 
muscle size in strength-trained athletes has been 
attributed to hypertrophy of existing muscle 
fibers (Alway 1994; Alway et al. 1989; Haggmark, 
Jansson, and Svane 1978). This increase in the 
cross-sectional area of existing muscle fibers is 
attributed to the increased size and number of 
the actin and myosin filaments and the addition 
of sarcomeres within existing muscle fibers (Gold-
spink 1992; MacDougall et al. 1979), although it 
has been suggested that an increase in noncon-
tractile proteins also occurs (Phillips et al. 1999). 
This is reflected by an increase in myofibrillar 
volume after resistance training (Luthi et al. 1986; 
MacDougall 1986). Interestingly, extreme muscle 
hypertrophy may actually reduce myofibrillar 
volume (MacDougall et al. 1982).

Not all muscle fibers undergo the same amount 
of hypertrophy. The amount of hypertrophy 
depends on the type of muscle fiber and the pattern 
of recruitment (Kraemer, Fleck, and Evans 1996). 
Muscle fiber hypertrophy has been demonstrated 
in both type I and type II fibers after resistance 
training (McCall et al. 1996). However, conven-
tional weight training in humans (Gonyea and Sale 
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1982) and animals (Edgerton 1978) appears to 
increase the size of type II muscle fibers to a greater 
degree than type I muscle fibers (Kraemer, Patton 
et al. 1995). Hypertrophy is a result of the balance 
between protein degradation and synthesis. It 
occurs when either degradation is decreased or syn-
thesis is increased. However, differences in the two 
muscle fiber types are related to the magnitude of 
increase in synthesis or the decrease in degradation 
of protein synthesis that is simultaneously going 
on. The greater hypertrophy of type II fibers may be 
due to differences in protein accretion mechanisms 
in the two fiber types; type I fibers depend on a 
greater reduction in protein degradation, whereas 
type II fibers increase synthesis to a greater extent, 
facilitating hypertrophy.

However, it may be possible to selectively 
increase either the type II or the type I muscle fibers 
depending on the training regimen. Powerlifters 
and weightlifters who train predominantly with 
high intensity (i.e., heavy resistances) and lower 
volume (i.e., small number of sets and repetitions) 
have been shown to have type II fibers with a 
mean fiber area of 9,300 µm2 in the vastus lateralis 
(Tesch, Thorsson, and Kaiser 1984). Conversely, 
bodybuilders who train at certain phases of their 
contest preparation phase with a slightly lower 
intensity but a higher volume have been shown to 
have type II fibers with a mean fiber area of 6,200 
µm2 in the same muscle (Tesch and Larson 1982). 

In addition, bodybuilders have been shown to pos-
sess a lower total percentage of type II fiber area in 
the vastus lateralis than Olympic weightlifters and 
powerlifters do (50 vs. 69%, respectively) (Tesch 
and Larson 1982).

Powerlifters and weightlifters who lift much 
heavier resistances than are typical of bodybuilders 
exhibit greater hypertrophy in type II muscle fibers 
than do bodybuilders, who appear to exhibit equal 
increases in the size of both fiber types (Fry 2004). 
Thus, the high-intensity, low-volume training of 
Olympic weightlifters and powerlifters may more 
selectively increase type II fibers than the lower-in-
tensity, higher-volume training of bodybuilders 
as a result of the stimulus of the more prolific 
signaling and neurological mechanisms that are 
operational in this fiber type (Folland and Wil-
liams 2007; Schoenfeld 2010).

The increase in muscle fiber size can be seen 
by examining a group of muscle fibers under a 
microscope after they have been stained using the 
myosin ATPase method at pH 4.6. In figure 3.12, 
a sample obtained from a woman’s vastus latera-
lis (quadriceps muscle) is shown before (a) and 
after (b) an eight-week heavy resistance training 
program. The fibers are cut in cross-section; the 
darkest ones are the type I fibers, the intermediate 
ones are type IIx, and the white ones are type IIa 
muscle fibers. This woman obviously increased the 
size of all of her muscle fibers with heavy resistance 

FiguRE 3.12 Analysis of samples taken from the vastus lateralis muscle before (a) and after (b) eight weeks of high-in-
tensity resistance training. The muscle fibers have been cut in cross-section and assayed for myosin adenosine triphos-
phatase (mATPase) activity following pre-incubation at pH 4.6. The darkest fibers are type I, the light fibers are type IIa, 
and the intermediate fibers are type IIx. Note the increase in the size of the fibers (hypertrophy) and the decrease in the 
number of intermediate stained fibers posttraining.

Bar = 200 μm.

Courtesy of Dr. Robert S. Staron, Ohio University, Athens, Ohio.
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training, especially the type II muscle fibers. The 
larger cross-sectional area increase (hypertrophy) 
pre- to posttraining of the type II fibers can easily 
be seen. Muscle hypertrophy is one of the hall-
marks of training adaptations to heavy resistance 
training protocols. However, the individual muscle 
fiber must be recruited to see protein accretion and 
such fiber size increases.

Adaptations in muscle fibers with heavy resis-
tance training must be viewed from both a quality 
and quantity (of the contractile proteins) perspec-
tive (i.e., actin and myosin). With the initiation of 
a heavy resistance training program, changes in 
the types of muscle proteins (e.g., myosin heavy 
chains) start to take place within a couple of work-
outs (Staron et al. 1994). As training continues, the 
quantity of contractile proteins starts to increase 
as muscle fibers develop increased cross-sectional 
areas. To demonstrate a significant amount of 
muscle fiber hypertrophy, a longer period of train-
ing time (more than eight workouts) is needed 
to increase the contractile protein content in all 
muscle fibers. During the early phases of training, 
typically, changes in protein quality (changes in 
myosin ATPase isoforms, going from IIx to IIax or 
IIa), but not very large changes in muscle fiber size 
or the whole muscle, occur.

Muscle hypertrophy gives the lifter a potential 
advantage for producing greater force, but not 
contraction velocity if the hypertrophy of the 
muscle is too great. However, what constitutes 
excessive hypertrophy is unclear because of the 
many anatomical differences among people (e.g., 
limb lengths).

The pennation angle of muscle fibers is defined 
as the angle at which muscle fibers attach to their 
tendon in relation to the direction of pull of the 
tendon (see figure 3.13). In pennate muscles 
pennation angle increases to a certain extent with 
resistance training; for example, 5% after nine 
weeks of resistance training (Erskine et al. 2010). 
Too much of an increase in the pennation angle 
might be unfavorable for force production because, 
as pennation angle increases, the muscle fibers are 
not pulling directly in line with the line of pull 
of the tendon. The pennation angle of the triceps 
brachii in bodybuilders is significantly greater than 
that in untrained men (33 vs. 15 degrees for long 
head, 19 vs. 11 degrees for short head), which is 
due directly to the impressive hypertrophy needed 
for bodybuilding success (Kawakami, Abe, and 
Fukunaga 1993). It has also been reported that 

the pennation angles of the long head of the tri-
ceps (21.4 vs. 16.5 degrees), medial aspect of the 
gastrocnemius (23.6 vs. 21.3 degrees), and lateral 
aspect of the gastrocnemius (15.4 vs. 13.5 degrees) 
were greater in sumo wrestlers than in untrained 
men (Kearns, Abe, and Brechue 2000). An increase 
in pennation angle of the triceps brachii from 16.5 
to 21.3 degrees after 16 weeks of resistance training 
has been reported with training (Kawakami et al. 
1995). Resistance training for 14 weeks increases 
the pennation angle of the vastus lateralis from 8 
to 10.7 degrees in addition to an 18.4% increase 
in type II muscle fiber area (Aagaard et al. 2001). 
In addition, a correlation between muscle angle 
of pennation and muscle volume (r = .622) has 
been observed (Aagaard et al. 2001), as have sig-
nificant correlations between muscle thickness 
and pennation angle in some (triceps long head 
and gastrocnemius medialis) but not other (vastus 
lateralis) muscles of elite powerlifters (Brechue 
and Abe 2002).

An increase in pennation angle is due to an 
increase in muscle size. However, as pennation 
angle increases, force per cross-sectional area of 
muscle may decrease. The impact of pennation 
angle on the force per cross-sectional area is shown 
in a comparison of bodybuilders’ and weightlifters’ 
force in an elbow extensor movement. The body-
builders had a significantly lower ratio of force to 
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FiguRE 3.13 Pennation angle is determined by the angle 
at which muscle fibers attach to their tendon. An increase 
in pennation angle occurs with muscle hypertrophy and 
may decrease force production per cross-sectional area 
of muscle.
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cross-sectional area than the weightlifters had, as 
well as a larger pennation angle. This indicates that 
a larger pennation angle is associated with lower 
force relative to the muscle’s cross-sectional area 
(Ikegawa et al. 2008). Thus, very excessive hyper-
trophy that affects the pennation angles of the 
muscles could potentially limit force production.

There appears to be a limit to how much the 
pennation angle of a muscle can increase. Some 
scientists have suggested that with extreme hyper-
trophy, such as that attained by bodybuilders or 
some other athletes, a plateau exists in pennation 
angle after which an increase in fascicle length may 
limit individual fiber pennation angle (Kearns, 
Abe, and Brechue 2000). That is, an increase in 
the number of sarcomeres in a series has been pro-
posed to limit changes in pennation angle (Kearns, 
Abe, and Brechue 2000). American football players 
(Abe, Brown, and Brechue 1999), sumo wrestlers 
(Kearns, Abe, and Brechue 2000), and sprinters 
(Kumagai et al. 2000) have longer fascicle lengths 
(both absolute and relative to limb length) of the 
triceps, vastus lateralis, and gastrocnemius muscles 
than untrained men do. In addition, increased 
fascicle length has been implicated for increasing 
the force per cross-sectional area of muscle and 
the velocity of contraction. Faster sprinters (e.g., 
10.0-10.9 s in 100 m) have greater fascicle length 
and smaller angles of pennation in comparison to 
slower sprinters (11.0-11.7 s in 100 m) (Kumagai et 
al. 2000). Although genetic predisposition cannot 
be ruled out, it appears that either the addition of 
sarcomeres in a series or an increase in sarcomere 
length may occur when a certain threshold of 
hypertrophy or a critical level of pennation angle 
has been reached (Kearns, Abe, and Brechue 2000). 
In general, pennation angle increases with hyper-
trophy, but may have a maximal value after which 
sarcomeres in a series are added. This limits the 
increase in pennation angle.

hyperplasia
Hyperplasia was first implicated as an adaptive 
strategy for muscle enlargement in laboratory 
animals (Gonyea 1980; Ho et al. 1980). Critics of 
these studies claimed that methods of evaluation, 
damage to the muscle samples, and degenerating 
muscle fibers accounted for the observed hyper-
plasia. However, a few later studies attempting 
to correct for such problems still demonstrated 
increases in muscle fiber number (Alway et al. 
1989; Gonyea et al. 1986).

Several studies comparing bodybuilders and 
powerlifters concluded that the cross-sectional 
area of the bodybuilders’ individual muscle fibers 
was not significantly larger than normal, yet these 
athletes possessed larger muscles than normal 
(MacDougall et al. 1982; Tesch and Larsson 1982). 
This indicates that these athletes have a greater total 
number of muscle fibers than normal, and hyper-
plasia may account for this increase. However, it 
has also been shown that bodybuilders possessed 
the same number of muscle fibers as untrained 
people, but had much larger muscles (MacDougall 
et al. 1984). This finding indicated that the large 
muscle size of bodybuilders is due to hypertrophy 
of existing muscle fibers rather than hyperplasia.

In a 12-week training study of men using both 
magnetic resonance imaging (MRI) and biopsy 
techniques to examine hypertrophy and the 
possible increase in muscle fibers after a heavy 
resistance program, some evidence for hyper-
plasia in the biceps muscle was shown, despite 
hypertrophy accounting for the greatest portion 
of muscle enlargement (McCall et al. 1996). A 
study of hyperplasia in cats indicated that for 
hyperplasia to occur, the exercise intensity must 
be sufficient to recruit fast-twitch muscle fibers 
(type II fibers) (Gonyea 1980). It is possible that 
only high-intensity resistance training can cause 
hyperplasia and that type II muscle fibers may be 
targeted for this type of adaptation. Powerlifters 
have been shown to have higher numbers of myo-
nuclei, satellite cells, and small-diameter fibers 
expressing markers for early myogenesis, thereby 
indicating hyperplasia (Kadi et al. 1999). These 
effects appear to be enhanced by anabolic steroid 
use (Kadi et al. 2000), which potentially demon-
strates an additional mechanism, because more 
myonuclei means a greater number of androgen 
receptors available for interaction, in the case of 
steroid-enhanced muscle growth.

Although limited data support hyperplasia in 
humans, there are indications that it can occur 
as a result of resistance training. Because of these 
conflicting results, this topic remains controver-
sial; further research on elite competitive lifters 
may help to resolve the controversy. Although 
hyperplasia in humans may occur, it is not be the 
primary adaptational mechanism of most muscle 
fibers to resistance overload. It might represent 
an adaptation to resistance training when certain 
muscle fibers reach a theoretical upper limit in size. 
It might be theorized that very intense long-term 
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training may make some type II muscle fibers pri-
mary candidates for such an adaptational response. 
However, if hyperplasia does occur, it may account 
for only a very small portion (e.g., 3 to 5%) of the 
increase in muscle size.

Protein Synthesis
Muscle hypertrophy is the result of an increase in 
protein synthesis, a decrease in protein degrada-
tion, or a combination of both. Protein synthesis 
increases after an acute bout of resistance exercise. 
When the amount of protein synthesized exceeds 
that which is degraded, then net protein accretion 
is positive and hypertrophy can occur. Hypertro-
phy in type II muscle fibers appears to involve 
primarily an increase in the rate of protein syn-
thesis, whereas hypertrophy in type I muscle fibers 
appears to involve primarily a decrease in the rate 
of degradation (Goldspink 1992) (see discussion 
on degradation and synthesis of protein).

When Tarnopolsky and colleagues examined 
(1991) total-body protein synthesis during resis-
tance exercise, they observed no changes. However, 
total-body measurements do not reflect changes 
at the individual muscle or muscle fiber levels. 
When measured in the biceps brachii and the 
vastus lateralis, protein synthesis is significantly 
elevated up to 48 hours postexercise (Chesley et 
al. 1992; MacDougall, Tarnopolsky et al. 1992, 
1995; Phillips et al. 1997). Protein synthesis can 
be elevated by 112, 65, and 34%, respectively, at 3, 
24, and 48 hours post–resistance exercise (Phillips 
et al. 1997). In addition, the protein degradation 
rate was elevated by only 31, 18, and 1% at these 
same time points, indicating that muscle protein 
balance was elevated 23 to 48% over the 48-hour 
postexercise time period.

With heavy resistance training the integrated 
mixed muscle (i.e., all fibers) fractional synthetic 
rate was similar between rest and acute resistance 
exercise (five sets at 85% of 1RM to failure in the 
unilateral leg press and knee extension with the 
other limb acting as a within-subject control), but 
specific myofibrillar fractional synthetic rate was 
higher in the resistance-exercised thighs than in 
those of untrained subjects (Gasier et al. 2012). 
Collectively, the preceding studies indicate that 
resistance training can acutely increase protein 
synthesis in response to the activation of motor 
units to produce force.

Training status plays a role in the post–resistance 
exercise change in protein synthesis. Phillips and 

colleagues (1999) compared the fractional rate 
of protein synthesis and degradation in resis-
tance-trained (at least five years of experience) 
and untrained men. Interestingly, this comparison 
showed that the rate of protein synthesis four 
hours postexercise was higher in untrained men 
than in trained men (118 vs. 48%, respectively). 
However, the rate of breakdown was also higher 
in the untrained men leading to a similar net 
protein balance of 37 and 34%, respectively, for 
the untrained and trained men. The investigators 
suggested that chronic resistance training reduces 
muscle damage, and consequently protein degra-
dation, which would increase net protein synthesis.

Amino acid transport across the cell mem-
brane and consequent uptake by skeletal muscle 
is important for enhancing protein synthesis. An 
increase in amino acid transport of 60 to 120% 
occurs (depending on the amino acid) in the three 
hours after resistance exercise workouts (Biolo, 
Fleming, and Wolfe 1995). Interestingly, arterial 
amino acid concentrations did not change; rather, 
a 90% increase in muscle blood flow accounted 
for much of the increase in amino acid transport.

Growing evidence demonstrates the importance 
of blood flow in protein synthesis and muscle 
hypertrophy. Studies that have restricted blood 
flow and used light loading during resistance 
exercise (thereby increasing the concentrations of 
metabolites and the anaerobic nature of the exer-
cise stimulus) have shown hypertrophy increases 
comparable to those that occur with heavier load-
ing. This demonstrates the importance of blood 
flow or anabolic hormone/metabolite accumula-
tion, or both, during resistance training to bring 
about adaptations (Rooney, Herbert, and Balwave 
1994; Shinohara et al. 1998; Smith and Rutherford 
1995; Yasuda et al. 2010).

Kaatsu training (also called blood flow restric-
tion training), in which occlusion occurs as a result 
of restricting blood flow to target muscle groups 
and light resistances are used (e.g., 20% of 1RM) 
has gained popularity (see Vascular Occlusion 
in chapter 6) because of its apparent effects on 
strength and hypertrophy (Yasuda et al. 2010). 
Although a potential tool in weight training, safety 
issues have been noted as a result of its limited use 
in long-term studies and the presence of hypoxia, 
oxidative stress, and potential problems with 
edema (Loenneke et al. 2011). This may explain 
in part the efficacy of bodybuilding programs for 
increasing muscle hypertrophy using moderate 
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loading and high volumes of work with short rest 
intervals to increase the metabolites in muscle.

Muscle protein synthesis after resistance exercise 
depends heavily on amino acid availability, the 
timing of protein intake, and insulin concentra-
tions in addition to other factors such as hormones 
(e.g., GH, testosterone, IGF-I, MGF), mechanical 
stress, and cellular hydration. The acute increases 
in protein synthesis appear to be influenced by 
changes at the nuclear level. This includes mech-
anisms not related to the RNA signaling such as 
enhancing ribosome biogenesis, increasing the 
abundance of translation initiation factors, or 
both changes occurring simultaneously (Baar and 
Esser 1999; Jefferson and Kimball 2001). When 
insulin concentrations are elevated after resistance 
exercise (either by glucose intake or insulin infu-
sion), the exercise-mediated acceleration of protein 
breakdown is reduced and synthesis rates are not 
significantly increased, thereby resulting in a net 
protein accretion of approximately 36% (Biolo et 
al. 1999; Roy et al. 1997).

It is interesting to note that insulin increases 
have occurred after a resistance training session 
when followed by postexercise carbohydrate sup-
plementation (Williams et al. 2002). After resis-
tance exercise, protein synthesis rate stimulated 
by amino acid intake is doubled when coinciding 
with increases in muscle blood flow (Biolo et al. 
1997). This effect may be greater when amino acids 
are taken before a workout to optimize amino 
acid delivery and transport during the workout as 
a result of greater blood flow (Tipton et al. 2001). 
These results indicate a potential ergogenic effect 
of glucose and amino acid intake before or directly 
after resistance exercise to maximize protein 
synthesis and recovery. The majority of studies 
demonstrate that protein (primarily essential 
amino acids) and whey protein taken before and 
after a resistance exercise workout enhance muscle 
hypertrophy, and that training and recovery from 
resistance exercise improve muscle protein synthe-
sis (Hulmi, Lockwood, and Stout 2010).

A model of protein metabolism during resis-
tance exercise has been proposed (Tipton and 
Wolfe 1998): (1) resistance exercise stimulates 
protein synthesis, (2) intracellular amino acid con-
centrations are reduced, (3) decreased amino acid 
concentrations stimulate protein breakdown and 
transport of amino acids into the muscle cell, (4) 
increased availability of amino acids further stim-
ulates protein synthesis, and (5) tissue remodeling 

occurs. Therefore, it appears that optimal protein 
intake, especially of essential amino acids, is crucial 
to optimizing recovery and performance as well 
as subsequent adaptations to resistance training 
(Volek 2004).

Structural Changes in Muscle
Structural changes refers to the size, number, or 
distance between structures within muscle. Struc-
tural changes can affect the function of muscle. 
Even though myofilament number increases with 
resistance training, the myofibrillar packing dis-
tance (i.e., the distance between myosin or other 
protein filaments) and the length of the sarcomere 
appear to remain constant after six weeks to six 
months of resistance training (Claassen et al. 1989; 
Erskine et al. 2011; Luthi et al. 1986; MacDougall 
1986). However, fascicle length may increase with 
resistance training (see the section on hypertrophy) 
and has been significantly correlated with fat-free 
mass in elite male powerlifters (Brechue and Abe 
1986). The ratio of actin to myosin filaments does 
not change after six weeks of resistance training 
(Claassen et al. 1989). The relative volume of the 
sarcoplasm, T-tubules, and other noncontractile 
tissue does not appear to change significantly as 
a result of resistance training (Alway et al. 1988, 
1989; Luthi et al. 1986; MacDougall et al. 1984; 
Sale et al. 1987). Thus, although increases in myo-
filament number take place, the spatial orientation 
of the sarcomere appears to remain unchanged 
after resistance training. With training sarcomeres 
are added in parallel, contributing to the increase 
in muscle cross-sectional area and fat-free mass, 
but how the sarcomere functions is unchanged.

Structural changes do, however, occur within 
skeletal muscle as a result of resistance training. 
The sodium–potassium ATPase pump activity, 
which maintains sodium and potassium ion gra-
dients and membrane potential, has been shown 
to increase by 16% after 11 weeks of resistance 
training (Green et al. 1999). In healthy young 
people few structural changes occur, but in the 
elderly resistance training appears to attenuate 
some of the age-related declines in muscle mor-
phology. Resistance training has been shown to 
attenuate the age-related decreases in tropomy-
osin (Klitgaard et al. 1990), the maximal rate of 
sarcoplasmic reticulum calcium uptake (Hunter et 
al. 1999), sarcoplasmic reticulum calcium ATPase 
activity (Hunter et al. 1999; Klitgaard, Aussoni, and 
Damiani 1989), and calsequestrin concentrations 
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(Klitgaard, Aussoni, and Damiani 1989). These 
changes were not observed in younger populations 
(Green, Goreham et al. 1998; Green, Grange et al. 
1998; Hunter et al. 1999; McKenna et al. 1996). 
These data indicate the importance of resistance 
training for limiting the age-related reductions in 
muscle structure and performance.

Noncontractile structural proteins and scaf-
folding proteins (i.e., dystrophin-associated pro-
tein complex [DAPC]) link the intracellular and 
extracellular structures and are important to the 
stability and transmission of forces in the sarco-
mere and the muscle. This transmission of forces 
is also important for signaling within muscle (e.g., 
stimulation of the mammalian target of rapamy-
cin (mTOR), an important protein for signaling 
cell growth and protein synthesis). Progressive 
heavy resistance training for 16 weeks did increase 
various proteins in the DAPC and showed similar 
effects in both older and younger men. However, 
the increase in stress-induced mitogen-activated 
protein kinases (MAPK) in older men only might 
be one reason the magnitude of muscle fiber hyper-
trophy was dramatically lower in older men than 
in younger men after 16 weeks of training (Kosek 
and Bamman 2008).

Muscle Fiber Type Transition

The quality of protein refers to the type of protein, 
such as the type of ATPase, found in the contrac-
tile machinery. The type of protein has the ability 
to change the functional profile of muscle (Pette 
and Staron 2001). Much of the resistance training 
research focuses on the myosin molecule and the 
examination of fiber types based on the use of the 
histochemical myosin adenosine triphosphatase 
(mATPase) staining activities at different pHs, 

which was discussed earlier. Changes in muscle 
mATPase fiber types also give an indication of asso-
ciated changes in the myosin heavy chain (MHC) 
content (Fry, Kraemer, Stone et al. 1994). We now 
know that a continuum of muscle fiber types exist 
and that transformation (e.g., from type IIx to type 
IIa) within type II fibers is a common adaptation 
to resistance training (Adams et al. 1993; Kesidis et 
al. 2008; Kraemer, Fleck, and Evans 1996; Kraemer, 
Patton, et al. 1995; Staron et al. 1991, 1994).

As soon as type IIx muscle fibers are stimulated 
as a result of motor unit activation, they appear to 
start a process of transformation toward the type 
IIa profile by changing the quality of proteins 
and expressing different numbers or percentages 
of the muscle fiber types using the mATPase his-
tochemical analysis of muscle. Figure 3.14 shows 
the transformation process that occurs with heavy 
resistance training in the muscle fiber subtypes 
moving toward the type IIa subtype. With exercise 
training, one cannot transform muscle fibers from 
type II to type I, or vice versa. Thus, muscle fiber 
type changes appear to be predominantly related 
to changes only within the type I or type II fiber 
type profile specifically (for reviews, see Kraemer, 
Fleck, and Evans 1996; Staron and Johnson 1993).

Both men and women training with a high-in-
tensity resistance protocol twice a week for eight 
weeks showed fiber type transformation. The pro-
tocol focused on the thigh musculature with heavy 
multiple sets of 6- to 8RM on one training day and 
10- to 12RM on the other training day per week 
for several exercises (squat, leg press, and knee 
extension). Two-minute rest periods were used to 
allow for adequate rest between sets and exercises 
and induce hormonal changes with the exercise 
protocol (Staron et al. 1994). Maximal dynamic 
strength increased over the eight-week training 
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FiguRE 3.14 When recruited as part of the needed motor units to lift a weight, type II fibers start a transformation 
process in the direction of the type IIa fibers with a very small (<1%) number of fibers going to type IIc. A very small 
number of type I fibers go to type Ic (<1%) with anaerobic training. However, the type II fibers do not transform into type 
I fibers. Changes in myosin ATPase isoforms and myosin heavy chain proteins underlie this process. Ultimately, when all 
motor units are recruited in a conditioning program, the trainee ends up with type I and type IIa muscle fibers. Transitions 
between type I and type II fiber types do not typically occur.
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period without any significant changes in muscle 
fiber size or fat-free mass in the men or the women. 
This supported the concept that neural adaptations 
are the predominant mechanism in the early phase 
of training. However, it also demonstrated that 
changes also occur in the quality of the contractile 
proteins during the early phase of training because 
a significant decrease in the percentage of type IIx 
fibers was observed in women after just two weeks 
of training (i.e., four workouts) and in the men 
after four weeks of training (i.e., eight workouts). 
Over the eight-week training program (16 work-
outs), the type IIx muscle fiber types decreased 
from 21 to about 7% of the total muscle fibers 
in both men and women. The alteration in the 
muscle fiber types was supported by myosin heavy 
chain (MHC) analyses. This study established the 
time course in both men and women of specific 
muscular adaptations of the myosin ATPase pro-
teins that start their transition from type IIx to 
type IIa in the early phase of a resistance training 
program in which strength increases may occur 
with or without muscle fiber hypertrophy. Heavier 
loading is typically associated with muscle fiber 
hypertrophy in the early phase of training (1 to 
10RM), whereas light lifting (20RM and higher) 
shows little if any changes in both adult men and 
women (Campos et al. 2002, Schuenke et al. 2012; 
Schuenke, Herman and Staron 2013). A key factor 
in these results is that the stimulation of motor 
units with heavy weights produces a much higher 
electrical depolarization charge (Hz) than light 
weights, and it is this high Hz that runs through 
the low-threshold motor units that contributes to 
increased hypertrophic training effects as seen in 
these studies.

It is not known to what extent muscle fiber 
remodeling contributes to muscle strength; how-
ever, gradual increases in the number and size 
of myofibrils and perhaps conversions of type 
IIx fibers to type IIa fibers might contribute to 
increased force production. In addition, changes 
in hormonal factors (testosterone and cortisol) are 
correlated with such changes in the muscle fibers 
(e.g., the percentage shift in type IIa) and may help 
to mediate such adaptations. Many other changes 
that are taking place during muscle fiber remod-
eling in the early phase of training may influence 
when hypertrophy is initiated. Thus, the quality of 
the protein type in the remodeling of muscle may 
be an important aspect of muscular development, 
especially in the early phases of resistance training.

Longer-duration heavy-resistance training also 
results in changes in the quality of protein as well 
as cross-sectional area size. Skeletal muscle was 
examined in women who trained for 20 weeks, 
detrained for 2 weeks, and then retrained for 6 
weeks (Staron et al. 1991). Increases in muscle fiber 
cross section were seen with training. The percent-
age of type IIx fibers decreased from 16 to 0.9%. 
This study also demonstrated that short detraining 
periods result in muscle fibers (especially type II) 
starting to return to pretraining values for muscle 
fiber cross-sectional areas and starting to transition 
from type IIa back to type IIx fibers. In addition, 
it was demonstrated that retraining resulted in 
a quicker change in muscle size and transition 
back to type IIa fibers than when starting from the 
untrained condition. Thus, changes with retraining 
after a period of detraining occur faster than when 
starting from the untrained state.

A series of studies using the same subject pop-
ulation examined the effect of resistance training 
on muscle strength, morphology, histochemical 
responses, and MHC responses (Adams et al. 
1993; Dudley et al. 1991; Hather, Mason, and 
Dudley 1991). Three groups of men trained for 
19 weeks. One group (CON/ECC) trained using 
both concentric and eccentric muscle actions in 
a “normal” resistance training program of four to 
five sets of 6 to 12 repetitions. A second group 
(CON) trained with only concentric actions for 
four to five sets of 6 to 12 repetitions, and a third 
group (CON/CON) used concentric-only actions 
but for 8 to 10 sets of 6 to 12 repetitions. Thus, 
the third group performed twice the training 
volume as the second group as they did more 
CON repetitions. All groups showed significant 
gains in strength and an increase in the percentage 
of type IIa fibers with an accompanying decrease 
in the percentage of type IIx fibers. Increases in 
type I fiber area occurred only in the CON/ECC 
group, and type II fiber area increased in both the 
CON/ECC and CON/CON groups. Capillaries per 
unit muscle fiber area increased only in the CON/
CON and CON groups. The changes in type II 
fiber myosin ATPase subtypes were paralleled by 
an increase in myosin heavy chain MHCIIa and a 
decrease in the myosin heavy chain MHCIIx. The 
combined results of these studies indicate that 
hypertrophy, type II fiber type transformation, 
and capillaries per unit fiber area are all affected 
by the type of muscle action or repetition style 
as well as training volume. Thus, fiber type 
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 transitions occur with resistance training but 
appear to be predominantly limited to changes 
within the subtypes of type II fibers.

Myoglobin Content
The content of muscle myoglobin, a molecule 
that transports oxygen from the cell wall to the 
mitochondria, may decrease after strength train-
ing (Tesch 1992). How this decrease affects the 
muscle fibers’ metabolic capabilities for aerobic 
exercise remains speculative. The initial state of 
training as well as the specific type of program 
and magnitude of hypertrophy may influence the 
effect of resistance training on myoglobin con-
tent. Examining resistance training programs in 
men that used either low intensity and short rest 
periods or heavy resistance and long rest periods 
showed that both programs maintained muscle 
myoglobin content concomitant with increases 
in muscle size and strength after two months of 
training. Oxygen-carrying capacity from capillaries 
to mitochondria was not adversely affected with 
either type of program even when the diffusion 
distance was increased as a result of hypertrophy 
(Masuda et al. 1999).

Capillary Supply
An increased number of capillaries in a muscle 
helps support aerobic metabolism by increasing 
the potential blood supply to the active muscle and 
the surface area where gas exchange can take place 
between blood and the muscle fiber. Following 
eight weeks of training with four sets of either a 
heavy resistance training load (3- to 5RM zone), 
a moderate resistance training load (9- to 11RM 
zone), or a light resistance training load (20- to 
28RM zone), the only increase in capillaries per 
fiber was in the type IIa fibers with the moderate 
resistance training. This change resulted in an 
increase in capillary number and the number 
of capillaries per cross-sectional area of tissue 
or density in only this fiber type (Campos et al. 
2002). Although capillary density in total was 
maintained with the moderate and heavy training 
zones despite increases in muscle fiber hypertro-
phy, this demonstrated that capillary number per 
fiber mirrored the increase in muscle fiber size. 
Interestingly, the light resistance training zone 
resulted in no muscle fiber hypertrophy or increase 
in capillaries per fiber, resulting in no significant 
change in capillary density. So, training intensity 

or volume, or both, may affect whether capillary 
number or density changes.

With typical resistance training (three sets of 10 
repetitions) over 12 weeks, significant increases 
in the numbers of capillaries in type I and type II 
fibers were observed (McCall et al. 1996). How-
ever, because of fiber hypertrophy, no changes 
in capillaries per fiber area or per area of muscle 
were shown. Improved capillarization has been 
observed with resistance training of untrained 
subjects (Frontera et al. 1988; Hather et al. 1991; 
Staron et al. 1989; Tesch 1992). It has also been 
demonstrated that with different types of training 
(i.e., combinations of concentric and eccentric 
muscle actions), capillaries per unit area and per 
fiber increased significantly in response to heavy 
resistance training even with hypertrophy result-
ing in increased fiber areas. As with the selective 
hypertrophy of type II fibers shown by some 
studies, any increase in capillaries appears to be 
linked to the intensity and volume of resistance 
training (Campos et al. 2002; Hather et al. 1991). 
However, the time course of changes in capillary 
density appears to be slow because studies show 
that 6 to 12 weeks may not stimulate capillary 
growth beyond normal untrained levels (Tesch 
1992; Tesch, Hjort, and Balldin 1983).

Powerlifters and weightlifters exhibit no differ-
ence from nonathletic people in the number of 
capillaries per muscle fiber. However, as a result of 
muscle hypertrophy, these same athletes have less 
capillary density than nonathletic people (Tesch, 
Thorsson, and Kaiser 1984). Conversely, a higher 
number of capillaries than normal surrounding the 
type I muscle fibers in the trapezius muscles of elite 
powerlifters has been shown (Kadi et al. 1999). 
The capillary density was higher for control sub-
jects in the type IIa muscle fibers, indicating that 
hypertrophy increases capillary diffusion distances 
in some type II fibers. Bodybuilding training may 
promote increased capillarization as a result of a 
higher training volume (Schantz 1982) and also 
greater metabolic demands because of short-rest 
training protocols (Kraemer, Noble et al. 1987). 
This indicates that bodybuilding training that 
exerts a greater hypoxic stimulus may stimulate 
capillary development. An increase in capillary 
density may facilitate the performance of low-in-
tensity weight training by increasing the blood 
supply to the active muscle.

Thus, capillarization can be increased with resis-
tance training, but any change may depend on the 
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acute program variables: Intensity, volume, and 
rest period length are important considerations for 
stimulating changes. However, the time required 
for this adaptation to take place may be 12 weeks 
or longer. An increase in the number of capillaries 
can be masked by muscle hypertrophy resulting 
in no change in number of capillaries per fiber 
area or capillary density. A high-volume program 
using moderate intensity (8- to 12RM zone) may 
cause capillarization to occur, whereas low-volume 
programs with heavy resistance may not. Thus, 
periodized training programs in which resistance 
loads are varied over a training cycle and both 
moderate and heavy resistances are used provide 
for the inclusion of workouts that can address 
any need for increased capillarization. Finally, it 
is very important to remember that only muscle 
fibers that are part of motor units stimulated as a 
result of training will show an adaptive response.

Mitochondrial Density
In a fashion similar to capillaries per muscle fiber, 
mitochondrial density has been shown to decrease 
with resistance training as a result of the dilution 
effects of muscle fiber hypertrophy (Luthi et al. 
1986; MacDougall et al. 1979). The observation 
of decreased mitochondrial density is consistent 
with the minimal demands for oxidative metab-
olism placed on the musculature during most 
resistance training programs. Twelve weeks of 
resistance training results in significantly increased 
type I and II muscle fiber cross-sectional areas of 
26 and 28%, respectively (Chilibeck, Syrotuik, 
and Bell 1999). The analysis of mitochondria 
demonstrated that strength training resulted in 
similar reduced density in both the subsarco-
lemmal and intermyofibrillar mitochondria as 
a result of the dilution effect caused by muscle 
fiber hypertrophy. However, interestingly, resis-
tance training has not been shown to inhibit the 
development of maximal oxygen consumption 
capacity, suggesting that mitochondrial responses 
in muscle as a result of resistance training do not 
negatively affect oxidative capacity. Ten weeks of 
resistance training (multiple sets of 12 repetitions 
at 80% of 1RM) or endurance training (two weekly 
continuous sessions at 75% of maximal heart rate 
[HRmax] and one session of three sets of interval 
training at 95% of HRmax on a cycle ergometer) 
in adults demonstrated similar adaptations in 
key mitochondrial quality markers increasing 

the relative capacity for fatty acid oxidation and 
tissue-specific respiratory capacity (e.g., increase 
in the tissue-specific enzymes glutamate, malate, 
succinate, octanoylcarnitine). This indicates good 
mitochondrial health with either type of training 
program (Pesta et al. 2011). Although resistance 
training shows a decrease in mitochondrial den-
sity due to the dilution of the analysis (i.e., per a 
specific area measurement) as a result of muscle 
hypertrophy, this effect depends on the type of 
resistance program and requires further study to 
better understand its functional outcomes, abso-
lute mitochondrial number, and cellular effects.

Satellite Cells and Myonuclei
Satellite cells are small cells with no cytoplasm 
that are found in skeletal muscle between the 
basement membrane and the sarcolemma, or cell 
membrane, of the muscle fiber. Satellite cells can 
differentiate into myoblasts and fuse into existing 
fibers to help in the repair process, acting as a type 
of stem cell. Importantly, they may also provide 
daughter nuclei to replace damaged nuclei or add 
new nuclei to maintain myonuclear domain size 
during the hypertrophy process of protein accre-
tion with training. These processes are important 
for the repair and remodeling of muscle fibers 
after damage or to accommodate the hypertrophy 
that is produced by resistance training. Increased 
numbers of satellite cells and myonuclei may 
indicate cellular repair and the formation of new 
muscle cells.

Investigations into the role and adaptive ability 
of myonuclei have been extensive over the past 15 
years as the appreciation of their importance to 
muscle fiber function and repair has grown. The 
newest theory is that myonuclei increase before 
any hypertrophy takes place and that during a 
detraining period they are maintained and remain 
in an elevated concentration for three months 
in detrained mouse muscle, thereby mediating 
muscle memory (see box 3.3) (Bruusgaard et al. 
2010). This may also mediate the rapid retraining 
of muscle fiber size and strength seen in formally 
trained people (Staron et al. 1991). This rapid 
improvement may be due to the previously 
increased concentrations of satellite cells that still 
exist in detrained muscle for a long period of time 
(Bruusgaard et al. 2010).

Early on in the study of myonuclei, scientists 
demonstrated that the number of myonuclei in 
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type II fibers was much higher in elite powerlifters 
than in control subjects. This allowed for mainte-
nance of the myonuclear domain size and satellite 
cells contributing nuclei to fibers showing early 
myogenesis and possible formation of new fibers 
(Kadi et al. 1999). Ten weeks of heavy resistance 
training can induce changes in the number of 
myonuclei and satellite cells in women’s trapezius 
muscles (Kadi and Thornell 2000). A 36% increase 
occurred in the cross-sectional area of muscle 
fibers. The hypertrophy of muscle fibers was 
accompanied by an approximately 70% increase 
in myonuclear number and a 46% increase in 
the number of satellite cells. Myonuclei number 
was positively correlated to satellite cell number, 
indicating that a muscle with an increased concen-
tration of myonuclei contains a correspondingly 
higher number of satellite cells. The authors sug-
gested that the acquisition of additional myonuclei 
appears to be required to support the enlargement 
of the multinucleated muscle cells after 10 weeks 

of strength training. Increased satellite cell content 
suggests that mitotic divisions of satellite cells 
produce daughter cells that become satellite cells. 
With moderate gains in muscle hypertrophy, no 
addition of myonuclei seems to occur, and with 
detraining, an increase in satellite cell number was 
maintained for only 60 days (Kadi et al. 2004). 
Because myonuclei in mature muscle fibers are not 
able to divide, the authors suggested that the incor-
poration of satellite cell nuclei into muscle fibers 
resulted in the maintenance of a constant nucle-
ar-to-cytoplasmic ratio or that the nuclear domain 
size was maintained. It has been postulated that 
satellite cells may not have to be stimulated to 
provide additional daughter myonuclei until the 
hypertrophy of the muscle fiber exceeds about 
25%. Alternatively, those with higher pretraining 
levels of myonuclei may have a greater potential 
for muscle hypertrophy.

The pattern of motor unit recruitment (dis-
cussed next) and the amount of muscle tissue 

BOx 3.3 RESEARCh

Muscle Memory
The ability to make quicker adaptations upon retraining a skeletal muscle has been called muscle 
memory. Back in 1991 investigators at Ohio University examined a group of untrained women who 
trained for 20 weeks, then detrained for 30 to 32 weeks, and then retrained for 6 weeks (Staron et 
al. 1991). Another group of untrained women performed only a six-week training program that 
was identical to the retraining program of the other group. The previously trained group made 
faster transitions from type IIx to type IIa fibers upon retraining. They also made quicker gains in 
cross-sectional muscle fiber size when compared to the women who were just beginning a resistance 
training program. However, the underlying reasons for this were not clear.

In 2010, a research team from the University of Oslo gave some insight into why this more 
rapid gain in muscle hypertrophy was achieved during retraining (Bruusgaard et al. 2010). Key to 
this discovery was not only the role satellite cells play in providing myoblasts for microtear repair, 
but also the daughter myonuclei they contribute, which allows for an increase in muscle fiber size 
while maintaining the number of nuclei per area of muscle protein, or the size of the myonuclear 
domain. They found that while new myonuclei are produced with training, old nuclei are not lost 
for up to three months in a mouse model after the overload stimulus is removed. From a life cycle 
perspective, this translates into several months in a human. This allows for a larger pool of myo-
nuclei in the muscle allowing for a more rapid expansion of muscle fiber size as a result of more 
nuclei ready to take on the added increases in muscle proteins or the increased size and number of 
myonuclear domains. So, muscle memory may be due to this pool of old myonuclei that have been 
preserved for a long time after training has ceased, thereby allowing for a more rapid hypertrophic 
response to retraining.

Bruusgaard, J.C., Johansen, I.B., Egner, I.M., Rana, Z.A., and Gundersen, K. 2010. Myonuclei acquired by overload exercise 
precede hypertrophy and are not lost on detraining. Proceedings of the National Academy of Sciences 107: 15111-15116.

Staron, R.S., Leonardi, M.J., Karapondo, D.L., Malicky, E.S., Falkel, J.E., Hagerman, F.C., and Hikida, R.S. 1991. Strength and 
skeletal muscle adaptations in heavy-resistance-trained women after detraining and retraining. Journal of Applied Physiology 
70: 631-640.



Physiological Adaptations to Resistance Training

93

recruited determines whether cellular and whole 
muscle changes occur. When enough muscle 
is affected, fat-free mass increases in the resis-
tance-trained person. The amount of muscle mass 
gained and fiber transformed consequent to a 
resistance training program will also be affected by 
the person’s genetic potential. In the future, long-
term resistance training studies lasting several years 
with associated muscle biopsies will be needed 
to understand the cellular adaptations that take 
place after most of the muscle’s morphological 
changes have been made during the first three to 
six months of training.

The Motor unit
The first step in any adaptation to a resistance 
training program is to activate the muscles needed 
to produce force and lift a weight. For a muscle 
to be activated, neural innervation is necessary. 
The motor unit is composed of an alpha motor 
neuron and all the muscle fibers it innervates (see 
figure 3.15). The activation of motor units is what 

causes the muscle fibers to contract. The motor 
unit is controlled by the nervous system and is fun-
damental to the body’s ability to provide just the 
right amount of force to achieve a desired move-
ment. Each muscle fiber is innervated by at least 
one alpha motor neuron. The smaller the number 
of muscle fibers in a motor unit, the smaller the 
amount of force that motor unit can produce when 
activated. The number of muscle fibers in a motor 
unit is highly variable and depends on the muscle’s 
function. For example, in muscles that stretch the 
lens of the eye, motor units may contain from 1 or 
2 up to 10 muscle fibers, whereas the vastus later-
alis muscle of the thigh has a much greater range 
(some motor units contain over 1,000 muscle 
fibers). Outside of some very small muscles that 
control very fine movement, as in the example of 
eye musculature, the typical motor unit contains 
about 100 muscle fibers. The number of motor 
units in a muscle also varies. Large muscles typi-
cally have more motor units than small muscles 
do. However, muscles used in movements requir-
ing fine control of force production will have a 
large number of motor units compared to muscles 
that do not. The number of fibers a person has in 
a given muscle in part determines the potential for 
gains in muscle size and strength.

As discussed in part previously, muscle function 
is controlled by the nervous system and starts when 
impulses called action potentials are sent from 
the higher brain centers in the central nervous 
system—more specifically, from the motor cortex 
down the spinal cord and then out to the periphery 
via the alpha motor neuron. Understanding motor 
unit recruitment is paramount to understanding 
the specificity of resistance exercise and training.

The central nervous system consists of more 
than 100 billion nerve cells. Neurons are involved 
in many more physiological functions (e.g., pain 
perception, brain functions, sweating) than just 
stimulating muscle to contract, and therefore 
come in many shapes and sizes. But it is the alpha 
motor neurons that control muscle contraction 
and produce movement in the human body. Figure 
3.15 is a schematic of a motor unit consisting of 
an alpha motor neuron and its associated muscle 
fibers. All neurons have three basic components: 
dendrites, somas (cell bodies), and axons. Typ-
ically, dendrites receive information, the soma 
processes the information, and axons send the 
information out to other neurons or target cells 
such as muscle fibers. An alpha motor neuron 
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FiguRE 3.15 An alpha motor neuron and the muscle 
fibers it innervates are called a motor unit.
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has relatively short dendrites and a long axon that 
carries action potentials from the central nervous 
system to the muscle.

Axons may be covered with a white substance 
high in lipid content called the myelin sheath. 
The myelin sheath is sometimes even thicker than 
the axon itself and is composed of multiple layers 
of this lipid substance. Nerve fibers possessing a 
myelin sheath are referred to as myelinated nerve 
fibers; those lacking a myelin sheath are called 
unmyelinated nerve fibers. The myelin sheath 
is created and maintained by Schwann cells. In 
a typical nerve there are about twice as many 
unmyelinated fibers as myelinated fibers. The 
smaller unmyelinated fibers typically are found 
between myelinated fibers. The myelin insulates 
the action potential as it travels down the axon. 
This helps prevent impulses from being transferred 
to neighboring fibers. The myelin sheath does not 
run continuously along the length of the axon 
but is segmented with small spaces about 2 to 3 
micrometers (μm) in length where the membrane 
of the axon is exposed. These spaces occur about 
every 1 to 3 mm along the length of the axon and 
are termed nodes of Ranvier.

The movement of ions, or charged molecules, 
causes the action potential to move down the 
membrane of an axon or dendrite. The impulse in 
an axon causes the release of chemicals called neu-

rotransmitters into the synapse (between neurons) 
or neuromuscular junction (the synapse between a 
neuron and a muscle fiber). The neurotransmitter 
binds to receptors on the dendrite of another nerve 
cell or a target tissue, such as a muscle fiber, which 
initiates a new electrical impulse. This new impulse 
then travels down the dendrite, or in the case of 
muscle fibers, initiates muscle action. In the case 
of the motor unit, electrical stimuli for voluntary 
actions originate in the motor cortex and travel 
down the nervous system neuron to neuron until 
they reach the neuromuscular junction.

neuromuscular Junction
The neuromuscular junction is the morpholog-
ical structure that acts as the interface between 
the alpha motor neuron and the muscle fiber. 
Figure 3.16 is a schematic of the neuromuscular 
junction. All neuromuscular junctions have five 
common features: (1) a Schwann cell that forms a 
cap over the axon; (2) an axon terminal ending in 
a synaptic knob that contains the neurotransmitter 
acetylcholine (ACh) and other substances needed 
for metabolic support and function, such as ATP, 
mitochondria, lysosomes, and glycogen molecules; 
(3) a junctional cleft or space; (4) a postjunctional 
membrane that contains ACh receptors; and (5) 
junctional sarcoplasm and cytoskeleton that pro-
vide metabolic and structural support.

Fleck/E4758/Fig 3.16/460635/TB/R2
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FiguRE 3.16 An alpha motor neuron activates multiple muscle fibers (a) that end at a neuromuscular junction (b) where 
neurotransmitter acetylcholine (ACh) molecules are released into the neuromuscular junction and bind on the postjunc-
tional receptors to complete the muscle fiber activation process.
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When an impulse reaches the end of the neuron 
side of the neuromuscular junction, it causes the 
release of ACh. ACh is the primary stimulatory neu-
rotransmitter for a motor neuron, and it is stored 
within the synaptic vesicles in the terminal ends of 
the axon. Approximately 50 to 70 ACh-containing 
vesicles are found per μm2 of nerve terminal area. 
When the action potential reaches the axon ter-
minal, calcium channels on the membrane of the 
synaptic knob open, causing the uptake of calcium 
ions (Ca++). The increase in Ca++  concentration 
causes the release of ACh from the vesicles. The 
ACh diffuses from the prejunctional membrane 
across the synaptic cleft (about 50 nm wide) 
between the pre- and postjunctional membranes 
to the postsynaptic membrane.

On the postjunctional side of the neuromuscu-
lar junction, the ACh binds to receptors located on 
the postjunctional membrane. The postjunctional 
membrane is a specialized part of the muscle cell’s 
membrane and has junctional folds and ACh 
receptors. If enough ACh becomes bound to the 
postjunctional membrane receptors, the permea-
bility of the membrane will increase and create a 
conducted ionic electrical current with Ca++ as the 
ion predominantly involved. This postsynaptic 
ionic current, or electrical impulse, is what initiates 
muscle action. The muscle fiber will continue to 
be activated as long as a sufficient amount of ACh 
is bound to the postsynaptic membrane receptors.

The ACh is eventually destroyed by the enzyme 
acetylcholinesterase found at the base of the junc-
tional folds of the junctional cleft. Destruction of 
ACh stops the stimulus needed for muscle fiber 
activation. The majority of by-products produced 
from the breakdown of ACh by acetylcholinester-
ase are taken up by the presynaptic membrane and 
used to produce new ACh.

Why is ACh needed at the neuromuscular 
junction? Why can’t the ionic current of the 
neuron simply be conducted to the membrane 
surrounding the muscle fiber and thus stimulate 
muscle actions? Because the neuron is very small 
compared to a muscle fiber, the ionic current it 
conducts is insufficient to be directly transferred 
to the muscle fiber’s membrane and to stimulate 
the fiber sufficiently to cause a muscle action. 
ACh is needed to cause an ionic current of suf-
ficient strength (threshold) to be conducted by 
the muscle fiber’s membrane and initiate muscle 
action. Figure 3.17 is a micrograph of a motor 

end plate showing several structural aspects of the 
neuromuscular junction (Deschenes et al. 1993).

Conduction of impulses
A nervous impulse or action potential is conducted 
in the form of electrical energy. When no impulse 
is being conducted, the inside of the neuron has 
a net negative charge, compared to the outside of 
the neuron, which has a net positive charge. This 
arrangement of the positive and negative charges 
is termed the resting membrane potential. It is 
attributable to the distribution of molecules with 
electrical charges, or ions, and the impermeability 
of the resting cell membrane to these ions. Sodium 
(Na+) and potassium (K+) ions are the major 
molecules responsible for the membrane poten-
tial. Na+ ions are predominantly located outside 
the neuron’s cell membrane. K+ ions are located 
mainly inside the neuron. There are, however, 
more Na+ ions on the outside of the neuron than 
K+ on the inside of the neuron, giving the inside 
a less positive or net negative charge as compared 
to the outside of the neuron.

When an impulse is being conducted down 
a dendrite or an axon, the cell membrane of the 
neuron becomes permeable to both Na+  and 
K+ ions. If a membrane is permeable to ions, they 
tend to move down their concentration gradient 
from areas where they are highly concentrated 
to areas where they are less concentrated. First, 
Na+ ions move into the neuron giving the inside 
a plus charge compared to the outside of the 

FiguRE 3.17 Neuromuscular junction with the presyn-
aptic nerve terminal branches in green and postsynaptic 
ACh receptor clusters in red.
Courtesy of Dr. Michael Deschenes, Department of Kinesiology, The College 
of William and Mary, Williamsburg, VA.
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neuron. This is termed depolarization and lasts for 
only a brief period of time (milliseconds) because 
the membrane becomes permeable to K+  ions. 
This results in K+ ions leaving the interior of the 
membrane so that the interior of the membrane 
once again has a net negative charge relative to the 
exterior. This is termed repolarization. The periods 
of permeability to both Na+ and K+ ions are very 
brief so that relatively few ions actually move 
from the exterior to the interior, and vice versa. 
An energy-dependent pumping system called the 
Na+-K+ pump is needed to maintain and restore 
the resting membrane potential after an impulse 
has been conducted. This pump actively removes 
Na+  ions from the interior of the neuron and 
moves K+ ions from the exterior to the interior of 
the neuron. This quickly restores the K+ and Na+ 
back to the interior and exterior of the membrane, 
respectively, and the axon or dendrite to its original 
resting membrane potential in which there is a net 
negative charge on the inside. This entire series of 
events is termed an action potential and is repeated 
each time a neuron conducts a nervous impulse.

The type of nervous conduction is related to 
whether the nerve is myelinated or unmyelinated. 
Myelinated nerves conduct their impulses using 
what is called saltatory conduction, and unmy-
elinated nerves use a conduction process called 
local conduction. The movement of the ions pro-
ducing an action potential remains the same (as 
described earlier) for either type of conduction. 
In myelinated nerves the nodes of Ranvier allow 
the action potential to jump from node to node 
using saltatory conduction (saltatory means “to 
jump”). A significant amount of ions cannot move 
through the thick myelin sheath, but can easily 
move through the membrane at the nodes of Ran-
vier because of the low resistance to ionic current 
there. Saltatory conduction has two advantages. 
First, it allows the action potential to make jumps 
down the axon, thereby increasing the velocity of 
nerve transmission by five- to fiftyfold. Saltatory 
conduction results in the action potentials moving 
at a velocity of 60 to100 m per second. Second, it 
conserves energy because only the nodes depolar-
ize, which reduces the energy needed to reestablish 
the resting membrane potential.

Conversely, unmyelinated nerve fibers use a 
local circuit of ionic current flow to conduct the 
action potential along the entire length of the nerve 
fiber. A small section of the nerve fiber membrane 
depolarizes, the continuation of local circuit ionic 

current flow causes membrane depolarization to 
continue, and the action potential travels down the 
entire length of the nerve fiber. The velocity of this 
type of nerve impulse conduction is much slower 
than that of myelinated nerve fibers, ranging from 
0.5 to 10 m · s-1.

The neuron’s diameter in part also determines 
the impulse conduction velocity. In general, the 
greater the diameter of a nerve fiber, the greater 
the conduction velocity. In myelinated nerve fibers, 
the impulse velocity increases approximately with 
the increase in the fiber diameter. In unmyelinated 
nerve fibers, the velocity of the impulse increases 
with the square root of the fiber diameter. Thus, as 
fiber diameter increases, the conduction velocity of 
myelinated fibers increases substantially more than 
that of unmyelinated fibers. The faster velocities 
of the larger myelinated fibers, such as the ones 
that innervate skeletal muscle, produce more rapid 
stimulation of muscle actions, but have higher 
thresholds for recruitment. Typically, type II skele-
tal muscle fibers are innervated by larger-diameter 
axons than type I muscle fibers. Thus, motor units 
made up of type I fibers are typically recruited 
first because of the lower electrical recruitment 
thresholds of their neurons. Typically, motor units 
made up of type II fibers are recruited after those 
made up of type I fibers because their larger axons 
require more stimulation before they will carry an 
action potential. The recruitment by the amount 
of electrical activation needed (low versus higher 
electrical thresholds) to stimulate a motor unit is 
one sizing factor in the concept of the size principle 
of motor unit recruitment discussed next.

Motor unit Activation  
and the Size Principle
The size principle is important for understanding 
motor unit recruitment (Duchateau and Enoka 
2011). A motor unit is composed of either all type 
I or all type II muscle fibers (Hodson-Tole and 
Wakeling 2009). However, the number of muscle 
fibers in each type of motor unit can vary, as pre-
viously discussed. For quite some time it has been 
recognized that the cross-sectional area of muscle 
fibers can also vary given that some type I muscle 
fibers are larger than some type II fibers (Burke et 
al. 1974). Yet force production demands are the 
key element in the outcome of a guided recruit-
ment pattern. The neurons innervating type I fibers 
are recruited first in a muscle action followed by 
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the neurons innervating type II (type IIa toward 
type IIx). Thus, the order of recruitment is normally 
type I first and then type II if more force than the 
type I motor units can generate is needed. There is, 
however, some integration or overlap between the 
last of the type I fibers recruited and the first of the 
type II fibers recruited and the last of the type IIa 
(least fatigable type II fibers) and the first of the 
more fatigable type II fibers (IIax–IIx) recruited.

The muscle fibers in a motor unit are not all 
located adjacent to each other but are spread out 
in the muscle in what are called microbundles of 
about 3 to 15 fibers. Thus, adjacent muscle fibers 
are not necessarily from the same motor unit. 
Because of the dispersement of fibers in a motor 
unit, when a motor unit is activated, the entire 
muscle appears to be activated because movement 
occurs. However, not all motor units of the muscle 
were activated if the force is not maximal.

Probably one of the most important concepts 
to keep in mind in the area of exercise training 
is that only the motor units that are recruited 
to produce force will be subject to adaptational 
changes with exercise training. Furthermore, that 
recruitment is very specific to the external demands 
of the exercise. Thus, motor unit recruitment is of 
fundamental importance in the prescription of 
resistance exercise.

Activated motor units stay facilitated, or primed, 
for another contraction for a short time after use, 
which is very important for subsequent muscle 
contractions. That is, maximal or near-maximal 
contractions elicit a postactivation potentiation 
for muscle contractions occurring within several 
seconds to a few minutes of a high-intensity con-
traction (Hamada et al. 2000). This potentiation is 
more prominent in type II muscle fibers (Hamada 
et al. 2000) and is believed to render muscle fibers 
more sensitive to calcium (due to phosphorylation 
of myosin regulatory light chains). Postactivation 
potentiation has important ramifications for 
muscular performance and the recruitment of 
muscle fibers during exercise because it can result 
in slightly greater force production (see Complex 
Training, or Contrast Loading, System in chapter 
6).

Another important concept is the all or none 
law. This law states that when a threshold level for 
electrical activation is reached for a specific motor 
unit, all of the muscle fibers in that motor unit 
are activated. If the threshold is not reached, then 
none of the muscle fibers in that motor unit are 

activated. Although this holds true for individual 
motor units, whole muscles, such as the biceps, are 
not governed by the all or none law. Force genera-
tion of a muscle is increased with the recruitment 
of more motor units, and if all motor units in a 
muscle (or as many motor units as possible) are 
recruited, maximal force is produced. The ability to 
recruit individual motor units makes possible very 
fine control of the force produced in a movement 
or isometrically. Motor units and their associated 
muscle fibers that are not activated generate no 
force and move passively through the range of 
motion made possible by the activated motor 
units. Without such a phenomenon of graded force 
production, there would be very little control of the 
amount of force the whole muscle could generate 
and therefore poor control of body movements.

The all or none law provides one way to vary the 
force produced by a muscle. The more motor units 
within a muscle that are stimulated, the greater the 
amount of force that is developed. In other words, 
if one motor unit is activated, a very small amount 
of force is developed. If several motor units are 
activated, more force is developed. If all of the 
motor units in a muscle are activated, maximal 
force is produced by the muscle. This method of 
varying the force produced by a muscle is called 
multiple motor unit summation. The activation 
of motor units is based on the force production 
needs of the activity. For example, a person might 
activate only a small number of motor units to 
perform 15 repetitions using 10 lb (4.5 kg) for an 
arm curl, because the resistance may only represent 
about 10% of maximal strength. Therefore, a small 
number of muscle fibers can provide the force 
needed for performing the exercise. Conversely, a 
100 lb (45.4 kg) arm curl, which represents a 1RM, 
would require all of the available motor units to 
produce maximal force.

Gradations of force can also be achieved by con-
trolling the force produced by one motor unit. This 
is called wave summation. A motor unit responds 
to a single nerve impulse by producing a “twitch.” 
A twitch (see figure 3.18) is a brief period of muscle 
activity producing force, which is followed by 
relaxation of the motor unit. When two impulses 
conducted by an axon reach the neuromuscular 
junction close together, the motor unit responds 
with two twitches. The second twitch, however, 
occurs before the complete relaxation from the first 
twitch. The second twitch summates with the force 
of the first twitch, producing more total force. This 
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wave (twitch) summation can continue until the 
impulses occur at a high enough frequency that 
the twitches are completely summated. Complete 
summation is called tetanus and is the maximal 
force a motor unit can naturally develop.

The order in which motor units are recruited 
in most cases is relatively constant for a particular 
movement (Desmedt and Godaux 1977; Hod-
son-Tole and Wakeling 2009). According to the 
size principle for the recruitment of motor neu-
rons, the smaller motor units, or what are called 
low-threshold (i.e., low electrical level needed 
for activation) motor units, are recruited first. 
Low-threshold motor units are composed of type I 
muscle fibers. Then, progressively higher-threshold 
motor units are recruited based on the increasing 
demands of the activity (Chalmers 2008). The 
higher-threshold motor units are composed of 
type II fibers. Heavier resistances (e.g., 3- to 5RM) 
require the recruitment of higher-threshold motor 
units more so than lighter resistances (e.g., 12- to 
15RM). However, lifting heavier resistances will 
(according to the size principle) start with the 
recruitment of low-threshold motor units (type I) 
and progressively recruit more motor units until 
enough are recruited to produce the needed force 
(see figure 3.19).

Different motor units have different numbers of 
muscle fibers and different cross-sectional areas of 
muscle fibers, which leads to a variety of graded 
force production capabilities. Each muscle has 
different types and numbers of motor units, and 
not all people have the same array of motor units 
available to them. For example, an elite distance 
runner does not have large numbers of type II 
motor units.

It has long been speculated that exceptions to 
the size principle may occur in very high-velocity 

(ballistic) movements and at high power outputs 
using highly trained movement patterns. In other 
words, under these conditions the normal recruit-
ment pattern of progressing from low-threshold 
to high-threshold motor units would be replaced 
by a pattern of inhibiting low-threshold motor 
units so that high-threshold motor units can be 
recruited first. In other species this is seen with 
escape (a fish’s tail flick to change direction) and 
catching movements (e.g., the flick of a cat’s paw to 
knock a prey down). To date, the concept remains 
theoretical because lower-threshold type I motor 
units have always been shown to be recruited 
before high-threshold type II motor units even in 
high-force activities (Chalmers 2008). The more 
likely way a person could more quickly recruit 
high-threshold motor units would be to decrease 
the activation threshold of type I motor units 
thereby lessening the time to the recruitment of 
higher-threshold type II motor units (Duchateau 
and Enoka 2011). How resistance training would 
affect this mechanism remains unclear.

The determining factor of whether to recruit 
high- or low-threshold motor units is the total 
amount of force or power necessary to perform 
the muscular action. If a large amount of force 
or power is necessary either to move a heavy 
weight slowly or to move a light weight quickly, 
high-threshold motor units will be recruited. The 
higher-threshold motor units are composed of 
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type II muscle fibers and typically contain a higher 
number of muscle fibers than lower-threshold 
motor units do. Thus, their recruitment results in 
higher force or power production.

The size principle order of recruitment ensures 
that low-threshold motor units are predominantly 
recruited to perform lower-intensity, long-duration 
(endurance) activities. Higher-threshold motor 
units are used only to produce higher levels of 
force, which result in greater strength or power. 
Additionally, the higher-threshold motor units' 
neurons recover more quickly (i.e., experience 
faster repolarization), allowing them to be acti-
vated more quickly in repeated actions than 
lower-threshold motor units are. So, although 
the high-threshold type II motor units fatigue 
quickly, the ability of their neurons to recover 
quickly makes them ideal for repeated high-force, 
short-duration activities.

The size principle order of recruitment helps to 
delay fatigue during submaximal muscle actions 
because the high-threshold, highly fatigable type 
II motor units are not recruited unless high levels 
of force or power are needed. Likewise, the early 
recruitment of the lower-threshold predominantly 
type I fibers, which are less prone to fatigue, also 
helps to delay fatigue. Higher-threshold motor 
units would only be recruited when low force levels 
are needed if enough total work was performed 
to dramatically reduce glycogen stores in the low-
er-threshold motor units. However, this has not 
been typically observed with resistance exercise 
protocols. When the force production needs are 
low to moderate, motor units can be alternately 
recruited to meet the force demands (asynchro-
nous recruitment). This means that a motor unit 
may be recruited during the first repetition with a 
light weight and not during the second, but again 
in the third. This ability to rest motor units when 
submaximal force is needed also helps to delay 
fatigue.

Recruitment order is important from a practical 
standpoint for several reasons. First, to recruit type 
II fibers to achieve a training effect in these fibers, 
the exercise must be characterized by heavy load-
ing, high power output demands, or both. Second, 
the order of recruitment is fixed for many move-
ments including resistance exercise (Desmedt and 
Godaux 1977). If the body position is changed, 
however, the order of recruitment can also change 
and different motor units will be recruited (Grimby 
and Hannerz 1977; Lusk, Hale, and Russell 2010; 

Matheson et al. 2001). The order of recruitment 
can also change for multifunctional muscles from 
one movement or exercise to another (Grimby and 
Hannerz 1977; Harr Romey, Denier Van Der Gon, 
and Gielen 1982; Nozaki 2009). The magnitude of 
recruitment of different portions of the quadriceps 
is different for the performance of a leg press than 
it is for a squat (Escamilla et al. 2001), and from 
one type of quadriceps exercise to another (Mathe-
son et al. 2001; Trebs, Brandenburg, and Pitney 
2010). Likewise, the magnitude of recruitment of 
various abdominal muscles is different from one 
abdominal exercise to another (Willett et al. 2001). 
This does not mean that type II motor units are 
recruited before type I motor units, but that the 
order in which type I motor units are recruited and 
the order in which type II motor units are recruited 
varies. Variation in the recruitment order and 
magnitude of recruitment of different muscles and 
motor units may be one of the factors responsible 
for strength gains being somewhat specific to par-
ticular exercises. The variation in recruitment order 
provides some evidence to support the belief held 
by many strength coaches that a particular muscle 
must be exercised using several movement angles 
or exercises to be developed completely.

Like fiber typing, the motor unit profile can 
differ from person to person. Variations also occur 
from muscle to muscle. However, some muscles, 
such as the abdominal muscles, are similar in 
every person in that lower-threshold motor units 
predominate. Differences in the numbers and 
types of muscle fibers results in the differences 
in force and power capabilities from person to 
person. With aging, due to preferential loss of 
type II motor units, the motor unit profiles of 
many muscles are now predominantly composed 
of mostly low-threshold motor units made up of 
type I muscle fibers. This limits power and force 
production, and the loss of strength is a classic 
problem with aging (see chapter 11). However, 
even with the loss of muscle fibers, the size prin-
ciple of motor unit recruitment still holds true in 
older people (Fling, Knight, and Kamen 2009). 
The type, number, and size of muscle fibers in 
the motor unit dictate the functional abilities of 
individual motor units and consequently muscle 
strength and power.

Proprioception
Length and tension within muscles and tendons 
are continually monitored by specialized sensory 
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receptors located within the muscles and tendons 
called proprioceptors. The length and tension of 
the muscles acting at a joint determine the joint’s 
position. Thus, if the muscle length acting on a 
joint is known, the joint’s position is also known, 
and changes in the joint’s position can be mon-
itored. The information proprioceptors gather is 
constantly relayed to conscious and subconscious 
portions of the brain and is important for motor 
learning (Hutton and Atwater 1992). Propriocep-
tion is also important for static and dynamic bal-
ance. Balance training has been used as an adjunct 
to resistance training to enhance sport-specific 
skills or prevent falls in older adults (Hrysomallis 
2011). Proprioceptors keep the central nervous 
system constantly informed of movements or series 
of movements.

Muscle Spindles
The two functions of muscle spindles are to mon-
itor the stretch or length of the muscle in which 

they are embedded and to initiate a contraction to 
reduce the stretch in the muscle (see figure 3.20). 
The stretch reflex is attributed to the response of 
muscle spindles.

Spindles are located in modified muscle fibers 
and therefore are arranged parallel to normal 
muscle fibers. The modified muscle fibers contain-
ing spindles, called intrafusal fibers, are composed 
of a stretch-sensitive central area, or sensory area, 
embedded in a muscle fiber capable of contraction. 
If a muscle is stretched, as in tapping the patellar 
tendon to initiate the knee-jerk reflex or by a force, 
the spindles are also stretched. The sensory nerve 
of the spindle carries an impulse to the spinal 
cord; here the sensory neuron synapses with alpha 
motor neurons. The alpha motor neurons relay a 
nerve impulse causing activation of the stretched 
muscle and its agonists. In addition, other neurons 
inhibit the activation of antagonistic muscles to the 
stretched muscle. The stretched muscle shortens, 
and the stretch on the spindle is relieved. Per-
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FiguRE 3.20 Muscle spindles are located within muscle fibers termed intrafusal fibers. Golgi tendon organs are located 
in tendons. These proprioceptors monitor the stretch on muscle fibers and the tension developed by a muscle.
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forming strength training or plyometric exercises 
with prestretching takes advantage of this stretch 
reflex (i.e., stretch-shortening cycle). This reflex is 
one explanation for the greater force output after 
prestretching a muscle.

Gamma motor neurons innervate the end por-
tions of the intrafusal fibers, which are capable of 
shortening. Stimulation of these end portions by 
the central nervous system regulates the length and 
therefore the sensitivity of the spindles to changes 
in the length of the extrafusal fibers. Adjustments 
of the spindles in this fashion enable the spindle to 
more accurately monitor the length of the muscles 
in which they are embedded.

Golgi Tendon Organs
Golgi tendon organs’  main functions are to 
respond to tension or force within the tendon 
and, if it becomes excessive, to relieve that tension 
(see figure 3.20). Because these proprioceptors are 
located within the tendons of muscles, they are in 
a good location to monitor the tension developed 
by muscles.

The sensory neuron of a Golgi tendon organ 
travels to the spinal cord. There it synapses with 
the alpha motor neurons both of the muscle whose 
tension it is monitoring and of the antagonist 
muscles. As an activated muscle develops tension, 
the tension within the muscle’s tendon increases 
and is monitored by the Golgi tendon organs. If 
the tension becomes so great that damage to the 
muscle or tendon is possible, inhibition of the 
activated muscle occurs and activation of the antag-
onist muscle(s) is initiated. The tension within the 
muscle is thus alleviated, avoiding damage to the 
muscle or tendon.

This protective function is not foolproof. It may 
be possible through resistance training to learn to 
disinhibit the effects of the Golgi tendon organs. 
The ability to disinhibit this protective function 
may be responsible in part for some neural adap-
tations and injuries that occur in maximal lifts by 
highly resistance-trained athletes.

nervous System Adaptations
The nervous system is complex, and with emerging 
technologies we are just beginning to understand 
some of the mechanisms involved with its adap-
tations to resistance exercise (Carroll et al. 2011). 
Given the very intimate interaction between the 
nervous system and skeletal muscle, we typically 

talk about the neuromuscular system because 
both neural and hypertrophic adaptations occur 
in response to resistance training (Folland and 
Williams 2007). Figure 3.21 presents a theoretical 
overview of the basic interactions and relationships 
among components of the neuromuscular system.

The neuromuscular recruitment process begins 
when a message is developed in the higher brain 
centers. This is transmitted to the motor cortex, 
where the stimulus (i.e., an action potential) for 
muscle activation is transmitted to a lower-level 
controller (spinal cord or brain stem). From there, 
the message is passed to the motor neurons of the 
muscle and results in a specific pattern of motor 
unit activation. Via various feedback loops infor-
mation is sent back to the brain. This process can 
help modify force production as well as provide 
communication with other physiological systems 
such as the endocrine, cardiovascular, and respi-
ratory systems. The external demands for motor 
unit recruitment dictate the magnitude and extent 
of the involvement of other physiological systems 
to support the motor unit activation. The high 
and low brain level commands can be modified 
by feedback from both the peripheral sensory 
neurons  and the high-level central command 
controller.

Adaptations in the communications among the 
various parts of the neuromuscular systems can be 
observed with resistance training. Differences in 
neural activation as a result of different resistance 
training programs can produce different types of 
adaptations, such as increases in strength with 
little change in muscle size (Campos et al. 2002; 
Ploutz et al. 1994).

When muscle attempts to produce the maximal 
force possible, typically all or as many as possible 
of the available motor units are activated. As dis-
cussed earlier, the activation of motor units is influ-
enced by the size principle (Duchateau and Enoka 
2011). This principle is based on the observed 
relationship between motor unit twitch force and 
recruitment threshold (Desmedt 1981; Ducha-
teau and Enoka 2011; Hodson-Tole and Wakeling 
2009). Force can be increased by recruiting more 
motor units; however, an increase in motor unit 
firing rate or wave summation also increases force. 
These two factors result in a continuum of volun-
tary force in the muscle (Henneman, Somjen, and 
Carpenter 1985). Not only does maximal force 
production require the recruitment of all motor 
units including the high-threshold motor units, 
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but also these motor units must be recruited at a 
firing rate high enough to produce maximal force 
(Sale 1992). Some have theorized that untrained 
people may not be able to voluntarily recruit the 
highest-threshold motor units or maximally acti-
vate their muscles, but this ability is also related to 
the resistance and velocity of movement (Carroll, 
Riek, and Carson 2001; Dudley et al. 1990; Sale 
1992). Thus, part of the training adaptation is 
developing the ability to recruit all motor units 
in a specific exercise movement, and this in part 
may be related to reducing the neural inhibition 
to maximal force production both centrally and 
peripherally (Folland and Williams 2007).

Other neural adaptations also take place (Car-
roll, Riek, and Carson 2001; Folland and Williams 
2007). Activation of antagonists is reduced in some 
movements resulting in increased measurable force 
of the agonists. The activation of all motor units 
in all of the muscle(s) involved in a movement 
is coordinated or optimized to result in maximal 
force or power. Neuromuscular adaptations result 

in better movement coordination with both maxi-
mal and submaximal force production. The coor-
dination of motor units and the muscles involved 
is affected by the speed and type of muscle action. 
The central nervous system is also capable of lim-
iting force via inhibitory mechanisms, which may 
be protective. Thus, training may result in changes 
in the order of fiber recruitment in both the ago-
nists and antagonists or reduced inhibition, which 
may help in the performance of certain types of 
muscle actions.

Muscle Tissue Activation
New technologies have been developed and will 
continue to help in our understanding of the mor-
phological and neural adaptations with resistance 
exercise (Carroll et al. 2011). Magnetic resonance 
imaging (MRI), for example, allows the visualiza-
tion of whole muscle groups. Activated muscle 
can be observed via changes in images before and 
after exercise. For example, MRI images show that 
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muscle activation can be directly related to force 
development from muscle actions evoked by both 
voluntary and surface electromyostimulation 
(Ploutz et al. 1994). A representative MRI image 
before and after multiple sets of 10RM leg press 
exercises is shown in figure 3.22.

Strength can increase as a result of neural 
adaptations despite only small changes in muscle 
hypertrophy, especially over the first few months 
of training. MRI techniques have been used to 
demonstrate this phenomenon (Conley et al. 
1997; Ploutz et al. 1994). In one study that is 
representative of this phenomenon, training was 
performed two days a week using a single-knee 
extension exercise of only the left thigh muscula-
ture with three to six sets of 12 repetitions (Ploutz 
et al. 1994). One-repetition maximum (1RM) 
strength increased by 14% over the training period 
in the trained left thigh musculature and 7% in the 
right untrained thigh musculature. The left quadri-
ceps femoris muscle cross-sectional area increased 
by 5%, and the right demonstrated no changes. 
This indicated that neural factors influenced much 

of the improvement in 1RM strength, especially of 
the right untrained thigh, because the amount of 
muscle hypertrophy was limited.

Another concept that was demonstrated in the 
preceding studies was that, after training, fewer 
motor units were needed to lift the pretraining 
weights. Thus, a training effect can be seen in the 
early phase of training in which a greater amount 
of force can be developed per cross-sectional area 
of muscle. Thus, if progressive resistance training 
is not used to recruit more motor units after this 
initial training adaptation, a plateau or limited 
progress in strength will be observed. In other 
words, progressively demanding more from a 
muscle via progressive resistance training and 
periodization is vital for adaptations to be made. 
This can be achieved by using heavier resistances 
for a specific number of repetitions or performing 
fewer repetitions with heavier resistances, both of 
which would activate more motor units.

The current data also give insights as to why a 
classic modification of the progressive overload 
concept—specifically, periodized training in which 
variations in resistances and exercise volume are 
used—may in fact provide recovery for certain 
muscle fibers. With increasing muscle strength 
over the course of a training program, the use of 
heavy, moderate, and light resistances promotes 
recovery by not heavily recruiting specific muscle 
fibers on light and moderate training days. Yet the 
increased stress per cross-sectional unit area of 
activated muscle could potentially elicit a phys-
iological stimulus for strength gains and tissue 
growth (Ploutz et al. 1994). The heavy training 
days would maximally activate the available mus-
culature, but by alternating the intensities over 
time, overtraining, or a lack of recovery, could be 
minimized (Fry, Allemeier, and Staron 1994; Fry, 
Kraemer, Stone et al. 1994; Kraemer and Fleck 
2007). Such periodized training manipulations 
have been found to be important, especially as 
fitness or training level increases.

Changes in the neuromuscular 
Junction
The study of morphological changes in the ner-
vous system of humans with heavy resistance 
training is difficult because muscle biopsies 
cannot be used to obtain the needed neuromus-
cular junctions (NMJ). Animal models have been 
used and have provided initial insights into the 

FiguRE 3.22 T2-weighted image of the mid-thigh before 
(pre) and after (post) knee extension exercise (five sets 
of 10 repetitions at 80% of 1RM). The lighter color of 
the postexercise condition demonstrates the amount of 
activation and exactly where the most activation occurred.
Courtesy of Dr. Jill Slade, Department of Radiology, Michigan State Uni-
versity, East lansing, MI.
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adaptability of NMJ with varying intensities of 
exercise (Deschenes et al. 1993). Both high- and 
low-intensity exercise running by rats produced an 
increased area of the NMJ in the soleus. Although 
NMJ hypertrophic responses were observed in 
both groups, the high-intensity group showed 
more dispersed, irregularly shaped synapses, and 
the low-intensity group showed more compact, 
symmetrical synapses. The high-intensity training 
group also exhibited a greater total length of NMJ 
branching when compared to the low-intensity 
and control groups. Thus, it might be hypothe-
sized that heavy resistance exercise training would 
also produce morphological changes in the NMJ. 
These changes may be of much greater magnitude 
than those resulting from endurance training 
because of the differences in required amount of 
neurotransmitter needed for the recruitment of 
high-threshold motor units.

Using a resistance training ladder climbing 
model, which resembles resistance training, rats 
either participated in a seven-week resistance 
training program or served as untrained controls. 
After training, the NMJs of soleus muscles, which 

in the rat are composed primarily of type I fibers, 
were visualized with immunofluorescent tech-
niques (see figure 3.23), and muscle fibers were 
stained histochemically. The results indicated 
that resistance training significantly increased 
end plate perimeter length (15%) and area (16%) 
and significantly enhanced the dispersion of ACh 
receptors within the end plate region. Pre- and 
postsynaptic area modifications to ladder exercise 
were highly related, or in other words, the NMJ area 
in the presynaptic and postsynaptic membranes 
showed similar changes (Deschenes et al. 2000). 
No significant alterations in muscle fiber size or 
fiber type were detected. These data indicate that 
the stimulus of ladder training was sufficiently 
potent to remodel NMJ structure in type I muscle 
fibers, and that this effect cannot be attributed to 
muscle fiber hypertrophy or any changes in the 
muscle’s fiber type profile using myosin ATPase 
histochemical analysis. This disconnect between 
the changes in the muscle fibers and the NMJ has 
also been observed with endurance training in 
the rat model. Interestingly, it was demonstrated 
that aging negatively affects the remodeling pro-
cess of the NMJs to endurance exercise training 
(Deschenes, Roby, and Glass 2011). Yet with higher 
levels of overload stress in a rat model using uni-
lateral synergist ablation to overload the plantaris 
and soleus hindlimb muscles, it was shown that 
aging did not modify the sensitivity of the NMJ 
remodeling (Deschenes et al. 2007). Therefore, the 
complexity of the remodeling processes in the NMJ 
appears to involve both the type and intensity of 
exercise and can be influenced by aging if endur-
ance exercise is the training modality.

Time Course of neural Changes: 
initial gains in Strength
Over the past several decades it has become clear 
that quick initial gains in strength can occur over 
the first two or three months of resistance train-
ing. The predominant theory is that these gains 
are dramatically influenced by the initial neural 
adaptations (Moritani 1992; Moritani and DeVries 
1979, 1980; Sale 1992). After a resistance training 
program there can be weak relationships between 
increases in strength and changes in muscle 
cross-sectional area (Ploutz et al. 1994), limb cir-
cumference (Moritani and DeVries 1979, 1980), 
and muscle fiber cross-sectional area (Costill et al. 
1979; Ploutz et al. 1994; Staron et al. 1994), indi-

FiguRE 3.23 Micrograph of the neuromuscular junction 
before (a) and after (b) training with increases in areas 
both pre- and postneuromuscular junctional areas.
Courtesy of Dr. Michael R. Deschenes, Department of Kinesiology, The 
College of William and Mary, Williamsburg, VA.

a

b
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cating that other factors are responsible for gains 
in strength. In one study, isometric training pro-
duced a 92% increase in maximal static strength 
but only a 23% increase in muscle cross-sectional 
area (Ikai and Fukunaga 1970). On the basis of 
this kind of evidence, scientists have theorized 
that neural factors have an influence on muscular 
force production (Carroll, Riek, and Carson 2001). 
Such neural factors are related to the following pro-
cesses: increased neural drive (i.e., the recruitment 
and rate of firing) to the muscle, increased synchro-
nization of the motor units, increased activation 
of agonists, decreased activation of antagonists, 
the coordination of all motor units and muscle(s) 
involved in a movement, and the inhibition of the 
muscle protective mechanisms (i.e., Golgi tendon 
organs). However, other factors may also play a 
larger role than previously thought; for example, 
initial protein accretion and the quality of protein 
changes in muscle might also contribute to the 
initial increases in force production (Folland and 
Williams 2007).

The quality of protein (e.g., alterations in the 
type of myosin heavy chains and the type of 
myosin ATPase enzymes) does change in the first 
weeks of training (two to eight weeks) and may 
influence initial strength gains. Women and men 
have been shown to significantly shift myosin 
ATPase toward the type IIa fiber type from type IIx 
within two and four weeks of resistance training, 
respectively. Thus, the quality of protein starts to 
very quickly shift in the initial phase of heavy resis-
tance training (Staron et al. 1994). Strength gains 
during this time are much greater than what can 
be explained by changes in muscle hypertrophy, 
at the individual fiber or whole muscle levels. Sig-
nificant muscle fiber hypertrophy has been shown 
to require more than 16 workouts (Staron et al. 
1994). Thus, not only neural factors but also the 
quality of protein may affect initial strength gains.

The response of muscle to training in the 
first two months depends on the intensity and 
volume of resistance exercise used in the program. 
Increases in muscle cell hypertrophy have been 
seen in as little as eight weeks with moderate 
to heavy loading (Campos et al. 2002). Higher 
training volume might more quickly enhance the 
hypertrophy of muscle in the early phases (one 
to eight weeks) of training thereby enhancing the 
hypertrophic contribution to strength and power 
gains (Campos et al. 2002; Cannon and Cafarelli 
1987; Carolyn and Cafarelli 1992; Thorstensson, 

Karlsson et al. 1976). However, strength gains in 
the first few weeks of a resistance training program 
appear to be predominantly related to neural and 
protein quality adaptations. Protein accretion and 
muscle hypertrophy of the motor units recruited 
eventually contribute to strength and power gains.

neural Drive
Neural drive (a measure of the number and ampli-
tude of nervous impulses) to a muscle can be inves-
tigated using integrated electromyogram (EMG) 
techniques (Häkkinen and Komi 1983; Kamen, 
Kroll, and Ziagon 1984; Moritani and DeVries 
1980; Sale et al. 1983; Thorstensson,Karlsson et 
al. 1976). EMG techniques measure the electrical 
activity within the muscle and nerves and indicate 
the amount of neural drive to a muscle. In one of 
these studies, eight weeks of dynamic constant 
external resistance weight training caused a shift to 
a lower level in the EMG-activity-to-muscular-force 
ratio (Moritani and DeVries 1980). Because the 
muscle produced more force with a lower amount 
of EMG activity, more force production occurred 
with less neural drive. Calculations predicted a 9% 
strength increase due to training-induced hyper-
trophy; in actuality, however, strength increased 
30%. It is believed that this increase in strength 
beyond that expected from hypertrophy resulted 
from the combination of the shift in the EMG-
to-force ratio and the 12% increase in maximal 
EMG activity. This and other research supports the 
idea that an increase in maximal neural drive to a 
muscle increases strength. Thus, less neural drive 
is required to produce any particular submaximal 
force after training; consequently, there is either 
an improved activation of the muscle or a more 
efficient recruitment pattern of the muscle fibers. 
However, some studies have demonstrated that 
improved activation of the muscle does not occur 
after training (McDonagh, Hayward, and Davies 
1983).

Additional motor units can be recruited after 
strength training (Sale et al. 1983). As a mech-
anism to increase force production, this process 
assumes that the person is not able to activate 
simultaneously all motor units in a muscle before 
training. However, because this may be true for 
some muscles but not for others, such a mecha-
nism may not occur for all muscles or resistances 
(Belanger and McComas 1981).

Another neural factor that could cause increased 
force production is increased synchronization of 



Designing Resistance Training Programs

106

motor unit firing, which has been observed after 
strength training (Felici et al. 2001; Milner-Brown, 
Stein, and Yemin 1973). Synchronization of motor 
units results in an increase in EMG activity (65 to 
130%) and an increase in force fluctuations (Yao, 
Fuglevand, and Enoka 2000). Additionally, syn-
chronization is more prevalent during high-inten-
sity contractions (Kamen and Roy 2000). However, 
this concept has been questioned as a mechanism 
causing strength increases (Duchateau, Semmler, 
and Enoka 2006). During submaximal force pro-
duction increased synchronization of motor units 
is actually less effective in producing force than 
asynchronous activation of motor units (Lind and 
Petrofsky 1978; Rack and Westbury 1969). Average 
force produced by synchronization with stimula-
tions of 5 to 100% of maximum was not different 
from that produced by asynchronous firing (Yao, 
Fuglevand, and Enoka 2000). Thus, it is unclear 
whether greater synchronization of motor units 
produces greater force. Increased synchronization 
does, however, result in greater force fluctuations 
in simple isometric tasks (Carroll, Riek, and 
Carson 2001). This could decrease the steadiness 
of a muscle action, which could be detrimental to 
performance in some activities.

Training has been shown to increase the period 
of time in which all motor units can be active 
from several to 30 seconds (Grimby, Hannerz, 
and Hedman 1981). An adaptation of this type 
may not cause an increase in maximal force, but it 
does aid in maintaining force for a longer period 
of time. During maximal voluntary muscle actions, 
the high-threshold type II motor units normally 
do not reach the stimulation rates required for 
complete tetanus to occur (DeLuca et al. 1982). If 
the stimulation rate to these high-threshold motor 
units were increased, the actual force production 
would also increase. Although neural adaptations 
clearly can increase strength, exactly how all of 
the neuronal mechanisms interact to bring about 
strength increases is not completely elucidated. 
Also, high variability may exist among people 
concerning the neural mechanisms enhancing 
force production (Folland and Williams 2007; 
Timmons 2011).

inhibitory Mechanisms
The inhibition of muscle action by reflex pro-
tective mechanisms, such as the Golgi tendon 
organs, has been hypothesized to limit muscular 

force production (Caiozzo, Perrine, and Edgerton 
1981; Wickiewicz et al. 1984). The effect of these 
inhibitory mechanisms can be partially removed 
by hypnosis. A classic study showed that force 
developed during maximal forearm flexion by 
untrained people could increase 17% under hyp-
nosis indicating that there was a potential inhibi-
tion to produce maximal force (Ikai and Steinhaus 
1961). In the same study, the force developed by 
highly resistance-trained people under hypnosis 
was not significantly different from the force 
developed in the normal conscious state. The 
investigators concluded that inhibition may be a 
protective mechanism and that resistance training 
results in a reduction in the amount of inhibition 
when performing maximal efforts. These protective 
mechanisms appear to be especially active when 
large amounts of force are developed, such as max-
imal force development at slow speeds (Caiozzo, 
Perrine, and Edgerton 1981; Dudley et al. 1990; 
Wickiewicz et al. 1984).

Information concerning protective mechanisms 
has several practical applications. Many resistance 
training exercises involve action by the same 
muscle groups of both limbs simultaneously, or 
bilateral actions. The force developed during bilat-
eral actions is less by 3 to 25% than the sum of the 
force developed by each limb independently, espe-
cially during fast contraction velocities (Jakobi and 
Chilibeck 2001; Ohtsuki 1981; Secher, Rorsgaard, 
and Secher 1978). The difference between the force 
developed during bilateral action and the sum of 
the force developed by each limb independently 
is called bilateral deficit and is associated with 
reduced motor unit stimulation of mostly fast-
twitch motor units (Jakobi and Chilibeck 2001; 
Vandervoot, Sale, and Moroz 1984). The reduced 
motor unit stimulation could be due to inhibition 
by the protective mechanisms and subsequently 
less force production. Training with bilateral 
actions reduces bilateral deficit (Secher 1975), 
thus bringing bilateral force production closer to 
the sum of unilateral force production or greater. 
Although bilateral exercise reduces the bilateral 
deficit, the performance of unilateral, or one-
limb, exercises may be important to equate limb 
strength in both limbs. Unilateral exercises can be 
performed using dumbbells, medicine balls, cable 
exercises, and some types of weight machines.

In computer modeling experiments of maximal 
countermovement vertical jumping, a difference 
of 10% for strength in one leg can be compen-
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sated for biomechanically by shifting the load 
requirements between each limb force and power 
production so that the vertical jump height is 
essentially not affected by the differential between 
the limbs in strength (Yoshioka et al. 2010). The 
same result was observed for the squat jump; the 
strong leg compensated for the weaker one in the 
performance of the jump (Yoshioka et al. 2011). 
However, how such limb asymmetry in strength 
affects other single-joint movements and multi-
directional movements important in sport skills 
remains unclear. The acute hormonal response 
is also different between bilateral and unilateral 
exercises. The acute growth hormone and insulin 
responses are greater in bilateral exercise than in 
unilateral exercise, but the cortisol response is 
not (Migiano et al. 2010). The acute blood lactate 
response is also greater, but these differences are 
probable due to 52% more work being performed 
with the bilateral exercise. Ensuring that both uni-
lateral and bilateral exercises are performed when 
needed should be part of any complete resistance 
training program design.

Knowledge of the neural protective mecha-
nisms may be useful in the expression of maximal 
strength. Neural protective mechanisms appear 
to have their greatest effect in slow-velocity, 
high-resistance movements (Caiozzo, Perrine, and 
Edgerton 1981; Dudley et al. 1990; Wickiewicz et 
al. 1984). A resistance training program in which 
the antagonists are activated immediately before 
performance of the exercise is more effective in 
increasing strength at low velocities than a program 
in which precontraction of the antagonists is not 
performed (Caiozzo et al. 1983). The precontrac-
tion may in some way partially inhibit the neural 
self-protective mechanisms, thus allowing a more 
forceful action. Precontraction of the antagonists 
can be used to both enhance the training effect and 
inhibit the neural protective mechanisms during 
a maximal lift. For example, immediately before a 
maximal bench press, forceful actions of the arm 
flexors and muscles that adduct the scapula (i.e., 
pull the scapula toward the spine) should make 
possible a heavier maximal bench press than no 
precontraction of the antagonists.

neural Changes and Long-Term 
Training
Neural adaptations may also play a major role in 
mediating strength gains in advanced lifters. Over 

two years of training, minimal changes in muscle 
fiber size have been observed in competitive Olym-
pic weightlifters, but strength and power increased 
(Häkkinen et al. 1988c). EMG data demonstrated 
that voluntary activation of muscle was enhanced 
over the training period. Thus, even in advanced 
resistance-trained athletes, the mechanisms of 
strength and power improvement may be related 
to neural factors because hypertrophy in highly 
trained muscles may be limited. However, the 
subjects in this investigation were competitive 
weightlifters who compete in body mass classifi-
cation groups, and gains in muscle mass may not 
necessarily enhance their competitive advantage. 
Furthermore, the types of programs used by Olym-
pic weightlifters are primarily related to strength 
and power development and associated hypertro-
phy of muscle fibers in the muscles trained (Gar-
hammer and Takano 1992; Kraemer and Koziris 
1994). Other types of programs for bodybuilders 
or other athletes may have some similar program 
goals related to power development, but they 
must also be designed to meet muscle mass needs, 
specific sport performance needs, or both. Thus, 
training goals and specific protocols may play a key 
role in the neural adaptation to resistance training 
in highly trained athletes.

The classic representation of the relationship 
for the dynamic interplay between neural and 
muscle hypertrophy factors causing strength 
increases is shown in figure 3.24 (Sale 1992). The 
time course of these changes is highly individu-
alistic and affected by many factors, such as the 
number of muscle fibers, neural adaptations, sex, 
and the training program. In this conceptualized 
time course, neural factors explain the majority 
of strength increases in the early phases of train-
ing (e.g., first several weeks to months). Protein 
quality also starts to change early in training, but 
significant fiber cross-sectional changes due to 
protein accretion are not observed early in training. 
After several weeks muscle fiber size increases and 
starts to theoretically contribute more to strength 
increases as a result of the increase in the whole 
muscle’s cross-sectional area. As hypertrophy 
reaches an upper limit, neural mechanisms may 
again explain further gains in strength. However, 
this time line of adaptations is highly dependent 
on the program design, the initial training level, 
and the training level achieved. Therefore, such a 
theoretical time line can only act as a guideline for 
expected adaptations.
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It is interesting to note that increases in muscle 
fiber cross-sectional area range from about 20 to 
40% in most training studies. Few studies have 
training periods long enough to increase muscle 
fiber size beyond this level. Muscle fiber cross-sec-
tional area changes do not necessarily reflect 
the magnitude of changes in the whole muscle 
cross-sectional area determined by image systems 
(MRI, CAT scans). This lack of relationship may be 
related to the possible need for several exercises or 
training angles to optimally stimulate the entire 
cross-sectional area of a whole muscle, whereas 
changes in a specific fiber may be brought about 
by only one exercise (Ploutz et al. 1994). Neverthe-
less, eventually, strength and power gains derived 
from “progressively and properly” loaded and 
activated musculature appear to be bounded by a 
genetic upper limit of neuromuscular adaptation 
(Häkkinen 1989).

ration (e.g., periodization) is needed to achieve 
changes in all portions of the force–velocity 
curve. Typically, periodized training strategies 
that address each of the components of the power 
equation (i.e., force and velocity) are used to cause 
the strength and power increases needed to change 
the force–time curve.

When only maximal strength training using 
heavy resistance at relatively slow velocities is per-
formed, maximal strength is increased, but little 
change occurs in the early portions of the force–
time curve. This means that force developed in the 
first 100 to 200 milliseconds of a maximal muscle 
contraction changes very little. If strength along 
with power training, using such power exercises 
as plyometrics, Olympic lifts, or squat jumps, are 
performed, then force in the first portion of the 
force–time curve increases as do maximal force 
levels. Increases in the first portion of the force–
time curve are important for many sport activities 
because the time to develop force is limited. For 
example, limited time is available to develop force 
during foot contact when sprinting.

The force–velocity curve depicts maximal force 
capabilities with changes in velocity (see figure 
3.26). As the velocity of movement increases, the 
maximal force a muscle can produce concentrically 
decreases. This is empirically true. If an athlete is 
asked to perform a jump squat with a high percent-
age of 1RM, the weight will move very slowly. But if 
the same athlete is asked to perform a jump squat 
with 30% of 1RM, the bar moves faster. Maximal 
velocity of shortening occurs when no resistance 
(weight) is being moved or lifted. Concentric max-
imal velocity is determined by the maximal rate 
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FiguRE 3.24 The dynamic interplay of neural and 
hypertrophic factors resulting in increased strength during 
short- and long-term training periods.

FiguRE 3.25 Response of the force–time curve for the 
squat movement to various types of resistance training 
programs.

Force–Time and Force–Velocity 
Curves
The force–time and force–velocity curves are 
important when examining forms of weight train-
ing, such as power training, plyometric training, 
and isokinetic training. Changes in these curves 
depend on neural, protein quality, and muscle size 
changes with training. With strength training, ide-
ally, the skeletal muscle force–time curve, which 
depicts force increases with increasing time of 
muscle activation, moves up and to the left (see 
figure 3.25). An optimal training type configu-
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at which crossbridges can be formed and broken 
with the active sites on the actin filament. Thus, a 
high percentage of type II fibers results in a faster 
contraction velocity and moves the force–velocity 
curve to the left and up.

Conversely, as the velocity of movement 
increases, the force that a muscle can develop 
eccentrically actually increases. This is thought to 
be due to the elastic component of muscle. How-
ever, the actual explanation for such a response 
remains unclear. It is interesting to note that eccen-
tric force at even low velocities is higher than the 
highest concentric force or isometric force. Such 
high force development when using maximal 
eccentric muscle actions has been related to muscle 
damage in untrained people. However, it has been 
demonstrated that muscle exposed to repeated 
eccentric actions can adapt, and the damage per 
training session is reduced in successive training 
sessions (Clarkson and Tremblay 1988; Gibala et 
al. 2000; Howatson and van Someren 2008; Mair 
et al. 1995). Interestingly, maximal eccentric force 
is not achieved at the percentages of 1RM normally 
used for resistance training. Although concentric 
training causes changes in the eccentric portion 
of the force–velocity curve, greater force increases 
occur in the concentric portion of the curve with 
concentric training (see the discussion of isoki-

netics in chapter 2). Conversely, eccentric training 
results in greater changes in the eccentric portion 
of the force–velocity curve. Therefore, inclusion of 
both the concentric and eccentric components in a 
repetition, as in normal weight training, is vitally 
important to any resistance training program if 
changes in both the concentric and eccentric por-
tions of the force–velocity curve are desired.

The information concerning velocity at which 
training is performed points to four important 
conclusions (see the discussion of isokinetics in 
chapter 2). First, if the training program prescribes 
the use of only one velocity of movement, it should 
be an intermediate velocity. Second, any training 
velocity increases strength within a range above 
and below the training velocity. Third, veloci-
ty-specific training may be needed for optimal 
performance in some sports. Fourth, ideally, a peri-
odized program with varying resistance loads will 
improve the entire force–velocity curve. Finally, 
more research is needed to distinguish between the 
effects of neural factors and the effects of changes 
within the muscle fibers on the changes in the 
force–velocity curve.

Body Composition Changes
Body composition changes do occur in short-term 
resistance training programs (6 to 24 weeks). Table 
3.3 depicts the changes in body composition 
due to various training programs. Normally, the 
body is divided into two compartments when 
examining body composition. The terms lean 
body mass (LBM) and fat-free mass (FFM) are often 
used interchangeably. However, the two terms do 
have different definitions. Lean body mass refers 
to essential fat plus all nonfat tissue, and fat-free 
mass refers to only all nonfat tissue. Essential fat 
is the fat necessary for normal body functions. It is 
not possible to have 0% fat. Fat stores are needed 
to pad the heart, kidneys, and other vital organs; 
they also serve as the structural components of 
membranes and as fuel stores for energy. With 
the commonly used means to determine body 
composition (hydrostatic weighing, skinfolds, 
dual-energy X-ray absorptiometry), it is not pos-
sible to differentiate between essential fat and 
nonessential fat, so fat-free mass is actually what 
is being determined. Fat weight is the weight of fat 
contained in the body. Total body weight equals 
fat-free mass plus fat weight. For the purpose of 
comparison, fat weight is frequently expressed as 
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FiguRE 3.26 The force–velocity curve depicts the max-
imal force as velocity of concentric and eccentric muscle 
actions changes. Note that maximal force in any eccentric 
action is greater than force in an isometric or concentric 
muscle action.
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TABlE 3.3 Changes in Body Composition Due to Weight Training
Changes based on type of training

Reference Sex
Type of 
training

Length of 
training 
(weeks)

Days  
of training 
per week

intensity of available % 1RM/ 
Set and repetitions performed 
if no % then RM resistance and 
repetitions

number 
of  
exercises

Total 
weight 
(kg) LBM (kg) % fat

Withers et al. 
1970 

F DCER 10 3 40-55% of 1RM/ 1 set of repeti-
tions for 30 sec

10 +0.1 +1.3 –1.8

Withers et al. 
1970

M DCER 20 3 Intensity 40-55% of 1RM/ 1 set 
of repetitions for 30 sec

10 +0.7 +1.7 –1.5

Fahey and 
Brown 
1973

M DCER 9 3 2 exercises 5 sets  5 reps
2 exercises 3 sets  5 reps
1 exercise 5 sets  1 or 2 reps

5 +0.5 +1.4 –1.0

Brown and 
Wilmore 
1974

F DCER 24 3 8 wk = 1  set of 10, 8, 7, 6, 
5, 4 reps

16 wk = 1 set of  10, 6, 5, 4, 
3reps

4 –0.4 +1.0 –2.1

Mayhew and 
Gross 1974

F DCER 9 3 2 sets  10 reps 11 +0.4 +1.5 –1.3

Misner et al. 
1974

M DCER 8 3 1 set  3-8 reps 10 +1.0 +3.1 –2.9

Peterson 
1975

M VR 6 3 1set  10-12 reps 20 — –0.8 +0.6

Coleman 
1977

M IT 10 3 2 sets  8- to 10RM reps 11 +1.7 +2.4 –9.1

Coleman 
1977

M VR 10 3 1 set  10- to 12RM reps 11 +1.8 +2.0 –9.3

Gettman and 
Ayres 1978

M IK (60°/
sec)

10 3 3 sets  10-15 reps 7 –1.9 +3.2 –2.5

Gettman and 
Ayres 1978

M IK (120°/
sec)

10 3 3 sets  10-15 reps 7 +0.3 +1.0 –0.9

Wilmore et 
al. 1978

F DCER 10 2 2 sets  7-16 reps 8 –0.1 +1.1 –1.9

Wilmore et 
al. 1978

M DCER 10 2 2 sets  7-16 reps 8 +0.3 +1.2 –1.3

Gettman et 
al. 1979

M DCER 20 3 50% of 1RM, 6 wk = 2 sets  
10-20 reps

14 wk = 2 sets  15 reps

10 +0.5 +1.8 –1.7

Gettman et 
al. 1979

M IK 8 3 4 wk = 1 set  10 reps at 60°/
sec

4 wk = 1 set  15 reps at 90°/
sec

9 +0.3 +1.0 –0.9

Gettman et 
al. 1980

M VR 20 3 2 sets  12 reps 9 –0.1 +1.6 –1.9

Gettman et 
al. 1980

M IK (60°/
sec)

20 3 2 sets  12 reps 10 –0.6 +2.1 –2.8

Hurley Seals, 
Ehsani et 
al. 1984a 

M VR 16 3 or 4 1 set  8- to 12RM 14 +1.6 +1.9 –0.8

Hunter 1985 F DCER 7 3 3 sets  7-10 reps 7 –0.9 +0.3 –1.5

Hunter 1985 F DCER 7 4 2 sets  7-10 reps 7 +0.7 +0.7 –0.5

Hunter 1985 M DCER 7 3 3 sets  7-10 reps 7 +0.6 +0.5 –0.2

Hunter 1985 M DCER 7 4 2 sets  7-10 reps 7 0 +0.5 –0.9

Crist et al. 
1988

M and F DCER 6 5 — — +1.0 +2.0 –3.0
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>continued

Changes based on type of training

Reference Sex
Type of 
training

Length of 
training 
(weeks)

Days  
of training 
per week

intensity of available % 1RM/ 
Set and repetitions performed 
if no % then RM resistance and 
repetitions

number 
of  
exercises

Total 
weight 
(kg) LBM (kg) % fat

Bauer, Thayer, 
and Baras 
1990

M and F SSC 10 3 4-7 sets  20 sec for continu-
ous reps

— 0 +1.0 –3.0

Staron et al. 
1991

F DCER 20 2 1 day/wk 3 sets  6- to 8RM
1 day/wk 3 sets  10- to 12RM

3 +2.0 +6.0 –4.0

Staron et al. 
1989

F DCER 18 2 3 sets  6-8 reps 4 0 +1.0 –1.0

Pierce, 
Rozenek, 
and Stone 
1993

M DCER 8 3 3 wk 3 sets  10RM
3 wk 3 sets  5RM
2 wk 2 sets  10RM

10 +1.0 +1.0 –4.0

Butts and 
Price 1994

F DCER 12 3 1 set  8- to 12RM 12 –0.1 +1.3 –2.2

Staron et al. 
1994

M DCER 8 2 First 4-wk cycle warm-up 6- to 
8RM

Second 4-wk cycle warm-up 10- 
to 12RM

3 +0.7 +1.8 –2.1

Staron et al. 
1994

F DCER 8 2  Training Cycle 1 warm-up 6- to 
8RM

Training Cycle 2 warm-up 10- to 
12RM

3 +1.3 +2.4 –2.9

Hennessy 
and Watson 
1994

M DCER 8 3 2-6 sets  1-10 reps 7 +2.9 +3.7 –1.4

Kraemer 
1997

M DCER 14 3
3

1 set  8-10 RM
2-5 sets  8-10 RM

10
9

+1.4
+4.3

+2.7
+8.2

–1.5
–4.3

Kramer, J.B. 
et al. 1997

M DCER 14 3 3 sets  10 reps
3 sets  1-10 reps
1 set  8-12 reps

4
4
4

+1.5
+0.3
+0.2

+1.1
+0
+0.4

+0.2
+0.2
–0.1

Hoffman and 
Kalfeld 
1998

F DCER 13 4 days/wk 
for 3 wks

1 day/wk 

3 wk 3-4 sets  8-12 RM 4-6 +2.6 +3.1 –2.1

Mclester et 
al. 2000

M and F DCER 12 1 3 sets 3-10 reps 9 +0.4 +1.0 –0.6

Mclester et 
al. 2000

M and F DCER 12 3 1 set  3-10 reps 9 +3.5 +4.6 –1.2

Mazzetti et 
al. 2000

M DCER 12 2-4 2-4 sets  3-12 reps 7 or 8 +4.1 +1.4 +2.1

Kraemer, 
Keuning, 
Ratamess 
2001 

F DCER 12 3 2 or 3 sets  10 RM 10 –1.0 +3.6 –5.3

Kraemer Maz-
zetti 2001

F DCER 36 2 or 3 1 set  8-12RM 14 — +1.0 –2.5

Kraemer, 
Mazzetti et 
al. 2001 

F DCER 36 4 2-4 sets  3-5RM
2-4 sets  8-10RM
2-4 sets  12-15RM

12 — +3.3 –4.0

lemmer et 
al. 2001

M AR 24 3 Upper body
1 set  15RM lower body 2 

sets  15RM

8 +0.2 +2.0 –1.9
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Changes based on type of training

Reference Sex
Type of 
training

Length of 
training 
(weeks)

Days  
of training 
per week

intensity of available % 1RM/ 
Set and repetitions performed 
if no % then RM resistance and 
repetitions

number 
of  
exercises

Total 
weight 
(kg) LBM (kg) % fat

lemmer et 
al. 2001

F AR 24 3 Upper body
1 set  15RM lower body 2 

sets  15RM

8 +2.5 +1.9 +0.4

Marx et al. 
2001

F DCER 24 3 1 set  8- to 12RM 10 — +1.0 –2.5

Marx et al. 
2001

F DCER 24 4 2-4 sets  3-5RM
2-4 sets  8-10RM
2-4 sets  12-15RM

7-12 — +3.3 –6.7

Campos et 
al. 2002

M DCER 8 2 for first 
4 wk

3 for 
second 4 
wk

4 sets  3-5RM 3 +2.3 — —

Campos et 
al. 2002

M DCER 8 2 for first 
4 wk

3 for 
second 4 
wk

3 sets  9-11RM 3 +1.7 — —

Campos et 
al. 2002

M DCER 8 2 for first 
4 wk

3 for 
second 4 
wk

2 sets  20-28RM 3 +1.3 — —

Kemmler et 
al. 2004

F DCER 29 2 1 set  65-90% 11 — — —

Kemmler et 
al. 2004

F DCER 29 2 2-4 sets  65-90% of 1RM 11 — — —

Galvao and 
Taaffe 
2005 

M and F DCER 20 2 and fewer 1 set  8 reps  7 upper –0.1 +0.5 –0.6

Galvao and 
Taaffe 
2005 

M and F DCER 20 2 3 sets  8 reps and lower 7 upper 0 +0.7 –1 

Ibañez et al. 
2005

M DCER 16 Min 2 day 
elapsed 
between 
2 and 4 
consecu-
tive days

First 8 wk
2-4 sets  10-15 res (50-70% 

of 1RM)
Second 8 wk
3-5 sets  5-6 reps (70-80% 

of 1RM)
3 or 4 sets  6-8 reps (30-50% 

of 1RM)

2 leg 
exten-
sion

5 main 
muscle 
groups

–0.5 +1.8 –1.8%

Ades et al. 
2005

F DCER 5 3 1 set  10 reps
2 sets  10 reps

8-1 0 –0.6 —

Fleck, Mattie, 
and Mar-
tensen 
2006

F VRVR 14 3 3  10 11 –0.4 2.0 –1.2

Brooks et al. 
2006 

Sex (male/
female) 

ST 21/10
Control 

19/12

AR 16 3 Wk 1-8: 3 sets  8 reps at 
60-80% of 1RM

wk 10-14: 3 sets  8 reps at 
70-80% of 1RM

5 — +1.1 —

TABLE 3.3 >continued
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Changes based on type of training

Reference Sex
Type of 
training

Length of 
training 
(weeks)

Days  
of training 
per week

intensity of available % 1RM/ 
Set and repetitions performed 
if no % then RM resistance and 
repetitions

number 
of  
exercises

Total 
weight 
(kg) LBM (kg) % fat

Ronnestad et 
al. 2007

M DCER 11 3 Wk 1 and 2: 3 sets  10 reps 
upper

1 set  10 reps upper
Wk 3 and 4: 3 sets  8 reps 

upper
1 set  8 reps lower
Wk 5-11: 3 sets  7 reps upper
1 set  7 reps lower

8 +1.8% — –7.5

Ronnestad et 
al. 2007

M DCER 11 3 Wk 1 and 2: 3 sets  10 reps 
lower

1 set  10 reps upper
Wk 3 and 4: 3 sets  8 reps 

lower
1 set  8 reps upper
Wk 5-11: 3 sets  7 reps lower
1 set  7 reps upper

8 +3.6% — –12

Henwood et 
al. 2008

M and F DCER 24 2 3 sets  8 reps at 75% of 1RM 6 +1.5 –0.8 —

Henwood et 
al. 2008

M and F DCER 24 2 1 set  8 reps at 45% of 1RM
1 set 
8 reps at 50% of 1RM
1 set  ≥8 reps at 75% of 1RM

5 +1.2 –0.6 —

Benson et al. 
2008

M and F DCER 8 2 2 sets  8 reps 11 +1.5 +1.4 –0.3

McGuigan et 
al. 2009

M and F DCER 8 3 Training Cycle 1: 3 sets  10 
reps

Training Cycle 2: 3 sets  
10-12 reps

Cycle: 3 sets  3-5 reps

7
7
7 

+1.1 +1.7 –1.2

Benton et al. 
2011

F DCER 8 3 noncon-
secutive

3 sets  8-12 reps 8 +1.4 +1.3 +0.2

Benton et al. 
2011

F DCER 8 4 consecu-
tive

3 sets  8-12 reps 6 upper
or
6 lower

+0.7 +0.7 +0.1

AR = air resistance; DCER = dynamic constant external resistance; IK = isokinetic; SSC = stretch-shortening cycle; ST = strength training; VR = variable resis-
tance; VVR = variable variable resistance.

a percentage of total body weight or percent body 
fat (% fat). For example, if a 100 kg (220 lb) athlete 
is 15% fat, his fat-free mass, fat weight, and total 
body weight are related as follows:

Fat weight = 0.15  100 kg = 15 kg
Fat-free mass = total body weight – fat weight

= 100 kg – 15 kg = 85 kg

Normally, the goals of a strength training pro-
gram are to increase fat-free mass and decrease fat 
weight and percent fat. Increases in fat-free mass are 
normally viewed as mirroring increases in muscle 
tissue weight. Strength training induces decreases 
in percent fat and increases in fat-free mass (see 
table 3.3). Total body weight, for the most part, 

shows small increases over short training peri-
ods. This occurs in both men and women using 
dynamic constant external resistance (DCER), vari-
able resistance (VR), and isokinetic (IK) training 
with programs involving a variety of combinations 
of exercises, sets, and repetitions. Because of the 
variation in the numbers of sets, repetitions, and 
exercises and relatively small body composition 
changes, it is impossible to reach concrete con-
clusions concerning which program is optimal for 
decreasing percent fat and increasing fat-free mass. 
However, several studies report significantly greater 
changes in body composition with high-volume, 
multiple-set programs compared to low-volume, 
single-set programs (Kraemer et al. 2000; Marx et 
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al. 2001) and suggest that periodized programs can 
result in greater changes in body composition than 
nonperiodized programs (Fleck 1999).

Although some studies report larger increases 
in fat-free mass, the largest increases consistently 
reported are a little greater than 3 kg (6.6 lb) in 
approximately 10 weeks of drug-free training. 
This translates into a fat-free mass increase of 0.3 
kg (0.66 lb) per week. When larger gains in fat-

free mass are shown, factors such as the trainees 
going through a natural growth period may be 
the cause. The very large gains in body weight that 
some coaches desire for their athletes during the 
off-season are unlikely to be muscle mass unless 
the athletes are young and going through a growth 
period.

Table 3.4 summarizes the results of studies inves-
tigating percent fat in bodybuilders and Olympic 

TABlE 3.4 Percent Fat of Advanced Strength-Trained Athletes 
Reference Caliber of athletes Percent fat

Men

Fahey, Akka, and Rolph 1975 Ol—national and international 12.2

Tanner 1964 Ol—national and international 10.0

Sprynarova and Parizkova 1971 Ol—national and international 9.8

Fry et al. 1994 Ol—national and international 8.9

Katch et al. 1980 Ol and Pl—national and international 9.7

McBride et al. 1999 Ol—national
Pl—national

10.4
8.7

Fahey, Akka, and Rolph 1975 Pl—national and international 15.6

Dickerman, Pertusi, and Smith 2000 Pl—national and international (record holder 
case study)

14.0

Fry, Kraemer, Stone, et al. 1994 Ol—junior national 5.0

Katch et al. 1980 BB—national 9.3

Zrubak 1972 BB—national 6.6

Fahey, Akka, and Rolph 1975 BB—national and international 8.4

Pipes 1979 BB—national and international 8.3

Bamman et al. 1993 BB—regional (12 weeks pre)
BB—regional (competition)

9.1
4.1

Manore, Thompson, and Russo 1993 BB—international 6.9

Kleiner, Bazzarre and Ainsworth 1994 BB—national 5.0

Withers et al. 1997 BB—national (10 weeks precompetition)
BB national (competition)

9.1
5.0

Too et al. 1998 BB—regional (competition) 4.1

Maestu et al. 2010 BB—national and international 9.6-6.5*

Women

Freedson et al. 1983 BB—national and international 13.2

Walberg-Rankin, Edmonds, and Gwazdauskas 
1993

BB—regional 12.7

Kleiner, Bazzarre, and Ainsworth 1994 BB—national 9.0

Alway 1994 BB—national and international 13.8

Alway 1994 BB—national 18.7

Van der Ploeg et al. 2001 BB—local (12 weeks precompetition)
BB—local (competition)

18.3
12.7

Stoessel et al. 1991 Ol—national and international 20.4

Fry et al. 2006 Ol—national and international 6.4

Ol = Olympic lifters; Pl = powerlifters; BB = bodybuilders.

* 9.6% = training; 6.5% = precompetition.
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weightlifters and powerlifters. Average percent fat 
of these highly resistance-trained males ranged 
from 4.1 to 15.6%, whereas female bodybuilders 
demonstrated an average of 6.4 to 20.4%. For the 
bodybuilders, these values significantly decreased 
as the competition day approached. All of these 
values are lower than the average percent fat of 
college-age males and females of 14 to 16% and 
20 to 24%, respectively. Highly resistance-trained 
athletes are therefore leaner than average people 
of the same age.

It should be noted, however, that the average 
off-season percent fat of most of the depicted 
groups of male athletes is above the fat levels of 3 
to 5% for men and 12 to 14% for women needed 
to maintain normal bodily function (Frish and 
McArthur 1974; Heyward and Wagner 2004; Sin-
ning 1974). However, several of the groups did 
approach the minimal fat levels needed to main-
tain normal bodily function, and a few were at 
these percent fat levels. The fat levels women need 
to maintain normal bodily function may be higher 
than those for men to ensure normal functioning 
of the reproductive cycle (Frisch and McArthur 
1974; Heyward and Wagner 2004). Additionally, 
when people approach or reach essential fat levels 
and are losing total body weight, a large portion 
of the weight they lose is fat-free mass. This is 
true even in highly weight-trained people such as 
bodybuilders, who continue to weight train while 
losing total body weight and fat weight (Too et 
al. 1998; Withers et al. 1997). Essential fat levels, 
therefore, are not to be viewed as ideal or target 
fat levels for athletes.

hormonal Systems  
in Resistance Exercise  

and Training
The endocrine system is part of a complex and 
interactive signaling system mediating a host 
of physiological processes both at rest and in 
response to the recruitment of motor units with 
exercise stress. Many hormone actions are subtle, 
but without them, normal physiological function 
would not be possible. The basic function of a 
hormone is to send a signal to a target tissue via 
its receptor. With resistance exercise, motor units 
recruited dictate the amount of muscle activity and 
in turn the need for various hormones to support 
the acute homeostatic demands as well as the 
eventual needs for repair and recovery from the 

exercise stress-induced damage leading to long-
term adaptations in muscle and other tissues.

In classic terms, the endocrine system involves 
a hormone molecule secreted from a gland into 
the blood, which is transported to a target cell 
where it binds to a receptor delivering a signal 
to the cell (e.g., epinephrine released from the 
adrenal medulla interacts with beta-2 receptors 
in the muscle). The system in which a hormone 
is released from a cell and binds to the receptor of 
another cell is called the paracrine system (e.g., 
adipocytes releasing leptin to interact with other 
fat cells); the system involved when a hormone is 
released from a cell and interacts with the same cell 
is called the autocrine system (e.g., muscle fibers 
releasing a splice variant of IGF-I, or mechano 
growth factor, to interact with the same muscle 
fiber that released it). Thus, hormones can interact 
with the cells of the body in a number of ways. 
The close association of hormones to the nervous 
system makes the neuroendocrine system poten-
tially one of the most important physiological 
systems related to resistance training adaptations. 
The overall systematic interface of hormones with 
target cells, primarily muscle cells, is shown in 
figure 3.27.

Hormones are signaling molecules that send 
messages to target cell receptors by binding to 
them. Depending on the state of the receptor, the 
signal may or may not be transmitted because the 
hormone may or may not bind with the receptor. 
Receptors are either upregulated, meaning that 
they will accept a hormonal signal and there is 
an increase in the maximum binding capacity, or 
they are downregulated, meaning that they will 
not accept a hormonal signal because of decreased 
binding capacity or the fact that they are already 
saturated with that hormone. Based on any of 
the preceding binding conditions the hormonal 
signal is either increased, decreased, or nonex-
istent. Furthermore, almost all hormones have 
multiple target cells and are involved with multiple 
physiological systems. The types of hormones and 
the ways they can interact with target tissue make 
the actions of hormones diverse (Kraemer 1988, 
1992a, b, 1994; Kraemer and Ratamess 2005; 
Norris 1980).

It is well established that resistance exercise 
causes a release of hormones in the classic sense 
as well as by autocrine and paracrine release mech-
anisms. Furthermore, these release mechanisms 
are sensitive to the acute program variables that 
create various resistance exercise workouts. Sex and 
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training level may also modulate the magnitude 
of a hormonal response. It is apparent that the 
endocrine release of hormones is sensitive to the 
following characteristics created by varying com-
binations of the acute program variables:

• Amount of muscle mass recruited
• Intensity of the workout
• Amount of rest between sets and exercises
• Volume of total work

In addition to the acute program variables, 
other physiological mechanisms may contribute 
in varying degrees to the observed changes in 
peripheral blood concentrations of hormones, 
acute responses to resistance training, and chronic 
adaptations. These include the following:

• Fluid volume shifts: Body fluid tends to shift 
from the blood to the cells as a result of exercise. 
This shift can increase hormone concentrations in 
the blood without any change in secretion from 
endocrine glands. It has been hypothesized that 
regardless of the mechanism of increase, such 
concentration changes increase the possibility of 
receptor interaction.

• Amount of synthesis and amount of hor-
mones stored in glands: These factors can affect 
the release of, and therefore the concentration of, 
a hormone in the circulation.

• Tissue (especially liver) clearance rates of 
a hormone: Hormones circulate through various 
tissues and organs (the liver is one of the major 
processing organs in the body). The liver does 

Autocrine hormone release
Cell to same cell

Paracrine hormone release
Cell to other cells

Glands of the endocrine system
release hormones into the blood

Endocrine hormone release

Hormone release to
tissue-specific cell receptors

= Downregulated receptors
   do not bind with hormones
   (no signal)

= Upregulated receptors
   bind with hormones to
   to signal DNA

Cells

Nucleus

DNA

Signals

Signals

Signals

Exercise stimulus:
• Volume
• Intensity
• Rest

Mechanical forces

FiguRE 3.27 Endocrine interactions with cells. Resistance exercise stimulates the body’s endocrine response by 
causing the release of hormones. These hormones interact with various cell receptors. Hormonal signals come from the 
endocrine, paracrine, and autocrine mechanisms and interact with the cell’s DNA, resulting in the hormone’s signal for 
either an increase or decrease in protein synthesis.
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break down, or degrade, some hormones. Time 
delays of the hormone being available to a target 
tissue are seen as the hormone goes through the 
circulation in the liver and other tissues (e.g., 
lungs). The clearance time of a tissue keeps the 
hormone away from contact with target receptors 
in other parts of the body or can degrade it, making 
it nonfunctional.

• Hormonal degradation (i.e., breakdown of 
the hormone): Each hormone has a specific half-
life. In other words, each hormone is available to 
bind with receptors only for a specific amount of 
time before it is degraded.

• Venous pooling of blood: Blood flow back 
to the heart is slowed by the pooling of blood in 
the veins; the blood is delayed in the peripheral 
circulation as a result of intense muscle activity 
(i.e., muscle contractions greater than 45% of 
maximal). Thus, blood flow must recover during 
intervals when muscle activity is reduced. Blood 
pooling can increase the concentrations of hor-
mones in the venous blood and also increase the 
time of exposure to target tissues.

• Interactions with binding proteins in the 
blood: Hormones bind with specialized proteins 
in the blood that help with their transport. Free 
hormones (i.e., those hormones that exist in 
the blood not bound to a binding protein) and 
bound hormones interact differently with tissue. 
Ultimately, the free hormone typically interacts 
with the membrane or other cellular or nuclear 
receptors, although recent investigations show 
that aggregates of hormones, hormones bound 
to a binding protein or hormone dimer (i.e., two 
of the same hormone bound together), can also 
interact with some receptors. So the conceptualiza-
tion of hormone binding has now started to evolve 
beyond the “free hormone hypothesis” where it 
was once thought that only hormones not bound 
to a binding protein can bind to a receptor and 
signal the genetic machinery.

• Receptor interactions: All of the previously 
mentioned mechanisms interact to produce a 
certain concentration of a hormone in the blood, 
which influences the potential for interaction with 
the receptors in target tissue. Receptor interaction is 
also affected by receptor affinity for a hormone and 
receptor density in the target cells. These factors 
all interact and result in the number of hormonal 
signals sent to the cell nucleus by the hormone, 
a hormone–receptor complex, or secondary mes-
senger systems.

Another factor that can affect a hormone’s 
measured blood concentration is the timing of 
obtaining a blood sample. For example, increases 
in serum total testosterone are evident when blood 
is sampled during and immediately after training 
protocols that use large-muscle-group exercises 
(e.g., deadlift). When blood is sampled four hours 
or more after exercise, other factors, such as diurnal 
variations (normal fluctuations in hormone levels 
throughout the day) or recovery phenomena can 
affect the hormone's concentration in the blood 
(see figure 3.28).

Resistance training can acutely (Kraemer et 
al. 1990, 1991; Kraemer, Dziados et al. 1993; 
Kraemer, Fleck et al. 1993) increase circulating 
concentrations of hormones, but hormones are 
differentially sensitive to different types of acute 
program variables. The endocrine system plays 
an important support function for adaptational 
mechanisms, ultimately with continued training 
resulting in enhanced muscular force production 
(Kraemer 1988, 1992a, 1992b; Kraemer et al. 1991, 
1992a, 1992b). However, the hormonal responses 
to resistance exercise are highly integrated with 
nutritional status, acute nutritional intake, train-
ing status, and other external factors (e.g., stress, 
sleep, disease) that affect the remodeling and 
repair processes of the body. Regulation of blood 
glucose concentrations, fluid regulation, body 
temperature control, blood vessel diameter con-
trol, brain function, and mineral metabolism are 
just a few of the physiological functions regulated 
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or  mediated by hormonal actions during exercise. 
Once a resistance exercise session is completed, 
the body’s hormonal systems help to mediate the 
repair and remodeling processes in tissues dis-
rupted or damaged; this involves the modulation 
of anabolic and catabolic responses in cells and 
tissues affected by the exercise session. While some 
have called for a requiem on the measurement 
of hormonal concentrations in the blood, this 
approach is illogical as such data represent one 
step in the biocompartmentation for signaling 
molecules for target cells and provide insights as 
to overt responses. What is needed is proper under-
standing of context and interpretation of the results 
and understanding of the binding characteristics 
of the target cells and tissues. 

Both the endocrine glands and tissues improve 
their structure and function to cope with the phys-
iological demands of resistance training. Table 3.5 
provides a summary of the major hormones and 
their actions.

hormonal Responses  
and Adaptations
Again, beyond maintaining normal homeostasis in 
cells and tissues, hormones act as signal molecules 
and respond to support the demands of motor 
unit recruitment for movement. Organs such as 
skeletal muscle, bone, and connective tissue are 
the ultimate target cells of most resistance training 
programs. However, with resistance exercise stress, 
every system that is called on to support a homeo-
static response during exercise or is involved with 
recovery from exercise experiences a training effect, 
including the endocrine glands themselves. As an 
example, the adrenal medulla release of epineph-
rine in highly trained athletes performing maximal 
levels of exercise is greater than that in untrained 
people; this results in a higher blood concentration 
in trained athletes, which facilitates high levels 
of cardiovascular function (Kraemer et al. 1985).

The endocrine system can be activated in 
response to an acute resistance exercise stress or be 
altered after a period of chronic resistance training. 
The mechanisms that mediate acute homeostatic 
changes typically respond to acute resistance exer-
cise stress with a sharp increase or decrease in hor-
monal concentrations, to regulate a physiological 
function such as protein metabolism or immune 
cell activation. Many adaptations occur within 
the endocrine, paracrine, and autocrine systems 
and are often hard to distinguish from each other. 
These changes are temporally related to changes 

in the target organs and the tolerance of exercise 
stress. However, factors other than exercise stress 
can also affect the endocrine system. For example, 
serum testosterone decreases with the ingestion of 
protein or a meal indicating an increased uptake by 
the androgen receptor. The potential for adaptation 
is great because of the many sites and mechanisms 
that can be affected. Thus, the interpretation of 
circulating concentrations must be done with care 
and considering the physiological context of an 
increase or a decrease in blood concentrations at 
rest or following exercise. For example, increases 
in a hormone can be an important signal for the 
upregulation of a receptor followed by a decrease 
in the circulatory concentrations. Thus, the inter-
pretation of blood concentrations must consider 
the context of the demands of the exercise and 
other external factors (e.g., nutrition, environ-
ment). Physical stress can increase a hormonal 
concentration in the blood, but that does not mean 
that all target tissues will be affected. Because of 
the many differences in circulatory profusion and 
specific motor unit recruitment demands (e.g., 
less for endurance exercise and more for heavy 
resistance exercise), the hormonal signals and 
receptor interactions can be quite different despite 
a similar concentration in the blood. However, 
to summarily discount even small increases or 
decreases in the hormonal responses to a stress 
as trivial or without meaning belies the true com-
plexity and evolutionary development of a highly 
responsive and active hormonal system to cope 
with physiological demands. The responses of 
the neuroendocrine system are one of the primary 
mediators of adaptations to resistance training.

Anabolic and Catabolic hormones
The primary anabolic hormones involved in 
muscle tissue growth and remodeling discussed in 
this section are testosterone, growth hormone(s), 
and insulin-like growth factors (IGF). Insulin also 
plays a key role, but it does not appear to be oper-
ational in normal ranges of protein metabolism 
(Wolfe 2000). Cortisol plays a major catabolic role 
and is also a vital hormone beyond this function. 
Likewise, thyroid hormones are vital (i.e., without 
them, chemical reactions cannot occur normally) 
to the biochemical and metabolic reactions regu-
lated by other hormones (Greenspan 1994).

Testosterone
Historically, testosterone, a major androgen-
ic-anabolic hormone, has been attributed with 
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significant influences on anabolic functions in the 
human body, especially males (Bricourt et al. 1994; 
Kraemer 1988:Vingren et al. 2010). After secretion, 
testosterone is transported to target tissues bound 
to a transport protein, termed sex hormone–
binding globulin, after which it associates with a 

membrane-bound protein or cytosolic receptor, 
is activated, and subsequently migrates to the cell 
nucleus where interactions with nuclear receptors 
take place. This results in protein synthesis. When 
normal hypothalamic hormones were blocked 
from producing luteinizing hormone, which 

TABlE 3.5 Selected hormones of the Endocrine System and Their Functions
Endocrine gland hormone Some important functions

Testes Testosterone Stimulates development and maintenance of male sex characteristics; 
promotes growth; interacts with satellite cell function; increases pro-
tein anabolism.

Anterior pituitary Growth hormone(s) Stimulates insulin-like growth factor release from liver; interacts with 
adipocytes; increases protein synthesis; promotes growth and organic 
metabolism. 

Adrenocorticotropin 
(ACTH)

Stimulates glucocorticoid release from adrenal cortex.

Thyroid-stimulating  
hormone (TSH)

Stimulates thyroid hormone synthesis and secretion.

Follicle-stimulating  
hormone (FSH)

Stimulates growth of follicles in ovaries, seminiferous tubules in testes, 
and ova, as well as sperm production.

luteinizing hormone 
(lH)

Stimulates ovulation and secretion of sex hormones from ovaries and 
testes.

Prolactin (lTH) Stimulates milk production in mammary glands; maintains corpora 
lutea; and stimulates secretion of progesterone.

Melanocyte-stimulating 
hormone

Stimulates melanocytes, which contain the dark pigment melanin.

Posterior  
pituitary

Antidiuretic hormone 
(ADH)

Increases contraction of smooth muscle and reabsorption of water by 
kidneys.

Oxytocin Stimulates uterine contractions and release of milk by mammary glands.

Adrenal cortex Glucocorticoids Inhibit or retard amino acid incorporation into proteins (cortisol, cor-
tisone); stimulate conversion of protein into carbohydrate; maintain 
normal blood sugar level; conserve glucose; promote fat metabolism.

Mineralcorticoids Increase or decrease sodium–potassium metabolism; increase (aldoste-
rone, deoxycorticosterone) body fluid.

Adrenal medulla Epinephrine Increases cardiac output; increases blood sugar, glycogen breakdown, 
and fat mobilization; stimulates muscle force production.

Norepinephrine (10%) Similar to epinephrine and also controls constriction of blood vessels; 
approximately 90% of norepinephrine comes from the sympathetic ner-
vous system as a neurotransmitter.

Proenkephalins (e.g., 
peptide F, E,)

Analgesia, enhance immune function. 

Thyroid Thyroxine Stimulates oxidative metabolism in mitochondria and cell growth.

Calcitonin Reduces blood calcium phosphate levels.

Pancreas Insulin Causes glycogen storage; aids in the absorption of glucose.

Glucagon Increases blood glucose concentrations.

Ovaries Estrogens Develop female sex characteristics; exert system effects such as growth 
and maturation of long bones.

Progesterone Develops female sex characteristics; maintains pregnancy; develops 
mammary glands.

Parathyroids Parathyroid hormone Increases blood calcium; decreases blood phosphate.
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resulted in testosterone deprivation or lowering 
testosterone to minimal detectable concentrations 
in young men during a resistance training program, 
strength development was thwarted despite the fact 
that other anabolic signaling systems remained 
intact (Kvorning et al. 2006, 2007). This finding 
demonstrates the dramatic importance of normal 
testosterone concentrations in developing muscle 
force production capabilities in men.

In men several factors appear to influence the 
acute serum concentrations of total testosterone 
(free plus bound to sex hormone–binding globu-
lin). The magnitude of increase during resistance 
exercise has been shown to be affected by the muscle 
mass involved and exercise selection (Volek et al. 
1997), exercise intensity and volume (Kraemer et 
al. 1990, 1991; Raastad, Bjoro, and Hallen 2000; 
Schwab et al. 1993), nutrition intake as protein, 
carbohydrate supplementation (Kraemer, Volek et 
al. 1998), and training experience (Kraemer, Fleck 
et al. 1999). Large-muscle-mass exercises such as 
Olympic lifts (Kraemer et al. 1992), the deadlift 
(Fahey et al. 1976), and the jump squat (Volek et 
al. 1997) have been shown to produce significant 
elevations in testosterone. In addition, variation in 
the training stimulus may be important in causing 
increases in serum testosterone (Hickson, Hidaka et 
al. 1994). The elevation in testosterone under fasted 
conditions acts as a signal along with the Hz gener-
ated by the external load and motor unit activations. 
When examined under fed conditions, testosterone 
decreases in the blood due to the uptake by muscle 
cells via increased binding to androgen receptors in 
the activated tissue. 

Not all resistance exercise protocols increase 
testosterone. This may be due to sampling in the 
fed state (protein and some carbohydrate), low 
volume and intensity, longer rest periods, lack of 
enough activated muscle tissue to affect androgen 
receptor binding, or a lack of needed physical stress 
(e.g., adrenergic response) to stimulate release. For 
example, knee extensions can develop quadriceps 
strength, but if this is the only exercise in the 
workout, a circulatory increase in testosterone may 
not be seen because of the dilution of the small 
amounts secreted into the larger blood supply. 
Many studies are limited by measuring testoster-
one at only one time point, but collectively they 
indicate independently or in various combinations 
that the following exercise variables can acutely 
increase serum testosterone concentrations in men 
after resistance exercise workouts:

• Large-muscle-group exercises (e.g., deadlift, 
power clean, squat)

• Heavy resistance (85 to 95% of 1RM)

• Moderate to high volume of exercise, 
achieved with multiple sets, multiple exer-
cises, or both

• Short rest intervals (30 seconds to 1 minute)

The majority of studies show that women 
typically do not demonstrate an exercise-induced 
increase in testosterone consequent to various 
forms of heavy resistance exercise (Bosco et al. 
2000; Consitt, Copeland, and Tremblay 2001; 
Häkkinen and Pakarinen 1995; Kraemer, Fleck et 
al. 1993; Stoessel et al. 1991). However, studies 
have also shown that women can show small acute 
increases of testosterone in response to resistance 
exercise (Kraemer et al. 1991; Kraemer, Fleck et al. 
1993; Nindl, Kraemer, Gotshalk et al. 2001). The 
testosterone response may vary with individual 
women, because some women are capable of 
greater adrenal androgen release. Significant eleva-
tions in resting serum testosterone due to resistance 
training has been shown; the response was greater 
with higher-volume, periodized, and multiple-set 
training than with a single-set program during six 
months of training (Marx et al. 2001). The type of 
resistance training program (i.e., volume, number 
of sets, intensity) may affect the magnitude of 
change in testosterone after a workout. A study 
with greater statistical power as a result of a large 
sample size showed smaller postexercise increases 
in testosterone after a resistance exercise workout 
in women (Nindl, Kraemer, Gotshalk et al. 2001). 
Thus, the inconsistent increases of testosterone 
in women may be due to small increases and the 
low number of participants in study samples or 
ineffective resistance exercise stressors.

Androgen concentrations in women are an 
inheritable trait, which suggests that some women 
are more capable of developing lean tissue mass 
and strength than other women are. This may be 
due to a greater number of muscle fibers in some 
women as a result of the influence of testoster-
one during embryonic development and cellular 
differentiation. These hypotheses require further 
investigation (Coviello et al. 2011), but they indi-
cate that the response of testosterone to training 
may depend on a variety of factors, and that some 
women may show a testosterone response to exer-
cise that is higher than that shown by most women.
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Adrenal androgens other than testosterone may 
play a greater role in women than men considering 
women’s low concentrations of testosterone. At 
rest, women typically have higher concentrations 
of androstenedione than men do. In programs 
consisting of four exercises for three sets to failure 
with 80% of 1RM and two-minute rest intervals, 
acute increases in circulating androstenedione of 8 
to 11% occur in both men and women, respectively 
(Weiss, Cureton, and Thompson 1983). However, 
androstenedione is significantly less potent than 
testosterone. Few studies have examined the acute 
response of testosterone precursors to resistance 
exercise. To date little is known about the effect 
of acute increases in androstenedione on muscle 
strength increases and hypertrophy.

Changes in androgen receptors are also an 
important consideration in the testosterone 
response to resistance exercise. Using a rat model, 
investigators found that in the soleus, a predom-
inantly type I muscle, androgen receptors were 
downregulated, whereas in the extensor digitorum 
longus, a predominantly type II muscle, androgen 
receptors were upregulated in response to resis-
tance training. This indicates a possible fiber-spe-
cific response to resistance exercise of androgen 
receptors (Deschenes et al. 1994). Powerlifters who 
use anabolic steroids have a much higher expres-
sion of androgen receptors in their muscles com-
pared to nonsteroid users (Kadi et al. 2000). This 
was most likely due to the pharmacological effects 
of the exogenous anabolic drug on skeletal muscle. 
Additionally, androgen receptor expression in neck 
muscles was higher than that in thigh muscles, 
which indicates a difference in the receptors in 
different muscles. Eccentric loading results in an 
increase of the mRNA for androgen receptors 48 
hours after exercise, indicating that acute changes 
in receptors might be related to signaling protein 
synthesis in the repair process in muscle tissue 
(Bamman et al. 2001). So, resistance exercise may 
upregulate or downregulate androgen receptor 
content in a fiber- or muscle-specific manner, and 
the androgen receptor response after exercise may 
be related to repair processes.

Training volume may have an impact on recep-
tor down- or upregulation. Comparing one set of 
10RM to six sets of 10RM in the squat, investigators 
observed significant elevations in serum testos-
terone with the multiple-set protocol, but not the 
single-set protocol. One hour after the session no 
changes in the androgen receptor content in the 

thigh muscle with the single-set protocol were 
shown, but a decrease in androgen receptor con-
tent was observed with the multiple-set protocol, 
indicating that the volume of exercise affects the 
androgen receptor response (Ratamess et al. 2005). 
The decrease in androgen receptors with the mul-
tiple-set protocol requires further explanation. It 
has been postulated that the first response after 
exercise in androgen receptors is a stabilization 
or no change followed by a decrease in andro-
gen receptor content leading to a rebound or an 
upregulation of the androgen receptors, which 
results in an increase in the maximum binding 
capacity (Kraemer and Ratamess 2005; Ratamess 
et al. 2005; Vingren et al. 2010). Therefore, the 
response of androgen receptors depends on when 
the androgen receptor content is measured, and the 
receptor response may depend on the testosterone 
response and dictate the pattern of changes in the 
biocompartment of blood.

To determine whether higher levels of testos-
terone could augment the response of the andro-
gen receptor with resistance exercise, subjects 
performed resistance exercise of the upper body, 
which increased testosterone concentrations in the 
blood, prior to performing heavy knee extension 
exercise versus just doing the heavy knee extension 
exercise with normal resting testosterone con-
centrations. Androgen receptor content was aug-
mented with the prior resistance exercise demon-
strating that increased circulating concentrations 
of testosterone stimulate upregulation of androgen 
receptors (Spiering et al. 2009). A similar study 
using leg exercise to increase testosterone (as well 
as growth hormone) prior to arm exercise showed 
enhanced development of arm musculature and 
strength compared to arm exercise in which ana-
bolic hormones were not elevated prior to the arm 
exercise (Rønnestad, Nygaard, and Raastad 2011). 
This indicates the possibility that an interplay 
exists between the testosterone concentration and 
receptor response to resistance exercise that results 
in the anabolic response to exercise.

Training status may also affect the testosterone 
and receptor response in both men and women. 
Highly strength-trained men and women show 
increases in total and free testosterone in response 
to resistance exercise, albeit women show 20- to 
30-fold lower values. However, in women andro-
gen receptors increased more quickly in the 
receptor stabilization phase and showed downreg-
ulation followed by upregulation of the androgen 
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receptors within one hour. The men were still in 
the downregulation phase as previously noted 
at one hour postexercise (Vingren et al. 2009). 
This indicates that the time course of receptor 
down- and upregulation may be different between 
the sexes. Additionally, glucocorticoid receptor 
numbers in both sexes did not change. However, 
because the women showed a higher postexercise 
cortisol concentrations, the glucocorticoid recep-
tors in women may have been saturated. Owing 
to the catabolic roles played by cortisol in muscle 
and its interference with the androgen receptor 
binding at the gene level, the interpretation of 
these findings is unclear.

Nutritional status may affect the testosterone 
and receptor response to exercise. Most studies 
have measured the testosterone response in a 
fasted state. Consuming protein and carbohydrate 
results in decreased blood testosterone concentra-
tions compared to no caloric consumption; this 
was hypothesized to be due to the uptake of testos-
terone by the skeletal muscle’s androgen receptors 
(Chandler et al. 1994; Kraemer, Volek et al. 1998). 
To test this hypothesis, scientists had subjects 
perform a resistance exercise workout (four sets of 
10RM of squat, bench, bent-over row, and shoulder 
press) twice, separated by one week. After each 
experimental training session they ingested either a 
water placebo or a shake consisting of 8 kcal · kg–1 

· body mass–1, consisting of 56% carbohydrate, 
16% protein, and 28% fat (Kraemer, Spiering et al. 
2006). Testosterone decreased from resting values 
during the recovery, whereas androgen receptors 
increased when the shake was ingested. The andro-
gen receptor response was greater with the shake 
ingestion than with water ingestion. From this it 
appears that protein and carbohydrate intake aug-
ments the androgen receptor upregulated response. 
This might be one reason for the value of the use of 
protein and carbohydrate supplementation before 
and after a resistance training workout.

The previous information concerns acute 
responses or short-term resistance training in 
generally untrained or moderately trained people. 
Over the course of two years of training, increases 
in resting serum testosterone concentrations do 
occur in elite weightlifters (Häkkinen et al. 1988c). 
This was concomitant to increases in follicle-stim-
ulating hormone and luteinizing hormone, which 
are the higher brain regulators of testosterone 
production and release. Such changes may help 
augment the neural adaptations that occur for 
strength gain in highly trained power athletes. The 

testosterone changes showed remarkable similar-
ities to the patterns of strength changes; however, 
the ratio of sex hormone–binding globulin to 
testosterone mirrored strength changes even more 
closely. It is interesting to hypothesize that in ath-
letes with little adaptive potential for changes in 
muscle hypertrophy (i.e., highly trained strength 
athletes), changes in testosterone cybernetics may 
be a part of a more advanced adaptive strategy 
for increasing the force capabilities of muscle via 
neural factors. This may reflect the interplay of 
various neural and hypertrophic factors involved in 
mediating strength and power changes as training 
time is extended into years.

growth hormone(s)
Growth hormone (GH) appears to be involved 
with the growth process of skeletal muscle and 
many other tissues in the body (Kraemer et al. 
2010). Furthermore, its role in metabolism also 
seems diverse. Additionally, GH has positive effects 
on growth, which is important for the normal 
development of a child. However, it also appears 
to play a vital role in the body’s adaptation to the 
stress of resistance training. The main physiological 
roles attributed to growth hormone are as follows:

• Decreases glucose use in metabolism

• Decreases glycogen synthesis

• Increases amino acid transport across cell 
membranes

• Increases protein synthesis

• Increases the use of fatty acids in metab-
olism

• Increases lipolysis (fat breakdown)

• Increases the availability of glucose and 
amino acids

• Increases collagen synthesis

• Stimulates cartilage growth

• Increases the retention of nitrogen, sodium, 
potassium, and phosphorus by the kidneys

• Increases renal plasma flow and glomerular 
filtration

• Promotes compensatory renal hypertrophy

How can one 191 amino acid polypeptide be 
responsible for so many functions? The answer is 
that GH is not one hormone but a part of a com-
plex superfamily of GH variants, aggregates, and 
binding proteins (for more detail, see Kraemer et 
al. 2010). The goal of this discussion is to review 
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the GH response to resistance training. GH is 
secreted by the anterior pituitary gland. However, 
because it is not one hormone but a heterogeneous 
GH superfamily of molecules, this complicates 
our understanding of the response to resistance 
exercise and adaptations to exercise.

The GH superfamily includes many different 
isoforms, variants, or aggregates of the 191 amino 
acid GH hormone that is genetically produced in 
the anterior pituitary gland. There are many exam-
ples of over 100 different possible modifications of 
the original GH hormone. You could have a splice 
variant called  the 20 kD mRNA splice variant, 
which has amino acids removed from the 22 kD 
polypeptide; or disulfide-linked homodimers (i.e., 
two 22 kD GH bonded together) and heterodimers 
(i.e., two GH isoforms bonded together, 22 kD 
and 20 kD, or 22 kD and a GH-binding protein); 
glycosylated GH; high-molecular-weight oligomers 
(i.e., multiple GH and binding proteins forming 
a high-molecular-weight protein); receptor-bound 
forms of GH; and hormone fragments resulting 
from proteolysis (Baumann 1991a). There are also 
two GH-binding proteins, one with high and the 
other with low affinity, which act as receptors for 
the external domain of the peptide receptor com-
plex, which binds to GH or other GH isoforms and 
helps create higher-molecular-weight aggregates 
along with GH isoforms binding to GH isoforms. 
The high-affinity GHBP does increase with resis-
tance exercise, but does not appear to be affected 
by resistance training (Rubin et al. 2005). Thus, 
the complexity of growth hormone secretions from 
the anterior pituitary gland are complex (Kraemer 
et al. 2010).

The actions of many members of the GH super-
family are not clearly understood. However, given 
their complex nature and numerous physiological 
actions, their responses to exercise may be differ-
ent. Additionally, some of the effects of the GH 
hormones on lipid, carbohydrate, and protein 
metabolism; longitudinal bone growth; and skel-
etal muscle protein turnover may be controlled 
by different GH isoforms (Hymer et al. 2001; 
Rowlinson et al. 1996).

The concept that different members of the 
GH family may have different responses to exer-
cise and that understanding the GH response is 
complicated is shown by the following examples. 
The effects of acute heavy resistance exercise 
on biologically active circulating GH in young 
women measured via immunoassay (22 kD) 
versus bioassay (>22 kD) techniques are different 

(Hymer et al. 2001). For example, the acute effect 
of resistance exercise was to significantly increase 
the lower-molecular-weight GH isoforms (30-60 
kD and <30 kD) when measured by the immu-
noassay (Strasburger et al. 1996), but not in the 
classic rat tibial line bioassay. Clearly, these two 
assays are not measuring the same members of 
the GH superfamily or are not identical in their 
sensitivity when measuring GH. Meanwhile, acute 
circulatory increases have been observed in men 
for bioactive GH (>22 kD) using the tibial line 
bioassay (McCall et al. 2000). This indicates that 
the GH response may be different depending on 
the assay used to measure the response. Thus, if 
not all assays for GH are measuring the same GH 
molecule, the interpretation of such results must 
be related to the type of assay that is being used. 
Historically, the majority of studies have measured 
GH using only immunoassays that determine only 
the responses and adaptations of the 22 kD GH 
polypeptide. Recent studies have shown that this 
may not represent the most biologically active GH 
form in the body. Therefore, future research needs 
to consider the complex pituitary control of the 
physiological response and adaptation of GH and 
the superfamily members.

The complexity of growth hormones’ response 
or adaptation to exercise is shown by the following 
examples. Identified over a decade ago, a small 
peptide called tibial line peptide (about 5 kD) was 
discovered in human plasma and human postmor-
tem pituitary tissue (Hymer et al. 2000). It is not 
part of the GH or IGF superfamilies of polypeptides, 
but it does control the growth of the growth plate 
in bone. However, because interaction with other 
tissues appears possible, it may be important in 
the response and adaptation to resistance training.

The main circulating isoform of GH is the 22 
kD polypeptide hormone. This hormone is also 
the most common GH measured. However, other 
spliced fragments, including 22 kD missing resi-
dues 32-46 or missing residues 1-43 and 44-191 
making 5- and 17 kD, respectively, have been iden-
tified. The distribution of 22 kD GH, and non-22 
kD isoforms varies in human blood and is thought 
to be due to varying metabolic clearance rates, 
circulating binding proteins, and the formation 
of GH fragments in peripheral tissues (Baumann 
1991b). Interestingly, the resting concentrations 
of bioactive GH aggregates are dramatically higher 
than those of the 22 kD isoform (e.g., resting con-
centrations of 22 kD isoform about 5 to 10 µg ∙ 
L–1 versus bioactive aggregate GHs about 1,900 to 
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2,100 µg ∙ L–1) suggesting that the aggregate bioac-
tive GH isoforms may have a much larger potential 
for tissue interactions. The presence and possible 
biological roles of these isoforms and aggregates of 
the GH superfamily of polypeptides in the control 
of fat metabolism and growth-promoting actions 
make the role of the primary 22 kD monomer less 
clear (Kraemer et al. 2010).

Blood circulation changes with exercise, and the 
effects of recombinant GH administration have 
been examined to try to understand the effects of 
GH (Hymer et al. 2000, 2001; McCall et al. 2000; 
Wallace et al. 2001). Historically, these effects of 
GH have been investigated through the examina-
tion of the 22 kD immunoreactive polypeptide or 
recombinant form (Nindl et al. 2003). Although 
not yet completely understood, some of the effects 
of GH are thought to be mediated by stimulating 
the cell-released insulin-like growth factors (IGFs; 
see the section Insulin-Like Growth Factors later 
in this chapter) via autocrine, paracrine, and/
or endocrine mechanisms (Florini, Ewton, and 
Coolican 1996; Florini et al. 1996). Although the 
exact binding interactions with skeletal muscle 
remain unknown, some information indicates 
that GH does bind to skeletal muscle receptors 
in pigs (Schnoebelen-Combes et al. 1996). More-
over, exogenous GH administration in children 
and adults who are GH deficient has been shown 
to increase muscle mass and decrease body fat 
(Cuneo et al. 1991; Rooyackers and Nair 1997). 
This information suggests the obvious conclusion 
that GH plays a significant anabolic role in skel-
etal muscle growth and that these effects of GH 
on skeletal muscle appear to have both direct and 
indirect influences.

Training adaptations are likely mediated by 
GH’s ability to increase muscle protein synthesis 
and decrease protein breakdown (Fryburg and 
Barrett 1995). Also, GH is known to stimulate 
the release of available amino acids for protein 
synthesis in vivo, as well as the release of other 
growth factors (e.g., IGF-I) from muscle cells, 
thereby implicating GH in recovery and tissue 
repair (Florini, Ewton, and Coolican 1996). 
Moreover, it has been shown that increases occur 
in circulating GH concentrations during or after 
heavy resistance exercise (or both) in men (Krae-
mer et al. 1990), women (Kraemer, Fleck et al. 
1993), and the elderly (Kraemer, Häkkinen et al. 
1998). This indicates that increased GH secretion 
and its associated enhanced potential for receptor 

interactions helps to improve muscle size, strength, 
and power consequent to heavy resistance exercise. 
The increased secretion may also be associated 
with the repair and remodeling of muscle tissue 
after resistance exercise.

Human 22 kD GH has been shown to increase 
during resistance exercise and 30 minutes postex-
ercise; greater values are associated with greater 
muscle mass involvement to perform the exercise 
(Kraemer et al. 1992), increased exercise intensity 
(Pyka, Wiswell, and Marcus 1992; Vanhelder, 
Radomski, and Goode 1984), increased exercise 
volume (Häkkinen and Pakarinen 1993; Kraemer, 
Fleck et al. 1993), and shorter rest periods between 
sets (Kraemer et al. 1990, 1991; Kraemer, Patton 
et al. 1995). However, because not all resistance 
training programs produce a significant elevation 
in serum 22 kD GH concentrations, a threshold 
volume and intensity may be needed for increases 
to occur (Vanhelder, Radomski, and Goode 1984). 
The exercise-induced increase of the 22 kD GH has 
been significantly correlated with the magnitude 
of type I and type II muscle fiber hypertrophy (r 
= .62-.74) after resistance training (McCall et al. 
1999). This indicates that the 22 kD GH in some 
way affects fiber hypertrophy.

Increased resistance exercise volume generally 
increases the acute GH response. Moderate- to 
high-intensity programs high in total work using 
short rest periods appear to have the greatest 
effect on the acute 22 kD GH response compared 
to conventional strength or power training using 
high loads, low repetitions, and long rest intervals 
in men (Kraemer et al. 1990, 1991) and women, 
although the resting concentrations of GH are sig-
nificantly higher in women (Kraemer, Fleck et al. 
1993). The effect of volume on the GH response 
is shown by the fact that 20 repetitions of 1RM in 
the squat produces only a slight increase in GH, 
whereas a substantial increase in GH was shown 
after 10 sets of 10 repetitions with 70% of 1RM 
(Häkkinen and Pakarinen 1993). Multiple-set 
protocols have elicited greater GH responses than 
single-set protocols in both sexes (Craig and Kang 
1994; Gotshalk et al. 1997; Mulligan et al. 1996). 
The preceding indicates that programs moderate 
in intensity but high in total work or volume using 
short rest intervals may elicit the greatest acute 
increase in 22 kD GH concentrations probably as 
a result of high metabolic demands.

The effect of high metabolic demands on 22 
kD GH release is supported by high correlations 
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between blood lactate and serum GH concen-
trations (Häkkinen and Pakarinen 1993), and 
it has been proposed that the H+ accumulation 
associated with lactic acidosis may be a primary 
factor influencing 22 kD GH release (Gordon 
et al. 1994). This finding is supported by an 
attenuated GH response after induced alkalo-
sis during high-intensity cycling (Gordon et al. 
1994). Hypoxia, breath holding, increased acidity, 
and increased protein catabolism have all been 
reported to increase 22 kD GH release and may 
affect the release of higher-molecular-weight GH 
aggregates as well. Thus, the metabolic demands of 
resistance exercise play a significant role in blood 
GH concentrations.

Factors other than training volume and inten-
sity may also affect the GH response to exercise. 
The GH response to acute resistance exercise is 
significantly greater when using conventional 
concentric–eccentric repetitions compared to 
concentric-only repetitions (Kraemer, Dudley et 
al. 2001). This indicates that the 22 kD GH is sen-
sitive to the specific type of muscle actions used 
during resistance training. As with testosterone, 
the ingestion of carbohydrate and protein affects 
the GH response. For example, carbohydrate and 
protein supplementation prior to exercise and two 
hours after exercise results in a decreased GH level 
in the blood (Chandler et al. 1994).

Training experience may also affect the GH 
response. Increased training experience in men 
results in an increased 22 kD GH response during 
and after resistance exercise (Kraemer et al. 1992). 
A greater acute increase in resistance-trained 
women than in untrained women performing the 
same workout has also been observed (Taylor et al. 
2000). However, training results in an increased 
ability to lift greater resistances, which may affect 
the magnitude of exertion and, thus, GH response. 
Therefore, increased training experience may 
increase the acute 22 kD GH response to resistance 
exercise.

Although the acute response of GH to resistance 
exercise is an increase, resting concentrations 
appear to be less sensitive to exercise. The resting 
concentrations of 22kD GH in elite Olympic lifters 
show little change with years of training (Häk-
kinen, Pakarinen et al. 1988c). Additionally, no 
changes in resting 22 kD GH concentrations have 
been observed in several training studies (Kraemer, 
Häkkinen et al. 1999; Marx et al. 2001; McCall et 
al. 1999). However, alterations in the aggregate 

bioactive GH may be what is altered in the resting 
state with training (Kraemer, Nindl et al. 2006). 
This may be due to the interactive effects of vari-
ous GH molecules, aggregates, and variants with 
training. Little change in resting GH values indi-
cates that the acute response of GH to resistance 
exercise may be the most prominent mechanism 
for interacting with target tissue receptors leading 
to adaptations, as the hormonal signal is higher 
with exercise stress for the receptor.

The acute and chronic responses of GH variants 
may differ. With six months of performing a linear 
periodized resistance training program, women’s 
resting concentrations of the higher-molecu-
lar-weight GH variants, measured with a GH bioas-
say, increased. However, resting concentrations of 
the smaller 22 kD isoforms measured with immu-
noassays showed no significant changes. With an 
acute resistance exercise stress (six sets of 10RM), 
the GH aggregates greater than 60 kD showed no 
significant change pretraining, but demonstrated 
a significant exercise-induced increase after a 
six-month training period with a whole-body 
heavy resistance program. This was in contrast to 
the immunoassay results of the 22 kD isoforms, 
which increased pretraining and posttraining in 
response to the resistance exercise–induced stress; 
this response significantly increased in magnitude 
with six months of resistance training (Kraemer, 
Nindl et al. 2006). Thus, it appears that chronic 
training affects the resting concentrations of the 
large GH aggregates, which have dramatically 
higher concentrations than the smaller 22kD GH 
isoform concentrations. Meanwhile, the acute exer-
cise response in untrained people increases only 
the smaller GH variants. However, after training, 
both the higher- and lower-molecular-weight GHs 
increase acutely in response to resistance exercise 
(Kraemer et al. 2010).

Interestingly, stronger untrained women have 
demonstrated higher resting concentrations of the 
higher-molecular-weight GH aggregates (measured 
via bioassay) than weaker women do (Kraemer, 
Rubin et al. 2003). High concentrations of lactic 
acid, reflective of lower pH in the blood, during 
and after an exercise protocol may limit the cre-
ation of the larger aggregates of GH. It is theorized 
that this is due to low pH, which disrupts the 
function of the pH-sensitive heat shock proteins 
required for the organization of the chaperone pro-
teins needed to organize the smaller GH isoforms 
into the larger aggregate GH molecules within 
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the chromaffin secretory granules of the pituitary 
gland (Kraemer et al. 2010). This shows that there 
is indeed a complex regulation of various GH 
isoforms both at rest and in response to the acute 
stress of exercise.

Growth hormone is also sensitive to a circadian 
rhythm. A measurement of typical 22 kD GH one 
hour after resistance exercise (high volume, 50 
sets, total-body training) performed at 3:00 p.m. 
and throughout the night revealed some change. 
GH was significantly elevated up to 30 minutes 
postexercise. The 22 kD GH is secreted in pulses 
throughout the day resulting in increases and 
decreases. The area under the time curve of these 
pulses indicates whether changes in release have 
occurred. The maximum GH concentrations and 
pulse amplitudes were lower overnight after the 
high-volume, high-intensity resistance exercise 
protocol, although the total concentrations were 
similar to no exercise. This was evident throughout 
the early to middle segments of the night (i.e., 
6:00 p.m. to 3:00 a.m.). However, from 3:00 a.m. 
to 6:00 a.m., the mean GH concentrations were 
greater in the resistance exercise condition (Nindl, 
Hymer et al. 2001). This demonstrates that heavy 
resistance exercise modified the pulse pattern of 
GH secretion during the night; the adaptational 
implications of such changes, however, are unclear.

Collectively, the preceding studies indicate that 
GHs do respond to resistance exercise and may 
affect the adaptation to resistance exercise, such 
as muscle fiber hypertrophy. However, the vari-
ous acute responses and those due to long-term 
training of the GH superfamily’s many members 
make understanding their role in adaptation to 
resistance exercise complicated.

insulin-Like growth Factors
Over the past 10 years a host of studies have been 
undertaken to learn about insulin-like growth 
factors (IGF-I and IGF-II) and their six binding 
proteins. It appears that they may be a salient bio-
marker for monitoring health, fitness, and training 
status and reflect nutritional status as well (Nindl 
and Pierce 2010; Nindl, Kraemer, Marx et al. 2001). 
Now called a superfamily of polypeptides, they 
have many physiological functions. Insulin-like 
growth and insulin-like growth factor–binding 
proteins (IGFBPs) (-1, -2, -3, -4, -5, and -6) are 
produced and secreted by the liver (Florini, Ewton, 
and Coolican 1996; Frost and Lang 1999). IGF 
can also be produced by other cells including 

skeletal muscle; a splice variant of IGF-I, known 
as mechano growth factor (MGF), is released from 
skeletal muscle with the stimulation of a stretch or 
contraction. This variant of IGF-I acts in an auto-
crine fashion on the same muscle cell from which 
it is released (Matheny, Nindl, and Adamo 2010).

IGFs are small polypeptide hormones (70 and 
67 amino acid residues for IGF-I and -II, respec-
tively) that are secreted as they are produced and 
are not stored in large quantities in any organ or 
tissue. Similar to insulin, as well as other peptide 
hormones, IGFs are synthesized as a larger precur-
sor peptide that is posttranslationally processed 
into the final IGF-I or -II molecule. Because of 
their structural similarities, the IGFs can bind to 
insulin receptors, and vice versa. Two IGF recep-
tor types have been identified: type 1 and type 2. 
The binding affinities or the strength of binding 
among these molecules and their receptors are as 
follows: IGF-I binds type 1 > type 2 > IR (insulin 
receptor); IGF-II binds type 2 > type 1 > IR; and 
insulin binds IR > type 1 (Thissen, Ketelslegers, 
and Underwood 1994). The interaction of IGF-I 
with these receptors in skeletal muscle stimulates 
the mTOR signal cascade, which mediates increases 
in protein synthesis.

Insulin-like growth factor I directly interacts 
with skeletal muscle and is involved with resistance 
training adaptations. Its release is stimulated by 
muscle contraction and tissue damage. IGF-I and 
MGF from the muscle are released with contrac-
tion, and liver-synthesized IGF is also thought to 
be released as a result of exercise-stimulated GH 
release from the pituitary and its interaction with 
liver cells. It was thought for a long time that GH 
effects were mediated by IGF release, but now we 
understand that GHs also have their own direct 
interaction with target tissues per the preceding 
discussion. Nevertheless, the cybernetics of IGF 
interactions with GH and skeletal muscle is a topic 
of intense study. Other factors, such as nutritional 
status and insulin levels, have also been shown to 
be important signal mechanisms for IGF release. 
Although the liver is thought to be responsible for 
the majority of circulating IGFs, they are known 
to be produced by many other tissues and cells, 
including muscle (Goldspink 1999; Goldspink and 
Yang 2001). Support for autocrine and paracrine 
actions of the IGFs in muscle adaptational pro-
cesses arise from the results of several studies that 
have shown significant hypertrophic effects of local 
IGF infusion directly into rat muscle (Adams and 
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McCue 1998) and human skeletal muscle (Fryburg 
1994, 1996; Fryburg et al. 1995; Russell-Jones et al. 
1994). Thus, the primary actions of the local IGFs 
on skeletal muscle do not appear to be influenced 
greatly by GH; other factors (e.g., mechanical load-
ing, stretch) may be more important for local IGF 
production and release (Adams 1998).

IGFs are found in various biocompartments and 
have the greatest concentration in the transdermal 
fluid that bathes skeletal muscle (Scofield et al. 
2011) Thus, the translation of IGF-I to various 
receptors in muscle requires a transit from the 
blood to the transdermal fluid that bathes the 
muscle cells to the receptors for signal interactions. 
Nearly all IGFs (IGF-I and IGF-II) in circulation, 
and some IGFs in tissues (muscle), are bound to 
IGF-binding proteins (IGFBPs). These IGFBPs help 
transport the IGFs in the bloodstream, regulate 
IGF availability by prolonging their half-lives in 
blood (~12-15 hours), control their transport 
out of circulation, and localize IGFs to tissues 
(Collett-Solberg and Cohen 1996). Also, IGFBPs 
diminish the hypoglycemic potential of IGFs by 
limiting the concentrations of free IGF molecules 
in circulation (DeMeyts et al. 1994; Zapf 1997).

After an initial increase, IGF-binding protein 
elements tend to decrease beginning within hours 
after a heavy resistance exercise bout. Circulating 
concentrations of the acid–labile subunits begin 
to decrease two hours after a heavy resistance 
exercise bout and are still lower than controls after 
13 hours postexercise (Nindl et al. 2001). Long-
term resistance training can increase the resting 
concentration of IGF-I in men (Borst et al. 2001; 
Kraemer, Aguilera, et al. 1995). Long-term studies 
in women have also shown elevations in resting 
IGF-I, particularly with high-volume training 
(Koziris et al. 1999; Marx et al. 2001). In addi-
tion, the increase in resting IGF-I was significantly 
greater with a high-volume, multiple-set program 
than it was with a single-set circuit-type program 
(Marx et al. 2001).

Thus, it appears that the volume and inten-
sity of training are important for chronic IGF-I 
adaptations and that the IGF system undergoes 
adaptations with training that in turn improve 
the ability of the circulating IGFs to interact with 
skeletal muscle for cell growth and repair. Such 
adaptations in the endocrine actions of the IGFs 
on skeletal muscle could theoretically be mediated 
by, or simply complement, the autocrine and para-
crine actions of the IGFs.

A specific splice variant of IGF-I isoform (also 
known as mechano growth factor) is expressed by 
skeletal muscle in response to stretch, loading, or 
both (Bamman et al. 2001; Goldspink 1998; Gold-
spink and Yang 2001; Perrone, Fenwick-Smith, and 
Vandenburgh 1995). It has been thought that it 
may play an important role in muscle hypertrophy 
(Goldspink, Wessner, and Bachl 2008). Bamman 
and colleagues (2001) have shown that mechanical 
loading of human muscle (i.e., resistance exercise) 
results in increased muscle, but not serum, IGF-I. 
Whether any further homeostatic increases are 
possible may well depend on the resting concentra-
tions of IGF (Nindl,  Alemany, Tuckow et al. 2010).

The eccentric component of resistance exercise 
appears to be a potent stimulus for the produc-
tion and release of local growth factors in skeletal 
muscle (Kraemer, Dudley et al. 2001). The results 
from this study also showed that the expression of 
skeletal muscle IGF-I mRNA in humans was greater 
after an eccentric than after a concentric bout of 
heavy squat exercise. Together, these data appear to 
emphasize the importance of mechanical loading–
induced IGF isoforms for mediating muscle mass 
adaptations to resistance training. Perhaps such 
eccentric load–induced growth factors play a less 
significant role in explosive or maximal concentric 
strength and power development. This may explain 
why many bodybuilding-type resistance training 
programs that emphasize higher volume (sets and 
repetitions) and slower, more controlled exercise 
movements (especially eccentric) are used more 
often for producing gains in muscle size, but not 
necessarily for strength and power performance.

insulin
Insulin stimulates a wide variety of signaling path-
ways related to the use of metabolic substrates and 
can influence protein synthesis (Ho, Alcazar, and 
Goodyear 2005). Its ability to stimulate an increase 
in skeletal muscle protein has been recognized 
in pathological conditions since the 1940s when 
people with type 1 diabetes (i.e., insulin-depen-
dent) first began using insulin therapy to help 
regulate their blood glucose. However, whether 
this increase in skeletal muscle protein in humans 
is due to increased protein synthesis, a decrease 
in protein degradation, or a combination of both 
remains unclear (Rooyackers and Nair 1997; Wolfe 
2000). A typical change with acute exercise is a 
decrease in insulin. However, nutritional intakes 
(low carbohydrate vs. high carbohydrate plus 
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protein) may play a role in stimulating insulin 
release after a training session compared to fasting 
conditions (Baty et al. 2007; Kraemer, Volek et 
al. 1998 ). Adding protein to a low-carbohydrate 
drink enhances muscle tissue repair and reduces 
soreness, suggesting that although carbohydrate 
may be important for the insulin signal, it is the 
protein intake that allows for the needed amino 
acids for muscle repair and remodeling (Baty et al. 
2007). When insulin has the most dramatic effects 
on protein synthesis remains unclear, but it may be 
only during times of very low or very high levels 
of protein synthesis (Farrell et al. 2000; Szanberg 
et al. 1997).

In normal daily life, resting insulin concen-
trations induce a low-level suppressive effect on 
protein degradation via reduced ATP-dependent 
ubiquitin proteolysis. However, acute exercise in 
the fasted state typically results in lower circulating 
concentrations of insulin; the inhibitory effects 
of insulin on lysosomal protein degradation 
are reduced and protein degradation increases 
transiently. Basal concentrations of insulin are 
not regulated by normal basal serum glucose 
concentrations (e.g., 80-100 mg ∙ dL–1) and have 
been shown to be lowered with regular strength 
training (Miller, Sherman, and Ivy 1984), with 
overreaching (unpublished data from Dr. Krae-
mer’s laboratory), and in bodybuilders with large 
muscle mass (Szczypaczewska, Nazar, and Kaci-
uba-Uscilko 1989). Thus, the role of insulin in 
resistance training adaptations and protein accre-
tion resulting in muscle hypertrophy in humans 
remains speculative.

Cortisol as a Primary Catabolic 
hormone
Cortisol, like all hormones, is a chemical signal 
that has a temporal time frame in which to deliver 
a message to target cells that have the appropriate 
upregulated receptors with which the hormone can 
interact. Cortisol is considered a primary catabolic 
hormone and is involved in the inflammatory 
response to exercise and protein degradation. 
Increases in cortisol should not be thought of as 
bad or good but rather as a response to the stressors 
imposed. However, increased cortisol concentra-
tions that do not return to normal (i.e., 100-450 
nmol ∙ L–1) do suggest a problem with stress 
homeostasis. Cortisol is important in the context 
of both the acute exercise and chronic training 

response because it affects not only skeletal muscle, 
but also connective tissue.

Adrenocortical steroid hormones, such as 
cortisol, were originally given the name glucocor-
ticoids because of their effects on intermediary 
metabolism. This is because in the fasted state, 
cortisol helps to maintain blood glucose by stim-
ulating gluconeogenesis from amino acids and 
to peripherally release metabolic substrates, both 
of which are catabolic processes. In adipose cells 
cortisol stimulates lipolysis, and in muscle cells 
it increases protein degradation and decreases 
protein synthesis, resulting in a greater release 
of lipids and amino acids into the circulation, 
respectively (Hickson and Marone 1993). Another 
important role of the glucocorticoids is in the local 
and systemic inflammatory mechanisms related to 
cytokine-mediated cortisol secretion via the hypo-
thalamic-pituitary-adrenal axis (reviewed by Smith 
2000). Perhaps the most notable function of the 
glucocorticoids, however, is their various roles in 
the body’s response to stressful stimuli (e.g., injury, 
surgery, physical activity). Although evidence sup-
porting other related concepts is increasing, Hans 
Selye’s original general adaptation syndrome (i.e., 
that the stress-induced secretion of glucocorticoids 
enhances and mediates stress responses) remains 
a topic of study (Pacak et al. 1998; Sapolsky, 
Romero, and Munck 2000; Selye 1936). Overall, 
the importance of the glucocorticoids to strength 
and power adaptations is related to their catabolic 
effects on skeletal muscle. These catabolic effects 
are greater in type II than in type I muscle fibers 
(Kraemer, Staron et al. 1998).

The catabolic actions are mediated by many 
different cellular signaling mechanisms and are 
regulated by a complex integration of permis-
sive, suppressive, stimulatory, and preparative 
actions that work together to help maintain (or 
reestablish) a homeostatic cellular environment 
and ultimately prevent any lasting deleterious 
effects of an acute stress on the body (Sapolsky, 
Romero, and Munck 2000). Resistance exercise 
can be thought of as a microtrauma that can lead 
to local acute inflammation, chronic inflamma-
tion, systemic inflammation, and the activation 
of the hypothalamic-pituitary-adrenal axis and the 
subsequent rapid increase in circulating cortisol 
concentrations for tissue repair and remodeling 
(Fragala et al. 2011a; Smith 2000; Spiering et al. 
2008b). It is important to note that adaptation to 
resistance training involves microtrauma or break-
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down of muscle tissue followed by the repair and 
remodeling to a stronger and larger muscle fiber 
and eventually intact muscle.

Glucocorticoids are released from the adrenal 
cortex in response to exercise. Of these, cortisol 
accounts for approximately 95% of all glucocor-
ticoid activity (Guyton 1991). Cortisol and adre-
nocorticotropic hormone (ACTH) significantly 
increase during an acute bout of resistance exercise 
(Guezennec et al. 1986; Häkkinen, Pakarinen et 
al. 1988a, 1988b; Kraemer et al. 1992; Kraemer, 
Dziados et al. 1993; Kraemer, Fleck et al. 1999; 
Kraemer, Fleck, and Evans 1996; Kraemer, Noble et 
al. 1987). The response is similar between men and 
women who perform the same resistance training 
protocol (Häkkinen and Pakarinen 1995). Cortisol 
secretion responds quite rapidly to various stresses 
(e.g., exercise, hypoglycemia, surgery), typically 
within minutes. The acute increase of cortisol to 
resistance exercise is greatest with high-intensity, 
short-rest protocols (i.e., over 1,000 nmol ∙ L–1) 
and may reflect the acute metabolic response to 
resistance exercise. Such increases can contribute 
to muscle degradation. Although most inflam-
matory and blood-glucose regulatory actions of 
glucocorticoids may be directly associated with 
these rapid responses, changes in muscle protein 
turnover are mostly controlled by the classic ste-
roid hormone–binding mechanism. Like testoster-
one, cortisol binds to a cytoplasmic receptor and 
activates a receptor complex so that it can enter the 
nucleus, bind specific hormone response elements 
on DNA, and act directly at the level of the gene. 
By doing this, cortisol alters the transcription and 
subsequent translation of specific proteins, but 
these processes take hours to days to complete. 
Cortisol can also block the regulatory element of 
testosterone, thereby in part blocking testosterone’s 
anabolic signal, which is another way cortisol acts 
as a catabolic hormone.

As with other hormones, the biological activity 
of glucocorticoids is regulated by the percentage of 
freely circulating hormone. About 10% of circulat-
ing cortisol is free, whereas approximately 15% is 
bound to albumin and 75% is bound to cortico-
steroid-binding globulin. The primary pathway for 
cortisol secretion begins with the stimulation of 
the hypothalamus by the central nervous system, 
which can occur as a result of hypoglycemia, the 
flight or fight response, or exercise.

Cytokine-mediated cortisol release is implicated 
in high-volume and high-intensity exercise (espe-

cially eccentric muscle actions) and occurs as a 
result of microtrauma injury to the muscle tissue 
that causes the infiltration of white blood cells, 
such as neutrophils and monocytes, into the tissue 
(Fragala et al. 2011a; Smith 2000). The monocytes 
can then be activated in the circulation or in the 
tissues, where they remain and become macro-
phages. Both circulating monocytes and tissue 
macrophages are immune cells capable of secret-
ing hundreds of different cytokines that mediate 
local and systemic inflammatory processes. Inter-
leukin-1 and interleukin-6 (IL-1 and IL-6) are 
proinflammatory cytokines secreted by activated 
monocytes (or macrophages) that are known to 
activate the hypothalamic-pituitary-adrenal axis 
(Kalra, Sahu, and Kalra 1990; Path et al. 1997). 
These cytokines interact with receptors on the 
hypothalamus and cause the sequential secretion 
of corticotropin-releasing hormone (CRH), ACTH, 
and cortisol from the hypothalamus, anterior pitu-
itary, and adrenal cortex, respectively (Kraemer and 
Ratamess 2005; Smith 2000).

At each level of interaction (e.g., neutrophils to 
monocytes to cytokines to other cytokines to hypo-
thalamus), all of these responses can be amplified, 
but the magnitude(s) will ultimately depend on 
the severity of the initial microtrauma. Severity of 
the microtrauma for exercise refers to intensity. 
Severe inflammatory responses appear to occur 
only after severe injury, trauma, infection, very 
high-intensity resistance exercise, or very high-vol-
ume endurance training, and thus are implicated 
in the overtraining syndrome (Fry and Kraemer 
1997; Smith 2000; Stone et al. 1991). However, 
daily exercise training is also associated with local 
and systemic cytokine responses at different levels, 
depending on the intensity of the exercise (Mold-
oveanu, Shephard, and Shek 2001).

Recently, it has been shown that skeletal muscle 
glucocorticoid receptors are saturated before and 
after exercise in highly resistance-trained men 
and women; increases in receptors on immune 
cells follow acute exercise. Therefore, interference 
with testosterone binding and also inhibition of 
the activity of immune cells important for tissue 
remodeling and adaptation to exercise are two 
mechanisms that can promote a catabolic effect 
(Fragala et al. 2011a, 2011b, 2011c; Spiering et al. 
2008a; b; Vingren et al. 2010). In addition, block-
ing cell signaling (mTOR system) in the muscle for 
protein synthesis, apart from testosterone effects, 
has also been observed. Therefore, a series of 
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mechanisms that are engaged by cortisol can result 
in decreased muscle protein accretion, especially 
when its concentration dramatically increases 
beyond normal concentration in the blood (e.g., 
>700 nmol · L–1 ) (Spiering et al. 2008a).

Interestingly, programs that elicit the greatest 
cortisol response also elicit the greatest acute GH 
and lactate responses. Significant correlations 
between blood lactate and serum cortisol (r = .64) 
have been reported (Kraemer, Patton et al. 1989). 
In addition, acute elevations in serum cortisol have 
been significantly correlated (r = .84) to 24-hour 
postexercise markers of muscle damage (i.e., serum 
creatine kinase concentrations) (Kraemer, Dziados, 
et al. 1993).

Metabolically demanding resistance training 
protocols (i.e., high volume, moderate to high 
intensity, with short rest periods) have shown the 
greatest acute cortisol response (Häkkinen and 
Pakarinen 1993; Kraemer, Noble et al. 1987, Krae-
mer and, Dziados 1993); little change was shown 
with conventional strength and power training. 
For example, performing eight sets of a 10RM 
leg press exercise with one-minute rest periods 
between sets elicited a significantly greater acute 
cortisol response than the same protocol using 
three-minute rest periods (Kraemer et al. 1996). 
These acute increases may be part of the muscle 
tissue remodeling process. However, one aspect 
of successful training may be whether cortisol 
concentrations return to normal resting values in 
24 hours following a training session.

Resting cortisol concentrations generally reflect 
long-term training stress. Chronic resistance train-
ing does not appear to produce consistent changes 
in resting cortisol concentrations because no 
change (Fry, Kraemer, Stone et al. 1994; Häkkinen 
et al. 1990; Häkkinen, Pakarinen et al. 1987; Häk-
kinen, Pakarinen et al. 1988c; Häkkinen, Pakar-
inen, and Kallinen 1992; Kraemer et al. 2002), 
decreases (Alen et al. 1988; Häkkinen, Pakarinen 
et al. 1985c; Kraemer, Staron et al. 1998; Marx et al. 
2001; McCall et al. 1999), and increases (Häkkinen 
and Pakarinen 1991; Kraemer, Patton et al. 1995) 
have been reported during normal strength and 
power training and during overreaching in men 
and women. Nevertheless, greater reductions in 
resting serum cortisol after 24 weeks of strength 
training compared to power training have been 
shown (Häkkinen, Pakarinen, et al. 1985c).

A comparison in women of periodized multi-
ple-set resistance training to single-set training over 

six months showed that only the higher-volume 
training resulted in a significant reduction in rest-
ing serum cortisol (Marx et al. 2001). A decrease 
in resting concentration of serum cortisol has been 
shown by the third week of a 10-week program of 
periodized resistance training in elderly people 
with sufficient rest between sessions (Kraemer, 
Häkkinen et al. 1999). In animals resting cortisol 
concentrations may explain most of the variance 
(~60%) in muscle mass changes (Crowley and 
Matt 1996). Thus, any chronic adaptations or 
changes in resting cortisol concentrations are 
involved with tissue homeostasis and protein 
metabolism, whereas the acute cortisol response 
appears to reflect metabolic stress (Florini 1987).

Testosterone-to-cortisol (T/C) ratios have 
been used as a measure of overall muscle protein 
accretion. This ratio most likely has been over-
valued and is really a very general marker of the 
secretion of these hormones and not a marker of 
muscle tissue response and the many receptors 
that interact with testosterone and cortisol (See 
box 3.4). The use of this ratio came from early 
studies that used various ratios of cortisol and tes-
tosterone concentrations in the blood to estimate 
the anabolic status of the body during prolonged 
resistance training or with overtraining (Fry and 
Kraemer 1997; Häkkinen 1989; Häkkinen and 
Komi 1985c; Stone et al. 1991). Older studies have 
shown changes in the T/C ratio during strength 
and power training, and this ratio has been pos-
itively related to physical performance (Alen et 
al. 1988; Häkkinen and Komi 1985c). Stressful 
training (overreaching) in elite Olympic weight-
lifters has been shown to decrease the T/C ratio 
(Häkkinen, Pakarinen et al. 1987). Periodized, 
higher-volume programs have been shown to 
produce a significantly greater increase in the T/C 
ratio than low-volume, single-set programs (Marx 
et al. 2001). However, an animal study in which the 
T/C ratio was manipulated to investigate muscle 
hypertrophy reported that the T/C ratio was not 
a useful indicator of tissue anabolism (Crowley 
and Matt 1996).

The T/C ratio and/or free testosterone-to-corti-
sol ratios are the ratios most used to indicate the 
anabolic/catabolic status during resistance train-
ing. Thus, an increase in testosterone, a decrease in 
cortisol, or both, would indicate increased tissue 
anabolism. However, this appears to be an over-
simplification and is at best only a gross indirect 
measure of the anabolic/catabolic properties of 
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skeletal muscle and should be used very cautiously, 
if at all (Fry and Kraemer 1997; Vingren et al. 
2010). Blood variables at a single temporal point 
in time should not be correlated with any accu-
mulating variable over time, such as strength or 
muscle size, because the complex interaction with 
receptors and hormone alterations in the blood 
do not adequately reflect the composite effects of 
signaling from hormones. For example, if uptake of 
testosterone is high because of increases in andro-
gen receptor binding and blood testosterone goes 
down, but cortisol stays the same, one could inter-
pret this to mean that there is a predominance of 
catabolism when in fact anabolism is dramatically 
going up (Kraemer, Spiering et al. 2006;Vingren et 
al. 2009). Although cortisol represents the primary 
catabolic influence on muscle, how useful T/C 
ratios are for indicating anabolic/catabolic status 
remains unclear.

Connective Tissue
It has been known for some time that physical 
activity increases the size and strength of ligaments, 
tendons, and bone (Fahey, Akka, and Rolph 1975; 

Stone 1992; Zernicke and Loitz 1992). Recently, it 
has become apparent that resistance training that 
properly loads the musculoskeletal system can 
increase bone and tendon characteristics.

The acute variables of programs that change 
bone and tendon characteristics are not fully 
understood. However, it appears that heavy load-
ing is vital for connective tissue changes, especially 
bone. These fundamental features of a program 
have been known for some time (Conroy et al. 
1992). Bone is very sensitive to mechanical forces 
such as compression, strain, and strain rate (Chow 
2000). Such forces are common in resistance 
training (especially with multiple-joint structural 
exercises) and are affected by the type of exercise, 
the intensity of the resistance, the number of sets, 
the rate of loading, the direction of forces, and the 
frequency of training. The majority of resistance 
training studies do show some positive effect on 
bone mineral density (Layne and Nelson 1999). 
However, bone has a tendency to adapt much more 
slowly (e.g., 6 to 12 months are needed to see a 
change in bone density) than muscle does (Conroy 
et al. 1992). A meta-analysis has confirmed that 
the most effective intervention for improving bone 

BOx 3.4 RESEARCh

influence of hormones on gains in Muscle Size and Strength
The importance of hormones to gains in muscle size and strength is controversial. To investigate 
this controversy, a group from Norway used a unique study design to see whether, in fact, the con-
centrations of circulating hormones affect muscle size and strength increases (Rønnestad, Nygaard, 
and Raastad 2011). Subjects performed four sessions per week of unilateral strength training for the 
elbow flexors for 11 weeks. In one training protocol performed two times per week, a leg press exercise 
was performed prior to performing exercises for the elbow flexors of one arm. In a second protocol, 
also performed two times per week, no leg press exercise was performed prior to training the elbow 
flexors of the other arm. Serum testosterone and growth hormone were significantly increased as a 
result of performing the leg press exercise prior to the elbow flexor exercise. Thus, one arm's elbow 
flexors were trained when exposed to increased hormones in the circulation. Both arms increased 
in biceps curl 1RM and power at 30 and 60% of the 1RM. However, the percentage of increase in 
these measures favored the arm trained after the leg press was performed. Additionally, only the 
arm trained with the prior leg press exercise, which elevated anabolic hormones, demonstrated a 
significant increase in muscle cross-sectional area at all levels of the biceps. Thus, it appears that 
the signals from circulating hormones augment muscle tissue growth and repair, indicating that the 
order of exercise might play an important role. Therefore, a resistance training protocol that uses 
large-muscle-group exercises first stimulates larger increases in anabolic hormone in the circulation 
compared to small-muscle-group exercises. This may facilitate improved physiological signaling for 
growth when small muscle group exercises are performed.

Rønnestad, B.R., Nygaard, H., and Raastad, T. 2011. Physiological elevation of endogenous hormones results in superior 
strength training adaptation. European Journal of Applied Physiology 111: 2249-2259.
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mineral density appears to be high-force exercise 
(Howe et al. 2011).

As the skeletal muscles become stronger and 
can lift more weight, the ligaments, tendons, and 
bones also adapt to support greater forces and 
weights. This concept is supported by significant 
correlations between muscle cross-sectional area 
and bone cross-sectional area in Olympic weight-
lifters with a mean training experience of five 
years (Kanehisa, Ikegawa, and Fukunaga 1998). 
This indicates that long-term participation in 
weightlifting results in increased bone and muscle 
cross-sectional areas.

Bone mineral density (BMD) increases as a 
result of resistance training, provided sufficient 
intensity and volume are performed (Kelley, Kelley, 
and Tran 2001) (see table 3.6). In a cross-sectional 
study, elite junior weightlifters 14 to 17 years old 
who had been training for over a year had signifi-
cantly higher bone density in the hip and femur 
regions than did age-matched control subjects 
(Conroy et al. 1993). Even more impressive was 
that these young lifters had bone densities higher 
than those of adult men. In addition, bone den-
sity continued to increase over the next year of 
training (unpublished data). The importance of 
high impulse factors in sport along with heavy 
resistance training to cause changes in bone has 
also been observed in other young athletes (Eme-
terio et al. 2011).

A previous world-record holder in the squat 
(1RM greater than 469 kg, or 1,034 lb) demon-
strated an average BMD of 1.86 g · cm–2 for the 

lumbar spine, which is the highest BMD reported 
to date (Dickerman, Pertusi, and Smith 2000). 
Significantly greater lumbar spine and whole-body 
BMD between young male powerlifters and con-
trols have also been shown (Tsuzuku, Ikegami, and 
Yabe 1998). In addition, a significant correlation 
was found between lumbar spine BMD and pow-
erlifting performance. High-intensity resistance 
training in young men results in greater increases 
in BMD , whereas no significant BMD differences 
between the low-intensity training group and the 
control group were shown except at the trochanter 
region (Tsuzuku et al. 2001). It appears that heavy 
resistance training is needed to see improvements 
in BMD. Meta-analysis indicates that resistance 
training can increase BMD (approximately 2.6%) 
at skeletal sites stressed by the training (Kelley, 
Kelley, and Tran 2000). The effect, however, may 
be age dependent: People older than 31 show 
significant effects, whereas people younger than 
31 show no significant effects if bone density is 
in normal ranges (Kelley, Kelley, and Tran 2000).

Resistance training is effective for increasing 
BMD in women of all ages. Similar to the male 
powerlifter described earlier, two female U.S. 
National Age Group Champions have very high 
BMD (Walters, Jezequel, and Grove 2012). These 
women, 49 and 54 years of age, had lumbar, fem-
oral, and total-body BMDs well above normal for 
their age; the 54-year-old lifter had mean lumbar 
spine (1-3), femoral, and total-body BMDs of 
1.44, 1.19 and 1.34 g · cm–2, respectively, the 
greatest reported to date for a Caucasian of this 

TABlE 3.6 Bone Mineral Density Values for the Spine and Proximal Femur
Bone mineral density (g · cm–2)

Site Junior lifters Controls
[% comparison to adult reference data]  
(% comparison to matched anatomical controls) 

Spine 1.41 ± 0.20*# 1.06 ± 0.21 [113%]
(133%)

Femoral neck 1.30 ± 0.15*# 1.05 ± 0.12 [131%]
(124%)

Trochanter 1.05 ± 0.13* 0.89 ± 0.12 ND
(118%)

Ward’s triangle 1.26 ± 0.20* 0.99 ± 0.16 ND
(127%)

Values are means ± 1 SD. * P ≤ .05 from corresponding control data, # P ≤ .05 from corresponding adult reference data. ND = no 
reference data available.

Adapted, by permission, from B.P. Conroy et al., 1993, “Bone mineral density in elite junior weightlifters,” Medicine and Science in Sports and Exercise 
25(10): 1105.
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age. Fifteen months of resistance training of 
adolescent girls (14-17 years old) demonstrated 
leg strength increases of 40% and a significant 
increase in BMD of the femoral neck (1.035 to 
1.073 g · cm–2) (Nichols, Sanborn, and Love 2001). 
Meta-analysis showed that resistance training had 
a positive effect on the BMD at the lumbar spine 
of all women and at the femur and radius sites 
for postmenopausal women (Kelley et al. 2001) 
and that high-impact exercise including resistance 
training increases BMD of the lumbar spine and 
femoral neck in premenopausal women (Mar-
tyn-St. James and Carrol 2010). The positive effects 
of multiple-set strength training performed three 
times a week in older women was demonstrated 
by a significant improvement in bone density at 
the intertrochanter hip site (Kerr et al. 2001). This 
study demonstrated the effectiveness of a progres-
sive strength program in increasing BMD at the 
clinically important hip site and in elderly women 
who are vulnerable to osteoporosis.

Although the evidence that resistance training 
can positively affect BMD is compelling, significant 
changes in BMD may not occur with all resistance 
training programs. This is probably due to the 
possible differences the acute program variables 
may have on changes in BMD. Because of the need 
for mechanical stress on bone for adaptation to 
occur, it is recommended that three to six sets with 
1- to 10RM resistances of multiple-joint exercises 
be used with one to four minutes of rest between 
sets for optimal bone loading; more rest should 
be used with heavier resistances.

Physiological adaptations to ligaments and 
tendons after physical training do occur and may 
aid in injury prevention. Physical activity causes 
increased metabolism, thickness, weight, and 
strength of ligaments (Staff 1982; Tipton et al. 
1975). Damaged ligaments regain their strength 
at a faster rate when physical activity is performed 
after the damage has occurred (Staff 1982; Tipton 
et al. 1975). Both the attachment site of a ligament 
or tendon to a bone and the muscle–tendinous 
junction are frequent sites of injury. With endur-
ance-type training, the amount of force necessary 
to cause separation at these areas increases in labo-
ratory animals (Tipton et al. 1975). Human tendon 
fibroblasts subjected to mechanical stretch in 
vitro show increased secretion patterns of growth 
factors (Skutek et al. 2001), indicating that stretch 
may have a positive effect on tendon and ligament 

tissue by cell proliferation, differentiation, and 
matrix formation.

Increasing the strength of the ligaments and 
tendons can help prevent damage to these struc-
tures caused by the muscle’s abilities to lift heavier 
weights and develop more force. These structures 
also appear to hypertrophy somewhat more slowly 
than muscle. After 8 and 12 weeks of resistance 
training of the plantar flexors and knee extensors, 
muscle size and strength increased significantly 
with no increase in tendon cross-sectional area 
(Kubo et al. 2001; Kubo, Kanehisa, and Fukunaga 
2002). However, resistance training resulted in sig-
nificant increases in tendon stiffness. The authors 
concluded that the training-induced changes in 
the internal structures of the tendon (e.g., the 
mechanical quality of collagen) accounted for the 
changes in stiffness and that increases in tendon 
cross-sectional area may take longer than 12 weeks. 
This may be a factor in anabolic steroid–induced 
musculotendinous injuries, because it has been 
hypothesized that large increases in muscle size 
and strength (and consequent training loads) may 
occur too rapidly to allow adequate connective 
tissue adaptation. Interestingly, it has been shown 
that tendon size and strength can be improved with 
heavy resistance training in a relatively short period 
of time (e.g., months), and differential changes 
can occur along the long axis of the tendon. 
This may indicate the importance of the exercise 
choices and ranges of motion used (Kongsgaard 
et al. 2007; Magnusson et al. 2007). For example, 
patellar tendon cross-sectional area increased 7% 
with 12 weeks of resistance training (Ronnestad, 
Hansen, and Raastad 2012a). The extent of changes 
in tendon is not as dramatic in women, which may 
be related to hormonal differences between the 
sexes and the impact of these differences on tendon 
adaptations (Magnusson et al. 2007).

The connective tissue sheaths  that surround 
the entire muscle (epimysium), groups of muscle 
fibers (perimysium), and individual muscle fibers 
(endomysium) may also adapt to resistance 
training. These sheaths are of major importance 
in the tensile strength and elastic properties of 
muscle and form the framework that supports an 
overload on the muscle. Compensatory hypertro-
phy induced in the muscle of laboratory animals 
also causes an increase in the collagen content 
of these connective tissue sheaths (Laurent et al. 
1978; Turto, Lindy, and Halme 1974). The relative 
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amount of connective tissue in the biceps brachii 
of bodybuilders does not differ from that of age-
matched control subjects (MacDougall et al. 1985; 
Sale et al. 1987), and male and female bodybuild-
ers possess similar relative amounts of connective 
tissue as control subjects (Alway, MacDougall et 
al. 1988). Thus, the connective tissue sheaths in 
muscle appear to increase with training so that the 
same ratio between connective and muscle tissue 
is maintained.

Resistance training has been found to increase 
the thickness of hyaline cartilage on the articular 
surfaces of bone (Holmdahl and Ingelmark 1948; 
Ingelmark and Elsholm 1948). One major func-
tion of hyaline cartilage is to act as a shock absorber 
between the bony surfaces of a joint. Increasing 
the thickness of this cartilage could facilitate the 
performance of this shock absorber function. 
In summary, bone, tendon, and other types of 
connective tissue appear to adapt to resistance 
training, but to a lesser extent and at a slower rate 
than muscle tissue.

Cardiovascular Adaptations
Similar to skeletal muscle, cardiac muscle also 
undergoes adaptations to resistance training. Like-
wise, other aspects of the cardiovascular system, 
such as the blood lipid profile, also demonstrate 
adaptations. Adaptations and acute responses of 
the cardiovascular system to resistance training 
are especially important when weight training is 
performed by some special populations, such as 
seniors and those undergoing cardiac rehabilita-
tion. As with all adaptations to resistance training, 
the response depends in part on training volume 
and intensity.

Some of the cardiovascular system’s adaptations 
brought about by resistance training, as well as 
other forms of physical conditioning, resemble 
the adaptations to hypertension, such as increased 
ventricular wall thickness and chamber size. When 
examined closely, however, the adaptations to 
hypertension and those to resistance training are 
different. As an example, with hypertension, ven-
tricular wall thickness increases beyond normal 
limits. With weight training, this rarely occurs and 
is not evident when examined relative to fat-free 
mass, whereas with hypertension wall thickness 
increases are evident even when examined relative 
to fat-free mass. Differences in cardiac adaptations 
have resulted in the use of the terms pathological 

hypertrophy to refer to the changes that occur with 
hypertension and other pathological conditions 
and physiological hypertrophy to refer to the changes 
that occur with physical training.

Cardiovascular adaptations are caused by the 
training stimulus to which the cardiovascular 
system is exposed. Endurance training brings about 
different cardiovascular adaptations than resis-
tance training does. In general, these differences 
are caused by the need to pump a large volume of 
blood at an elevated blood pressure during endur-
ance exercise, whereas during resistance training a 
relatively small volume of blood is pumped at an 
elevated blood pressure. This difference between 
endurance and resistance training results in differ-
ent cardiovascular adaptations.

Training Adaptations at Rest
Resistance training can affect virtually all of the 
major aspects of cardiovascular function (see 
tables 3.7 and 3.8). Changes in cardiac morphol-
ogy, systolic function, diastolic function, heart 
rate, blood pressure, lipid profile, as well as other 
indicators of disease risk, decrease the overall 
risk of disease. For example, men who perform 
a minimum of 30 minutes of resistance training 
per week decrease their overall risk of coronary 
heart disease by 23% compared to sedentary men 
(Tanasescu et al. 2002). Other adaptations due 
to weight training also reduce the risk of disease. 
Perhaps surprisingly, men who are in the lowest 
third for maximal strength (bench press and leg 
press) have a significantly greater risk of dying from 
any cause and cancer compared to men who are in 
the upper third for maximal strength (Ruiz et al. 
2008). Maximal strength was inversely associated 
with all-cause mortality in both normal-weight 
and overweight men, and with cancer mortality 
in overweight men. A significant age-adjusted 
trend was shown for death rate per 10,000 person 
years of 33, 26, and 21 in normal-weight men and 
42, 26, and 34 in overweight men in the lowest, 
middle, and upper third for maximal strength. 
These observations are probably not related to 
maximal strength per se, but to other factors related 
to maintaining maximal strength.
Resting heart rates of junior and senior competitive 
bodybuilders, powerlifters, and Olympic lifters 
range from 60 to 78 beats per minute (Adler et al. 
2008; Colan et al. 1985; D'Andrea, Riegler et al. 
2010; Fleck and Dean 1987; George et al. 1995; 
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Haykowsky et al. 2000; Smith and Raven 1986). 
The vast majority of cross-sectional data indicate 
that the resting heart rates of highly strength-
trained athletes are not significantly different from 
those of sedentary people (Fleck 1988, 2002). 
However, the resting heart rates of male Olympic 
weightlifters have been reported to be lower (60 
vs. 69 beats per minute) than those of sedentary 
people (Adler et al. 2008), whereas the resting 
heart rates of master-level powerlifters has been 

reported to be 87 beats per minute, which was 
significantly higher than those of age-matched 
control subjects (Haykowsky et al. 2000). Not sur-
prisingly, the resting heart rates of strength-trained 
athletes (bodybuilding, weightlifting, martial arts, 
windsurfing) is significantly higher (69 vs. 52 
beats per minute) than those of aerobically trained 
athletes (long- and middle-distance swimmers 
and runners, soccer players, basketball players) 
(D'Andrea, Riegler et al. 2010).

TABlE 3.7 Chronic Resting Cardiovascular Adaptations From Resistance Exercise
Cardiovascular indicator Adaptation

Heart rate No change or small decrease

Blood pressure

Systolic No change or small decrease

Diastolic No change or small decrease

Stroke volume 

Absolute Small increase or no change

Relative to BSA No change

Relative to lBM No change

Cardiac function 

Systolic No change

Diastolic No change

Lipid profile

Total cholesterol No change or small decrease

HDl-C No change or small increase

lDl-C No change or small decrease

Total cholesterol/HDl-C No change or small decrease

BSA = body surface area (m2); lBM = lean body mass (kg); HDl-C = high-densitylipoprotein cholesterol; lDl-C = low-density lipoprotein 
cholesterol.

TABlE 3.8 Cardiac Morphology Adaptations at Rest Due to Resistance Training
Relative to

Absolute BSA FFM

Wall thickness

left ventricle Increase or no change No change No change

Septal Increase or no change No change No change

Right ventricle Increase or no change No change No change

Chamber volume

left ventricle No change or slight increase No change or slight increase No change or slight increase

Right ventricle No change or slight increase (?) No change or slight increase (?) No change or slight increase (?)

Atrial No change or slight increase (?) No change or slight increase (?) No change or slight increase (?)

left ventricular 
mass

Increase or no change No change No change

BSA = body surface area (m2); FFM = fat-free mass (kg); ? = minimal data.
heart Rate
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The majority of short-term (up to 20 weeks) 
longitudinal studies report significant decreases 
of approximately 4 to 13% and small nonsignif-
icant decreases in resting heart rate (Fleck 2002; 
Karavirta et al. 2009). The mechanism causing a 
decrease in resting heart rate after weight training 
is not clearly elucidated. However, decreased heart 
rate is typically associated with a combination of 
increased parasympathetic and decreased sympa-
thetic cardiac tone. Some cardiovascular responses 
to isometric actions resemble responses to typical 
weight training activity. During low-level isometric 
actions (30% of maximal voluntary contraction), 
both autonomic branches show increased activity 
(Gonzalez-Camarena et al. 2000). Thus, a decrease 
in resting heart rate, when it does occur as a result 
of weight training, may not be due to an increase 
in parasympathetic cardiac tone and a decrease 
in sympathetic cardiac tone, but rather to the 
increased activity of both autonomic branches.

Blood Pressure
The majority of cross-sectional data clearly 
demonstrate that highly strength-trained athletes 
have average resting systolic and diastolic blood 
pressures (Byrne and Wilmore 2000; Fleck 2002). 
However, significantly above-average (Snoecky 
et al. 1982), and less-than-average (Adler et al. 
2008; Smith and Raven 1986) resting blood pres-
sures in weightlifters have also been reported. 
Not surprisingly, strength-trained athletes (body-
building, weightlifting, martial arts, windsurfing) 
have higher resting blood pressures than aerobi-
cally trained athletes (long- and middle-distance 
swimmers and runners, soccer players, basketball 
players) (D'Andrea, Riegler et al. 2010).

Short-term training studies have shown both 
significant decreases and nonsignificant changes in 
both systolic and diastolic resting blood pressure. 
Meta-analyses conclude that resistance training can 
significantly decrease systolic (3 to 4.55 mmHg) 
and diastolic (3 to 3.79 mmHg) blood pressure 
(Cornelissen and Fagard 2005; Fargard 2006; 
Kelley 1997; Kelley and Kelley 2000) or results in 
a nonsignificant decrease (3.2 mmHg) in systolic 
blood pressure (Fagard 2006). This results in 
approximately a 2 to 4% decrease in systolic and 
diastolic blood pressure. The decrease in blood 
pressure may be greater in those with hypertension, 
but additional studies including only hypertensive 
people are needed. Although such small decreases 

may seem trivial, they have been associated with a 
decreased risk for stroke and coronary heart disease 
(Kelley and Kelley 2000). Thus, resistance training 
can result in significant decreases in resting blood 
pressure.

Stroke Volume
Stroke volume is the amount of blood pumped per 
heartbeat. An increase in resting stroke volume is 
viewed as a positive adaptation to training and is 
often accompanied by a decrease in resting heart 
rate. No difference (Brown et al. 1983; Dickhuth 
et al. 1979) between highly strength-trained males 
and normal people in absolute stroke volume 
have been reported, as have greater values (Fleck, 
Bennett et al.1989; Pearson et al. 1986) in highly 
strength-trained people and greater values in 
weightlifters (Adler et al. 2008) than in normal 
people. Absolute stroke volume of any group of 
strength-trained athletes is typically less than that 
of aerobically trained athletes (D'Andrea et al. 
2010). Increased absolute stroke volume, when 
present, appears to be due to a significantly greater 
end diastolic left ventricular internal dimension 
and a normal ejection fraction (Adler et al. 2008; 
Fleck 1988). A meta-analysis indicates that the 
caliber of athlete may influence absolute stroke 
volume: National- and international-caliber ath-
letes have a greater absolute stroke volume than 
lesser-caliber athletes (Fleck 1988). Although a few 
comparisons between highly resistance-trained 
people and normal people show a significantly 
greater stroke volume relative to body surface 
area in the strength-trained people, the majority 
of comparisons show no significant difference 
between these two groups in stroke volume rel-
ative to body surface area (Fleck 2002). When a 
significant difference in stroke volume relative to 
body surface area is shown, the difference generally 
becomes nonsignificant when expressed relative 
to fat-free mass (Fleck 2002; Fleck, Bennett et al. 
1989). A meta-analysis of stroke volume relative 
to body surface area demonstrates no difference 
by caliber of athlete (Fleck 1988). Thus, the greater 
absolute stroke volume in some national- and 
international-caliber highly strength-trained ath-
letes may be explained in part by body size. The 
preponderance of cross-sectional data indicates 
weight training to have no or little effect on abso-
lute stroke volume or stroke volume relative to 
body surface area or fat-free mass. This conclusion 
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is supported by studies reporting no change in 
absolute resting stroke volume after the perfor-
mance of a short-term weight training program 
(Camargo et al. 2008; Lusiani et al. 1986).

Blood Lipid Profile
Literature reviews report that resistance-trained 
male athletes have normal, higher-than-normal, 
and lower-than-normal high-density lipoprotein 
cholesterol (HDL-C), low-density lipoprotein cho-
lesterol (LDL-C), total cholesterol (TC), and TC-to-
HDL-C ratio (Hurley 1989; Kraemer, Deschenes, 
and Fleck 1988; Stone et al. 1991). Meanwhile, 
literature reviews on training studies suggest that 
resistance training has little or no effect on the 
lipid profile in adults (Braith and Stewart 2006; 
Williams et al. 2007). However, a meta-analysis 
indicates that resistance training does have small 
but significant effects on the blood lipid profile 
in both adult men and women (Kelley and Kelley 
2009a). This meta-analysis indicates that resistance 
training significantly decreases TC by 2.7%, LDL-C 
by 4.6%, total triglyceride (TG) by 6.4%, and 
TC-to-HDL-C ratio by 11.6%. However, high-den-
sity lipoprotein cholesterol was not significantly 
affected (+1.4%).

The blood lipid profile response to resistance 
training varies substantially, and this variation is in 
part due to differences in resistance training pro-
gram intensity and volume. Associations indicated 
by the meta-analysis and previous research support 
this contention. The meta-analysis indicates an 
inverse relationship between decreases in TC and 
TC-to-HDL-C ratio and greater dropout rates in 
training studies, which could be indicative of more 
difficult weight training programs. This is sup-
ported by another indication of the meta-analysis 
and some previous studies. The meta-analysis indi-
cated an association between increased training 
intensity and greater decreases in LDL-C, whereas 
previous studies indicate that weight training 
volume may have some effect on the lipid profile. 
Bodybuilders have been reported to have lipid 
profiles similar to those of runners. Powerlifters, 
on the other hand, have lower HDL-C and higher 
LDL-C concentrations than runners when body 
fat, age, and androgen use (which has been shown 
to depress HDL-C concentrations) are accounted 
for (Hurley et al. 1987; Hurley, Seals, Hagberg et 
al. 1984). Over 12 weeks of training, middle-aged 
men showed the greatest positive changes in the 

lipid profile during the program’s highest training 
volume phase (Blessing et al. 1987; Johnson et al. 
1982). Thus, weight training volume and intensity 
may both affect blood lipid profile.

Most studies examining the effect of weight 
training on the lipid profile can be criticized. Lim-
itations of the studies include inadequate control 
of age, diet, and training program; the use of only 
one blood sample in determining the lipid profile; 
the lack of a control group; not controlling for 
changes in body composition; and short duration. 
An acute increase in HDL-C and a decrease in 
total cholesterol occur 24 hours after a 90-minute 
resistance exercise session, and these blood lipids 
do not return to baseline values by 48 hours after 
the exercise session (Wallace et al. 1991). This 
effect needs to be accounted for in studies. These 
as well as other limitations indicate that the results 
of previous studies as well as the meta-analysis 
discussed earlier need to be viewed with caution, 
and that when changes in the blood lipid profile 
are a major training goal, aerobic training should 
be performed (Kelley and Kelley 2009a, 2009b). It 
is also important to note that nutritional counsel-
ing in conjunction with resistance training further 
contributes to positive changes in the blood lipid 
profile (Sallinen et al. 2005).

How resistance training might positively 
affect the lipid profile has not been completely 
elucidated. Decreased percent body fat has been 
reported to positively influence the lipid profile 
(Twisk, Kemper, and van Mechelen 2000; Williams 
et al. 1994), and resistance training can decrease 
percent body fat. Additionally, the meta-analysis 
indicates that decreases in body mass index are 
associated with greater improvements in TC, 
HDL-C, and TC/HDL-C ratio and that greater 
increases in fat-free mass are associated with 
greater increases in HDL-C. Thus, changes in body 
mass or body composition as a result of weight 
training may affect the lipid profile. Resistance 
training may improve the oxidative capacity of 
skeletal muscle because of an increase in the 
activity of specific aerobic-oxidative enzymes 
(Wang et al. 1993), which could positively affect 
the blood lipid profile. Such a change might occur 
as a result of fiber-type conversion from type IIx 
to type IIa (Staron et al. 1994) and an increase in 
capillaries per muscle fiber (McCall et al. 1996). 
Weight training could also negatively affect the 
lipid profile. People with a higher percentage of 
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type I muscle fibers tend to have a higher HDL-C 
concentration (Tikkanen, Naveri, and Harkonen 
1996). Some resistance training programs have the 
greatest hypertrophic effect on type II fibers (see 
Hypertrophy earlier in this chapter). The resulting 
decrease in the percentage area of type I fibers may 
negatively affect the lipid profile.

The meta-analysis also indicates some other 
interesting associations. Those with a lower initial 
HDL-C level show greater increases in HDL-C with 
training. Greater decreases in LDL-C are associated 
with a higher compliance rate to training, which 
may reflect greater benefits when there is a greater 
commitment to the training program. Although 
not explained, an association does exist between 
upper-body strength changes and changes in TC 
as a result of resistance training.

Further research is needed before a conclusion 
can be reached concerning the effect of resistance 
training on the lipid profile and what type of resis-
tance training program is optimal when positive 
effects of the blood lipid profile are desired. How-
ever, an aptitude for power or speed athletic events, 
including weightlifting, does not offer protection 
from cardiovascular risk in former athletes. On 

the other hand, an aptitude for endurance athletic 
events and continuing vigorous physical activity 
after retirement from competitive sport do offer 
protection against cardiovascular risk (Kujala et 
al. 2000). Therefore, a prudent conclusion might 
be to encourage strength and power athletes to 
perform some aerobic training and follow dietary 
practices appropriate to bring about positive 
changes in the lipid profile. This may be especially 
important for long-term health after retirement 
from competition.

Cardiac Wall Thickness
Increased cardiac wall thicknesses are an adapta-
tion to the intermittent elevated blood pressures 
during resistance training (Naylor, George et al. 
2008; Rowland and Fernhall 2007). Both echo-
cardiographic and magnetic resonance imaging 
(MRI) techniques (see figure 3.29) have been used 
to investigate changes in cardiac morphology as a 
result of weight training. Several literature reviews 
have concluded that highly strength-trained people 
can have greater-than-average absolute diastolic 
posterior left ventricular wall thickness (PWTd) 
(Fleck 1988, 2002; Naylor, George et al. 2008; 

FiguRE 3.29 Magnetic resonance image (MRI) of the left ventricle (circular chamber with thick walls) and right 
ventricle (triangular chamber).
Courtesy of Dr. Steven Fleck’s laboratory.
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Urhausen and Kindermann 1992) and diastolic 
intraventricular septum wall thickness (IVSd) 
(Fleck 1988, 2002; Naylor, George et al. 2008; 
Perrault and Turcotte 1994; Urhausen and Kind-
ermann 1992; Wolfe, Cunningham, and Boughner 
1986). Similarly, a meta-analysis indicates IVSd to 
be significantly greater than normal in strength-
trained athletes (normal: 10.5 mm vs. strength-
trained: 11.8 mm), and that PWTd was greater in 
strength-trained athletes (normal: 10.3 mm vs. 
strength-trained: 11.0 mm), but not significantly 
so (Pluim et al. 1999). In general, absolute wall 
thickness in highly strength-trained people rarely 
exceeds the upper limits of normal (Urhausen 
and Kindermann 1992; Wolfe, Cunningham, and 
Boughner 1986) and is normally significantly 
lower than in those with diseases such as aortic 
stenosis, obstructive cardiomyopathy, and extreme 
hypertension (Wolfe, Cunningham, and Bough-
ner 1986). Increased ventricular wall thicknesses 
are also apparent in many other types of athletes 
(Naylor, George et al. 2008). A ranking of 27 sports 
places weightlifting at number 8 in terms of left 
ventricular wall thickness (Spataro et al. 1994).

When cardiac wall thicknesses (PWTd and IVSd) 
of highly strength-trained people are expressed rel-
ative to body surface area or to fat-free mass, gener-
ally there is no difference from normal (Fleck 1988, 
2002; Fleck, Bennett et al. 1989; Naylor, George 
et al. 2008; Perrault and Turcotte 1994; Urhausen 
and Kindermann 1992). This is important because 
it indicates a physiological adaptation rather than 
an adaptation to a pathological disease state. The 
caliber of athletes may have some correlation with 
ventricular wall thicknesses. A meta-analysis indi-
cates IVSd thickness, but not PWTd, to be affected 
by the caliber of the athlete, and that national-, 
international-, and regional-caliber athletes have 
a greater IVSd thickness than recreational strength 
trainers do (Fleck 1988). However, this is not 
supported by all studies examining wall thickness 
changes in weight-trained athletes (Naylor, George 
et al. 2008).

Short-term longitudinal training studies also 
indicate that strength training can increase PWTd 
and IVSd; however, it is not a necessary outcome 
of all weight training programs (Fleck 1988, 2002; 
Naylor, George et al. 2008; Perrault and Turcotte 
1994). The conclusion that not all resistance train-
ing programs result in an increase in ventricular 
wall thickness is supported by cross-sectional stud-
ies showing no significant difference from controls 
in ventricular wall thickness in female collegiate 

strength- and power-trained athletes (George et 
al. 1995) and junior and master national-caliber 
powerlifters (Haykowsky et al. 2000).

Whether an increase in left ventricular wall 
thickness occurs probably depends on differences 
in the training performed. The highest blood 
pressures during a set to concentric failure occur 
during the last few repetitions of a set (Fleck and 
Dean 1987; MacDougall et al. 1985; Sale et al. 
1994). Exercises involving large-muscle mass, such 
as leg presses, result in higher blood pressures 
than small-muscle-mass exercises (MacDougall 
et al. 1985). Therefore, whether sets are carried to 
concentric failure and the exercises performed may 
affect the occurrence of increases in ventricular wall 
thickness. Other factors that may affect whether 
changes in ventricular wall thickness occur include 
training intensity, training volume, the duration of 
training, and the rest periods between sets.

The effect of weight training on other cardiac 
chamber wall thicknesses has received consider-
ably less attention than the effect on left ventricular 
wall thickness. However, a magnetic resonance 
imaging study reports no difference in systolic and 
diastolic right ventricular wall thickness between 
male junior elite Olympic weightlifters and age- 
and weight-matched controls (Fleck, Henke, and 
Wilson 1989), which indicates that the right 
ventricle is not exposed to sufficiently elevated 
blood pressures to cause hypertrophy. However, it 
has also been reported that six months of weight 
training produces small but significant increases 
in right ventricular mass (Spence et al. 2013) indi-
cating that the right ventricle does increase in size 
with weight training.

Resistance training can result in increased left 
ventricular wall thickness, but it is not a necessary 
consequence of all resistance training programs. 
Increased left ventricular wall thickness, when 
apparent, is caused by the intermittent elevated 
blood pressures encountered during strength 
training. When expressed relative to body surface 
area or fat-free mass, generally no increase in left 
ventricular wall thickness is demonstrated. Addi-
tionally, increased left ventricular wall thickness 
rarely exceeds the upper limits of normalcy and is 
significantly below wall thickness increases result-
ing from pathological conditions.

heart Chamber Size
An increase in ventricular chamber size or volume 
is an indication of volume overload on the heart 
(i.e., the need to pump a large volume of blood). 
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The majority of cross-sectional data on highly 
strength-trained athletes and longitudinal short-
term training studies show resistance training to 
have little or no effect on absolute left ventricular 
internal dimensions, an indicator of chamber size 
(Adler et al. 2008; Fleck 1988, 2002; Fleck, Henke, 
and Wilson 1989; George et al. 1995; Naylor, 
George et al. 2008; Perrault and Turcotte 1994; 
Urhausen and Kindermann 1992). This is true 
whether systolic or diastolic chamber dimensions 
are examined. However, a meta-analysis indicates 
that strength-trained athletes have a significantly 
greater-than-normal left ventricle internal diameter 
in diastole (LVIDd) (52.1 vs. 49.6 mm) (Pluim 
et al. 1999). It has also been reported that right 
ventricular end diastolic volume increases slightly, 
but significantly, with six months of weight train-
ing (Spence et al. 2013). Similar to left ventricular 
wall thickness, the left ventricular internal dimen-
sions in highly strength-trained people normally 
do not exceed the upper limits of normal (Fleck 
1988, 2002; Perrault and Turcotte 1994; Urhausen 
and Kindermann 1992; Wolfe, Cunningham, and 
Boughner 1986) and in most cases are not sig-
nificantly different from normal when expressed 
relative to body surface area or fat-free mass (Fleck 
1988, 2002; Urhausen and Kindermann 1992; 
Wolfe, Cunningham, and Boughner 1986).

Increases in cardiac chamber size do occur as a 
result of endurance training and participation in 
many other sports (D'Andrea, Cocchia et al. 2010; 
Naylor, George et al. 2008; Pluim et al. 1999). A 
comparison of nationally ranked athletes in 27 
sports ranked weightlifters number 22 in terms 
of left ventricular internal dimensions (Spataro et 
al. 1994). The slight increase or no change in left 
ventricular internal dimensions coupled with no 
change or an increase in left ventricular wall thick-
ness is an important difference between weight 
training and pathological cardiac hypertrophy, 
in which a large increase in wall thickness is not 
accompanied by an increase in left ventricular 
internal dimensions (Urhausen and Kindermann 
1992). A meta-analysis of PWTd + IVSd / LVIDd, 
or mean relative wall thickness, indicates that 
strength-trained athletes had a mean wall-to-wall 
thickness that was greater than normal (Pluim et al. 
1999). This indicates that wall thickness increases 
to a greater extent than left ventricular volume in 
strength-trained athletes.

Meta-analysis indicates that the caliber of 
the athlete does not influence whether the left 

ventricular internal dimension is significantly 
different from normal (Fleck 1988). Reports of 
nationally ranked junior and senior powerlifters 
having normal left ventricular internal dimensions 
(Haykowsky et al. 2000) and of national-caliber 
strength-trained athletes having a left ventricular 
internal dimension not significantly different from 
normal (Adler et al. 2008; Dickhuth et al. 1979; 
Fleck, Bennett et al. 1989) also indicate that the 
caliber of the athlete has little effect on left ventric-
ular chamber size. Because changes in ventricular 
volume are normally associated with a volume 
overload, it might be hypothesized that the type 
of weight training program would have an effect 
on left ventricular chamber size.

A comparison of bodybuilders and weightlift-
ers shows no significant difference between the 
two groups in left and right ventricular internal 
dimension, although the bodybuilders had slightly 
greater values. However, the bodybuilders, but 
not the weightlifters, had a greater absolute left 
and right ventricular internal dimension at rest 
(Deligiannis, Zahopoulou, and Mandroukas 1988) 
compared to normal. If expressed relative to body 
surface area or fat-free mass, the left ventricular 
internal dimension of neither the bodybuilders 
nor the weightlifters was significantly different 
from normal. However, the right ventricular 
internal dimension of the bodybuilders was sig-
nificantly different from normal when expressed 
relative to body surface area and fat-free mass. This 
same study also reported the left atrial internal 
dimension of both bodybuilders and weightlifters 
to be greater than normal in absolute terms and 
relative to body surface area and fat-free mass 
terms; the bodybuilders had a significantly greater 
left atrial internal dimension than the weightlifters 
(Deligiannis, Zahopoulo, and Mandroukas 1988). 
In support of the preceding, increased left atrial 
volume relative to body surface area was associated 
with endurance, but not strength training, and 
with an increase in left ventricular volume, which 
typically does not occur with resistance training 
(D'Andrea, Cocchia et al. 2010). This information 
indicates that the type of weight training program 
may affect cardiac chamber size, but the effect is 
small.

Resistance training appears to result in a slight 
increase in cardiac chamber size as indicated by a 
meta-analysis showing a small significant (2.5%) 
increase in strength-trained athletes compared to 
normal (Fagard 1996). However, no difference 
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from normal is generally apparent when exam-
ined relative to body surface area or fat-free mass. 
High-volume training programs may have the 
greatest potential to affect cardiac chamber sizes.

Left Ventricular Mass
An increase in left ventricular mass (LVM) can 
be brought about by an increase in either wall 
thickness or chamber size. Estimates of LVM have 
been obtained using echocardiographic and mag-
netic resonance imaging (MRI). The majority of 
cross-sectional studies on highly resistance-trained 
athletes (Fleck 1988, 2002; George et al. 1995; 
Haykowsky et al. 2000; Naylor, George et al. 2008) 
and of longitudinal short-term training studies 
(Fleck 1988, 2002; Naylor, George et al. 2008; 
Wolfe, Cunningham, and Boughner 1986) demon-
strate absolute LVM to be greater than normal in 
resistance-trained athletes or increased as a result 
of weight training. This conclusion is supported by 
a meta-analysis indicating that LVM is greater than 
normal in strength-trained athletes (normal 174 
g vs. strength-trained 267 g) (Pluim et al. 1999). 
However, increased LVM is not a necessary out-
come of all resistance training programs, and the 
difference is greatly reduced or nonexistent relative 
to body surface area or fat-free mass. Some data 
indicate that national- and international-caliber 
weight-trained athletes have a greater LVM than 
lesser-caliber athletes (Effron 1989; Fleck 1988).

The type of weight training program may 
influence how LVM is increased. Both bodybuild-
ers and weightlifters have a significantly great-
er-than-normal absolute LVM; however, they are 
not significantly different from each other (Deli-
giannis, Zahopoulou, and Mandroukas 1988). 
Bodybuilders and weightlifters both also have 
significantly greater-than-normal left ventricular 
wall thicknesses. However, only bodybuilders have 
a significantly greater-than-normal left ventricular 
end-diastolic dimension (Deligiannis, Zahopou-
lou, and Mandroukas 1988). Thus, in bodybuilders 
the increased LVM is caused by both greater left 
ventricular wall thickness and greater chamber size, 
whereas in weightlifters the increase is caused for 
the most part only by greater-than-normal wall 
thickness. It could be hypothesized that a weight 
training program that increases both left ventric-
ular wall thickness and left ventricular internal 
dimensions would result in the greatest increase 
in estimated LVM. However, it has also been con-
cluded that weight training volume does not affect 

the increase in LVM (Naylor, George et al 2008).
Resistance training can increase absolute LVM; 

however, such an increase does not occur with all 
weight training programs. The increased LVM can 
be caused by an increase in either wall thickness 
or chamber size, or a combination of both.

Cardiac Function
Abnormalities in systolic and diastolic function 
are associated with cardiac hypertrophy caused 
by pathological conditions, such as hypertension 
and valvular heart disease. This has raised concern 
that cardiac hypertrophy caused by resistance 
training may impair cardiac function. However, 
the majority of cross-sectional studies demonstrate 
that common measures of left ventricular systolic 
function—for example, percentage of fractional 
shortening, ejection fraction, and velocity of 
circumferential shortening—are unaffected by 
resistance training (Adler et al. 2008; Ellias et al. 
1991; Fleck 1988, 2002; George et al. 1995; Hay-
kowsky et al. 2000; Urhausen and Kindermann 
1992). However, it has also been reported that the 
percentage of fractional shortening is significantly 
greater in strength-trained athletes than in normal 
subjects (Colan, Sanders, and Borrow 1987), 
indicating enhanced systolic function. Short-term 
longitudinal training studies also show no change 
(Lusiani et al. 1986) or a significant increase in 
the percentage of fractional shortening (Kanakis 
and Hickson 1980). The majority of studies indi-
cate that weight training has no effect on systolic 
function, and minimal data indicate enhanced 
systolic function.

Left ventricular diastolic function has received 
less attention than systolic function. Cross-sec-
tional data on highly weight-trained athletes indi-
cate no significant change from normal (Urhausen 
and Kindermann 1992) or an increase in left 
ventricular diastolic function (Adler et al. 2008). 
Powerlifters competing at the national level, who 
have significantly greater absolute and relative-to-
body-surface-area left ventricular mass, have been 
reported to have normal and even enhanced mea-
sures of diastolic function (peak rate of chamber 
enlargement and atrial peak filling rate) (Colan, 
Sanders, and Borrow 1985; Pearson et al. 1986).

A meta-analysis indicates that systolic and dia-
stolic function are not significantly different from 
normal in strength-trained athletes (Pluim et al. 
1999). Overall, both cross-sectional and longitu-
dinal studies indicate that resistance training has 
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no significant effect on either systolic or diastolic 
function.

Acute Cardiovascular Responses
The acute response to resistance training refers to 
physiological responses during one set of an exer-
cise, several sets of an exercise(s), or one training 
session. Determining acute responses accurately 
can be difficult. Intra-arterial lines are necessary 
to accurately determine blood pressure because it 
is impossible with auscultatory sphygmomanom-
etry to determine such things as blood pressure 
during the concentric and eccentric phases of 
repetitions. Finger plesmography has also been 
used to determine blood pressure continuously 
during resistance training. Cardiac impedance 
and echocardiographic techniques have been used 
to determine cardiac output, stroke volume, and 
left ventricular volume, but these techniques have 
limitations during physical activity. Thus, in some 
instances, conclusions drawn concerning the acute 
response to resistance training must be viewed with 
caution (see table 3.9).

Heart Rate and Blood Pressure
Heart rate and both systolic and diastolic blood 
pressure increase substantially during the per-
formance of dynamic heavy resistance exercise 
(Fleck 1988; Hill and Butler 1991). This is true for 
machine, free weight, and isokinetic exercise (Fleck 
and Dean 1987; Gomides et al. 2010; Iellamo et al. 
1997; Kleiner et al. 1996; MacDougall et al. 1985; 
Sale et al. 1993, 1994; Scharf et al. 1994). Mean 
peak systolic and diastolic blood pressures as high 

as 320/250 mmHg and a peak heart rate of 170 
beats per minute occur during the performance 
of a two-legged leg press set to failure at 95% of 
1RM, in which a Valsalva maneuver was allowed 
(MacDougall et al. 1985). However, heart rate 
and blood pressure responses are also substantial 
even when an attempt is made to limit the perfor-
mance of a Valsalva maneuver. For example, mean 
peak blood pressures of 198/160 mmHg and a 
heart rate of 135 beats per minute occur during 
a single-legged knee extension set performed to 
concentric failure at 80% of 1RM when a Valsalva 
maneuver is discouraged (Fleck and Dean 1987).

Both blood pressure (see figure 3.30) and heart 
rate increase as the set progresses, so the highest 
values occur during the last several repetitions of 
a set to volitional fatigue whether or not a Val-
salva maneuver is allowed (Fleck and Dean 1987; 
Gomides et al. 2010; MacDougall et al. 1985; 
Sale et al. 1994). When a Valsalva maneuver is 
allowed, the blood pressure and heart rate response 
are significantly higher during sets performed to 
volitional fatigue with submaximal resistances 
(50-95% of 1RM) than when a resistance of 100% 
of 1RM is used (MacDougall et al. 1985; Sale et al. 
1994). When a Valsalva maneuver is discouraged, 
the blood pressure response is higher, but not 
significantly so, during sets at 90, 80, and 70% of 
1RM compared to sets at 100 and 50% of 1RM to 
volitional fatigue (Fleck and Dean 1987). Although 
it is not clear whether a Valsalva maneuver was 
discouraged in people with hypertension, the 
blood pressure response is higher during sets of 
knee extension exercise at 80 and 40% of 1RM to 

TABlE 3.9 Acute Response During Resistance Exercise Relative to Rest
Portion of repetition

Response Concentric Eccentric

Heart rate (no difference between concentric and eccentric) Increase Increase

Stroke volume (?) (eccentric value higher than concentric) No difference or 
decrease

No difference or 
increase

Cardiac output (?) (eccentric value higher than concentric) No difference or 
increase

Increase

Blood pressure (highest at exercise sticking point)
Systolic increase
Diastolic increase

Increase
Increase

Increase
Increase

Intrathoracic pressure (highest when a Valsalva maneuver is 
performed)

Increase Increase

? = minimal data.
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failure compared to a set to failure with 100% of 
1RM (Gomides et al. 2010).

The blood pressure and heart rate responses 
during dynamic weight training appear to be 
similar to the responses during isometric actions 
in that, as the duration of the activity increases, so 
does the heart rate and blood pressure response 
(Kahn, Kapitaniak, and Monod 1985; Ludbrook 
et al. 1978). Thus, both the heart rate and blood 
pressure responses are lower in a set to failure using 
100% of 1RM (one repetition) compared to sets to 
failure at lower percentages (90% through 40%) of 
1RM (Fleck and Dean 1987; Gomides et al. 2010). 
However, the pattern of peak blood pressure and 
heart rate response in sets to failure at 90 to 40% 
of 1RM are inconsistent. Both the peak heart rate 
and blood pressure responses have been shown to 
increase during submaximal sets to failure (50, 70, 
80, 85, and 87.5% of 1RM) as the percentage of 
1RM increases (Sale et al. 1994). Conversely, no 
significant difference in the peak blood pressure 
and heart rate response during sets to failure with 
90, 80, 70 or 50% of 1RM during one-legged knee 
extension and one-armed overhead press have 
been shown (Fleck and Dean 1987). Similarly, 
no significant difference in knee extension sets 
to failure using 80 and 40% of 1RM in the peak 
blood pressure and heart rate response of people 

with hypertension has been shown (Gomides et 
al. 2010).

The heart rate and blood pressure responses 
during successive sets to failure are also inconsis-
tent. During three successive sets (see figure 3.30) 
to failure of the leg press exercise with three min-
utes of rest between sets, blood pressure increases 
with successive sets (Gotshall et al. 1999). How-
ever, in hypertensive people peak blood pressure 
in three successive sets of knee extension exercise 
at either 80% (8 to 10 repetitions per set) or 40% 
(14 to 20 repetitions per set) of 1RM with 90 sec-
onds between sets does not significantly increase 
in successive sets (Gomides et al. 2010). Heart rate 
does not increase in three to five successive sets 
(bench press, knee extension, elbow flexion) with 
rest periods between sets of three to five minutes 
(Alcaraz, Sanchez-Lorente, and Blazevich 2008; 
Wickwire et al. 2009) or in hypertensive people 
in three successive sets of the knee extension as 
described earlier (Gomides et al. 2010).

Shorter rest period lengths (35 seconds) 
between sets of exercises for different muscle 
groups (alternating exercise order) can be used 
with no peak heart rate increase in successive sets 
(Alcaraz, Sanchez-Lorente, and Blazevich 2008). 
Between sets both the blood pressure and heart rate 
return toward resting values, but with rest periods 
between sets (one and a half to three minutes), 
they are still above resting values when the next 
set begins. Additionally, both heart rate and blood 
pressure responses increase with increased active 
muscle mass, but the response is not linear (Falkel, 
Fleck, and Murray 1992; Fleck 1988; MacDougall 
et al. 1985).

During dynamic resistance exercise, higher sys-
tolic and diastolic blood pressures, but not heart 
rates, have been reported during the concentric 
compared to the eccentric portion of repetitions 
(Falkel, Fleck, and Murray 1992; MacDougall et al. 
1985; Miles et al. 1987). Therefore, the point in the 
range of motion during the eccentric or concentric 
portion of a repetition at which blood pressure is 
determined affects the value. The highest systolic 
and diastolic blood pressures (finger plesmogra-
phy) occur at the start of the concentric portion 
of the leg press (see figure 3.31); blood pressure 
decreases as the concentric portion of the repeti-
tion progresses, reaching its lowest point when 
the legs are extended (Gotshall et al. 1999). Blood 
pressure then increases as the legs bend during the 
eccentric portion of a repetition and again reaches 
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FiguRE 3.30 Blood pressure response increases during 
a two-legged leg press set to volitional fatigue as well as 
during three successive sets of 10 repetitions at a 10RM 
resistance. sbp = systolic blood pressure; dbp = diastolic 
blood pressure.
Reprinted, by permission, from R.W. Gotshall et al., 1999, “Noninvasive 
characterization of the blood pressure response to the double-leg press 
exercise” Journal of Exercise Physiology 2(4): 1-6.
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its highest point when the legs are bent as far as 
possible. This indicates that the blood pressure 
response is highest at the sticking point of an 
exercise, when the muscular contraction is nearest 
its maximal force.

Investigations with isokinetic exercise give 
further insight into the acute blood pressure and 
heart rate responses. The velocity of isokinetic 
contraction (30 to 200 degrees per second) has 
little effect on the blood pressure and heart rate 
response (Haennel et al. 1989; Kleiner et al. 1999), 
whereas isokinetic exercise performed with both a 
concentric and eccentric phase results in a higher 
peak blood pressure than concentric exercise only 
(Sale et al. 1993). Thus, many factors, including 
active muscle mass, whether sets are carried to 
volitional fatigue, the number of sets performed, 
the rest periods between sets, the resistance used, 
where in the range of motion a measurement 
is obtained, and whether both concentric and 
eccentric muscular actions are performed, affect 
the blood pressure and heart rate responses during 
dynamic resistance training.

Stroke Volume and Cardiac Output
Estimates of stroke volume and cardiac output 
during resistance exercise are potentially affected 
by blood pressure during exercise, which, as dis-
cussed earlier, varies during the concentric and 

eccentric phases of the repetition and increases as 
a set progresses toward concentric failure. Thus, 
stroke volume and cardiac output may change 
depending on where during a repetition they are 
estimated and as a set continues toward concen-
tric failure. Responses determined by electrical 
impedance techniques during knee extension 
exercise are shown to vary slightly depending on 
whether a Valsalva maneuver is performed. When 
attempts are made to limit the performance of 
a Valsalva maneuver, stroke volume and cardiac 
output during the concentric phase of the knee 
extension exercise (12 repetitions with a 12RM 
resistance) are not elevated significantly above 
resting values (Miles et al. 1987). During the 
concentric phase of the knee extension exercise, 
when a Valsalva maneuver is allowed (sets at 50, 
80, and 100% of 1RM to fatigue), peak stroke 
volume is either significantly below resting values 
or not significantly different from resting values, 
and peak cardiac output is above resting values, 
but not always significantly so (Falkel, Fleck, and 
Murray 1992). During the eccentric repetition 
phase when a Valsalva maneuver is not allowed, 
peak stroke volume and cardiac output are sig-
nificantly increased above resting values. When a 
Valsalva maneuver is allowed, peak stroke volume 
during the eccentric phase is significantly above or 
not significantly different from resting values, and 
peak cardiac output is always significantly greater 
than resting values. Thus, generally, with or with-
out a Valsalva maneuver, peak stroke volume and 
cardiac output during the eccentric phase of knee 
extension exercise are generally higher compared 
to the concentric phase.

During a squat exercise at 50, 80, and 100% 
of 1RM to failure, the peak stroke volume and 
cardiac output response are also different between 
the eccentric and concentric repetition phases 
(Falkel, Fleck, and Murray 1992). During the 
eccentric phase, peak stroke volume is above rest-
ing values (sets at 50 and 100% of 1RM), but not 
always significantly so, or it is significantly below 
resting values (sets at 80% of 1RM). Peak stroke 
volume during the concentric phase of all sets is 
significantly below resting values. Peak cardiac 
output during the eccentric phase during all sets 
is significantly above resting values, and during 
the concentric phase of all sets it is always above 
resting values, but not always significantly so. Thus, 
as with the knee extension exercise, generally, peak 
stroke volume and cardiac output are higher in the 
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FiguRE 3.31 Blood pressure response during one com-
plete repetition of a two-legged leg press exercise.
Reprinted, by permission, from R.W. Gotshall et al., 1999, “Noninvasive 
characterization of the blood pressure response to the double-leg press 
exercise” Journal of Exercise Physiology 2(4): 1-6.
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eccentric phase of the squat exercise than in the 
concentric phase.

Heart rate is not significantly different between 
the concentric and eccentric phases of a repetition 
(Falkel, Fleck, and Murray 1992; MacDougall et 
al. 1985; Miles et al. 1987). As discussed earlier, 
stroke volume is significantly greater during the 
eccentric phase than during the concentric phase 
of a repetition. Thus, the greater cardiac output 
during the eccentric phase is due largely to a greater 
stroke volume during that phase.

A general pattern for both large-muscle-mass 
exercises (e.g., squat) and small-muscle-mass exer-
cises (e.g., knee extension) for both peak stroke 
volume and cardiac output is that greater values 
occur during the eccentric phase than during the 
concentric phase. Stroke volume is generally below 
resting values during the concentric phase and 
generally above resting values during the eccentric 
phase. Cardiac output during the eccentric phase 
of both large- and small-muscle-mass exercises is 
generally above resting values. However, cardiac 
output during the concentric phase of large-mus-
cle-group exercises may also be above resting 
values, but during small-muscle-group exercises 
can be either above or below the values.

Mechanisms of the Pressor Response
Several factors may influence the increase in blood 
pressure, or pressor response, during resistance 
training. Cardiac output can be increased above 
resting values during both the eccentric and 
concentric phases of resistance training exercise 
(Falkel, Fleck, and Murray 1992), which may 
contribute to the increase in blood pressure during 
weight training.

Increased intrathoracic or intra-abdominal 
pressures may have an effect on the blood pressure 
response during resistance training (Fleck 1988). 
Intrathoracic pressure increases during resistance 
training exercise (Falkel, Fleck, and Murray 1992; 
MacDougall et al. 1985; Sale et al. 1994) especially 
if a Valsalva maneuver is performed. Increased 
intrathoracic pressure may eventually decrease 
venous return to the heart and so decrease cardiac 
output. During resistance exercise an indirect 
measure (mouth pressure) of a Valsalva maneu-
ver and intrathoracic pressure indicates a reduced 
cardiac output and stroke volume in people show-
ing greater intrathoracic pressure than in those 
showing indications of less intrathoracic pressure 
(Falkel, Fleck, and Murray 1992). The increase in 

intrathoracic pressure may limit venous return and 
thus cardiac output, but at the same time it may 
cause a buildup of blood in the systemic circula-
tion, causing an increase in blood pressure. Cardiac 
output and stroke volume can be above resting 
values during resistance training exercise. For an 
increase in cardiac output and stroke volume to 
occur during resistance training, it can be specu-
lated that the increase in blood pressure and the 
powerful muscle pump overcome the decrease in 
venous return because of an increase in intratho-
racic pressure.

Increased intrathoracic pressure may have a 
protective function for the cerebral blood vessels 
similar to that thought to be active during a cough 
or strain (Hamilton, Woodbury, and Harper 1943). 
Any increase in intrathoracic pressure is transmit-
ted to the cerebral spinal fluid because of its bear-
ing on the intervertebral foramina. This reduces 
the transmural pressure of the cerebral blood 
vessels, protecting them from damage caused by 
the increase in blood pressure (MacDougall et al. 
1985).

Increased intramuscular pressure during weight 
training exercise increases total peripheral resis-
tance and occludes blood flow. Quite high intra-
muscular pressures (92 kPa) have been measured 
during static human muscular actions (Edwards, 
Hill, and McDonnell 1972). Although there is 
considerable intramuscular variability, static 
actions of 40 to 60% of maximum can occlude 
blood flow (Bonde-Peterson, Mork, and Nielsen 
1975; Sadamoto, Bonde-Peterson, and Suzuki 
1983). Increased intramuscular pressure during 
muscular actions is the most probable reason for 
blood pressures being reportedly higher during the 
concentric phase than during the eccentric phase 
(Miles et al. 1987) and is probably responsible for 
blood pressure being the highest at the sticking 
point of a repetition (Gotshall et al. 1999).

Increased blood pressure during weight training 
may help maintain perfusion pressure and so help 
maintain blood flow despite an increased intra-
muscular pressure (MacDougall et al. 1985). This 
appears to be true at least for small human muscles 
(Wright, McCloskey, and Fitzpatrick 2000). After 
fatiguing a thumb muscle (adductor pollicis) by 
performing rhythmic isometric actions, blood pres-
sure was increased by contracting the knee extensors. 
Eighteen percent of the isometric force lost as a result 
of the fatigue of the small muscle was recovered for 
each 10% increase in blood pressure . The recovery 
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of contractile force is probably related to an increase 
in perfusion pressure to the muscle. However, the 
applicability or magnitude of this mechanism to 
larger muscle groups is unclear.

During isometric exercise blood pressure contin-
uously increases as the isometric action increases in 
duration and progresses toward fatigue. Although 
isometric exercise lacks a concentric and eccentric 
phase, examining the cardiovascular response to 
isometric exercise does offer some insight into the 
response during traditional resistance training. 
During knee extension isometric exercise (30% 
of maximal force), mean heart rate increases 
significantly and mean stroke volume decreases 
significantly (Rowland and Fernhall 2007). This 
results in a small increase in cardiac output even 
though mean arterial resistance has increased. This 
indicates that increased cardiac output was not the 
major cause of an increase in blood pressure and 
that blood pressure increases due to an increase in 
vascular resistance probably caused by an increase 
in intramuscular pressure occluding blood flow in 
the active muscle tissue. The resulting increase in 
blood pressure should have resulted in a greater 
decrease in stroke volume than shown. A decrease 
in stroke volume less than expected because of the 
increase in blood pressure is probably related to 
an increase in myocardial contractility resulting in 
a maintenance of or increase in ejection fraction.

During upper-body isometric action heart rate, 
systolic blood pressure, ejection fraction, and 
stroke volume all increase (Adler et al. 2008). 
The increase in stroke volume despite an increase 
in systolic blood pressure indicates an increase 
in myocardial contractility as evidenced by the 
increase in ejection fraction. The increase in stroke 
volume is also due to an increase in end diastolic 
volume and a decrease in end systolic volume 
(Adler et al. 2008). Even though isometric exercise 
lacks a concentric and eccentric phase, these results 
indicate that an increase in myocardial contractility 
helps to maintain or even increase stroke volume 
and thus cardiac output during traditional resis-
tance training.

During isometric exercise no increase in blood 
flow to inactive muscle tissue occurs (Rowland and 
Fernhall 2007). This indicates that vasoconstriction 
occurs in inactive muscle tissue, which would limit 
blood flow to inactive tissue and possibly further 
increase blood pressure, and not vasodilation, 
which would tend to decrease blood pressure. 
So even though vasodilation in inactive muscle 

tissue would tend to decrease blood pressure, it 
does not appear to occur during isometric exercise. 
This indicates that the vasodilation of inactive 
tissue during traditional resistance training does 
not occur even though it would tend to decrease 
blood pressure. The applicability of vasodilation 
of inactive tissue to decrease blood pressure is 
especially questionable for large-muscle-group 
exercises (squat, deadlift), during which very little 
of the total muscle mass is inactive.

In summary, the pressor response during tra-
ditional resistance training is due predominantly 
to an increase in vascular resistance because of an 
increase in intramuscular pressure compressing 
blood vessels. If stroke volume and cardiac output 
increase during resistance training, the pressor 
response would also increase. Maintenance or an 
increase in stroke volume during resistance train-
ing is due to an increase in myocardial contractility.

Hypotensive Response
Following a bout of physical activity a significant 
decrease in systolic or diastolic blood pressure (or 
both) compared to resting values can take place; 
this is termed postexercise hypotension. This 
acute response may be important to consider if 
a chronic reduction in resting blood pressure is 
a training goal. A resistance training session can 
result in a postexercise hypotensive response that 
can last from 60 minutes (de Salles et al. 2010; Ruiz, 
Simão et al. 2011; Scher et al. 2011; Simão et al. 
2005) to 24 hours (Queiroz et al. 2009). Resistance 
training sessions can also result in no significant 
change or even a slight increase in blood pressure 
during the immediate postexercise period (De Van 
et al. 2005; Focht and Koltyn 1999; O’Connor et al. 
1993; Roltsch et al. 2001). It is also important to 
note that a hypotensive response can also occur in 
hypertensive people and that the response may be 
greater in people with this condition (Hardy and 
Tucker 1998; Melo et al. 2006). When apparent, 
the postexercise hypotensive response is related 
to the interaction among cardiac output, vascular 
resistance, and parasympathetic activity.

The effect of various resistance training vari-
ables on the postexercise hypotensive response 
has been investigated; however, more research 
is needed in this area. A postexercise hypoten-
sive response does occur after a training session 
performed in a circuit or a set repetition format 
(Simão et al. 2005). Resistance training intensity 
can increase the duration, but not the magnitude, 
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of the postexercise hypotensive response (Simão 
et al. 2005). However, no postexercise hypotensive 
response and no difference at various percentages 
of 1RM have been shown (Focht and Koltyn 1998). 
Training volume (increased number of sets of an 
exercise) has little or no effect on the postexer-
cise hypotensive response (Simão et al. 2005), 
although the difference in volume was small (five 
vs. six sets of each exercise). However, the optimal 
value for acute training variables to bring about a 
postexercise hypotensive response remains to be 
elucidated.

The mechanism(s) responsible for a postexer-
cise hypotensive response after resistance training 
are unclear. As with aerobic exercise, a postexercise 
hypotensive response is related to a decrease in 
vascular resistance, but the cause of this decrease 
is not clear. It is unlikely that the postexercise 
hypotensive response after aerobic training is due 
to thermoregulatory or blood volume changes; a 
decrease as well as no change in sympathetic nerve 
activity has been shown after aerobic training 
(MacDonald 2002). The cause of the postexer-
cise hypotensive response after resistance raining 
requires further study.

Chronic Cardiovascular  
Adaptations During Exercise
Traditional cardiovascular training results in adap-
tations (e.g., reduced heart rate and blood pressure 
during activity) that allow the performance of 
physical activity with less cardiovascular stress. 
Resistance training can result in a similar response 
(see table 3.10).

Heart Rate and Blood Pressure
Cross-sectional data demonstrate that resistance 
training can reduce cardiovascular stress during 

weight training and other exercise tasks. Male 
bodybuilders have lower maximal intra-arterial 
systolic and diastolic blood pressures and maxi-
mal heart rates during sets to voluntary concen-
tric failure at 50, 70, 80, 90, and 100% of 1RM 
than sedentary subjects and novice (six to nine 
months of training) resistance-trained males do 
(Fleck and Dean 1987). The bodybuilders were 
stronger than the other subjects, so they had a 
lower pressor response not only at the same rela-
tive workload, but also at greater absolute weight 
training workloads. Bodybuilders also had lower 
heart rates, but not blood pressures, than med-
ical students during arm ergometry at the same 
absolute exercise intensity (Colliander and Tesch 
1988). In addition, bodybuilders had lower heart 
rates at the same relative workloads (percentage of 
1RM) than powerlifters during resistance training 
exercises (Falkel, Fleck, and Murray 1992). This 
indicates that high-volume programs may have 
the greatest effect on the pressor response during 
resistance training as well as other physical tasks. 
The lower pressor response shown by bodybuilders 
may be due in part to a smaller-magnitude Valsalva 
maneuver during resistance exercise compared 
to that of powerlifters (Falkel, Fleck, and Murray 
1992). During upper-body isometric activity (50% 
of maximal force) national team weightlifters had 
significantly lower heart rates, but similar systolic 
and diastolic blood pressures compared to seden-
tary people (Adler et al. 2008).

Short-term training (12 to 16 weeks) also causes 
cardiovascular adaptations during the performance 
of exercise tasks. Heart rate and blood pressure 
do decrease as a result of weight training during 
bicycle ergometry, treadmill walking, and tread-
mill walking holding hand weights (Blessing et 
al. 1987; Goldberg, Elliot, and Kuehl 1988, 1994). 

TABlE 3.10 Chronic Cardiovascular Adaptations During Exercise
Adaptation Absolute workload* Relative workload*

Heart rate Decrease No change

Blood pressure
Systolic
Diastolic

Decrease
Decrease

No change or decrease or increase
No change or decrease or increase

Stroke volume Increase ?

Cardiac output Increase ?

V
.
O2peak Increase ?

* = minimal data and contradictory data; ? = unknown.
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Short-term training studies also demonstrate 
significant decreases in blood pressure and heart 
rate response during isometric actions (Goldberg, 
Elliot, and Kuehl 1994) and in both young adults 
(Sale et al. 1994) and 66-year-old adults (McCart-
ney et al. 1993) during dynamic resistance training 
at the same absolute resistance. However, after 19 
weeks of training, the systolic and diastolic blood 
pressure response at the same relative resistance 
may be unchanged or even increased (Sale et al. 
1994). It is important to note that the same relative 
resistance (percentage of 1RM) after training is a 
greater absolute resistance. After the 19 weeks of 
training, maximal heart rate during all sets at the 
same relative resistance tended to be higher; at the 
same absolute resistance they tended to be lower, 
but not significantly so. Longitudinal information 
demonstrates that weight training can reduce 
the pressor response during a variety of physical 
activities. Both cross-sectional and longitudinal 
information indicate that weight training can 
reduce the heart rate and blood pressure response 
during various physical activities.

Stroke Volume and Cardiac Output
Weightlifters’ cardiac output has been observed to 
increase to 30 L ∙ min–1—stroke volume increases 
up to 200 ml immediately after resistance training 
exercise—untrained people show no significant 
change (Vorobyev 1988). During upper-body iso-
metric activity (50% of maximal force) national 
team weightlifters demonstrate a significantly 
higher stroke volume than sedentary people (Adler 
et al. 2008). The weightlifters’ increased stroke 
volume was due to a significantly greater end-di-
astolic volume and significantly lower end-systolic 
volume resulting in a significantly greater ejection 
fraction compared to that of the sedentary subjects.

There may be a difference in the response 
of various types of resistance-trained athletes. 
Bodybuilders’ peak stroke volume and cardiac 
output were significantly greater than those of 
powerlifters during sets to voluntary concentric 
failure at various percentages (50, 80, and 100%) 
of 1RM during both the knee extension and squat 
exercises (Falkel, Fleck, and Murray 1992). The 
bodybuilders’ greater cardiac output and stroke 
volume were evident during both the concentric 
and eccentric phases of both exercises and may 
have been caused by the performance of a more 
limited Valsalva maneuver, which resulted in a 

smaller elevation of intrathoracic pressure. During 
most of the squat and knee extension exercise sets, 
the bodybuilders demonstrated a higher maximal 
heart rate than the powerlifters did. This indicates 
that cardiac output increased in the bodybuilders 
as the result of an increase in both stroke volume 
and heart rate. Thus, the type of resistance training 
program may affect the magnitude of any adapta-
tion that results in the ability to maintain cardiac 
output during activity.

Short-term training may have an effect on 
the magnitude of the Valsalva maneuver (Sale 
et al. 1994). After 19 weeks of weight training, 
subjects’ esophageal pressures during sets at the 
same relative resistance (percentage of 1RM) 
were unchanged. However, at the same absolute 
resistance, which is now a lower percentage of 
1RM after training, esophageal pressures during 
the first several repetitions of a set were reduced. 
This indicates a less forceful Valsalva maneuver 
during the first several repetitions of a set at the 
same absolute resistance after weight training. 
A reduction in the forcefulness of the Valsalva 
maneuver may allow stroke volume and cardiac 
output to increase compared to pretraining. Esoph-
ageal pressure during the last repetitions of the set 
was unaffected by training and therefore did not 
alter stroke volume or cardiac output compared 
to pretraining values. This indicates a differential 
effect on the forcefulness of a Valsalva maneuver 
during different repetitions of a set and therefore 
differing effects on intrathoracic pressure, venous 
return, and cardiac output during different repe-
titions of a set.

Both cross-sectional and longitudinal infor-
mation indicate that stroke volume and cardiac 
output may increase during weight training in 
strength-trained people compared to untrained 
people. Any changes in stroke volume and cardiac 
output brought about by chronic weight training 
may be related to a reduction in the forcefulness 
of a Valsalva maneuver after training and the type 
of training performed.

Peak Oxygen Consumption
Peak oxygen consumption (V

.
O2peak) on a tread-

mill or bicycle ergometer is considered a marker 
of cardiorespiratory fitness. Relative V

.
O

2peak (ml 
∙ kg–1 . min–1) of competitive Olympic weightlift-
ers, powerlifters, and bodybuilders ranges from 41 
to 55 ml ∙ kg–1 . min–1 (Fleck 2003; George et al. 
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1995; Kraemer, Deschenes, and Fleck 1988; Saltin 
and Astrand 1967). These are average to moder-
ately above average relative V

.
O

2peak values. This 
wide range indicates that resistance training may 
increase relative V

.
O

2peak, but that not all programs 
may bring about such an increase.

Insight into the type of programs that result in 
the greatest increase in V

.
O

2peak can be gained by 
examining short-term training studies. Traditional 
heavy resistance training using heavy resistances 
for a few number of repetitions per set and long 
rest periods result in small increases or no change 
in V

.
O

2peak (Fahey and Brown 1973; Gettman 
and Pollock 1981; Keeler et al. 2001; Lee et al. 
1990). A seven-week Olympic-style weightlifting 
program can result in moderate gains in absolute 
(L ∙ min–1) V

.
O2peak (9%) and V

.
O2peak relative 

to body weight (8%) (Stone et al. 1983). The first 
five weeks of training consisted of three to five 
sets of 10 repetitions for each exercise, rest periods 
between sets and exercises of three and a half to 
four minutes, and two training sessions per day, 
three days per week. Vertical jumps were performed 
two days per week for five sets of 10 repetitions. 
The majority of the increase in V

.
O

2peak occurred 
during the first five weeks of the program. Training 
during the next two weeks was identical to that of 
the first five weeks, except that three sets of five 
repetitions of each exercise were performed. This 
two-week training period resulted in no further 
gains in V

.
O

2peak. The results indicate that high-
er-volume weight training may be necessary to 
bring about significant gains in V

.
O

2peak. How-
ever, this conclusion must be viewed with caution 
because of the inclusion of vertical jump training 
in the total training program and the fact that the 
lower-volume program occurred after the high-
er-volume program, when adaptations are more 
likely to take place.

Circuit weight training generally consists of 12 
to 15 repetitions per set using 40 to 60% of 1RM 
with short rest periods of 15 to 30 seconds between 
sets and exercises. This type of training results in 
increases in V

.
O

2peak of approximately 10 to 18% 
(see chapter 6, Circuit System).

For physical conditioning to elicit changes in 
V
.
O

2peak, heart rate must be maintained at a min-
imum of 60% of maximum for a minimum of 20 
minutes. Exercising heart rate and total metabolic 
cost during a circuit weight training session is sig-
nificantly higher than during a more traditional 

heavy weight training session (Pichon et al. 1996). 
This may explain in part why circuit weight training 
elicits a significant increase in V

.
O

2peak and a more 
traditional heavy weight training program elicits 
little or no change. Additionally, the relatively long 
rest periods taken in a traditional heavy weight 
training program allow the heart rate to decrease 
below the recommended 60% of maximum level 
needed to bring about a significant increase in 
V
.
O

2peak. Weight training programs intended to 
increase V

.
O2 peak should consist of higher training 

volumes and use short rest periods between sets 
and exercises.

The increase in V
.
O

2peak caused by resistance 
training can be substantially less than the 15 to 
20% increases associated with traditional endur-
ance-oriented running, cycling, and swimming 
programs. If a major goal of a training program 
is to significantly increase V

.
O

2peak, some form of 
aerobic training needs to be included. The volume 
of aerobic training necessary to maintain or signifi-
cantly increase V

.
O

2peak when performing weight 
training is minimal (Nakao, Inoue, and Murakami 
1995). Moderately trained subjects minimally, but 
significantly, increased relative V

.
O

2peak (3 to 4 
ml ∙ kg–1 ∙ min–1) over one to two years of weight 
training when performing only one aerobic train-
ing session per week of running 2 miles (3.2 km) 
per session. Those who performed only weight 
training during the same training period demon-
strated a small but significant decrease in relative 
V
.
O

2peak. No difference in maximal strength gains 
was demonstrated between the weight trainers who 
ran and those who did not.

In conclusion, resistance training exercise results 
in a pressor response that affects the cardiovascular 
system. Chronic performance of resistance training 
can result in positive adaptations to the cardiovas-
cular system at rest and during physical activity.

Summary
Resistance training results in a multitude of physi-
ological adaptations specifically related to the pro-
gram design. The amount of muscle mass activated 
is both a local and general key to determining how 
many physiological systems will be involved in the 
maintenance of homeostasis and the support of 
muscular activity. In turn, those systems that are 
used in the performance of a resistance exercise 
and training protocol will adapt to reduce the 
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physiological stress and improve performance. 
Exercise prescription factors, such as the volume 
and intensity of training, will influence to what 
extent any adaptation occurs. Chapter 4 examines 
how to integrate the various components of a total 
conditioning program.
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After reading this chapter, you should be able to

1. discuss the advantages and disadvantages of concurrent training, as well as how these 
concerns affect specific populations differently,

2. explain the physiological mechanisms behind adaptations to concurrent training,

3. explain the various forms of cardiovascular endurance training,

4. discuss the methods used to determine intensity in cardiovascular endurance training 
and how they relate to program prescription,

5. demonstrate the various forms of stretching, and

6. understand how flexibility and stretching impact sports performance.

gram. A total conditioning program may consist of 
any or all of the following components:

• Flexibility

• Cardiorespiratory endurance

• Plyometrics

• Strength and power

• Anaerobic endurance and speed training

• Local muscular endurance

A resistance training program can be periodized 
in a variety of ways to integrate the aspects of the 
total program over a yearly training cycle.

This chapter presents the concepts that are 
important to consider when designing resistance 
training programs that can be integrated into total 
conditioning programs. Vital to this process is an 
understanding of the compatibility of exercise, 
which refers to whether two types of exercise posi-
tively or negatively affect adaptations to either type. 
Training goals can change over a yearly training 

Integrating Other  
Fitness Components

4

Integrating a variety of components of 
physical activity into a total conditioning pro-
gram requires a careful examination of training 
priorities. The compatibility of various modes 
of exercise must also be considered in relation-
ship to fitness or performance goals. The timing, 
sequencing, and emphasis of the program will also 
affect the body’s ability to adapt and achieve pro-
gram goals. Therefore, an individualized exercise 
prescription is vital for creating a successful total 
conditioning program. Additionally, in today’s 
world of fitness and sport conditioning, participant 
safety must be of paramount importance (Casa et 
al. 2012).

Resistance training is only one form of condi-
tioning and must be integrated into a total condi-
tioning program. A host of conditioning programs 
can be customized to meet the training goals of the 
individual. In addition, sport practices need to be 
accounted for in the total program, thus creating 
another component of the total conditioning pro-
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cycle as a result of different physical demands (e.g., 
in-season, off-season) or where the person is in 
their athletic career. Changes in training goals will 
require changes in the periodization model being 
used at specific times in the year or athletic career.

Compatibility  
of Exercise Programs

Few resistance training programs are performed 
without the simultaneous use of other condi-
tioning types. Our current understanding of the 
concurrent use of multiple conditioning types 
has been primarily based on the simultaneous 
use of resistance training and cardiorespiratory 
endurance training programs. Physiologically, 
this appears to be the most dramatic antagonistic 
combination because of the very different natures 
of the two training outcomes: high force versus 
high endurance. Yet, as we will see in this chapter, 
compatibility depends on many factors.

The compatibility of concurrent types of exer-
cise is related to the physiological mechanisms 
causing adaptations to each type of exercise and 
whether they are pushing these adaptations in the 
same direction of change. For example, the phys-
iological mechanisms to improve the oxidative 
endurance capabilities of muscle fibers are related 
to improving oxygen transport, delivery, and use. 
In this process, muscle fiber size may not increase 
or may even decrease to optimize transit distances 
for oxygen delivery. Conversely, with heavy resis-
tance training, anabolic signaling causes muscle 
fibers to increase in size, the opposite of what 
happens with intense endurance training. This is 
one example of two physiological stimuli trying 
to drive muscle fiber size in opposite directions 
for different reasons. This incompatibility occurs 
in the motor units that are asked to perform both 
forms of exercise.

Many questions might be asked related to what 
makes exercise programs incompatible. What are 
the effects on strength, power, or cardiorespira-
tory endurance performances when these are all 
included in a total training program? Or, how can 
a trainee use both strength and endurance exercise 
without limiting adaptations to each? What about 
using different intensities of training over a par-
ticular cycle and prioritizing one training mode 
over another? What about eliminating one type 
of exercise during a training cycle? Understanding 
the compatibility of exercise is vital for designing 

programs that achieve training goals for strength 
and power as well as cardiorespiratory endurance.

Training adaptations are specific to the imposed 
training stimulus, and this appears to be an 
important factor when examining concurrent 
exercise program compatibilities. Compatibility 
studies typically have three training groups. For 
example, to study the compatibility of strength 
and endurance training, researchers separate sub-
jects into three groups: one for strength training, 
one for endurance training, and one for both. 
Our understanding of exercise training compat-
ibility primarily relates to the concurrent use of 
aerobic endurance and strength training programs, 
which is explored in the next section.

Concurrent Strength  
and Endurance Training
Studies examining concurrent strength and endur-
ance training provide the following general con-
clusions (Aagaard and Andersen 2010; Chromiak 
and Mulvaney 1990; Dudley and Fleck 1987; 
García-Pallarés and Izquierdo 2011; Kraemer, 
Patton et al. 1995; Nader 2006; Wilson et al. 2012):

• High-intensity endurance training may 
compromise strength, especially at high 
velocities of muscle action.

• Power capabilities may be most affected 
by the performance of both strength and 
endurance training.

• High-intensity endurance training may 
negatively affect short-term anaerobic per-
formance.

• The development of peak oxygen consump-
tion is not compromised by heavy resistance 
training.

• Strength training does not negatively affect 
endurance capabilities.

• Strength and power training programs 
may benefit endurance performances by 
preventing injuries, increasing lactic acid 
threshold, and reducing the ground contact 
time during running.

However, whether incompatibility occurs may 
depend on training status; the intensity, volume, 
and frequency of both types of training; and 
whether both types are performed on alternate 
days or on the same training day. These factors are 
explored in the following sections.
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In 1980, the compatibility of concurrent train-
ing programs directed at both cardiorespiratory 
endurance and maximal muscle strength became a 
major topic. During 10 weeks of concurrent train-
ing, a decreased capacity to continue to improve 
maximal strength was observed during the 9th and 
10th weeks of training (Hickson 1980). The result 
was a realization that intense aerobic training may 
be detrimental to the development of strength. 
This started a line of research into exercise program 
compatibility that has continued to this day.

Given that the loss in strength or power was 
seen only after several weeks of concurrent train-
ing, many scientists thought that this might be 
due to overtraining. Although strength gains were 
compromised, aerobic capacity was not affected 
by concurrent training when strength and endur-
ance exercise were performed on alternate days 
(Hickson 1980). This lack of an effect on oxygen 
consumption with concurrent training was again 
observed with the use of very high-intensity inter-
val training performed along with intense isoki-
netic training. But isokinetic torque trainees at the 
faster velocities of movement (160-278 degrees per 
second) did not show the same gains as that of a 
strength-training-only group (Dudley and Djamil 
1985). Note that isokinetic torque increases at the 
slower velocities of movement were affected by 
concurrent training to a lesser degree.

It was thought that lowering the number of 
training days per week as well as the intensity 
might limit the problems with compatibility 
(Hunter, Demment, and Miller 1987). However, 
for those just beginning to train, despite a training 
program with only three sets of 10RM four days a 
week for 12 weeks, strength in both bench press 
and squat 1RM was compromised by adding a 
40-minute endurance running program four days 
a week at 75% of heart rate reserve. Again, maximal 
oxygen consumption was not negatively affected 
by the concurrent training programs. Interestingly, 
previously endurance-trained subjects did not 
show the negative effect on strength with concur-
rent training that beginners did. This suggests that 
the ability to tolerate aerobic conditioning may 
play a role in strength losses (Hunter, Demment, 
and Miller 1987) and if the frequency of training 
were reduced even further, maybe this would help 
reduce the incompatibility of training programs. 
In younger women exercising only two days a 
week for 11 weeks, no incompatibility of training 
programs for strength or endurance was seen (Silva 

et al. 2012). Whether a continuous endurance 
training program or an interval training program 
was used, no interference in strength gains was 
observed. Thus, very low frequencies of training, 
which allow for more recovery, might minimize 
incompatibility for beginning trainees.

Unlike shorter programs, longer concurrent 
training programs (four days a week for 20 weeks) 
have shown that the rate of gain in maximal oxygen 
consumption significantly levels off later in the 
training program compared to endurance train-
ing only in trained people (Nelson et al. 1990). 
This indicates that endurance capacity may not be 
completely free of incompatibility problems. With 
21 weeks of concurrent training, the use of lower 
frequency (two times per week for each modality) 
produced improvements in both maximal isomet-
ric strength and maximal oxygen consumption in 
untrained men (Mikkola et al. 2012). However, the 
rate of force development, or explosive power, was 
compromised with concurrent training.

Beginners using alternate days of training three 
days per week for each modality (which results 
in six days of training a week) may be exposed to 
too much total training volume, too few recovery 
days, or both. Training both modalities on the 
same day would provide more rest days over the 
week. Yet it has been proposed that training both 
modalities on the same day may still compromise 
strength (Sale et al. 1990). However, the combina-
tion of a less intense exercise program and a lower 
training frequency might be more effective when 
performing both programs on the same day. This 
was demonstrated with a comparison of a com-
bined training group (training three-days-a-week 
with 5- to 7RM for eight resistance exercises along 
with 50 minutes of aerobic cycling at 70% of heart 
rate reserve for 10 weeks) with a resistance-train-
ing-only group and an aerobic-training-only group 
performing identical programs as the combined 
group (McCarthy et al. 1995). Similar gains were 
made in 1RM strength and aerobic capacity in the 
combined group when compared to the single 
training groups’ improvements.

Training background and the frequency of 
training remain potential factors in determining 
the compatibility of concurrent training programs. 
It appears that high-intensity alternate-day train-
ing in relatively untrained men and women can 
produce decrements in maximal force production 
but not in peak oxygen consumption. This may 
be different in people with an endurance training 
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background; they may not experience compro-
mised maximal strength, but their endurance gains 
may plateau. Training both strength and endurance 
in the same workout three days per week using 
realistic training intensities may be optimal for 
beginners, who may need more rest days during 
the week. However, power development may 
take longer to improve under concurrent training 
conditions.

Concurrent Training in Trained  
Athletes
Compared to untrained or moderately trained 
people, far less is known about the impact of 
concurrent training with highly trained athletes. 
Most athletes use both strength and power and 
cardiorespiratory endurance programs to meet 
the demands of their sports (see figure 4.1). Early 
work did show an advantage to being in better aer-
obic condition at the start of concurrent training, 
because those with aerobic training backgrounds 
had greater strength gains from training concur-
rently (Hunter, Demment, and Miller 1987). How-
ever, in highly aerobically trained soldiers using 
both training modalities on the same day four days 
per week, power development in the Wingate test 
was compromised (Kraemer, Patton et al. 1995).

In elite Gaelic Athletic Association and rugby 
team members, the question of concurrent training 
was examined over eight weeks of training (Hen-
nessy and Watson 1994). The combined group 
exercising five days per week saw improvements 
in endurance capacities, but no changes in low-
er-body strength, power, or speed. The endurance 
training group showed increases in endurance with 
no changes in strength, power, or speed. Finally, 
the strength training group maintained endurance 
and, as might be expected, increased strength and 
power. Thus, over short-term training cycles in 
athletes, care must be taken to prioritize training 
goals because interference in strength and power 
can occur and a degree of specificity exists. Con-
current training of athletes in various sports can be 
affected by sport conditioning drills and practice 
(see box 4.1).

In elite soccer players not familiar with strength 
training, a program consisting of aerobic inter-
val training at 90 to 95% of maximal heart rate 
and half squat strength training with maximum 
resistances for four sets of four repetitions was 
performed twice a week over an eight-week training 

cycle (Helgerud et al. 2011). Strength, power, 10 m 
sprint time, and maximal oxygen consumption all 
improved over the training cycle. The use of a lower 
training frequency (two days per week) along with 
typical sport training may have eliminated any type 
of incompatibility over the training cycle.

Using lighter resistances and lower-intensity aer-
obic conditioning may not present much of a com-
patibility problem in athletes. Well-conditioned 
female university soccer and volleyball players 
training three days per week over an 11-week train-
ing program demonstrated no incompatibility for 
strength and endurance gains (Davis et al. 2008). 
Two conditioning formats were used in this study, 
a serial and an integrated approach. Each used the 
same exercise intensities. The serial approach used 
a warm-up, a resistance training workout, and 

FIgurE 4.1 The effects of concurrent training in athletes 
who need high levels of strength, power, and cardiore-
spiratory endurance is a less-studied phenomenon, and 
careful attention to training and testing results are needed 
for determining whether performance decrements are 
reflective of exercise compatibility.
Photo courtesy of UConn Athletics.
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then a 30-minute endurance training workout at 
60 to 84% (average 65%) of the heart rate reserve 
(HRR) in sequence. The integrated approach used 
a warm-up, and then subjects performed the same 
nine resistance exercises for three sets of 8 to 12 
repetitions at 50% of 1RM. However, before every 
resistance exercise, each subject did 30 to 60 sec-
onds of vigorous aerobic treadmill exercise again 
at 60 to 84% (average 65%) of HRR. Both forms 
of training increased both strength and endurance, 
but the use of the integrated workout did show sig-
nificantly greater percentage gains in strength and 
endurance and reductions in fat mass compared 
to the serial approach. Thus, incompatibility may 
be minimized with the use of lighter and lower-in-
tensity circuit-type programs. This study suggests 
that incompatibility issues with concurrent train-
ing may depend on many factors such as training 
status, intensity, and volume (see table 4.1).

A variety of workout protocols have been used 
when examining the question of incompatibility. 
Depending on the design of the resistance and 

endurance training workouts, training adapta-
tions for strength and power can be compromised 
(Hennessy and Watson 1994; Kraemer, Patton et 
al. 1995; Nelson et al. 1990) or unaffected (Bell 
et al. 1991b; Hortobagyi, Katch, and LaChance 
1991; McCarthy et al. 1995; Sale et al. 1990), 
whereas endurance capabilities are typically not 
affected in untrained people. In athletes, whether 
incompatibility occurs is less clear and may be 
affected by the smaller increases in fitness expected 
in strength, power, speed, and aerobic capacity in 
athletes such as elite rugby athletes (Hennessy and 
Watson 1994). While lower-intensity training pro-
grams in women have shown no incompatibility, 
higher intensities may be needed over an entire 
training cycle to cause increases in specific training 
outcomes (Davis et al. 2008).

A meta-analysis has been used to study the 
concept of compatibility of exercise programs 
(Wilson et al. 2012). From this analysis, running 
appears to be more detrimental to strength and 
hypertrophy than cycling is. It was also determined 

Box 4.1 PrACTICAl QuESTIOn

Can Compatibility Issues Exist  
With normal Sport Practice and Conditioning?

Yes they can, especially when the exercise volume increases dramatically to the point at which per-
formance gains due to an off-season training program are lost. This is what happened to a group 
of National Collegiate Athletic Association Division I American football players in the off-season 
and spring practice program (Moore and Fry 2007).

For football players, year-round training is broken up into training phases (e.g., fall in-season, 
winter off-season, spring football, and summer preseason). Starting with the winter off-season pro-
gram, players performed only a linear periodized heavy resistance training program during the first 
month of winter conditioning. In the following month a high-volume sport conditioning program 
(e.g., sprints, agility drills) was added to the strength training program. This was followed over the 
next month by the typical 15 spring football practices. After the first month, all of the 1RM strength 
tests showed improvement. Then, after the second month of performing heavy resistance training 
and conditioning drills, maximal squat and power clean 1RMs decreased, returning players to pre-
first-month levels. By the end of the 15 football practice sessions, even upper-body bench press 
1RMs had returned to pre-first-month levels. Speed and agility along with vertical jump improved 
after the first month and then remained unchanged for the rest of the winter program.

One might speculate that dramatically reducing the volume of resistance training while focus-
ing on maintaining intensity might be a plausible approach for eliminating the loss of strength 
and power when conditioning and sport practices occur concurrently. Additionally, as pointed out 
in the study, more communication is needed between the strength and conditioning and sport 
coaches. Program modifications and careful monitoring are necessary when total exercise volume 
is dramatically increased in a training cycle.

Moore, C.A., and Fry, A.C. 2007. Nonfunctional overreaching during off-season training for skill position players in collegiate 
American football. Journal of Strength and Conditioning Research 21: 793-800.

?
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TABle 4.1 representative Studies on Concurrent Training Effects in Various Populations 
Study Subjects Training protocol Findings

Hickson 
1980

17 M, 6 W
RT: 22 y (7 M , 1 W)
eT: 25 y (5 M, 3 W)
eR: 26 y (5 M, 2 W)
Some subjects were 

active but no regular 
training (~3 months 
prior to start of proto-
col)

10 weeks of training
RT: 3 d/wk @ 80% of 1RM; 3 min rest (squat 5  5, knee 

flexion 3  5, knee extension 3  5); 2 d/wk (leg press 3 
 5, calf raise 3  20)

eT: 6 d/wk
Interval: 3 d/wk; six 5 min intervals on cycle ergometer @ 

V
.
o2max; 2 min rest

Continuous: treadmill, performed on alternate days (1st wk: 
30 min/d, 2nd wk: 35 min/d, 3rd week and beyond: 40 
min/d)

eR: Same as RT and eT (2 hr rest between training sessions; 
RT before eT) 

STR: RT (+44%); eT (no change); eR 
(+25%)

V
.
o2max: Bike —RT (+4); eT (+23%); eR 
(18%)

Treadmill—RT (no change); eT (+17%); eR 
(+17%)

BF%: RT (–0.8%); eT (–3.6%); eR (–2.3%)

Kraemer, 
Patton, et 
al. 1995

35 M soldiers
RT: 24.3 ± 5.1 y (n = 9)
eT: 21.4 ± 4.1 y (n = 8)
eR: 18 total
U/l: 23.3 ± 3.6 y (n = 9)
U only: 22.9 ± 5.0 y (n 

= 9)
Control: 22.4 ± 4.2 y (n 

= 5)
Standard military training 

program 3/wk for 
~2 y 

12 weeks of training
RT: hypertrophy (2 d/wk; 1 min rest):
Upper (U): BP and fly (3  10), military press and upright row 

(2  10), lat pull-down and seated row (3  10), curl (3  
10), sit-up (2  25)

lower (l): split squat (3  10), one-legged knee extension (3 
 10), leg curl (3  10), calf raise (3  15)

Strength (2 d/wk; 2-3 min rest):
U: BP (5  5), Military press (5  5), curl (5  5), lat pull-

down (5  5), oblique (5  5),
sit-up (5  5)
l: deadlift (4  6), leg press (5  5), double knee extension 

(5  5), calf raise (3  10)
eT: Continuous: 2 d/wk; max distance 40 min @ 80-85% of 

V
.
o2max

Interval: 2 d/wk: 200-800 m interval @ 95-100+% V
.
o2max 

(1:4 to 1:0.5 work:rest)
eR: eT followed by RT (5-6 hr rest)
U/l: Same as RT and eT
U only: Same eT and U as RT

STR:
Peak power lB: RT (+17.2%); eT (–1.2%);
U/l (+2.7%); U only (+7.2%)
Mean power lB: RT (+20.3%); eT (–3.2%);
U/l (+4.6%); U only (+3.4%)
Peak power UB: RT (+10.3%); eT (–0.5%);
U/l (+5.1%); U only (+6.5%)
Mean power UB: RT (+12.5%); eT 

(+4.55%);
U/l (+8.4%); U only (+7.9%)
Military press 1RM: RT(+30.0%); eT 

(+1.7%);
U/l (+19.6%); U only (+9.6%)
Double leg extension 1RM: RT (+34.4%); 

eT (+3.1%);
U/l (+34.4%); U only (+10.9%)
V
.
o2max: RT (–0.99%); eT (+11.8%); U/l 
(+7.7%);

U only (+9.62 ± 3.2%)

McCarthy et 
al. 1995

30 M
RT: 27.9 ± 1.2 y (n = 10)
eT: 26.6 ± 1.6 y (n = 10)
eR: 27.3 ± 1.7 y (n = 10)
No regular training (~3 

months prior to start of 
protocol)

10 wk of training
RT: 3 d/wk; training to failure (~6 reps/set); wk 1: 2 sets, 75 

s rest; wk 2-10: 3 sets, 75 s rest;
barbell squat, BP, curl, knee extension, leg curl, lat pull-down, 

overhead press, heel raise
eT: 3 d/wk; wk 1: 30 min @ 70% of HRR; wk 2-10: 45 min @ 

70% of HRR
eR: Same exercise as eT and RT (~10-20 min rest between 

RT and eT). order alternated each time (i.e., eT 1st, RT 2nd; 
then RT 1st, eT 2nd)

CMVJ: RT (+6%); eT (+2%); eR (+9%)
STR: squat 1RM: RT (+23%); eT (–1%); eR 

(+22%)
BP 1RM: RT (+18%); eT (+1%); eR (+18%)
V
.
o2max: RT (+9%); eT (+18%); eR(+16%)

BF%: RT (–12%); eT (–9%); eR (–11%)
BM%: RT (+3.4%); eT (+0.4%); eR (+5.3%) 

Bell et al. 
2000

45 subjects ( 27 M, 18 
W); 22.3 ± 3.3 y

RT: 7 M, 4 W
eT: 7 M, 4 W
eR: 8 M, 5 W
Control: 5 M, 5 W
All were physically active 

and had some strength 
training experience 
but no regular training 
(for either strength or 
endurance) at start of 
protocol.

12 weeks of training
RT: 3 d/wk, 2-6 sets  4-12 reps @ 72-84% (average inten-

sity; increased 4% every 3 wk)
l: leg press, one-legged knee flexion and extension, calf raise
U: BP, lat pull-down, shoulder press, curl
eT: Monark cycle ergometer
Continuous: 2 d/wk (30 min progressing to 42 min; increase 

4 min every 4 wk) Interval: 1/wk, 4 sets of 1:1 work: rest 
(3 min exercise; then 3 min rest)

Resistance was increased at wk 6; 1 set added every 4 wk 
until 7 sets

eR: Same exercise as RT and eT; alternating order each day

STR:
1RM leg press increase:
RT: W (64.5%); M (51.1%)
eT: W (41.8%); M (24.5%)
eR: W (83.8%); M (37.1%)
Control: W (8.5%); M (11.3%)
V
.
o2max: RT: W (–6.0%); M (–1.4%)

eT: W (+12.6%); M (+4.9%)
eR: W (+7.5%); M (+6.2%)
Control: W (–3.4%); M (–2.3%) 

Gravelle 
and 
 Gravelle 
2000 

19 W, college-aged
RT: n = 6
eR: 13 total
lR: lift first (n = 6)
Rl: row first (n = 7)
All exercised 2-3/wk. 

No regular training (for 
strength or endurance) 
more than 1/wk for 3 
months prior to start of 
protocol.

11 weeks of training
RT: 3 d/wk; 1 min rest; wk 1 and 2: 2  10; wk 3 and 4: 3  

10; wk 5-5.5: 4  10; wk 5.5-9: 4  10; wk 10 and 11; 4 
 6-8; leg press, squat, knee extension and flexion, straight-
leg deadlift, heel raise

eR: 3 d/wk; continuous rowing @ 70% of V
.
o2max (duration 

began for 25 min, progressed to 45 min/wk by wk 5.5; wk 
6- 11: start @ 70% of V

.
o2max for a wk, then increased by 1 

stroke per min/wk)

STR:
1RM leg press increase:
RT (25.9%); eR (Rl) (14.6%); eR (lR) 

(11.3%)
V
.
o2max: RT (+9.2%); eR (Rl) (+5.3%); eR 
(lR) (+8.0%)
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Study Subjects Training protocol Findings

Häkkinen et 
al. 2003

27 healthy men
RT: 38 ± 5 y (n = 16)
eR: 37 ± 5 y (n = 11)
All were considered 

active, yet had no 
background in strength 
training or competitive 
sports of any kind.

21 weeks of training
RT: 2 d/wk, 1st 7 wk @ 50-70%; 3 or 4  10-15; 2nd 7 wk l: 

3-5  8-12 or 5 6
U: 3-5  10-12; last 7 wk l: 4-6  3-6 reps @ 70-80% or 

8-12 reps @ 50-60% of 1RM
U: 3-5  8-12
l: 2 leg exercises each day (leg press and uni- or bilateral 

knee extension
other: 4 or 5 exercises each day stressing major muscle 

groups (i.e., BP, triceps push-down, lat pull-down, sit-up, trunk 
extensors, uni- or bilateral elbow and knee extension and/or 
leg adduction/abduction exercises)

eR: 2 d/wk RT (same as RT group) and 2 d/wk eT
1st 7 wk: 30 min cycling or walking; 2nd 7 wks: day 1— 45 

min (15 min below aerobic threshold, 10 min between 
aerobic and anaerobic thresholds, 5 min above anaerobic 
threshold, 15 min under aerobic threshold; day 2—60 min 
under aerobic threshold last 7 wk: day 1—60 min (15 min 
under aerobic threshold 2  10 min between aerobic and 
anaerobic thresholds, 2  5 min above anaerobic threshold, 
15 min under aerobic threshold); day 2—60-90 min under 
aerobic threshold

STR: 1RM bilateral leg extension 
increase: RT (21%); eR (22%)

V
.
o2max: eR (+18.5%)

BF%: RT (+1.5%); eR (–10.22%)
BM%: RT (+2.38%); eR (–1.47%)

Izquierdo et 
al. 2004

31 healthy men
RT: 64.8 ± 2.6 y (n = 11)
eT: 68.2 ± 1.7 y (n = 10)
eR: 66.4 ± 4.5 y (n = 10)
All were untrained with 

no training (strength or 
otherwise) for ~5 y prior 
to start of protocol.

16 weeks of training
RT: 2/wk; machines only; combination heavy and explosive 

RT; 1st 8 wk—50-70%, 3 or 4  10-15; last 8 wk—70-80%, 
3-5  5 or 6. each day consisted of 2 l exercises (leg press 
and bilateral knee extension), 1 arm extension exercise 
(BP), and 4 or 5 exercises for the main muscle groups (i.e., 
lat pull-down, shoulder press, ab crunch or rotation, leg 
curl).

eT: 2/wk; self-reported cycling; 30-40 min/session (rate of 
60 rpm; HR between 70 and 90% of HRmax or between 55 
and 85% maximum aerobic workload)

eR: 1/wk RT; 1/wk eT; same protocols as RT and eT; 
alternating days

STR:
1RM half squat increases (wk 8; wk 16):
RT: 27%; 41%
eT: 8%; 11%
eR: 22%; 38%
1RM BP increases (wk 16):
RT (36%); eT (0%); eR (22%)
Peak power during cycling test to exhaus-

tion (wk 16):
RT (+10%); eT (+16%); eR (+18%)
BF% (pretraining vs. wk 16):
RT (–7.5%); eT (0%); eR (–1.9%)

Izquierdo, 
Hakkinen 
et al. 
2005 

31 healthy men
RT: 43.5 ± 2.8 y (n = 11)
eT: 42.3 ± 2.6 y (n = 10)
eR: 41.8 ± 3.7 y (n = 10)
Training status not spec-

ified.

16 weeks of training
RT, eT, and eR same as above (Izquierdo et al. 2004) 

STR:
1RM half squat increases (wk 8; wk 16):
RT: 22%; 45%
eR: 24%; 37%
1RM BP increases (wk 16):
RT (37%); eT (0%); eR (15%)
BF% (pretraining vs. wk 16):
RT (–7.7%); eT (0%); eR (–4.5%)

Gergley 
2009 

30 sedentary, healthy 
young men and women

RT: 20.7 ± 1.5 y (8 M, 
2 F)

eR(2 groups):
C: 20.3 ± 1.6 y (7 M, 3 F)
T: 19.7 ± 1.6 y (7 M, 3 F)
No prior experience with 

intense strength or 
endurance training.

9 weeks of training
RT: 2 d/wk; wk 1-3: 3  12 (90 s rest); wk 4-6: 3  10 (120 

s rest); wk 7-9: 3  8 (+150 s rest); leg extension, leg curl, 
leg press

eR: C (cycle ergometer; same strength program as RT)
T (incline treadmill; same strength program as RT)
Both (wk 1-3: 20 min @ 65% HRmax; wk 4-6: 30 min @ 65% 

HRmax; wk 7-9: 40 min @ 65% HRmax); same strength pro-
gram as RT 

STR: leg press 1RM:
RT (+38.5 ± 3.5%); eR-C (+27.5 ± 4.0%); 

eR-T (+23.5 ± 2.8%)
BF%: postraining RT greater than eR-C 

and eR-T
BM%: posttraining eR-C and eR-T more 

than RT

>continued
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Study Subjects Training protocol Findings

levin, 
McGuigan, 
and 
laursen 
2009 

14 well-trained male 
cyclists/triathletes

eT: 37 ± 7 y (n = 7)
eR: 25 ± 4 y (n = 7)
Involved in competition 

for a minimum of 12 
months prior to start of 
protocol.

6 weeks of training
eT: self-reported cycling training; distance (avg/wk): 278 ± 34 

km (173 ± 21 miles); duration (avg/wk): 613 ± 78 min
eR: self-reported cycling training; distance (avg/wk): 274 ± 56 

km (170 ± 35 miles); duration (avg/wk): 526 ± 85 min
3/wk RT: ~180 min/wk, nonlinear periodization
strength: 4  5 (2 min rest); lunge, squat, straight-leg dead-

lift, calf raises, crunches
Power: 3  6 (2 min rest); jump squat, one-legged jump 

squat, deadlift, one-legged calf, back extension Hypertrophy: 
3  12 (2 min rest); one-legged leg press, knee extension, 
knee flexion, calves, crunches eR Pre 279 ± 84 km (173 ± 
52 miles) During 21 weeks of training 

STR: 1RM squat:
eT (6.6%); eR (25.7%)
V
.
o2max: graded exercise test: eT 
(–0.95%); eR (–0.16%)

Sillanpaa et 
al. 2009

62 healthy, middle-aged 
women

RT: 50.8 ± 7.9 (n = 17)
eT: 51.7 ± 6.9 (n = 15)
eR 48.9 ± 6.8 (n = 18)
Control: 51.4 ± 7.8 (n 

= 12)
Training status not
specified, although those 

with training experience 
of 1 y were excluded.

21 weeks of training
RT: 2 d/wk; wk 1-7: 3 or 4  15- to 20RM; wk 8-14: 3 or 4  

10- to 12RM; wk 15-21: 3 or 4  6- to 8RM
2 leg extension exercises, 1 knee flexion exercise, 4 or 5 

exercises for the major muscle groups
eT: 2 d/wk cycle training; wk 1-7 (day 1: 30 min continuous; 

day 2: few 10 min intervals); wk 8-14 (day 1: 45 min inter-
vals; day 2: 60 min continuous); wk 15-21 (day 1: 90 min 
continuous; day 2: 60 min continuous)

eR: RT 2 d/wk (same protocol as RT) and eT 2 d/wk (same 
protocol as eT)

STR: leg extension: RT (9 ± 8%); eT (3 ± 
4%); eR (12 ± 8%); control (0%)

V
.
o2max: eT (23 ± 18%); eR (16 ± 12%); 
RT and control (0%)

BF%: RT (–0.9 ± 1.8%); eT (–2.1 ± 2.2%); 
eR (–1.9 ± 1.7%);

control (–0.6 ± 1.5%) 

Aagaard et 
al. 2011

14 elite male cyclists; 
19.5 ± 0.8 y

eT: n = 7
eR: n = 7
U-23 National Team, non-

professionals only

16 weeks of training
eT: 10-18 hr cycling /wk intensity-matched with eR
eR: same cycling as eT, also 2 or 3/wk RT; wk 1: 4  

10-12; wk 2 and 3: 4  8-10; wk 4 and 5: 4  6-8; wk 
6-16: 4  5 or 6. All sessions rest periods: 1-2 min 
between sets, 2-3 min between exercises; 4 exercises (knee 
extension, leg press, leg curl, calf raise) 

STR: eR (+12%); eT (–1.53%)
V
.
o2max: eR (+2.95%); eT (+0.97%)

BF%: eR (–14.75%); eT (–9.02%)
lean body mass: eR (+3.29%); eT (0%) 

Cadore et 
al. 2011

23 healthy elderly men
RT: 64 ± 3.5 y (n = 8)
eT: 64 ± 3.5 y (n = 7)
eR: 66.8 ± 4.8 y (n = 8)
No regular training (~12 

months prior to start of 
protocol).

12 weeks of training
RT: 3 d/wk; all 90-120 s rest periods; wk 1-7: 2  18- to 

20RM progress to 2  12- to 14RM;
wk 8-12: 3  12- to 14RM progress to 6- to 8RM; 9 exer-

cises: leg press, knee extension, leg curl, BP, pull-down, 
seated row, triceps extension, curl, and ab exercise

eT: 3 d/wk cycle ergometer; wk 1 and 2: 20 min @ 80% of 
HRVT; wk 5 and 6: 25 min @ 85-90% HRVT; wk 7-10: 30 
min @ 95% HRVT; wk 11 and 12: 6  4 min at 100% HRVT; 
1min rest

eR: Same protocols as eT and RT; RT followed by eT

V
.
o2max: RT (+5.7 ± 7%); eT (+20.4 ± 
10.6%); eR (+22 ± 10%)

BF%: RT (–2.20%); eT (–6.23%); eR 
(–9.92%)

BM%: RT (no change); eT (–1.39%); eR 
(+5.16%)

Ronnestad 
et al. 
2012b 

18 healthy men
RT: 26 ± 2 y (n = 7); rec-

reationally active
eR: 27 ± 2 y (n = 11) ; 

well-trained cyclists
Neither group had 

prior experience with 
strength training. 

12 weeks of training
RT: 2/wk; wk 1-3: 1st bout 3  10RM, 2nd bout 3  6RM; 

wk 4-6: 1st bout 3  8RM,
2nd bout 3  5RM; wk 7-12: 1st bout 3  6RM, 2nd bout 

3  4RM; 4 exercises (half squat, one-legged press, one-
legged hip extension, ankle flexion)

eR: cycling 9.9 ± 1.1 (h/wk); same strength training as RT; 
RT followed by eT

CMJ: squat jump (cm): RT (+13%); eR 
(+6.2%)

STR: 1RM half squat and leg press: RT 
(+35%); eR (+25%)

BM%: RT (+1.6%); eR (no change)

See also Bell et al. 1997; Dudley and Djamil 1985; Glowacki et al. 2004; Mikkola et al. 2007; Nelson et al. 1990; Ronnestad et al. 2011; Sale et al. 
1990; Shaw et al. 2009.

M = men, W = women, y = years, wk = week, d = day, hr = hour, RT = resistance training, eT = endurance training, eR = concurrent training (endurance and 
resistance), 1RM = 1-repetition maximum, RM = repetition maximum, CMJ = countermovement jump, STR= strength, BF% = body fat percentage, BM% = 
body mass percentage, BP = bench press; U = upper body, l = lower body, UB = upper body (findings), lB = lower body (findings), HR = heart rate, HRR = 
heart rate reserve, HRmax = maximal heart rate, CMVJ = Counter Movement Vertical Jump, HRVT = Heart Rate Ventilatory Threhold.

TABlE 4.1 >continued
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that the interference effects of endurance training 
on strength and power are related to the type, 
frequency, and duration of endurance training. 
To limit such negative effects of endurance train-
ing when performing concurrent training, careful 
attention to these factors is vital (see box 4.2)

Will resistance Training Affect  
Aerobic Performance?
One of the most consistent findings of concurrent 
training studies has been that even heavy resistance 
training does not typically impair endurance per-
formance. In fact, several studies indicated that 
strength training may actually increase markers of 
endurance ability (Bastiaans et al. 2001; Hickson, 
Rosenkoetter, and Brown 1980; Hickson et al. 
1988; Marcinik et al. 1991). For example, after sub-
jects performed 12 weeks of weight training three 
days per week, peak cycling oxygen consumption 
was unchanged, but cycling lactate threshold and 
time to exhaustion were elevated 12 and 33%, 
respectively (Marcinik et al. 1991). When a group 
of elite runners dedicating 32% of their total 
training volume to explosive strength training was 
compared to another group of elite runners who 
allocated only 3% to explosive strength training 
over a nine-week training cycle, 5K run times 
decreased only in the group that spent more time 

in the weight room performing explosive power 
training (Paavolainen et al. 1999). This may well 
have been the result of improvements in strength 
and power, leg stiffness, and running economy 
despite no change in maximal oxygen consump-
tion kinetics as shown after 14 weeks of adding 
strength training to the total conditioning program 
(Millet et al. 2002).

Strength training added to the training program 
of recreational runners and elite runners appears to 
augment short-term (15 minutes) and long-term 
(7 hours) endurance performances. Strength train-
ing also increases the transition of type IIx to type 
IIa muscle fibers, gains in maximal strength, and 
rapid force production while enhancing neuro-
muscular function. National-level cyclists in Den-
mark were placed into one of two training groups 
(endurance only or strength and endurance train-
ing) to determine the effects of the addition of a 
strength training program over 16 weeks (Aagaard 
et al. 2011). The strength training consisted of a 
periodized resistance training program progressing 
from 10- to 12RM to 8- to 10RM to 5- to 6RM over 
the first eight weeks and then 5- to 6RM over the 
last eight weeks using normal lower-body exercises 
(isolated knee extension, incline leg press, ham-
string curl, calf raise) with one- to two-minute rest 
periods at a frequency of two or three times per 
week. The endurance training consisted of 10 to 

Box 4.2 PrACTICAl QuESTIOn

What Can Be Done to Eliminate Compatibility Problems  
When Multiple Forms of Exercise Are required?

Although each situation must be addressed individually, in general, here are some approaches to 
limit the problems of exercise incompatibility:

• Develop a testing program to determine whether, in fact, a problem exists for each athlete.

• Reduce the intensity and volume of exercise.

• Use nonrunning forms of aerobic conditioning.

• Allow more rest days during the week, especially for beginners and athletes returning from 
a detraining period.

• Reduce the resistance training volume when other exercise demands are mandatory or part 
of the sport practices.

• Perform lower-body resistance training on days when lower-body cardiorespiratory exercise 
is not being performed.

• Perform upper-body exercises on days when lower-body musculature is being used for con-
ditioning drills or endurance exercise.

• Provide at least one day of complete rest per week to allow for recovery.

?



Designing Resistance Training Programs

160

18 hours of endurance training each week using a 
progressive periodized program. Forty-five-minute 
endurance capacity increased significantly (8%) in 
the combined training group but did not improve 
significantly in the endurance only group. A greater 
transition to type IIa muscle fibers from type IIx 
also occurred with combined training. However, 
no changes in muscle fiber area or capillary density 
were observed, potentially indicating the already 
high level of aerobic capability in elite cyclists 
and the potential for oxidative stress to minimize 
muscle fiber size increases.

In elite Norwegian men and women cross-coun-
try skiers, the addition of a strength training 
program over three months on a two-days-a-
week schedule improved upper- and lower-body 
strength (Losnegard et al. 2011). No significant 
changes were observed in the cross-sectional area 
of thigh musculature, which again may be due to 
a combination of the low strength training fre-
quency and potential interference on hypertrophy 
caused by the demanding endurance ski training. 
Interestingly, significant improvements in maximal 
oxygen consumption in sport-specific skate-roll-
erskiing and double-poling performance were 
observed in the combined group only. However, 
no changes were demonstrated in treadmill max-
imal oxygen consumption in either group, which 
shows a great deal of specificity for the expression 
of the improved upper- and lower-body strength 
on sport-specific endurance performance.

More strength training time may be needed to 
improve cardiorespiratory function in younger 
runners. Eight weeks of an explosive strength train-
ing program in young (16 to 18 years) runners sig-
nificantly increased lower-body strength (Mikkola 
et al. 2007). This short-term training effect seemed 
to translate to improvements in the maximal speed 
in an anaerobic running test and 30 m sprint speed 
in only the strength training group with no signif-
icant change shown by a group of runners who 
did not perform the explosive strength training 
program. However, neither group demonstrated 
any significant improvements in maximal oxygen 
uptake or running economy.

The preceding study indicates that endurance 
performance can be enhanced via neuromuscu-
lar mechanisms with lower training frequencies 
(e.g., enhanced stretch-shortening cycle ability 
and reduced contact time with the ground). A 
combination of factors is probably involved to 
various extents depending on the type of endur-

ance sport, including greater tendon stiffness, 
enhanced transition of type IIx to type IIa muscle 
fibers, no impact on capillary density or mitochon-
drial function, greater rate of force development, 
and increases in upper- and lower-body strength 
even when no hypertrophy occurs (Aagaard and 
Andersen 2010).

Concurrent Training and Aging
The use of both cardiorespiratory endurance and 
strength training has been promoted for health and 
disease prevention (Garber et al. 2011). Concerns 
about the use of these two exercise modes interfer-
ing with the development of either fitness outcome 
have not been identified. Low training frequencies 
(two days a week) with reduced training volume 
for the combined training programs present no 
real problems with incompatibility for men and 
women in the 60- to 84-year age group over a 
12-week training period (Wood et al. 2001). When 
middle-aged (approx 40 years of age) men trained 
concurrently for both strength and aerobic endur-
ance over 21 weeks, improvements in strength, 
power, and muscle fiber size were demonstrated 
(Häkkinen et al. 2003). Such findings show that 
when lower frequencies of training (two days of 
strength or explosive power training and two days 
of endurance training on a cycle ergometer) are 
used over relatively long training periods, muscle 
hypertrophy (muscle fiber size and thigh cross-sec-
tional area), strength (1RM and maximal isometric 
force), and maximal oxygen consumption are not 
compromised. However, exceptions have been 
noted; training for 16 weeks with a low-frequency 
concurrent training (two days of strength and 
two days of aerobic endurance training) showed 
smaller gains in leg strength and no difference in 
cardiorespiratory fitness gains (Izquierdo et al. 
2005). Such findings indicate that age and the 
duration of training may both influence the ability 
to adapt to both training stimuli.

Interference may increase with more intense 
training programs. For example, a study of older 
men (65 years) performing a linear periodized 
model with intensity increasing for both strength 
(one week at 25RM followed by two weeks at 18- 
to 20RM, 15- to 17RM, 12- to 14RM, 8- to 10RM, 
and 6- to 8RM) and endurance training (20 to 30 
minutes at 80% of ventilatory threshold for nine 
weeks followed by six 4-minute intervals with 
one-minute rests at 100% of ventilator threshold) 
over 11 weeks showed some interference (Cadore 
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et al. 2010). The combined group showed less 
improvement in lower-body strength. Increases 
were observed in maximal muscle activation only 
in the strength training group, suggesting that 
endurance training may compromise the neural 
adaptations needed for strength development in 
older men. Interestingly, the endurance training 
group, although not showing any improvements 
in strength, did show increases in aerobic capacity 
and decreases in free testosterone concentrations at 
rest. As with younger people, the impact of high-
er-intensity aerobic stress may well have played a 
major role in the interference observed.

underlying Mechanisms  
of Incompatibility
The underlying physiological mechanism(s) that 
might explain the interference of one training 
modality with another has been a point of specula-
tion for many years. Obviously, the program design 
of each conditioning workout is the first place to 
look for reasons for incompatibility as discussed 
earlier. However, it is important to understand 
what might explain the inhibition of optimal 
adaptations for either maximal force production 
or endurance adaptations, such as maximal or peak 
oxygen consumption with concurrent training. 
Changes in muscle protein synthesis with each 
mode of training appear to be highly specific; 
however, the signaling pathways are too complex 
to explain incompatibility based on one factor or 
protein synthesis signaling pathway (Baar 2006; 
Wilkinson et al. 2008).

Any incompatibility involves several factors. 
First, there is an upper genetic limit for any fit-
ness parameter. In other words, the gain for any 
performance or physiological adaptation can only 
increase to a maximal value that is limited by 
the person’s genetic profile. Second, for skeletal 
muscle, incompatibility typically exists only for 
those motor units that are recruited to perform 
both types of exercise. Third, not all training 
effects are targeted at skeletal muscle; although a 
major focus of most exercise programs is skeletal 
muscle, other systems such as the cardiovascular, 
endocrine, and immune systems and the connec-
tive tissues that support skeletal muscle function 
are also undergoing adaptations in the process 
of exercise training. Finally, the extent and type 
of motor unit recruitment dictates how much 
involvement from the various systems is needed 

to support exercise performance and recovery pro-
cesses. For example, lifting a light weight one time 
will not require as much physiological support as 
lifting a heavy weight multiple times. The type and 
extent of physiological support needed to maintain 
homeostasis during exercise and into recovery thus 
depends on specific exercise demands.

A muscle fiber that is recruited is affected by the 
demands of the activity performed. With heavy 
resistance training, type IIa fibers are the end point 
of the type II subtype transformation (see chapter 
3). Type IIx fibers are not detected after heavy 
resistance training, and the few that remain have a 
high concentration of aerobic enzymes compared 
to typical type IIx fibers and therefore are starting a 
transition to the type IIa phenotype (Ploutz et al. 
1994). When muscle fibers are recruited to perform 
a repetitive oxidative activity, as in high-intensity 
aerobic training, oxygen moves from the circula-
tion into the muscle’s metabolic machinery to help 
in the production of the ATP energy needed for 
many physiological functions, including muscle 
contraction. In this process many enzymatic 
and signaling events are increased to optimize 
this function. The following changes result to 
accomplish aerobic adaptations in the muscle: 
an increased number of mitochondria, increased 
myoglobin to increase oxygen transport capability 
within the muscle fiber, increased capillary density, 
increased energy stores, and minimally increased 
muscle fiber size. All of these factors increase the 
ability to transport oxygen, increase the use of 
oxygen to provide ATP, and minimize the diffusion 
distances for oxygen. Conversely, when a muscle 
fiber is recruited to produce high amounts of 
force, the motor unit is stimulated with a high Hz 
electrical depolarization, which produces many 
anabolic signals related to contractile and noncon-
tractile protein synthesis. Other changes include 
an increase in anabolic receptors and changes in 
neurological structure and function. The result 
is an increase in force capability and, with much 
resistance training, an increase in muscle fiber size. 
Thus, a conflict in cellular adaptations provides the 
basis for cellular incompatibility with concurrent 
training that can theoretically result in a reduction 
in either strength or endurance capabilities.

The muscle fiber associated with the motor unit 
recruited to perform both types of exercise is faced 
with the dilemma of trying to adapt to the oxida-
tive stimulus to improve its aerobic function and 
to the stimulus from the heavy resistance training 
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program to improve its force production ability 
(Nelson et al. 1990; Sale et al. 1990). So what 
happens to the muscle fiber population?

In a study of concurrent training that included 
high-intensity resistance and endurance training 
using highly endurance-trained members of the 
U.S. Army’s 101st and 82nd Airborne units, low-
er-body power was inhibited in the combined 
group, but maximal oxygen consumption and 
strength were not affected by a periodized four-
days-a-week program (Monday, Tuesday, Thursday, 
and Friday) over three months (Kraemer, Patton et 
al. 1995). However, the changes at the muscle fiber 
level gave some insight into what was happening at 
the cellular level. Training consisted of performing 
endurance training in the morning and resistance 
training in the afternoon on the same day sepa-
rated by six hours. The high-intensity endurance 
training program included both high-intensity 
continuous and interval track sprint workouts. 
Strength training included two heavy resistance 
days and two short-rest metabolic training days 
each week. Muscle biopsies were obtained from 
the vastus lateralis of the thigh musculature to 

determine muscle fiber changes. In an endur-
ance-training-only group, the type I muscle fibers 
showed a decrease in cross-sectional area pre- to 
posttraining and no changes in the type II muscle 
fiber cross-sectional areas. This demonstrated a 
type of exercise-induced atrophy. In a group that 
performed only upper-body resistance training and 
endurance training, no changes were observed in 
type I or type II muscle fiber cross-sectional areas. 
This supported the concept of specificity of training 
yet showed that even isometric forces of the lower 
body used for upper-body stabilization during 
resistance training were sufficient to eliminate type 
I muscle fiber atrophy. A strength-training-only 
group showed an increase in both type I and type 
II muscle fiber cross-sectional areas. Of specific 
interest for the question of incompatibility, a 
combined group performing both endurance and 
strength training with the lower body showed no 
change in type I muscle fiber cross-sectional area 
yet increases in type II fiber areas (see table 4.2).

These results reflect the cellular dilemma for 
optimization of muscle fiber size adaptations to 
meet the demands of either strength or endur-

TABle 4.2 Muscle Fiber Characteristics Pre- and Posttraining 
C S E uBC Control

group Pre Post Pre Post Pre Post Pre Post Pre Post

% of different muscle fiber types

I 55.6
(±11.1)

57.7
(±11.1)

55.21
(±11.7)

55.44
(±1.5)

54.1
(±5.9)

54.6
(±5.3)

50.6
(±8.0)

51.1
(±7.9)

52.0
(±11.5)

52.8
(±10.8)

IIc 1.9
(±2.2)

1.8
(±2.7)

2.4
(±1.6)

2.0
(±1.3)

0.9
(±0.6)

2.5*
(±2.0)

1.3
(±1.0)

3.0*
(±2.2)

1.6
(±0.9)

1.3
(±1.3)

IIa 28.4
(±15.4)

39.3*
(±11.1)

23.3
(±11.5)

40.5*
(±10.6)

25.75
(±4.8)

34.1
(±3.9)

25.5
(±4.2)

34.2*
(±6.9)

25.6
(±1.6)

26.6
(±4.6)

IIx 14.11
(±7.2)

1.6*
(±0.8)

19.1
(±7.9)

1.9*
(±0.8)

19.2
(±3.6)

8.8*
(±4.4)

22.6
(±4.9)

11.6*
(±5.3)

20.8
(±7.6)

19.2
(±6.4)

Cross-sectional muscle fiber area (µm2) 

I 5,008
(±874)

4,756
(±692)

4,883
(±1286)

5,460*
(±1214)

5,437
(±970)

4,853*
(±966)

5,680
(±535)

5,376
(±702)

4,946
(±1309)

5,177
(±1344)

IIc 4,157
(±983)

4,658
(±771)

3,981.2
(±1535)

5,301*
(±1956)

2,741
(±482)

2,402*
(±351)

3,050
(±930)

2,918
(±1086)

3,733
(±1285)

4,062
(±1094)

IIa 5,862
(±997)

7,039*
(±1151)

6,084
(±1339)

7,527*
(±1981)

6,782
(±1267)

6,287
(±385)

6,393
(±1109)

6,357
(±1140)

6,310
(±593)

6,407
(±423)

IIx 5,190
(±712)

4,886
(±1171)

5,795
(±1495)

6,078
(±2604)

6,325
(±1860)

4,953
(±1405)

6,052
(±1890)

5,855
(±867)

5,917
(±896)

6,120
(±1089)

C = combined; S = strength; e = endurance; UBC = upper body combined.

* p < .05 from corresponding pretraining value.

Means (±SD).

Adapted, by permission, from W.J. Kraemer et al., 1995, “Compatibility of high intensity strength and endurance training on hormonal and skeletal muscle 
adaptations,” Journal of Applied Physiology 78(3): 976-989.
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ance training. High-intensity endurance training 
stimulated a decrease in type I muscle fiber size 
most likely as the result of an increase in aerobic 
signaling to favor oxygen diffusion distances and 
mitochondrial biosynthesis. A reduction in fiber 
size most likely also contributes to a decrease in 
strength, power, and rate of force development 
from the affected motor units. The lack of signifi-
cant aerobic signaling in the strength-training-only 
group allowed for anabolic signaling for protein 
synthesis and accretion in all muscle fiber types 
resulting in increased fiber size. The additional 
use of metabolic resistance training protocols 
(e.g., short rest, supersets) potentially allowed 
for the maintenance of aerobic function. The 
upper-body-only training group did not show 
the decreases in fiber size that were seen in the 
endurance-training-only group, most likely as a 
result of the isometric force required for stabiliza-
tion of the lower body when performing upper-
body resistance exercises, especially during the 
5RM training days. The combined training group 
showed a type of averaging of the resulting stim-
ulus from each training modality, resulting in no 
significant change in type I muscle fiber size and 
an increase in type II muscle fiber size. This reflects 
the specificity of motor unit recruitment and the 
associated adaptations of each pool of motor units.

Other studies support the dramatic influence 
of oxidative stress with high-intensity endurance 
training on fiber hypertrophy. Typically, no change 
in any muscle fiber type's cross-sectional area is 
shown with this type of training. However, a tran-
sition from type IIx to IIa as a result of strength 
training occurs indicating that high-threshold 
motor units are recruited (Aagaard et al. 2010; 
Aagaard and Andersen 2011).

In the 1970s, studies showing a reduction of 
mitochondrial density resulted in many runners 
avoiding resistance training programs (MacDou-
gall et al. 1979). Because mitochondria are the site 
of aerobic energy production, any decrease in the 
volume or density of mitochondria could theoreti-
cally decrease the oxidative capacity of the muscle. 
Thus, based on these results, many distance run-
ners did not perform resistance training fearing 
that it would compromise their endurance capa-
bilities. A decrease in mitochondrial density after 
resistance training would appear to support this 
belief. What distance runners did not know at the 
time was that resistance training offers other bene-
fits, such as increases in connective tissue strength, 

improved running economy and efficiency, and 
the prevention or reduction of overuse injuries. As 
previously discussed, later research did not sup-
port the contention that resistance training would 
compromise aerobic performance. Additionally, 
in comparison to a nonexercising group, a group 
that performed 12 weeks of combined strength 
and endurance training showed mitochondrial 
number increases, but changes took place in differ-
ent anatomical regions of the muscle (Chilibeck, 
Syrotuik, and Bell 2002). The intermyofibrillar 
region undergoes a linear increase with training, 
whereas the subsarcolemmal region undergoes a 
preferential increase late in the training program. 
Thus, mitochondrial number and density need 
to be examined in all regions of the muscle fiber 
to understand the cellular effect of performing 
concurrent training.

In summary, the physiological mechanisms that 
may mediate adaptational responses to concurrent 
training remain speculative but appear related to 
alterations in neural recruitment patterns, attenu-
ation of muscle hypertrophy, or both (Chromiak 
and Mulvaney 1990; Dudley and Djamil 1985; 
Dudley and Fleck 1987; Wilson et al. 2012). 
Additionally, with longer training periods or very 
intense training, a decrease in some performance 
outcomes may be due to nonfunctional over-
reaching or overtraining (Hennessy and Watson 
1994; Nelson et al. 1990). Conversely, concurrent 
exercise training, when properly designed, may 
just require a longer duration for the summation 
of physiological adaptations thereby resolving 
compatibility issues.

No doubt, many people do not appear to be 
able to adapt optimally to both modes of training 
when high training frequencies and intensities that 
limit recovery are used. Thus, the stimuli created 
by the program design, as noted earlier in this 
chapter, are vital considerations for optimizing the 
concurrent use of both modes of training (Wilson 
et al. 2012). Prioritization of training (i.e., empha-
sizing one training type and de-emphasizing others 
in a training cycle) along with periodization of 
volumes and intensities may be important when 
several fitness components must be trained at the 
same time.

Signaling From Exercise Programs
Signaling systems play a vital role in the adap-
tation of a muscle fiber (Baar 2006; Gundersen 
2011). Because signaling mechanisms are  complex 
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and highly redundant, singular explanations 
of anabolic and catabolic effects are difficult to 
attribute to one causative factor. As discussed in 
chapter 3, endocrine signaling plays a major role 
in helping to determine the status of the cell. Hor-
mone signals include anabolic hormones such as 
testosterone, insulin-like growth factors, insulin, 
and various types of growth hormones as well 
as catabolic hormones such as cortisol, which at 
very high concentrations can dramatically affect 
tissue breakdown and suppress immune function 
(Spiering et al. 2008a, 2008b). Data that purely 
attribute one factor to the increase or decrease in 
muscle fiber size are limited because a whole series 
of signaling events are going on at the same time 
to maintain cellular and whole-body homeostasis 
during exercise and to restore tissue to normal 
or cause adaptations after exercise disruption or 
damage (see figure 4.2).

Signaling systems are put into action by var-
ious stimuli, such as hormonal binding. This is 

demonstrated by IGF-I binding to its receptors 
in skeletal muscle fibers and the stimulation of 
the mTOR (mammalian target of rapamycin), a 
protein and part of a system of signals that regu-
lates cell growth, proliferation transcription, and 
survival, as well as protein synthesis. The mTOR 
system can also be stimulated by muscular con-
traction as well as by the nutritional intake of the 
branched-chain amino acid leucine (Matsakas 
and Patel 2009; Spiering et al. 2008b; Walker et 
al. 2011). The protein kinase B (Akt) mammalian 
target of rapamycin (mTOR) signaling system is 
also capable of stimulating protein synthesis while 
decreasing protein breakdown, thus promoting 
muscle fiber hypertrophy (Baar 2006).

A major antagonist of the mTOR system is the 
adenosine monophosphate (AMP), 5' adenosine 
monophosphate-activated protein kinase (AMPK), 
or the AMP/AMPK system (Kimball 2006; Gordon 
et al. 2008). This system can block the positive 
anabolic effects stimulated by mTOR. It stimu-
lates catabolic pathways that provide energy for 
muscle cell function (such as fatty acid oxidation 
or improvement in glucose transport by increas-
ing cellular glucose transporters). Recent findings 
show that the addition of aerobic exercise to a 
resistance exercise workout negatively alters some 
of the many anabolic signaling systems (Lundberg 
et al. 2012). The concurrent use of both heavy resis-
tance and intense aerobic exercise diminishes the 
quality of the signals being conveyed to the genetic 
machinery needed for anabolism. Thus, allowing 
for adequate recovery from exercise (i.e., rest days) 
and nutritionally replacing energy substrates (i.e., 
ingesting protein, carbohydrate, and fat) appear 
to be important considerations when performing 
both forms of exercise concurrently. This might 
explain the reductions in performance when 
high-intensity, high-volume, and high-frequency 
training programs are performed, including con-
current training.

Program Design Challenges
Exercise prescription must take into consideration 
the demands of the total program and ensure that 
the frequency, intensity, and volume of exercise do 
not become counterproductive to optimal physio-
logical adaptations and performance (García-Pal-
larés and Izquierdo 2011). Those involved in 
exercise prescription should keep the following 
points in mind:

Catabolic Anabolic

Muscle signals

Contraction

AMPK

mTOR

Testosterone

Cortisol

IGF-I

GHs

Insulin

Myostatin

Reactive oxygen species

Free radicals

Protein kinase B/AKT

E4758/Fleck/fig4.2/460678/alw/r1FIgurE 4.2 Signals to muscle originate from many cells, 
glands, and metabolic pathways. Some of the major sig-
nals that muscle responds to are shown here. The vertical 
arrows indicate increases or decreases in concentrations, 
and the horizontal arrows show the magnitude (single- 
or double-direction arrows) of its directional effect. The 
double arrow represents a higher magnitude of effect. The 
signals stimulate either anabolic or catabolic processes 
in the muscle.
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• Training program sequences should be 
prioritized according to how they relate to 
training program goals. Trainees should 
not attempt to perform high-intensity 
and high-volume strength and endurance 
training concurrently. The relative training 
volume for each mode of exercise needs to 
reflect the prioritization of each training 
cycle.

• Periodized training programs with planned 
rest phases should be used to allow for ade-
quate recovery from sessions.

• Strength or power athletes should limit 
high-intensity aerobic training because 
the high oxidative stress accompanying 
high-volume or high-intensity endurance 
training appears to negatively affect power 
development.

Basics of  
Cardiorespiratory Training

As previously discussed, some degree of cardio-
respiratory training is part of almost every total 
conditioning program. Continuous training and 
interval training are the primary program designs 
for cardiorespiratory training (Bishop, Girard, and 
Mendez-Villanueva 2011). Each can be prescribed 
from low intensity to high intensity. In many 
programs continuous aerobic training is used for 
low-intensity training and for recovery workouts.

The aerobic program design should be carefully 
examined so as not to create an interference with 
desired training adaptations from a resistance 
training program. Yet, there is a need to train at 
higher intensities if maximal aerobic capacity is a 
primary outcome. In such situations, prioritization 
of training and periodization of both the aerobic 
and resistance training programs is vital to training 
success. The modality used for aerobic training also 
needs to be considered. Running may be inherently 
more likely to cause incompatibility than cycling; 
running is more stressful at the same training 
intensity because of the ground impact forces and 
includes a full stretch-shortening cycle, including 
eccentric loading (Wilson et al. 2012).

The prescription of aerobic exercise should be 
individualized. Those who need more specific 
exercise prescriptions may benefit from a stress 
test to document their exact functional capacity 

and to suggest heart rate zones. The results of 
treadmill or cycle ergometry testing can be very 
helpful for individualizing exercise prescription 
for endurance training (Garber et al. 2011). This 
is especially important for older adults or people 
whose functional capacity is in doubt (e.g., those 
with cardiovascular pathologies). However, test-
ing can also provide very highly specific training 
data for elite athletes. The test modality should 
be specific to the exercise training or competition, 
even when cross-training is used. For example, 
the importance of a sport-specific assessment 
has been demonstrated with cross-country skiers, 
for whom strength training improved maximal 
oxygen consumption during skate-rollerskiing and 
double-poling performance, but not in a typical 
treadmill-running maximal oxygen consumption 
test (Losnegard et al. 2011).

Continuous Aerobic Training  
Program
Many programs use continuous exercise to train 
the aerobic ability. The typical goal of aerobic con-
ditioning is to improve maximal or peak oxygen 
consumption and associated cardiorespiratory 
functions to support endurance performance 
(Garber et al. 2011). However, beyond training for 
caloric expenditure, blood pressure control, and 
health reasons, improving maximal oxygen con-
sumption from a relatively trained state requires 
higher training intensities (≥85% of V

.
O

2max). 
This causes many athletes to use interval training 
to achieve higher exercise intensities. The use of 
higher aerobic training intensities along with 
strength training helps to enhance endurance 
capability by improving running economy and 
efficiency of movement (Guglielmo, Greco, and 
Denadai 2009; Millet et al. 2002).

The myth that people need extended, slow, 
long-distance running to provide an “aerobic 
base” before participating in other, more intense 
conditioning modalities most likely arises from 
the perceived need to use lower-intensity training 
during a “general conditioning phase,” especially 
when untrained people begin training. However, 
the relationship between aerobic and anaerobic 
performances is limited and demonstrates that 
those who perform well in anaerobic tests do not 
necessarily perform well in aerobic tests (Koziris 
et al. 1996). This is most likely due to differences 
in body mass, the energy source predominantly 
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used to perform a particular task, muscle fiber type, 
training background, or any combination of these. 
Nevertheless, whether using continuous or interval 
aerobic training methods, proper progression in 
the frequency, intensity, and duration is needed.

Aerobic training intensity is a key factor in opti-
mizing compatibility with other training types, 
especially strength and power resistance training. 
One of the easiest ways to monitor aerobic inten-
sity is with heart rate monitoring. A heart rate 
training zone  is typically prescribed to control 
the intensity of the aerobic exercise stimulus. The 
person then performs steady-state exercise within 
the training zone. Generally, lower-intensity heart 
rate training zones are between 55 and 65% of 
maximal heart rate. Lower intensities are typically 
used by untrained or aerobically unfit people or as 
recovery exercise by highly trained athletes.

Despite the importance of individual exercise 
prescription, many people (most notably, coaches 
who are prescribing exercise for hundreds of ath-
letes) do not have the resources available to obtain 
laboratory stress tests. Coaches and trainees must 
realize that for basic aerobic fitness, endurance 
training doesn’t have to be overly stressful to 
be effective. This is not the case for competitive 
endurance athletes, who must use higher training 
intensities to prepare for competition. In addition, 
some athletes should not train at high aerobic 
intensities because such training may inhibit the 
strength and power adaptations important for 
performance in many activities (García-Pallarés 
and Izquierdo 2011).

The duration and frequency of aerobic exercise 
also needs to increase progressively as the person 
becomes more tolerant of exercise stress. For basic 
cardiorespiratory endurance fitness, exercise 
should be performed for 20 to 60 minutes three 
to five days per week (Garber et al. 2011). Run-
ning, bicycling, cross-country skiing, stair climb-
ing, ellipse training, aerobics (e.g., bench-step 
aerobics), and swimming are some of the most 
popular and effective cardiorespiratory condition-
ing modalities (Kraemer, Keuning et al. 2001). 
However, a degree of specificity is necessary if the 
conditioning modality is vital to sport skills (e.g., 
run training if conditioning for soccer).

An endurance exercise training session consists 
of a warm-up, a training period, and a cool-down. 
The heart rate is checked and the pace of the 
exercise adjusted so that the trainee is exercising 
within his or her training zone. Heart rate watches 

are often used to monitor heart rate. However, a 
10-second pulse rate can be obtained after a steady-
state exercise duration is achieved (usually three 
to five minutes).

A pace test to assist with determining and mon-
itoring training at the training heart rate over a 
specified distance can be conducted over a number 
of training sessions. Pace tests for running or 
cycling should be performed on flat terrain. Also, 
as fitness levels improve, it is important to check 
the pace against the heart rate response relation-
ship. A less-conditioned person usually requires 
shorter pace distances to evaluate a training pace. 
It is important to ensure that steady-state exercise is 
achieved at the selected distance (exercise duration 
of three to five minutes after the warm-up).

Heart rate intensity can be determined using a 
percentage of maximal heart rate or the Karvonen 
formula, also termed the heart rate reserve method. 
To determine a 70 and 90% heart rate intensity 
for a 20-year-old using the Karvonen formula 
would require the following calculations in which 
HRmax= maximal heart rate, HRrest = heart rate 
at rest, HRR = heart rate reserve, THR = target 
heart rate, and bpm = beats per minute. Several 
equations can be used to estimate HRmax, but 
the following is very accurate (Gellish et al. 2007):

HRmax = 207 – (0.7  age in years)
HRmax = 207 – (0.7  20 years)

HRmax = 193 bpm

HRR is the difference between resting heart rate 
and HRmax and is calculated as follows assuming 
a HRrest of 73 bpm:

HRR = (HRmax – HRrest)
HRR = (193 bpm – 73 bpm)

HRR = 120 bpm

THR is then calculated as follows for 70 and 90% 
heart rate intensity:

THR = HRrest + (HRR  desired intensity)
THR 70% = 73 bpm + (120 bpm  0.70)

THR 70% = 157 bpm
THR 90% = 73 bpm + (120 bpm  0.90)

THR 90% = 181 bpm

So a training intensity between 70% and 90% using 
the Karvonen method is a heart rate between 157 
bpm and 181 bpm.
After HRmax

 has been estimated, the desired heart 
rate training zones can be calculated:
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70% HRmax = 0.7  193 = 135 bpm
90% HRmax = 0.9  193 = 174 bpm

70-90% HRmax training zone =135 to 174 bpm
As previously discussed, the impact of exercise 

compatibility on strength and power development 
might be less if intensities and durations are care-
fully prescribed (McCarthy et al. 1995; Wilson et 
al. 2012). Thus, in the preceding example, on a 
light training day a heart rate of 135 bpm would 
be used if training at 70% of the heart rate target 
training zone. Other target heart rate training zones 
can easily be determined. Use of such zones is a 
quantitative method to prescribe intensity that 
takes into account many factors including the 
environment, psychological stress, arousal, and 
previous training.

Interval Training
Conditioning is necessary to enhance speed or 
anaerobic endurance. Interval training  is one 
major cardiorespiratory training paradigm. Sprint 
activities of a few seconds require a higher power 
output than longer-duration sprints of one to two 
minutes (Kraemer, Fleck, and Deschenes 2012). 
Training needs to be related to both the distance 
and the duration of the activity performed in the 
particular sport. As an example, for an American 
football lineman, 5 to 20 yd sprints (one to three 
seconds) are appropriate, whereas a receiver may 
need to train using sprint distances ranging from 10 
to 60 yd. An 800 m runner would need to train at 
distances and paces equivalent to the distance and 
pace needed in a race. Programs that require longer 
durations of high-intensity exercise (e.g., 800 and 
1,500 m) also involve interval-type training.

It is important to differentiate between “quality” 
sprint training for maximal speed and “quantity” 
sprint conditioning used to enhance speed endur-
ance, improve buffering capacity, and improve 
repeat sprint ability. Classic interval training has 
consisted of modulating the exercise work-to-rest 
ratios for years (Ben Sira et al. 2010). This ratio 
describes the relationship between the lengths of 
an interval to the rest allowed between intervals. 
For example, if an interval is 10 seconds in duration 
and 30-second rests are allowed between intervals, 
the work-to-rest ratio would be 1:3. In sprint speed 
training, rest periods are longer to ensure recovery 
prior to another sprint effort so it is performed at 
close to maximal velocity. Sprint interval training 
designed to improve buffering capacity, anaerobic 

capacity, aerobic function, and repeat sprint ability 
require shorter rest periods. Higher and longer 
intensities of interval training must be carefully 
prioritized and periodized because such programs 
can detract from strength, power, and muscle size 
increases when performed concurrently, especially 
in untrained subjects (Aagaard and Andersen 2010; 
García-Pallarés and Izquierdo 2011).

The difference between the quantity and qual-
ity of interval training is shown by the following. 
Sprint training performed three days per week 
consisting of three 100 yd sprints followed by 
three 50 yd sprints with rest intervals of 3 minutes 
and 90 seconds, respectively, between each sprint 
and 5 minutes between sets resulted in increases 
in sprint speed, but no increases in peak oxygen 
consumption, over an eight-week training program 
(Callister et al. 1988). Conversely, when two sets of 
four sprint intervals of 20 seconds are separated by 
only one minute of rest, significant increases in the 
peak oxygen consumption can be attained by the 
eighth week of a 10-week training program (Krae-
mer et al. 1989). Thus, the exercise-to-rest ratio and 
the length of sprints are vital factors in determining 
the effects of sprint intervals on increases in peak 
oxygen consumption or sprint speed.

The preceding results are in part explained 
by shorter sprint training involving maximal or 
close-to-maximal exercise intensity. This results in 
the use of predominantly anaerobic energy sources 
and practicing maximal sprinting technique. As 
the exercise duration increases with the use of 
shorter rest periods, there is a shift toward more 
use of aerobic energy, which results in an increase 
of aerobic ability. Interval training programs using 
various interval durations and rest periods can be 
designed to address the anaerobic and aerobic 
metabolic needs of a wide variety of sports and 
activities.

Another important consideration in designing 
interval programs is the need to tolerate high 
acidity levels in certain sport activities (e.g., lon-
ger-duration sprinting, boxing, mixed martial arts, 
and wrestling), which necessitate training that 
increases lactate production and enhances lactate 
removal (Brooks and Fahey 1984). To train short 
sprint ability, typically 5- to 10-second intervals 
with exercise-to-rest ratios of 1:3 to 1:6 are used; 
to train the anaerobic glycolytic system, longer 
intervals of 30 seconds to 2 minutes with work-to-
rest ratios of 1:3 are used (Karp 2000). The number 
of repetitions per training session varies with the 
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training goals, interval duration, and fitness level 
of the trainee, but typically somewhere between 3 
to 12 intervals are performed per session.

Inclined surfaces have also been used to improve 
power and to train the muscles associated with 
sprinting. During inclined run-sprint training, 
the average power and energy generated during 
hip flexion and extension in the swing phase are 
greater than during sprinting with no incline. 
Thus, incline sprint training provides for enhanced 
muscular loading of the hip musculature during 
both the swing and stance phases (Swanson and 
Caldwell 2000), which may be useful for enhanc-
ing sprint ability. In addition, the use of resistive 
devices (e.g., sled-towing devices) also has poten-
tial for enhancing sprint performance (West et al. 
2013).

It must be kept in mind that sprint speed is 
different from speed during agility runs with two 
or more direction changes (Young, McDowell, and 
Scarlett 2001). The training effect for unidirectional 
speed development does not transfer highly to the 
multiple direction changes typical in many sports. 
Thus, training programs need to be designed to 
target specific goals. A typical interval workout 
could include the following:

• Warm-up consisting of low-intensity exer-
cise and dynamic stretching

• Technique drills

• Start drills

• Conditioning phase or intervals

• Cool-down, which may include dynamic 
or static stretching (see Stretching and 
Flexibility)

In summary, typically, interval training to 
increase sprint speed uses longer rest periods and 
maximal or near-maximal short intervals, whereas 
interval training to increase maximal aerobic abil-
ity uses longer intervals with short rest periods. 
Additionally, interval training for some activities 
can include a sport-specific attribute, such as con-
trolling a soccer ball, basketball, or water polo 
ball. This type of training enhances both the motor 
skill and the conditioning component needed for 
performance in a particular sport.

Stretching and Flexibility
As with most areas of fitness, the needs for flexi-
bility and stretching must be determined accord-

ing to the trainees’ sports, goals, ability to safely 
perform movements with their current range of 
motion (ROM), and posture. Flexibility is affected 
by numerous internal and external influences 
or factors, such as the type of joint, the internal 
resistance within the joint, the temperature of 
the joint, and the elasticity of muscle tissue. The 
role of stretching in helping to develop flexibility 
or improve the absolute range of movement of a 
joint or series of joints has been well established 
(figure 4.3). Less clear is the type of stretching that 
should be used as part of a warm-up given the 
potential for a negative impact on performance. 
Additionally, the impact of flexibility or stretching 
on injury prevention has been a topic of interest.

Techniques for several methods of flexibility 
training are well documented (Anderson 2010). 
As with all training programs, stretching programs 
should be designed to meet the needs of the person 
and the activity or sport.

There are four basic types of stretching (Moore 
and Hutton 1980). Although the techniques of 
these types differ, a meta-analysis concludes that 
no significant difference in flexibility increases 
of the hamstring musculature exist among them 
(Decoster et al. 2005).

• Slow-movement stretching

• Static stretching

• Dynamic and ballistic stretching

• Proprioceptive neuromuscular facilitation 
(PNF)

Slow Movements
Slow-movement stretching is often done before 
any other types of stretching. Continuous slow 
movements such as neck rotations, arm rotations, 
and trunk rotations are also included in dynamic 
stretching. Slow-movement stretching may be 
more beneficial to warming up than to increasing 
flexibility. Use of slow movements prior to the 
faster dynamic movements of ballistic stretching 
may be a good progression in a warm-up.

Static Stretching
The most common type of stretching is static 
stretching, in which the person voluntarily relaxes 
the muscle while elongating it, and then holds the 
muscle in a stretched position. A simple example is 
the toe touch, in which one bends over and tries to 
touch one’s toes while keeping the knees straight. 
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The stretching movement is typically held at the 
point of minimal discomfort. Stretching is typically 
performed progressively, meaning that the person 
tries to increase the range of movement slightly 
farther each time the stretch is performed to extend 
the range of motion. Subsequent stretching con-
tinues to improve the range of motion.

Static stretching is one of the most effective and 
desirable techniques when comfort and limited 
training time are major factors (Moore and Hutton 
1980). After a stretching bout, there is an increase 
in a joint’s range of motion, less EMG activity in the 
muscle stretched, and a decrease in resting muscle 
tension. This indicates a lower resting tension in 
the muscle is related to a person’s ability to toler-
ate higher stretching strain and is associated with 
the increases in range of motion after a stretching 
bout (Wiemann and Hahn 1997). In addition, 
during static stretching, EMG activity is low in 
some muscles being stretched, indicating a par-
tial neural mediation with stretching (Mohr et al. 
1998). Interestingly, static stretching may be more 

than twice as effective as dynamic range of motion 
flexibility exercises for increasing hamstring flex-
ibility (11- vs. 4-degree increase) (Brandy, Irion, 
and Briggler 1998). In this study, dynamic range of 
motion training consisted of achieving a stretched 
position in five seconds, holding the stretch for 
five seconds, and then returning to an unstretched 
position in five seconds. Static stretching consisted 
of one 30-second static stretch. The use of stretch-
ing to improve flexibility is a widespread practice, 
but the effectiveness of various programs may be 
related to the change in stretch tolerance rather 
than to the passive properties of muscle (Magnus-
son 1998). In partial support of this theory, static 
stretching for 90 seconds was shown not to alter 
the viscoelastic properties of muscle (Magnusson, 
Aagaard, and Nielson 2000).

Many variations of this technique have been 
proposed, with stretch time ranging up to 60 sec-
onds. Static stretch times beyond 30 seconds are 
not more effective when stretching is done each 
day (Brandy, Irion, and Briggler 1997). Holding 

FIgurE 4.3 Stretching can be an important part of a total conditioning program, but the type of stretching performed, 
the timing of the stretching within a program, and the recovery from stretching are all important factors that must be 
considered.
Photo courtesy of UConn Athletics.
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stretches for 15 seconds was more effective than 
holding them for 5 seconds for improving active 
ROM, but not for increasing passive ROM (Rob-
erts and Wilson 1999). Thus, performing 15- to 
30-second stretches three to five times appears 
to be optimal. It has been demonstrated that the 
greatest decreases in tension occurs in the first 20 
seconds of a held static stretch of the ankle joint 
(McNair et al. 2001).

Dynamic and Ballistic Stretching
Recent concerns about the use of static stretching 
in warm-ups prior to workouts or competition (see 
the section Typical Warm-Up Prior to Workouts or 
Competition later in this chapter) has increased 
the popularity of dynamic stretching. This type of 
stretching involves a dynamic movement during 
the stretch that results in movement through the 
entire range of motion of the joint(s) involved. 
Ballistic stretching involves a fast, dynamic move-
ment through the entire range of motion and ends 
in a stretch. An example of dynamic stretching is 
walking lunges at a controlled velocity; an example 
of ballistic stretching is mimicking the punting 
action in American football.

Proprioceptive neuromuscular 
Facilitation (PnF)
A more complex set of stretching techniques using 
various stretch-contract-relax protocols is termed 
proprioceptive neuromuscular facilitation 
(PNF) stretching. There are several variations of 
this technique, but the three major types are as 
follows (Shellock and Prentice 1985):

• Slow-reversal-hold

• Contract-relax/agonist

• Hold-relax

Using the hamstring stretch as an example, the 
slow-reversal-hold technique is as follows: The 
trainee lies on the back, with one knee extended 
and the ankle flexed to 90 degrees. A partner pushes 
on the leg, passively flexing the hip joint until the 
trainee feels slight discomfort in the hamstring. 
The trainee then pushes for 10 seconds against the 
resistance applied by the partner by activating the 
hamstring muscle. The hamstring muscles are then 
relaxed, and the antagonist quadriceps muscles 
are activated, while the partner applies force for 
10 seconds to further stretch the hamstrings. The 

leg should move so there is increased hip joint 
flexion. All muscles are then relaxed for 10 seconds, 
after which the stretch is repeated beginning at the 
increased hip flexion joint angle. This push–relax 
sequence is typically repeated at least three times.

The other two PNF techniques commonly used 
are similar to the slow-reversal-hold method. 
The contract-relax/agonist technique involves a 
dynamic concentric action before the relaxation/
stretch phase. In the earlier example, the ham-
strings are contracted so the leg moves toward the 
floor. The hold-relax technique uses an isometric 
action before the relaxation/stretch phase. These 
types of PNF techniques typically take longer to 
perform than other stretching techniques and also 
often require a partner.

Some argue that because PNF training is asso-
ciated with greater discomfort, static stretching is 
more appropriate (Moore and Hutton 1980). In 
addition, in some movements the position may be 
more important than using a static or PNF tech-
nique (Sullivan, Dejulia, and Worrell 1992). It has 
been demonstrated that the position of the pelvic 
tilt used in a hamstring flexibility program plays 
a greater role in determining the improvement in 
the ranges of motion than the specific technique 
itself (Dejulia, Dejulia, and Worrell 1992). This 
emphasizes the concept that most flexibility tech-
niques are effective, but other factors may influence 
their appropriateness in a given program design.

Development of Flexibility
Flexibility training can be performed in either 
the warm-up or cool-down portion of a workout 
or as a separate training session. Many programs 
recommend holding each static stretch for 6 to 12 
seconds; holding for 10 to 30 seconds is also com-
monly recommended. The problem with holding 
static stretches for longer than 30 seconds is that 
the stretching program might last longer than 
the workouts (Alter 1998). All of the stretching 
techniques result in improvement in the absolute 
range of movement in a joint or series of joints. 
However, over the past 10 years using static and 
PNF stretching techniques as part of warm-ups 
immediately prior to workouts or competitions 
has been questioned. It appears that when high 
force, velocity, or power is needed within the first 
few minutes after a warm-up, dynamic stretching 
should be performed (Behm and Chaouachi 2011). 
Because the need for flexibility can vary among 
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people and sports, assessing movement ranges can 
help in the design of a flexibility program. Many 
people have various areas in need of increased 
flexibility and a general level of inflexibility, which 
can be addressed by proper screening and stretch-
ing movements (Cook, Burton, and Hoogenboom 
2006a, 2006b).

Typical Warm-up Prior to Workouts 
or Competition
Warm-ups can improve performance by affecting 
the neuromuscular and viscoelastic properties of 
the connective tissues and joints. However, activ-
ities must be appropriate, such as light cardiore-
spiratory exercise and dynamic stretching. Other 
warm-up activities have to be used at specific times 
before workouts or competition or not used at all 
(e.g., long-duration static stretching) (Fradkin, 
Zazryn, and Smoliga 2010).

A warm-up should typically consist of submax-
imal aerobic activity followed by slow movements 
and large-muscle-group dynamic stretching com-
plemented with sport-specific dynamic activities 
(Behm and Chaouachi 2011). A dynamic warm-up 
consisting of dynamic stretching and running 
improved hamstring flexibility, vertical jump 
power, and quadriceps strength in physically fit 
young men and women when compared to a 
static stretching warm-up even after five minutes 
of stationary cycling (Aguilar et al. 2012). Despite 
the overwhelming findings about the detrimental 
effects of static stretching on strength or power 
of the stretched muscle, a more directed static 
stretching of the hamstrings (the antagonist of 
the quadriceps) resulted in small but significant 
improvements in quadriceps strength and counter-
movement jump power in trained men compared 
to a no-stretching control condition (Sandberg et 
al. 2012). Using dynamic stretching in a warm-up 
may also enhance performance when environmen-
tal challenges such as cold exposure are present 
(see box 4.3).

The effects of static stretching on increases in the 
range of motion may well diminish with time after 
stretching. Performing three 45-second hamstring 
stretches separated by 30 seconds has been shown 
to produce a 20% viscoelastic stress relaxation. The 
investigators suggested that the static stretching 
protocol used in their study had no short-term 
effect on the viscoelastic properties of the human 
hamstring muscle group (Magnusson, Aagaard, 

and Nielson 2000). It has been suggested that 
poststretch force decrements appear to be more 
related to the inactivation of the muscles affected 
by the stretch than to the elasticity changes often 
thought to be the result of stretching the musculo-
connective tissue components (Behm, Button, and 
Butt 2001). Using 30-second static stretches of the 
hamstrings has shown that increases in the range of 
motion resulting from static stretching appear to be 
transient, lasting for a short time after the stretch 
and then decreasing with time (Depino, Webright, 
and Arnold 2000). Thus, although acute static 
stretching does result in temporary ROM gains, it 
might not increase connective tissue extensibility 
for an extended period of time.

Likewise, the effects of static stretching on 
strength and power diminish with time after 
stretching. For example, 10 minutes after an upper-
body static stretching protocol, no differences in 
upper-body power performances were seen in 
trained field event throwers (Torres et al. 2008). 
The duration of the rest period after a static stretch 
may be important to consider if such stretching is 
to be used in a warm-up protocol. Nevertheless, 
until more research is performed on the effects 
recovery duration after stretching has on perfor-
mance, it may be prudent (see box 4.4) to use 
dynamic warm-ups prior to high-force, -power, 
or -speed workouts and competitions (Behm and 
Chaouachi 2011).

In addition to the studies presented in box 
4.4, stretching has been found to negatively affect 
isokinetic knee extension torque production below 
150 degrees per second (2.62 radians per second), 
but not at higher velocities of movement (Nelson, 
Allen et al. 2001). Static stretching may also affect 
the concentric isokinetic torque production more 
than the eccentric torque production (Cramer et 
al. 2006). Highly trained athletes such as National 
Collegiate Athletic Association Division I women's 
basketball players may be less susceptible to dec-
rements in isolated, single-joint, isokinetic peak 
toque production with static stretching (Egan, 
Cramer et al. 2006). Therefore, differences may 
well exist between how recreationally active or 
highly trained athletes are affected by static stretch-
ing in closed and open kinetic chain movements. 
In addition, the inhibition of maximal isometric 
torque production with static stretching may be 
joint-angle specific to the stretch protocol used 
(Nelson, Guillory et al. 2001). Stretching types 
other than static stretching may also negatively 
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Box 4.3 PrACTICAl QuESTIOn

Does a Warm-up using Dynamic Stretching Provide  
a Performance Edge When Practicing or Competing in the Cold?

This was the question investigated in a research project aimed at understanding how important a 
warm-up routine of dynamic stretches and exercise was after subjects were exposed to a cold envi-
ronment for 45 minutes (Dixon et al. 2010). In many sports (e.g., soccer, rugby), reserve players 
wait to get into the game; environmental conditions may affect the power performance of these 
players. In this investigation, nine collegiate athletes were tested with and without a warm-up pro-
tocol under both ambient (22 oC, or 71.6 oF) and cold (12 oC, or 53.6 oF) conditions. Power (W) in 
a countermovement vertical jump was used to determine the effects of the warm-up. Vertical jump 
power was assessed before, immediately after, and then again after two ambient (with and without 
warm-up) and two cold (with and without warm-up) conditions. The control condition was just 
standing and waiting for the testing for the same amount of time the warm-up took. The warm-up 
consisted of the following exercises:

Warm-Up
20 yd distance for each exercise

1. Arm circles forward: walking forward on the toes while circling the arms forward with the 
arms parallel to the ground

2. Backward heel walk with arm circles backward: walking backward on the heels while circling 
the arms backward with arms parallel to the ground

3. High-knee walk: walking forward and pulling the knee up to the chest with both arms, 
alternating legs while walking

4. High-knee skip: skipping forward and bringing the knee up so that the quadriceps are par-
allel to the ground

5. High-knee run: running while focusing on bringing the knees up so that the quadriceps are 
parallel to the ground

6. Butt kick: running while bringing the heels to the glutes

7. Tin soldiers: walking forward and kicking a single leg up in front while keeping the knee 
locked in extension (alternate)

8. One-legged slide walk forward: walking forward with straight legs and then leaning forward 
on one leg and reaching for the foot with the opposite hand

9. One-legged slide walk backward: walking backward with straight legs and then leaning for-
ward on one leg and reaching for the foot with the opposite hand

10. Backward skip: skipping backward

11. Backward run: running backward and extending the rear foot behind

12. Back pedal: moving backward while shuffling the feet and keeping them low to the ground

13. Overhead lunge walk: doing walking lunges forward with hands on the head

14. Inchworm: starting in the push-up position, walking the feet to the hands; then walking the 
hands out to the push-up position

The primary finding of this study was that the warm-up used under cold conditions allowed for a 
greater power output (W) as measured on a force plate. Cold exposure without the warm-up resulted 
in a power output of 4,517 W, whereas cold exposure with the warm-up resulted in a power output of 
5,190 W, which was significantly higher. The results of this study demonstrate that before practicing 
or playing in cold conditions, athletes should perform a dynamic warm-up to optimize performance.

Dixon, P.G., Kraemer, W.J., Volek, J.S., Howard, R.L., Gomez, A.L., Comstock, B.A., Dunn-Lewis, C., Fragala, M.S., Hooper, 
D.R., Häkkinen, K., and Maresh, C.M. 2010. The impact of cold-water immersion on power production in the vertical jump 
and the benefits of a dynamic exercise warm-up. Journal of Strength and Conditioning Research 24: 3313-3317.
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affect performance. For example, PNF stretching 
can negatively affect vertical jump performance in 
women (Church et al. 2001).

As previously discussed, small but significant 
decreases in sprint performances exist when static 
stretching is performed prior to the sprint (Kistler 
et al. 2010; Winchester et al. 2008). Additionally, 
static stretching produced significant decrements 
in drop jump performance and nonsignificant 
decreases in concentric explosive muscle perfor-
mance, but PNF stretching had no significant effect 
on concentric stretch-shortening cycle muscle 
performance (Young and Elliott 2001). If the other 
proposed benefits of a warm-up can be achieved by 
using predominantly dynamic warm-up activities, 
then the possible negative acute effect of static 
stretching on force production can be eliminated 
(Behm and Chaouachi 2011).

Chronic Stretching
Whether chronic stretching over a longer period 
of time before workouts affects performance 
needs further study. How and if chronic stretch 
training affects performance may depend on the 
subject population, type of stretching, and other 
types of training being performed concurrently. 

PNF stretching programs performed as separate 
workouts do not appear to hamper training-related 
strength, power, or speed performances (Higgs and 
Winter 2009). Six weeks of static stretching per-
formed four days a week by highly trained female 
track and field athletes did not appear to improve 
power or speed performances, but no negative 
effects were noted (Bazett-Jones, Gibson, and 
McBride 2008). Nevertheless, the investigators sug-
gested that static stretching should be performed 
postpractice to avoid any possible negative effects 
on workout performances.

Examining the effects of static stretching on 
strength and power without the performance of 
any other type of training over 10 weeks revealed 
improvements in flexibility (18.1%), standing 
long jump (2.3%), vertical jump (6.7%), 20 m 
sprint (1.3%), knee flexion 1RM (15.3%), knee 
extension 1RM (32.4%), knee flexion endurance 
(30.4%), and knee extension endurance (28.5%) 
(Kokkonen et al. 2007). A study of both static 
and ballistic stretching in a wide age spectrum 
(18 to 60 years) over a four-week period showed 
no effects on strength, power, or length–tension 
relationships and no differences between static and 
ballistic training groups (LaRoche, Lussier, and Roy 

Box 4.4 rESEArCh

Static Stretching and Sprint Performance
Using static stretching in a warm-up immediately prior to sprinting might not be a good idea. A 
study involving nationally ranked track athletes showed that using static stretching slowed perfor-
mance in a 40 m sprint; the second 20 m were most affected by using static stretching as a warm-up 
(Winchester et al. 2008). Subsequently, a study of the effects of static stretching on sprint speed in 
collegiate track and field athletes (sprinters and jumpers) showed that 100 m sprint time increased, 
but not significantly so (Kistler et al. 2010). A significant increase in time (0.03 seconds) occurred 
in the 20 to 40 m portion of the race. The 0 to 20, 40 to 60, and 60 to 100 m portions of the race 
were not significantly affected by static stretching. The total time of the 100 m sprint was not sig-
nificantly affected by static stretching, but it was 0.06 seconds slower.

Both studies used a similar static stretch protocol of alternating the stretching of the legs using 
four passive static stretch sets that were intended to stretch the calf musculature, hamstrings, and 
thighs, in that order. Stretches were held for 30 seconds from the time of mild discomfort. Athletes 
rested for 20 seconds between stretches and 30 seconds between sets. In both of these studies, the 
static stretching was performed after a dynamic warm-up. This provides strong evidence that, even 
done after a dynamic warm-up, static stretching can be detrimental to sprint speed. Thus, static 
stretching should not be performed just prior to sprinting during a pre-event or preworkout warm-up.

Kistler, B.M., Walsh, M.S., Horn, T.S., and Cox, R.H. 2010. The acute effects of static stretching on the sprint performance of 
collegiate men in the 60- and 100-m dash after a dynamic warm-up. Journal of Strength and Conditioning Research 24: 2280-2284.

Winchester, J.B., Nelson, A.G., Landin, D., Young, M.A., and Schexnayder, I.C. 2008. Static stretching impairs sprint perfor-
mance in collegiate track and field athletes. Journal of Strength and Conditioning Research 22: 13-19.
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2008). In total, these results appear to show that 
the length of stretch training programs, concurrent 
training status, and when stretching is performed 
may play significant roles in the effects, if any, on 
force production. Each form of stretching seems to 
result in improvements in flexibility that are not 
detrimental to force or power production unless 
placed before a strength, power, or speed exercise 
test (Behm and Chaouachi 2011).

Chronic improvement in flexibility is an import-
ant component of physical fitness and needs to be 
addressed in the context of a resistance training 
program, especially given that range of movement 
incapabilities can hamper normal function or 
sport performance. Importantly, stretch training 
may have to be maintained because its effects on 
flexibility have been shown to be lost four weeks 
after the cessation of a six-week training protocol 
(i.e., back to pretraining levels) (Willy et al. 2001). 
In addition, the resumption of training for the 
same length of time after cessation did not result 
in any gains beyond the end point of the first 
six-week stretching program. This means that the 
participants essentially started over in terms of 
flexibility. The length and retention of flexibility 
training adaptations remain relatively unstudied 
at this point, but care should be taken to consider 
flexibility maintenance programs once flexibility 
goals have been met because of the potential loss 
of range of motion that may occur if flexibility 
training is discontinued.

Flexibility and Injury
Physical therapists and athletic trainers spend 
a great deal of time improving the flexibility of 
targeted areas related to an injury. However, the 
prevention of injury due to flexibility training 
before or around a workout or competition is not 
supported in the scientific literature (Thacker et 
al. 2004). In a study attempting to address the 
question of whether flexibility training can pre-
vent injury, 1,538 men were randomized into two 
groups with a control group performing no stretch-
ing and the other group performing 20-second 
static stretches under supervision for six major 
muscle groups of the lower limbs (Pope et al. 
2000). Ultimately, the inclusion of static stretching 
did not affect the exercise-related injury incidence, 
and the authors found that fitness levels may be 
more important in the prevention of injury than 
flexibility. The lack of clinical and scientific clarity 

for any specific exercise prescription has made it 
difficult to make evidence-based prescriptions or 
programs for stretching, yet many warm-up pro-
cedures have been proposed (Herman et al. 2012; 
Stojanovic and Ostojic 2011). 

Additionally, stretching immediately before 
or immediately after exercise does not appear to 
alleviate delayed-onset muscle soreness after a 
workout (Herbert, deNoronha, and Kamper 2011). 
In general, the use of stretching in a warm-up does 
not appear to influence overuse injury incidence. 
However, some evidence suggests that pre-event 
or preworkout stretching can reduce the incidence 
of muscle strains, but more controlled research is 
needed for verifying this (McHugh and Cosgrave 
2010).

resistance Training and Changes 
in Flexibility
It has been known for some time that heavy resis-
tance training results in either an improvement 
or no change in flexibility (Massey and Chaudet 
1956). More recent studies support this conten-
tion. An 11-week weight training program (three 
times per week, three sets of 8RM of exercises 
stressing all major muscle groups) demonstrated 
significant increases in ankle dorsiflexion and 
shoulder extension without any flexibility training 
(Thrash and Kelly 1987).

Flexibility improved in both young sedentary 
women (24 to 26 years old) who performed 
strength training (three sets of 10RM) for eight 
weeks (Santos et al. 2010) and adult sedentary 
women (37 years old) who performed strength 
training (three sets 8- to 12RM in a circuit) for 
10 weeks (Monteiro et al. 2008). However, some 
movements, such as elbow and knee extension 
and flexion, did not show an increase in flexi-
bility, which is probably related to the structure 
of these joints (elbow extension is limited by 
the olecranon contacting the humerus). A resis-
tance training program can enhance flexibility 
when exercises are performed with a full range 
of motion (Morton et al. 2011). Even though 
resistance training can improve flexibility with-
out concurrent flexibility exercises, the use of a 
stretching program concurrently has been recom-
mended (Garber et al. 2011).

In untrained older people, only small increases 
in flexibility have been shown in response to a 
resistance training program (Barbosa et al. 2002; 
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Fatouros et al. 2002). If increased flexibility is a 
desired training outcome, flexibility training may 
need to be performed in addition to resistance 
training programs, especially in the elderly (Hurley 
et al. 1995). Older people (>50 years of age) may 
need an additional stretching program to gain 
further increases in range of motion (Girouard 
and Hurley 1995; Vandervoort 2009).

Competitive weightlifters possess average or 
above-average flexibility in most joints (Beedle, 
Jesse, and Stone 1991; Leighton 1955, 1957), 
although differences among athletes who resis-
tance train have been observed (Beedle, Jesse, and 
Stone 1991). These differences were related to the 
type of training program performed (e.g., Olympic 
weightlifting vs. powerlifting). Olympic weightlift-
ers and control subjects had greater flexibility on 
five flexibility measures, which indicates that pow-
erlifting may require muscle size increases that can 
partially limit range of motion, or that those who 
are successful at powerlifting may be genetically 
or otherwise predisposed to decreased flexibility. 
In a descriptive study of several groups of athletes, 
Olympic weightlifters were second only to gym-
nasts in a composite flexibility score (Jensen and 

Fisher 1979). Furthermore, as muscle hypertrophy 
becomes extreme in competitive athletes such as 
bodybuilders and powerlifters, one might have 
to add joint-specific range of motion flexibility 
training and monitor needed ranges of motion. 
Thus, resistance training alone may not promote 
flexibility in some highly trained athletes. In 
some cases, limited range of motion may provide 
a competitive advantage for certain performances 
(Kraemer and Koziris 1994). Competitive power-
lifters have limited flexibility, which may be due to 
the competitive task, especially in the upper body 
(i.e., bench press) (Beedle, Jesse, and Stone 1991; 
Chang, Buschbacker, and Edlich 1988).

In summary, resistance training alone can 
increase the flexibility of many joints; however, the 
resistance training program used and the person’s 
initial level of flexibility affect the degree to which 
flexibility is increased by resistance training alone. 
To maintain or even increase flexibility, lifting 
techniques should stress the full range of motion 
of both the agonist and antagonist muscle groups, 
and exercises should be done that strengthen both 
the agonists and antagonists of a joint (see box 
4.5).

Box 4.5 PrACTICAl QuESTIOn

Is There Such a Thing as Being Muscle Bound?
The concept of being muscle bound is often associated with resistance training. Some people, 
including coaches, believe that resistance training results in a decrease in flexibility. Little scientific 
or empirical evidence supports this contention, provided that stretching is performed as part of a 
total conditioning program (Todd 1985).

One story is that the term muscle bound originated from the marketing wars of the early 1900s 
between Charles Atlas, who was selling mail order programs consisting of primarily body mass 
exercises, and Bob Hoffman of York Barbell, a company that sold barbells and weights. The story 
goes that, to diminish the sales of barbells, Charles Atlas hired a York Barbell lifter and paid him 
to say that lifting with barbells caused him to become “muscle bound.”

Early in the 1950s it was demonstrated that heavy resistance training does not cause a decrease 
in joint flexibility when full range of motion resistance training was used and muscle groups on 
each side of the joint were trained (Massey and Chaudet 1956). However, if a movement around 
the joint is not trained (biceps but not triceps), some loss of flexibility can occur as a result of the 
overdevelopment of the muscle groups on one side of the joint (Massey and Chaudet 1956). Exces-
sive hypertrophy may cause movement limitations, such as the powerlifter with short arms and very 
large chest musculature who cannot touch his elbows in front of his chest. Typically, going through 
the full range of motion with each exercise and performing supplemental stretching exercises limits 
inflexibility and makes the muscle-bound condition rare.

Massey, B.H., and Chaudet, N.L. 1956. Effects of heavy resistance exercise on range of joint movement in young male adults. 
Research Quarterly 27: 41-51.

Todd, T. 1985. The myth of the muscle-bound lifter NSCA Journal 7: 37-41.
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Muscle–Tendon Complex
In addition to affecting muscle, training also affects 
tendons (Finni 2006; Fukashiro, Hay, and Nagano 
2006; Nicol, Avela, and Komi 2006). This is in 
part because, when force is produced, a muscle’s 
contractile forces are transmitted by the tendon 
to the bone, which results in movement about a 
joint (except with isometric muscle actions). This 
interaction of muscle and its tendon is termed 
the muscle–tendon complex (MTC). The study 
of the MTC has been aided by advances in ultra-
sound technology (Fath et al. 2010; Magnusson 
et al. 2008).

Much of the sports medicine literature focuses 
on MTC stiffness. However, it is important to 
understand that MTC stiffness should not be 
thought of in the same way that we typically think 
of the term stiffness. In this case, the term is defined 
as the relationship between the force applied to the 
MTC and the resultant change in the length of the 
unit. Thus, if a greater degree of force is needed to 
produce a given amount of stretch, or change in 
length, this is termed a stiffer MTC. If less force is 
needed to produce the same amount of stretch, 
then the MTC is thought to be more compliant. 
Short, thick tendons require more force to stretch, 
whereas long, thin tendons can be readily stretched 
and absorb more energy, but only a small amount 
of mechanical energy is recovered when the tendon 
returns to its original length. Interestingly, passive 
stretching and increases in ROM may not always 
reflect decreases in MTC stiffness (Hoge et al. 
2010). New approaches to measuring MTC stiffness 
may well be important markers for tracking the 
adaptive changes of various conditioning programs 
(Joseph et al. 2012).

Another property of the MTC is hysteresis, or 
the amount of heat energy lost by the MTC during 
the recoil from a stretch. When less heat is lost 
in the recoil from the stretch, the movement is 
more efficient. With increasing temperature, the 
viscosity of the tendon lessens, which improves the 
tendon’s response to its stretch and recoil. In part, 
effective warm-ups attempt to minimize heat loss 
by decreasing the tendon’s viscosity and thereby 
reducing hysteresis, which can help improve per-
formance (see box 4.3).

The analogy of a rubber band is helpful for 
understanding stiffness and hysteresis. The more 
force that is applied, the longer a rubber band or 

muscle will be stretched; when the rubber band 
is released, the recoil produces predominantly 
mechanical energy, although some energy is lost 
as heat. The mechanical energy contributes to the 
elastic component of the muscle that is a well-
known part of stretch-shortening cycle movements 
(e.g., the countermovement vertical jump).

Muscle tendon stiffness can be advantageous 
to certain strength, power, and speed movements 
(Kubo, Kanehisa, and Fukunaga 2002; Mahieu, 
et al. 2007), depending on the movement. For 
example, in running or sprinting, a stiff MTC is 
beneficial to the ankle and knee, which use very 
short ranges of motion and have thick tendons. 
Conversely, joints in the shoulder and hip typi-
cally have longer ranges of motion and thinner 
tendons. Movements such as a serve in tennis may 
be optimized by an MTC that is more pliant, or 
less stiff. Thus, MTC stiffness is neither good nor 
bad; rather, in different movements a stiff tendon 
may be advantageous and in other movements a 
compliant tendon is advantageous. Field assess-
ments of MTC status are being developed and 
will be needed for better prescribing sport-specific 
exercise protocols.

Training programs can affect the MTC. Resis-
tance training can increase MTC stiffness, and 
detraining can return it to its pretraining condition 
(Kubo et al. 2012). Meanwhile, stretching has been 
shown to decrease MTC stiffness and hysteresis. 
Although all people can benefit from a decrease in 
hysteresis, a decrease in MTC stiffness may not be 
beneficial in some cases, especially just prior to a 
strength, power, or speed event (Ryan et al. 2008). 
This reflects the current practice of refraining from 
performing static stretches immediately prior to 
strength and power events or training exercises.

Summary
Designing each component of a total conditioning 
program requires thought and must be put into 
the context of the physiological demands or per-
formance goals to be addressed. This overview of 
some of the major factors related to training for 
increased strength, power, local muscular endur-
ance, cardiorespiratory function, and flexibility 
reveals that programs must be carefully integrated 
so they do not interfere with each other. Program 
designers must address the specific training of each 
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component and also the timing, sequence, and 
prioritization of the exercise workouts in relation 
to the goals for each training cycle.

The compatibility of exercise programs is related 
to the specific demands placed on the neuromus-
cular unit. High-intensity aerobic training, in 
the form of longer-duration interval training or 
high-intensity continuous training, causes some 
inhibition of the muscle fiber hypertrophy needed 
for significant increases in muscle strength and 
power. Exercise training program incompatibility is 
typically observed in the areas of muscle fiber size 
increases, power improvements, and strength gains 
over time. This is most prominent in untrained 
people beginning a combined program of strength 
and aerobic training. In athletes, incompatibility 
might be due to short-term overreaching. The use 
of more rest days during the week or lower exercise 
intensities appears to be one way to minimize 
incompatibility.

Flexibility training can increase the ranges of 
motion used in sports. Resistance training increases 
MTC stiffness, whereas stretching typically 
decreases it. Program design should be based on 
the trainee’s fitness level and the specific demands 
of the activity or sport to minimize compatibility 
problems.
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After studying this chapter, you should be able to

1. apply the principles of sound program design in order to develop an effective, individu-
alized exercise stimulus,

2. ask the appropriate question that comprise the needs analysis, concerning biomechanical 
analysis, energy sources and injury prevention, 

3. identify and understand the importance of manipulating the acute program variables to 
effect the acute workout stimuli and program design,

4. understand the specific physiological responses of the acute program variance and their 
impact on workout and program design,

5. understand the concept of training potential and the different windows of adaptations 
for different fitness levels and measures, and

6. develop effective individualized training goals that are testable, maintainable, attainable 
and prioritized.

for physiological and performance adaptations 
to training.

Program Choices
Over the ages, strength has been the subject of 
myth and legend. Today, intense marketing strate-
gies are used to sell commercial exercise programs, 
training styles, and equipment to promote mus-
cular fitness and changes in body image. In this 
time of commercialized gym chains and packaged 
programs on the Internet, along with infomercials 
promoting equipment, it is important that train-
ers be able to systematically analyze the training 
variables involved in these programs and their 
potential effects on training adaptations.

Without properly individualized programs, 
unrealistic training goals may lead to exercise 
nonadherence when improvements do not meet 

Developing the Individualized 
Resistance Training Workout

5

A resistance training approach that works for 
one person may not work as well for another. 
Evaluating training goals and objectives and indi-
vidualizing workouts is necessary for optimizing 
any resistance training program. The optimal 
program is individualized to meet specific goals 
and then placed into an appropriate periodized 
training model to optimize adaptations and recov-
ery. Program design is a systematic process that 
uses a sound understanding of the basic principles 
of resistance training to meet the needs of each 
trainee. Program variables should be modulated 
to create an effective individualized exercise stimu-
lus. Thus, a more involved program design system 
offers a larger tool box to use to develop, prescribe, 
and then modify resistance training workouts over 
a training period. This chapter outlines the major 
variables used in designing a single resistance exer-
cise protocol that will create the exercise stimuli 
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trainees’ expectations. Substantial improvements 
are often evident in the early phases of training, but 
such changes cannot be expected to continue with 
long-term training. Additionally, and potentially 
more serious, is the fact that overuse syndromes 
leading to injury may result when the demands of 
the program are too much for the person to toler-
ate. Thus, the challenge is to design resistance train-
ing programs that are effective, safe, and realistic.

What constitutes the best resistance training 
program is not a simple question; a host of fac-
tors need to be considered, particularly the goals 
of the trainee. These goals relate to the types of 
adaptations desired and the genetic potential of 
the person to attain them. Finally, other factors 
such as age and sex also play a part in training 
outcome. Thus, the argument can be made that 
one best program of exercises, sets, repetitions, 
and load does not exist.

The next question is whether any given train-
ing program will still be effective at another time. 
Because training goals may change and trainees 
will become fitter, it is doubtful that a given pro-
gram will result in the same magnitude of adapta-
tions over time. Thus, progression, or making the 
program more stressful, is an important principle 
in resistance training. Program designers must use 
the major principles of resistance training, such 
as progressive overload, specificity, and variation, 
while also paying special attention to making 
changes that meet the changing training goals and 
fitness level of each trainee. Today individualized 
programs and progressions are still missing from 
many programs from commercial fitness to sports.

An almost infinite number of programs can be 
designed from the many variations in resistance 
training components. Programs based on sound 
scientific principles will have positive effects 
related to the program design. For example, if a 
trainee uses a light weight and performs a high 
number of repetitions, local muscular endurance 
will improve, but little improvement in muscular 
strength will occur (Anderson and Kearney 1982). 
Such changes are also reflected at the level of the 
muscle fiber because light loads produce limited 
gains in muscle fiber size with training (Campos et 
al. 2002). These are examples of a specific training 
adaptation. Adaptations in strength, power, and 
underlying muscle fibers are predictable from our 
understanding of the physiological adaptations 
related to training with light loads (see chapter 3).

The program designer, however, must also 
consider the differences in the magnitude of the 
adaptation to training among individuals. For 
example, a male collegiate cross country runner 
will not have the same training-related gains in 
strength or muscle size as a male North American 
collegiate football player because of dramatic 
physiological and genetic differences in factors 
such as muscle fiber number, type, and size. The 
initial exercise prescription should be based on 
a scientific understanding of the training goals 
and acute program variables such as sets, repeti-
tions, rest periods, and exercise choice needed to 
stimulate a physiological change. However, the 
training responses of individuals will vary, and 
exercise protocol may need to be modified if the 
desired effects are not observed. Each adaptation 
takes place on a unique time line because neural 
adaptations happen rapidly and muscle protein 
accretion leading to muscle hypertrophy takes 
longer (see chapter 3). Thus, the expectations for 
change must be kept within the physiological 
context of each variable’s adaptation time course. 
Furthermore, genetics may also dictate whether the 
trainee is a low, moderate, or high responder for 
a given physiological trait such as muscle size or 
strength (Marshall, McEwen, and Robbins 2011). 
Such variations have also been seen with maximal 
oxygen consumption improvements with aerobic 
training (Skinner et al. 2001).

Some people cannot attain a high degree of 
improvement for a particular adaptation, such 
as muscle hypertrophy, because of their inherent 
genetics. This means that some people will attain 
their genetic potential more quickly than others 
with training and can move into maintenance 
programs for specific variables (e.g., strength in 
the bench press). Nevertheless, the overall program 
design can be adjusted over time to optimize each 
person’s physiological potential for a particular 
training goal. Although it may be possible to pre-
dict a certain type of adaptation from a specific 
program design variable, such as intensity, people 
vary in the magnitude of change over time. For 
example, a periodized program that includes three 
heavy sets of 3- to 5RM will result in increased 
muscular strength in anyone; however, the degree 
of increase will vary from person to person.

Several questions remain: In what is the person 
trying to excel? How are the changes related to 
the testing outcome? Is testing specific to the task 
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being trained for, or is testing for general fitness? 
A testing program should be specific to the task 
in which improvements are desired and should 
interface with the program design; moreover, the 
desired training effects of the program must be eval-
uated individually (Kraemer and Spiering, 2006). 
Coaches and personal trainers who assert that they 
do not test because they do not want their trainees 
to train for the test miss the point of having a valid 
testing program that reflects the types of physical 
performance capabilities their trainees are trying to 
develop. Some may simply not want their programs 
evaluated, which keeps them from learning what 
modifications may be necessary.

The absolute magnitude of a training adapta-
tion will vary among trainees in the same training 
program. Thus, a general program for fitness, a 
sport, or another activity should be viewed only 
as a starting point for a trainee, from which the 
program design is adjusted to match the training 
needs of that person. Resistance training programs 
do not have the same objectives: Some are used 
for maintenance, whereas others are used for 
long-term, continued physiological development 
and improved performance. Both maintenance 
and building programs can occur within the same 
training program because each addresses unique 
training goals.

The key to successful program design is effective 
supervision by qualified coaches and personal 
trainers. In fact, several studies show that supervi-
sion by trained strength conditioning professionals 
and progression in the intensity and volume of 
the exercise are needed to cause maximal fitness 
gains. In men and women, and even in younger 
athletes (approximately 16 years old), greater 
strength gains are observed with supervision 
(Coutts, Murphy, and Dascombe 2004; Mazzetti 
et al. 2000; Ratamess et al. 2008). Coaches who 
supervise more than one trainee should try to keep 
their numbers low. A 1:5 coach-to-athlete super-
vision ratio produced much better training results 
than a 1:25 ratio (Gentil and Bottaro 2010). Thus, 
optimal supervision is one key to program success.

Supervision should include watching the trainee 
to ensure proper exercise technique and tolerance 
of the stresses created by the acute program vari-
able combination, as well as to determine the per-
son’s ability to perform the workout. Monitoring 
training logs and the results of each workout to 
determine the next workout in the overall plan is 

another important part of the individualization 
process.

The development of individual training goals 
for specific training phases or cycles also becomes 
paramount in long-term program design. Thus, 
program designers are faced with making appro-
priate changes in the resistance training program 
over time to meet the trainee’s changing needs and 
goals. This necessitates making sound clinical or 
coaching decisions based on a valid initial program 
design, the ability to monitor and test for progress, 
and an understanding of the needs and training 
responses of the trainee. To do this requires a basic 
understanding of resistance training principles and 
the underlying theory of the program design pro-
cess. Also needed is an understanding of the needs 
of the sport or activity and how to use testing data 
to monitor the training effects for each person. The 
process of planning and changing the exercise pre-
scription over time is vital for the ultimate success 
of any resistance training program (see figure 5.1).

Understanding the factors that go into creating 
the exercise stimulus is crucial to the success of 
the program design process. Creating an effective 
exercise stimulus starts with the development of a 
single training session directed at specific trainable 
characteristics, such as force production, power, 
or hypertrophy (see table 7.2 in chapter 7). Over 
time changes made in the acute program variables 
create the progressions, variations, and overloads 
needed to achieve physiological adaptations and 
improved performances. The sequence of correctly 
designed individual workouts makes up a peri-
odized program that produces the desired and 
expected training outcomes. Thus, the planning 
process always starts with the individual training 
session (workout) and the acute program variables 
chosen to address the goals of the overall training 
cycle and program.

This chapter addresses the following compo-
nents of program design: the needs analysis and 
the acute program variables such as intensity, 
volume, rest periods between sets and exercises, 
exercise selection and order, repetition speed, and 
training frequency.

Needs Analysis
A needs analysis is a process that involves answer-
ing a series of questions that assist in the design 
of a resistance training program (see figure 5.2) 
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FIguRe 5.1 An exercise prescription model for resistance training.

Needs Analysis

Exercise movements (biomechanics)

• Specific muscle used

• Joint angles

• Muscle action

Metabolism

• ATP-PC system

• Anaerobic system

• Aerobic system

Injury prevention

• Common sites of injury

• Sites of prior injury

Acute Program Variables

Choices of exercises

• Structural, whole-body, multijoint

• Body part, isolated joint

Order of exercise

• Large-muscle groups first

• Complex technique exercises first

• Arm to leg or upper to lower body

• Arm to arm or leg to leg or upper 
to upper or lower to lower circuit 
formatting

Number of sets

Intensity of the dynamic constant external 
resistance

Rest period lengths

• Short: <1 minute

• Moderate: 2-3 minutes

• Long: >3 minutes

FIguRe 5.2 A detailed component model for a needs analysis and the acute program variables.
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(Kraemer 1983b). Program designers should take 
the time to examine each of these questions to give 
themselves a basic context in which to address each 
of the acute program variables.

The major questions in a needs analysis are as 
follows:

• What muscle groups should be trained?

• What basic energy sources (e.g., anaerobic, 
aerobic) should be trained?

• What type of muscle action(s) (e.g., isomet-
ric, eccentric) should be trained?

• What are the primary sites of injury for the 
particular sport or activity, and what is the 
prior injury history of the person?

• What are the specific needs for muscle 
strength, hypertrophy, endurance, power, 
speed, agility, flexibility, body composition, 
balance, and coordination?

Biomechanical Analysis  
to Determine Training Needs
What muscle groups should be trained? This first 
question requires an examination of the muscles 
and the joint angles that need to be trained. For 
any activity, including a sport, this involves a basic 
analysis of the movements performed. At the sim-
plest level, the eyeball technique can be used to 
determine the movements and muscles activated 
in a sport or training activity. A fundamental 
understanding of biomechanics will be of help to 
further define this analysis.

With today’s technology a variety of video 
analyses can be made, from the simplest (e.g., cell 
phone video camera, free video phone apps) to 
the more detailed (i.e., commercial image capture 
and analysis programs). Videos permit trainers to 
carefully examine specific aspects of movement 
patterns involved in activities and sports. Depend-
ing on the sophistication of the video capture 
equipment, they can evaluate the muscles, joint 
angles, movement velocities, and forces involved. 
With free video applications on phones, the ability 
to analyze sport and exercise techniques is now 
readily available. Video software applications also 
contain video libraries of proper sport and exercise 
techniques. In addition, two- and three-camera 
video biomechanical software for exercise and 
sport technique analyses is also available at a 
reasonable cost. These technologies give trainers 
the opportunity to examine the acute program 

variables, thereby ensuring that the movements 
being performed are specific to the task or sport 
for which the person is training.

The principle of specificity, a major tenet in 
resistance training, states that the exercise program 
must reflect, in part, the characteristics of the activ-
ity or sport for an adequate transfer to occur from 
the program to the activity. Biomechanical analyses 
permit the choice of specific exercises that use the 
muscles and types of muscular actions in a manner 
specific to the activity for which training is being 
performed (see box 5.1). Specificity assumes that 
the muscles used in the sport or activity must be 
trained in terms of the following:

• Joint around which movement occurs

• Joint range of motion

• Pattern of resistance throughout the range 
of motion

• Pattern of limb velocity throughout the 
range of motion

• Types of muscle actions that occur (concen-
tric, eccentric, isometric)

Resistance training for any sport or activity 
should start with full range of motion exercises 
around all of the body’s major joints. However, 
training for specific sports or activity movements, 
such as quarter squats for vertical jumping, should 
also be included in the workout to maximize 
the contribution of strength training to specific 
performance aspects. The best way to select such 
exercises is to analyze the sport or physical activ-
ity biomechanically and to match it to exercises 
according to the previously mentioned variables. 
Ideally, exercises are then chosen based on the 
analyses of the specific muscles used, the muscle 
action types, and the joint angles. For general fit-
ness and muscular development, the large major 
muscle groups of the shoulders, chest, back, torso, 
thighs, and legs are always trained.

The principle of specificity is an overriding rule 
in the process of designing a resistance training 
program. Each exercise and resistance used in a 
program will have various amounts of transfer 
to the performance of an activity or sport. The 
amount of transfer will be related to the degree 
of specificity that can be achieved with the total 
program design and available equipment. When 
training for improved health and well-being, the 
specificity of the training will be related to choos-
ing exercises that can affect a given physiological 
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BOx 5.1 PRACTICAl QuesTIoN

Do I Need to Perform Both Flat and Incline Bench Presses?
Given that flat and incline bench presses train the same muscle groups, are both needed? Chang-
ing the biomechanics of an exercise does alter the recruitment pattern within the muscles that are 
involved in performing the exercise. For example, in the bench press the primary muscles involved 
are the pectoralis major and the anterior deltoid. Although a flat bench press and an incline bench 
press both use these muscles as primary movers, subtle differences have been seen when their elec-
tromyographic (EMG) patterns of activation have been compared (Trebs, Brandenburg, and Pitney 
2010). An obvious change in the joint angles and motion between the two bench press exercises 
exists. But does this translate into different patterns of activation?

In a comparison of the flat bench press and the incline bench press, the activation of the two 
heads of the pectoralis major (clavicular head and the sternocostal head) and the anterior deltoid 
show EMG activation differences at different joint angles. Thus, using both exercises in a resistance 
training program ensures that all of the involved musculature is recruited and therefore trained. 
Changing the angles of an exercise creates different patterns of recruitment of the involved muscu-
lature. In this case, performing both exercises is important to provide for complete neuromuscular 
activation and fully train the involved musculature. As a resistance training program progresses, 
additional supplemental exercises should be chosen to stimulate all motor units within the involved 
musculature and fully train the targeted muscle.

Trebs, A.A., Brandenburg, J.P., and Pitney, W.A. 2010. An electromyography analysis of 3 muscles surrounding the shoulder joint 
during the performance of a chest press exercise at several angles. Journal of Strength and Conditioning Research 24: 1925-1930.
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variable or desired adaptation. Other acute pro-
gram variables, such as rest period length between 
sets and exercises, will also interact with acute and 
chronic responses of various physiological systems 
including the metabolic and hormonal systems 
needed for the support of the motor units recruited 
with training. Thus, one acute program variable 
will interact with others to create an integrated 
stimulus for the workout. The acute program vari-
ables are discussed in much greater detail later in 
this chapter.

The concept of transfer specificity refers to the 
fact that every training activity has a certain degree 
of carryover to other activities in terms of specific-
ity. Except for practicing the specific task or sport 
itself, no conditioning activities will have 100% 
transfer. However, some exercise programs have a 
much higher degree of carryover to an activity or 
sport than others do because of greater specificity 
or similarities in biomechanical characteristics, 
neuromuscular recruitment patterns, and energy 
sources. Although specificity is vital for transferring 
training to performance, some exercise movements 
(e.g., squat, hang clean, seated row, bench press) 
and resistance loadings (i.e., from light to heavy) 
are used for general strength and power fitness. 
This provides a base for more advanced training 

techniques. Thus, each training cycle has clear 
objectives for each of the exercises and the resis-
tance loading chosen.

Sometimes several exercises and loading 
schemes are required to completely train a 
movement. In essence, one must typically train 
the whole concentric force–velocity curve, from 
low-velocity, high-force to high-velocity, low-force 
movements, to fully develop the neuromuscular 
system for transfer to the activity or sport skill. 
For example, to enhance a vertical jump, power 
(defined as force 3 distance / time, or work / 
velocity) is vital. Heavy resistances are needed 
to improve the force component of the power 
equation, which develops maximal concentric 
and eccentric strength. However, to address the 
velocity factor in the power equation, one also 
needs to include high-velocity power movements 
by doing maximal vertical jumps (plyometrics) or 
squat jumps at various submaximal percentages 
of 1RM (e.g., 30 to 50%). This combination of 
training intensities enhances maximal strength, 
the rate of force production, and power (see figure 
3.26), all of which are needed to enhance vertical 
jump capabilities (Kraemer and Newton 2000).

Most sport skills cannot be loaded without 
changing the movement pattern or technique. 
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For example, if a load is added to a baseball bat 
(e.g., a weighted ring), the movement pattern of 
the bat swing will be altered with a slower velocity 
requiring more force to move the bat. The optimal 
training program has a solid strength and power 
training base for all of the major muscle groups 
and then maximizes specificity to create the 
greatest carryover to the sport or activity targeted 
for improvement. Many factors contribute to 
performance development, including technique, 
coordination, force production, rate of force 
development, and the stretch-shortening cycle 
(Newton and Kraemer 1994). Resistance training 
addresses some of these factors and improves the 
physiological potential for performance.

Muscle Actions to Be Trained
Decisions regarding the use of isometric, dynamic 
concentric, dynamic eccentric, or isokinetic exer-
cise modalities are important in the preliminary 
stages of planning a resistance training program for 
sport, fitness, or rehabilitation. The basic biome-
chanical analysis described previously is used to 
decide which muscles to train and to identify the 
type of muscle action(s) involved in the activity. 
Most activities and resistance training programs 
use several types of muscle actions, typically 
including concentric and eccentric along with 
some isometric.

When training for some tasks, one type of 
muscle action may receive emphasis to improve 
performance. For example, one factor that separates 
elite powerlifters from less competitive powerlift-
ers is the rate at which the load is lowered in the 
squat and bench press (Madsen and McLaughlin 
1984; McLaughlin, Dillman, and Lardner 1977). 
Elite powerlifters lower the weight at a slower rate 
than less competitive lifters do, even though the 
former use greater resistances. In this case, some 
heavy eccentric training may be advantageous 
for competitive powerlifters. In wrestling, on the 
other hand, many holds involve isometric muscle 
actions of various muscle groups. Therefore, some 
isometric training will help in the conditioning 
of wrestlers. It has been shown that isometric grip 
strength and “bear hug” isometric strength are both 
dramatically reduced over the course of a wrestling 
tournament (Kraemer, Fry et al. 2001). This is one 
example of how a specific movement in a sport can 
be assessed in the needs analysis and then placed 
into the program to provide for transfer specificity.

energy sources to Be Trained
The performance of every sport and activity 
derives a percentage of needed energy from all 
three energy sources (Fox 1979). However, many 
activities derive the majority of needed energy 
from one energy source (e.g., energy for the 50 m 
sprint comes predominantly from intramuscular 
ATP and PC). Therefore, the energy sources to 
be trained have a major impact on the program 
design (see box 5.2). Resistance training typically 
focuses on the improvement of energy use derived 
from the anaerobic energy sources (ATP-PC and 
anaerobic glycolytic energy systems). Improvement 
of whole-body aerobic metabolism has not been 
a traditional goal of classic resistance training. 
However, resistance training can contribute to an 
improvement in aerobic training as a result of its 
synergistic effects such as reductions in cardiovas-
cular strain, more efficient recruitment patterns, 
increased fat-free mass, improved energy economy 
and efficiency, and improved blood flow dynamics 
under exercise stress. This is especially true in some 
populations, such as seniors.

Primary sites of Injury
Determining the primary sites of injury in an 
activity, recreational sport, or competitive sport is 
crucial. This can be accomplished by a literature 
search or a conversation with an athletic trainer, 
sport physical therapist, or team physician. The 
best predictor of future injuries is prior injury, 
which is why the injury history of the person is 
important to know. The prescription of resistance 
training exercises can be directed at enhancing 
the strength and function of tissues so that they 
better resist injury or reinjury, recover faster when 
injured, and suffer less extensive tissue damage 
when injured. The classic term prehabilitation 
refers to preventing an injury by training the joints 
and muscles that are most susceptible to injury in 
an activity. Understanding the sport’s or activity’s 
typical injury profile, such as injury to the knee in 
soccer and wrestling, along with the person’s prior 
history of injury, can help in properly designing a 
resistance training program.

The fundamental basis for a resistance exercise 
program designed to prevent injury is the strength-
ening of tissues so they can better tolerate physical 
stresses and the improvement of physiological 
capabilities to repair and remodel tissues. Resis-
tance exercise stress does cause some muscle tissue 
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damage. The response to normal breakdown and 
repair demands with resistance training is medi-
ated in part by many of the inflammatory, immune, 
and endocrine processes that are involved in the 
repair of injured tissue. Resistance training can help 
condition and prepare these systems for the more 
extensive repair activities needed after injury and 
may result in faster injury recovery as well as help 
prevent injury as a result of stronger ligaments, 
tendons, and muscle tissues.

other Training outcomes
Determining the magnitude of improvement 
needed for variables such as muscle strength, 
power, hypertrophy, local muscular endurance, 
speed, balance, coordination, flexibility, and body 

composition is an important step in the overall 
process of designing a resistance training program. 
It may seem reasonable to assume that a resistance 
training program should improve all of these vari-
ables. To do so, various training phases may have 
to target specific fitness components at particular 
times over the course of a year. On the other hand, 
similar improvements in all of these variables may 
not be needed in all cases. For example, many 
sports, such as gymnastics, wrestling, and Olympic 
weightlifting, require a high strength-to-mass or a 
high power-to-mass ratio. In such cases resistance 
training programs are designed to maximize 
strength and power while minimizing increases 
in body mass. This is evident in sports that have 
weight classes such as weightlifting, powerlifting, 
and wrestling and for sports that require maximal 

BOx 5.2 PRACTICAl QuesTIoN

For some sports, Can an Athlete use short-Rest,  
High-lactate-Producing Resistance Training All the Time?

A needs analysis of sports that produce high muscle and blood lactate concentrations, such as 
wrestling, boxing, and 800 m track, might suggest that athletes should perform short-rest, high-lac-
tate-producing resistance exercise protocols all the time. However, every resistance exercise program 
should be individualized and periodized. The many popular high-intensity commercial programs do 
not address this issue. Using only one protocol is like using only one tool to build a house. Other 
protocols are needed to develop maximal strength and power, which provide the basis for both 
performance and injury prevention. No doubt athletes in such sports need short-rest protocols in 
their overall training program because this improves buffering capacities, which enhance perfor-
mance and the tolerance of acidic conditions. Such programs are often used in the weeks leading 
up to the season because in-season sport practices adequately expose athletes to acidic conditions. 
Other strength and power capabilities need to be addressed to limit detraining during the season.

Optimal strength and power fitness components cannot be developed under the extreme condi-
tions of fatigue produced with rest period lengths of one minute or less. In addition, the sole use of 
very low-rest protocols can create an accumulation of fatigue and diminished recovery when high 
training frequencies (e.g., six days a week) are used, as proposed by some commercial programs. 
Such workouts also are associated with high physiological stress (e.g., high adrenaline increases, 
high cortisol increases). Although this is important for stress adaptations, if rest and recovery are 
not provided in the training model (i.e., periodization), an overreaching or overtraining syndrome 
can result. More concerning is the potential for rhabdomyolysis if such protocols are used indis-
criminately without proper progression and planning.

Many sport coaches do not understand the need for quality training and identify only with a 
misconceived concept of hard work. Today, too many sport coaches are turning to high-intensity 
commercial protocols as a result of marketing and the misperception that a real workout leaves the 
athlete drenched with sweat, exhausted, and maybe even a little sick. Some of the hallmark features 
of an inappropriate workout are nausea, dizziness, and mental fatigue as a result of inappropriate 
progressions or less-than-optimal training times, such as right after a holiday break. Although a 
proper progression of short-rest protocols can help athletes tolerate such physiological conditions, 
the steady use of only these types of very short-rest, high-intensity protocols limit the development of 
maximal strength and power. This is because trainees can express only a percentage of their maximal 
strength and power under low-rest conditions during training or competition.

?
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sprinting speed or jumping ability (e.g., high jump, 
long jump), in which increasing body mass may 
be detrimental to sprint speed as well as maximal 
jump height or distance. In addition, some sports 
benefit from increasing body mass, such as North 
American football, a sport in which the force of 
impact is greater for a given body mass, assuming 
power is increased accordingly. Thus, the need 
for these components of muscular fitness must 
be evaluated to plan a proper resistance training 
program.

Program Design
After the needs analysis has been completed, 
an overall program must be designed. Training 
phases, or cycles, must be developed to provide 
variation in the exercise stimuli. Approaches to 
the “chronic program manipulations,” or peri-
odization of the various acute program variables, 
will be addressed in chapter 7. These workout 
sequences should address the specific goals and 

needs of the individual. Acute program variables 
serve as the framework of one specific resistance 
training session. Understanding the effects of 
acute program variables is very important because 
individual training sessions (workouts) make up 
all training programs.

Acute Program Variables
As early as 1983, Kraemer developed an approach 
to evaluating each workout for a specific set of 
training variables (Kraemer 1983b). Using statisti-
cal analyses, he determined that five acute program 
variable clusters exist, each of which contributes 
differently to making workouts unique. The acute 
program variables provide a general description 
of any workout protocol. By manipulating the 
variables in each cluster, as shown in figure 5.3, 
trainers can design single workouts. All training 
sessions result in specific physiological responses 
and eventually lead to the adaptations these stim-
uli produce. Therefore, the choices made regarding 

E4758/Fleck/fig5.3/460690/alw/r1

Program design domain

Structural, isolated-joint,
multiple-joint, power,

contraction type,
equipment type

Exercise sequences,
large vs. small muscle groups,

complex vs. simple,
high skill vs. low skill

Resistance used,
power vs. high force,
muscle recruitment

level, repetition speed

Choice of exercise Order of exercise

Number of sets
Rest period lengths

Intensity

Volume effects,
total work

 Amount of force produced,
 lactate responses,
 hormonal responses, 
 power output level

FIguRe 5.3 The clusters of acute program variables that can be manipulated in a resistance training program with 
example constituent factors to be addressed in each cluster.
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acute program variables have an important impact 
on program design and effectiveness.

Choice of exercise
As described in the needs analysis, the choice of 
exercise  is related to the biomechanical charac-
teristics of the activity. The number of joint angles 
and exercises is almost limitless. A change in joint 
angle affects the motor units in the muscle that are 
activated (e.g., toes pointing in, out, or straight 
forward during the standing calf raise) (Tesch and 
Dudley 1994). Motor units containing muscle 
fibers that are not activated do not benefit from 
resistance training. Exercises should be selected 
that stress the muscles and joint angles designated 
by the needs analysis.

Exercises can be arbitrarily designated as pri-
mary exercises or assistance exercises. Primary 
exercises train the prime movers in a particular 
movement and are typically major muscle group 
exercises, such as the squat, bench press, and power 
clean. Assistance exercises train predominantly 
one muscle or muscle group associated with the 
primary exercise. Exercises can also be classified 
as structural or body-part. Structural exercises 
include those whole-body lifts that require the 
coordinated action of more than one joint and 
several muscle groups. The power clean, power 
snatch, deadlift, and squat are good examples of 
structural whole-body exercises.

Exercises can also be classified as multi-
joint  or  multi-muscle-group exercises, which 
means that they require movement at more than 
one joint or the use of more than one muscle 
group. Exercises that attempt to isolate a par-
ticular muscle group are known as body-part, 
single-joint, or  single-muscle-group exercises. 
The biceps curl, knee extension, and knee curl are 
examples of single-joint, single-muscle-group or 
body-part exercises. Many assistance exercises can 
be classified as body-part, single-muscle-group, or 
single-joint exercises.

Structural and multijoint exercises  require 
neural coordination among muscles and joints. 
From an implementation perspective, we do know 
that multijoint exercises can require a longer 
initial period of learning, or neural adaptation 
phase, than single-joint exercises do (Chilibeck 
et al. 1998). Thus, teaching proper technique is 
vital during the early phases of training for those 
who are just being introduced to these types of 
exercises. However, even though more time may 

be needed for technique instruction, structural 
and multijoint exercises are crucial to include 
when training whole-body strength movements for 
particular activities. Most sports, military occupa-
tional tasks, and functional activities in everyday 
life (e.g., climbing stairs, getting out of a chair, 
shoveling snow, lifting grocery bags) depend on 
structural multijoint movements, which is why 
such movements are included in most resistance 
training programs.

In sports, whole-body strength and power 
movements are the basis for success. For example, 
running and jumping activities, tackling in North 
American football and rugby, wrestling skills, and 
hitting a baseball all require whole-body strength 
and power. Many times, structural exercises involve 
the need for advanced lifting techniques, such as 
power cleans and snatches, which require more 
technique coaching than simpler exercises do. 
Teachers and coaches should know how to teach 
such exercises or identify properly credentialed 
professionals who can teach and supervise them 
(e.g., certified United States Weightlifting coaches) 
before including them in training programs. Drop-
ping them from a program because of a lack of 
qualified teachers can lower the effectiveness of 
the program; this is why qualified professionals 
are often needed for the optimal implementation 
of a program. For those interested in basic fitness, 
structural exercises are also advantageous when 
training time is limited because they allow the 
training of more than one muscle group with each 
exercise. The time economy achieved with struc-
tural and multijoint exercises is also an important 
consideration for an individual or team with a 
limited amount of time per training session.

Muscle Actions
Concentric, eccentric, and isometric muscle actions 
influence the adaptations to resistance exercise. 
Greater force is produced during eccentric muscle 
actions with the advantage of requiring less energy 
per unit of muscle force (Bonde-Peterson, Knutt-
gen, and Henriksson 1972; Eloranta and Komi 
1980; Komi, Kaneko, and Aura 1987). It has been 
known for some time that an eccentric component 
of the repetition is needed to optimize muscle 
hypertrophy (Dudley et al. 1991; Hather, Mason, 
and Dudley 1991). Dynamic strength improve-
ments and hypertrophy are greatest when eccentric 
actions are included in a repetition (Dudley et 
al. 1991). Thus, each repetition should contain 
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a loaded concentric and eccentric muscle action 
for optimal results. Some equipment does not 
produce a loaded eccentric phase of the repetition 
(e.g., hydraulic and some isokinetic equipment).

Eccentric strength is greater than concentric 
strength (see figure 3.26) ranging from 105 to 
120% of concentric 1RM depending on the exer-
cise. Bodybuilders, powerlifters, long jumpers, 
figure skaters, and other types of athletes have 
used such techniques as accentuated negatives, 
heavy negatives, and “slow negatives” to maximize 
strength, power, or muscle hypertrophy or to help 
control deceleration forces with landings (see 
chapter 2). However, using resistances in excess 
of concentric 1RM in any exercise must be done 
with great care because the muscle tissue damage 
produced can be great. With heavy eccentric resis-
tance exercise, especially in untrained people, 
delayed-onset muscle soreness can be more prom-
inent than it is following heavy concentric-only 
actions, isometric training, and normal weight 
training including heavy concentric and eccentric 
action (see the discussion of postexercise soreness 
in chapter 2). In addition, performing a high-inten-
sity training session or performing new exercises 
at novel joint angles can result in greater muscle 
soreness when an eccentric action is involved.

Isometric strength increases are specific to the 
joint angles trained (i.e., angular specificity), but 
have shown carryover to other joint angles (see 
the discussion of isometric training in chapter 
2). Thus, isometric actions can be used to bring 
about strength gains at a certain point in the 
range of motion of an exercise or movement (see 
the discussion of functional isometrics in chapter 
6). As noted previously, isometric training can 
be important for some sports such as wrestling 
or recreational activities such as rock climbing 
because of the importance of isometrics in a sport 
skill (e.g., grasping and holding in wrestling) or 
the physical demands of the activity (e.g., grasping 
a rock in rock climbing).

order of exercise
The order of exercise has recently received more 
attention in the development of a workout rou-
tine. Some have theorized that exercising the 
larger muscle groups first presents a superior 
training stimulus to all of the muscles involved. 
This is thought to be mediated by stimulating a 
greater neural, metabolic, endocrine, and circu-
latory response, which may augment the training 

with subsequent muscles or exercises later in the 
workout.

Exercise order is important in the sequencing 
of structural or multi- and single-joint exercises. 
Classically, multijoint exercises, such as the squat 
and power clean, are performed first followed by 
the single-joint exercises, such as the biceps curl 
and knee extension. The rationale for this order is 
that the exercises performed at the beginning of 
the workout require the greatest amount of muscle 
mass and energy for optimal performance. Train-
ees can develop greater neural stimulation with 
heavier weights because they are less fatigued at 
that time.

When structural exercises are performed early in 
the workout, more resistance can be used because 
fatigue is limited. To examine this concept, the 
authors examined the workout logs of 50 American 
football players performing squats at the beginning 
of the workout and then at the end of the workout. 
The players used significantly heavier resistances 
(195 ± 35 vs. 189 ± 31 kg [430 ± 77 vs. 417 ± 68 lb]) 
on heavy days (3- to 5RM) when they performed 
the squats first. Others have demonstrated that 
more total repetitions can be done if a large-mus-
cle-group exercise, such as the squat, is performed 
at the beginning rather than at the end of the 
workout (Sforzo and Touey 1996; Spreuwenberg 
et al. 2006). Additionally, in an upper-body exer-
cise sequence, more repetitions can be performed 
of both a large- and small-muscle-group exercise 
when the exercise is placed at the beginning rather 
than the end of a workout. The decrease in perfor-
mance is even greater when only one-minute rest 
periods are used compared to three-minute rest 
periods (Miranda et al. 2010; Simão et al. 2007). 
Interestingly, ratings of perceived exertion (RPE) 
have not been found to be different with exercise 
orders, which is most likely due to high RPEs with 
any heavily loaded resistance exercise (Simão et al. 
2007; Spreuwenberg et al. 2006). Thus, the quality 
of the exercise performance appears to be affected 
by prior fatigue both in the resistance that can be 
used and the number of repetitions that can be 
performed, which affects the total amount of work 
in the workout.

Order of exercise may also contribute to the 
concept of postactivation potentiation (PAP). 
Motor units may respond with greater force or 
power as a result of prior activity (Ebben 2006; 
Robbins 2005, 2010b). Thus, exercise order can be 
used to optimize the quality of subsequent force or 
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power production. Complex training, or contrast 
loading, involves the performance of a strength 
exercise, such as the squat, and then after a short 
rest period a power-type exercise, such as the verti-
cal jump. A wide variety of protocols that involve 
heavy loading before power-type training have 
been examined (Weber et al. 2008). Many factors 
are involved including the choice of the exercises, 
the amount of rest between the exercises, and the 
loads used in the complex training protocol (see 
box 5.3). Although complex training appears to 
increase power output, a general optimal model 
that works for everyone remains elusive. Thus, 
when using this training technique, an individu-
alized approach is vital to determine whether an 
optimal PAP loading sequence exists. Not everyone 
will respond to this type of training sequence with 
improved power outputs in the second exercise 
performed.

Bodybuilders in the United States and weight-
lifters in the former Soviet Bloc countries have used 
various types of pre-exhaustion training methods 
that involve performing the small-muscle-group 
exercises before larger-muscle-group exercises. For 
example, a single-joint exercise, such as the triceps 
extension or dumbbell fly, is performed before a 
multijoint exercise, such as the bench press. The 
theory is that the fatigued smaller muscles will 
contribute less to the movement, thereby placing 
greater stress on other muscle groups. For example, 
muscular exhaustion during the bench press exer-
cise is often related to fatigue of the triceps muscles. 
Many bodybuilders include the bench press to 
maximize hypertrophy of the chest muscles. There-
fore, the rationale for performing a single-joint 
exercise such as the dumbbell fly is to pre-exhaust 
the chest muscles so that exhaustion during the 
bench press may be related to chest muscle fatigue 

BOx 5.3 ReseARCH

Choice of exercise and Rest Period lengths in Complex Training
Vertical jump performance is very important for many athletes, especially volleyball players. One 
approach to training is to use a complex training, or contrast loading, exercise order. This involves 
the performance of a strength exercise, such as the squat, and then, after a short rest period, a pow-
er-type exercise, such as the vertical jump (see Complex Training, or Contrast Loading in chapter 
6). The mechanism that appears to mediate improvements in power production with prior exercise 
stress is postactivation potentiation (PAP). Although the theoretical concept has been around for 
many years, the characteristics of the program design for implementation have been elusive.

One research study gives some clarity to this training concept. NCAA Division I men and women 
volleyball players were studied to determine the efficacy of specific program characteristics to achieve 
PAP to enhance performance in the vertical jump (McCann and Flanagan 2010). Finding this optimal 
sequence would be important to optimize the quality of training for vertical jump performance. 
Athletes performed either a back squat or a hang clean from the mid-thigh with a resistance equal 
to 5RM followed by countermovement jumps with either four or five minutes of rest. The protocol 
that produced the greatest increase in vertical jump ability resulted in an increase of 5.7%. How-
ever, no one protocol produced the greatest vertical jump increase in every athlete. This indicates 
that the increase in power due to various complex training protocols is very individual. A lot of 
inter-individual variance was observed, indicating that there may be responders and nonrespond-
ers to each of the protocols. The conclusion is that complex training does increase power output, 
but the exact optimal protocol is not known and varies from person to person. Thus, coaches and 
trainers need to individualize program design when using complex training methods and directly 
evaluate the efficacy for each athlete. Additionally, complex training does appear to acutely increase 
power output, but no general prescription has yet been found that maximally increases power in 
all people (Robbins 2005).

McCann, M.R., and Flanagan, S.P. 2010. The effects of exercise selection and rest interval on postactivation potentiation of 
vertical jump performance. Journal of Strength and Conditioning Research 25: 1285-1291.

Robbins, D.W. 2005. Postactivation potentiation and its practical applicability: A brief review. Journal of Strength and Con-
ditioning Research 19: 453–458.
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as opposed to fatigue of the triceps. Pre-exhaustion 
of the chest musculature with flys did not signifi-
cantly change electromyography (EMG) activity 
in the pectoralis major or anterior deltoid, but 
EMG activity in the triceps brachii did increase 
(Brennecke et al. 2009). Thus, the muscles that 
were pre-exhausted did not show increased EMG 
activity, but the muscle that was not pre-exhausted 
did. Practically, pre-exhaustion often results in a 
decrease in the amount of resistance used in the 
large-muscle-group exercise, which raises doubt as 
to its use in pure strength training.

Another method of pre-exhaustion involves 
fatiguing synergistic, or stabilizing, muscles before 
performing the primary exercise movement. An 
example is performing the lat pull-down or mil-
itary press before the bench press. However, in 
one study this popular concept was brought into 
question because one set of a leg press exercise 
with and without a pre-exhaustion exercise con-
sisting of one set of a knee extension, showed that 
muscle activation as measured by electromyogra-
phy (EMG) of the quadriceps was less and fewer 
repetitions were performed when the antagonists 
were pre-exhausted (Augustsson et al. 2003). Thus 
muscles that are pre-exhausted may not experience 
increased activation.

The priority system, which involves focusing on 
the exercises performed first or early in the work-
out, has also been used extensively in resistance 
training (see Priority System in chapter 6). This 
system allows the trainee to use heavier resistances 
for the exercises performed early in the workout, 
thereby eliminating the issue of excessive fatigue. A 
corollary to the priority system is sequencing power 
exercises (e.g., power clean, plyometrics) so they 
are performed early in a session. This allows the 
lifter to develop and train maximal power before 
becoming fatigued, which hinders the training 
effects. However, in some instances, power-type 
exercises may be performed later in the session 
to improve anaerobic conditioning. For example, 
basketball players must not only have a high 
vertical jump, but also be able to jump during an 
overtime period when fatigued. In this instance, 
power exercises such as plyometrics may be per-
formed later in the session to train the ability to 
develop maximal power of the lower limb under 
conditions of fatigue. However, some exercises, 
such as the Olympic lifts, may suffer severe tech-
nique degradation under extreme conditions of 
fatigue, heightening the potential for orthopedic 

injury. Such a sequence should be used only as 
an adjunct to optimizing power development and 
care must be taken with regards to the choice of 
exercises used. Additionally, the fitness state of 
the athlete and program progression need to be 
carefully considered and planned for.

Another consideration in the exercise order is 
placing exercises that athletes are just learning, 
especially those with complex movements, near 
the beginning of the exercise order. For exam-
ple, if an athlete is learning how to perform the 
power clean, this exercise would be placed in the 
beginning of the workout so that learning will 
not be inhibited by fatigue. During the learning 
phases of any lift, proper technique is important 
to master, and fatigue will have a negative effect 
on that learning.

The sequencing of exercises also applies to the 
order of exercises used in various types of circuit 
weight training protocols. The question of whether 
to follow a leg exercise with another leg exercise 
or to proceed to another muscle group has to be 
addressed (see the discussion of alternating muscle 
group order in chapter 6). The concept of pre-ex-
haustion discussed earlier can come into play here. 
Alternate muscle group ordering, such as arm-
to-leg ordering, allows for some recovery of one 
muscle group while another is working. This is the 
most common order used in circuit weight training 
programs. Beginning lifters are less tolerant of arm-
to-arm and leg-to-leg exercise orders or stacking 
exercises for a particular muscle group because of 
high blood lactate concentrations (10-14 mmol 
· L–1), which is representative of high acidic con-
ditions, lower buffering capacities, and high ATP 
turnover, especially when rest periods between 
exercises are short (60 seconds or less) (Kraemer 
et al. 1990, 1991; Robergs, Ghiasvand, and Parker 
2004). However, stacking exercises is a common 
practice among elite bodybuilders in an attempt 
to increase muscular definition and reduce body 
fat during the “cut” phases of a training program 
leading to a competition. Normally, an alternat-
ing order of arm to leg or upper to lower body is 
used initially; then, if desired, stacked orders are 
gradually incorporated into the training program.

When functional strength (i.e., high transfer 
specificity) is the emphasis, basic strength and 
power exercises such as the squat, power clean, 
and bench press should be performed early in 
the workout. Training for enhanced speed and 
power typically necessitates the performance of 
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total-body explosive lifts such as the power clean 
and jump squat near the beginning of a workout. 
Improper sequencing of exercises can compromise 
the lifter’s ability to perform the desired number 
of repetitions with the desired resistance. Even 
more important, if fatigue is too great, alterations 
in exercise technique can lead to overuse syn-
dromes or injury. Therefore, exercise order needs 
to correspond with specific training goals. A few 
general methods for sequencing exercises for both 
multi- and single-muscle-group training sessions 
are as follows:

• Large-muscle-group before small-muscle-
group exercises

• Multijoint before single-joint exercises

• Alternating of push and pull exercises for 
total-body sessions

• Alternating of upper- and lower-body exer-
cises for total-body sessions

• Exercises for weak points (priority) per-
formed before exercises for strong points 
(of an individual)

• Olympic lifts before basic strength and 
single-joint exercises

• Power-type exercises before other exercise 
types

One final consideration about exercise order is 
to be aware of the fitness and training state of the 
trainee. The negative effect of fatigue on exercise 
technique can result in overuse or acute injury. As 
discussed earlier, training sessions should never be 
too stressful for the person, especially a beginning 

trainee or one who is coming off an extended break 
or an injury.

Number of sets
All exercises in a training session need not be per-
formed for the same number of sets. This concept 
was discussed in chapter 2. The number of sets is 
one of the factors affecting the volume of exercise 
(e.g., sets multiplied by repetitions multiplied by 
weight), or in other words, the total work (joules) 
performed. Typically, three to six sets are used to 
achieve optimal gains in strength, and the physio-
logical responses appear to be different with three 
versus one set of exercises in a total-body workout 
(American College of Sports Medicine 2009; Got-
shalk et al. 1997; Mulligan et al. 1996). It has been 
suggested that multiple-set systems work best for 
developing strength and local muscular endurance 
(American College of Sports Medicine 2009; Atha 
1981; Kraemer 1997), and the gains will be made at 
a faster rate than those achieved through single-set 
systems (McDonagh and Davies 1984).

In many training studies, one set per exercise 
performed for 8- to 12RM at a slow velocity has 
been compared to both periodized and nonperi-
odized multiple-set programs. Figure 5.4 shows 
representative studies of a continuum of untrained 
to trained men and women that demonstrate the 
superiority of multiple-set programs for short-term 
and long-term strength improvement. The repre-
sentative studies are listed in table 5.1.

Studies examining resistance-trained people 
have shown multiple-set programs to be supe-
rior for strength, power, hypertrophy, and high- 
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intensity  endurance improvements (e.g., Kraemer 
1997; Kraemer et al. 2000; J.B. Kramer et al. 1997; 
Krieger 2010; Marx et al. 2001; McGee et al. 1992). 
These findings have prompted the American Col-
lege of Sports Medicine (2009) to recommend 
periodized multiple-set programs when long-term 
progression (not maintenance) is the goal. With 
one exception, to date, the percentage gains in 
multiple-set programs are higher than those in 

single-set programs in short-term and long-term 
training studies in untrained and trained people.

Short-term and all long-term studies support the 
contention that training volume greater than one 
set is needed for improvement and progression in 
physical development and performance, especially 
after the initial training period starting from the 
untrained state. As noted in chapter 2, meta-anal-
yses have demonstrated that for both trained and 

TABLE 5.1 Comparative examination of the effects of single- and Multiple-set  
Programs on strength Increase 
study general protocol Author % increase (Ms; ss) 

A 1 3 6- to 9RM vs. 3 3 6- to 9RM in moderately 
trained (MT) women

Schlumberger, Stec, and 
Schmidtbleicher 2001

15%; 6%

B 1 3 7- to 7RM vs. 3 3 7- to 7RM of leg exercises 
In UT men

Paulsen et al. 2003 21%; 14%

C 1 3 10- to 12RM vs. 3 3 10- to 12RM and a peri-
odized program in untrained (UT) men

Stowers et al. 1983 17.5%; 12.5%

D 1 3 10- to 12RM vs. 3 3 6RM in UT men Silvester et al. 1984 25%; 24%

E 1 3 8- to 12RM vs. a periodized program in UT 
women

Sanborn et al. 2000 34.7%; 24.2%

F 1 3 7- to 12RM vs. 2 and 4 3 7- to 12RM in MT 
men 

Ostrowski et al. 1997 7%; 4%

G 1 3 10- to 12RM vs. 2 3 8- to 10RM in UT men Coleman 1977 15%; 16%

H 13 to failure (as many as possible) with 60-65% of 
1RM vs. 3 3 6 (80-85% of 1RM) in UT men

Jacobson 1986 40%; 32%

I 1 3 8 to 20RM vs. 3 3 6 (75% of 1RM) in UT men Messier and Dill 1985 10%; 6%

J 1 3 8- to 12RM vs. 3 3 8- to 12RM in resis-
tance-trained (RT) men 

Kraemer 1997 13%; 9%

K 1 3 10 (10RM) to 1 3 7 (7RM) vs. 3 3 10 (10RM) 
to 3 3 7 (7RM) of leg exercises in UT men

Ronnestad et al. 2007 41%; 21%

L 1 3 8- to 10RM, 6- to 8RM, 4- to 6RM vs. 3 3 8- 
to 10RM, 6- to 8RM, 4- to 6RM in MT men

Rhea et al. 2002 56%; 26%

M 1, 2, or 3 3 2-, 6-, or 10RM in UT men Berger 1963d 28%; 23%

N 1 3 8- to 12RM vs. 3 3 8- to 12RM in MT men 
and women

Hass et al. 2000 13%;14%

O 1 3 8- to 12RM vs. a periodized program in RT 
men

Kraemer 1997 12%; 4%

P 1 3 8- to 12RM vs. 3 3 10RM and a periodized 
program in RT men

J.B. Kramer et al. 1997 25%; 12%

Q 1 3 8- to 12RM vs. a periodized program in RT 
men

Kraemer 1997 21%; 6%

R 1 3 8- to 12RM vs. a periodized program in UT 
women

Marx et al. 2001 40%; 13%

S 1 3 8- to 12RM vs. 3 3 8- to 12RM in UT men and 
women 

Borst et al. 2001 51%; 31%

T 1 3 8- to 12RM vs. a periodized program in RT 
women 

Kraemer et al. 2000 31%; 14%

MS = multiple set; SS = single set; RT = resistance trained; UT = untrained; MT = moderately trained.
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untrained people, multiple sets per muscle group 
elicit maximal strength gains. It must be kept 
in mind that these meta-analyses examined the 
number of sets per muscle group and not per exer-
cise. Interestingly, one meta-analysis showed that 
untrained subjects experienced greater strength 
increases with increased volume (i.e., four sets vs. 
one set; Rhea et al. 2003). Two other meta-analyses 
demonstrated that about 40% greater hypertrophy 
and 46% greater strength gains occur with mul-
tiple-set training compared to single-set training 
in both trained and untrained subjects (Krieger 
2009, 2010). Nevertheless, because the need for 
variation (including variation in volume during 
some training phases) is so critical for continued 
improvement, single-set or low-volume training 
might be useful during some workouts or training 
cycles over the course of an entire macrocycle. The 
key factor is periodization in training volume, 
rather than only increasing the number of sets, 
which represents only one factor in the volume 
and intensity equation in any periodization model.

Considering the number of variables involved 
in resistance training program design, comparing 
single- and multiple-set protocols may be an over-
simplification. For example, several of the afore-
mentioned studies compared programs that used 
different set numbers regardless of differences in 
intensity, exercise selection, and repetition speed. 
In addition, the use of untrained subjects during 
short-term training periods has also raised criticism 
(Stone et al. 1998), because untrained subjects 
have been reported to respond favorably to most 
programs (Häkkinen 1985).

In advanced lifters, further increases in volume 
may be counterproductive, but the correct manip-
ulation of both volume and intensity seems to 
produce optimal performance gains and avoid 
overtraining (Häkkinen, Komi et al. 1987; Häkki-
nen, Pakarinen et al. 1988a). Yet one study showed 
that trained people may need in excess of four sets 
per exercise to see improvements in maximal squat 
strength (Marshall, McEwen, and Robbins 2011).

Multiple sets of an exercise present a training 
stimulus to the muscle during each set. Once initial 
fitness has been achieved, a multiple presentation 
of the stimulus (three or four sets) with specific 
rest periods between sets (to allow the use of the 
desired resistance) is superior to a single presen-
tation of the training stimulus. Some advocates 
of single-set programs believe that a muscle or 
muscle group can perform maximal exercise 

only for a single set; however, this has not been 
demonstrated. In fact, highly trained bodybuilders 
(Kraemer, Noble et al. 1987) and athletes trained 
to tolerate short-rest-period protocols (Kraemer 
1997) can repeat multiple sets at 10RM using the 
same resistance with as little as one minute of rest 
between sets.

Exercise volume is a vital concept of training 
progression. This is especially true in those who 
have already achieved a basic level of training or 
strength fitness. The interaction of the number of 
sets with the principle of variation in training, or 
more specifically, periodized training, may also 
augment training adaptations. The time course of 
volume changes is important to the change in the 
exercise stimulus in periodized training models. 
A constant-volume program may lead to staleness 
and lack of adherence to training. Ultimately, 
varying training volume by using both high- and 
low-volume protocols to provide different exercise 
stimuli over a long-term training period is import-
ant to provide rest and recovery periods. This is 
further discussed in chapter 7.

The number of sets performed per workout for 
multiple-set programs is highly variable and has 
not received much attention in the literature. In 
general, this number is affected by (1) the muscle 
groups trained and whether large- or small-
muscle-mass exercises are performed; (2) the 
intensity of training; (3) the training phase (i.e., 
whether the goal is strength, power, hypertrophy, 
or endurance); (4) the training frequency and 
workout structure (e.g., total-body vs. upper- or 
lower-body splits vs. muscle group split work-
outs or two workouts in one day); (5) the level 
of conditioning; (6) the number of exercises in 
which a muscle group is involved; (7) the use of 
recovery strategies such as posttraining feedings; 
and (8) the use of anabolic drugs (which enable 
lifters to tolerate higher-than-normal training 
volumes). The number of sets is based on the 
individual lifter and depends on the needs analy-
sis, phase of the training program, administrative 
factors, and other aforementioned factors.

Rest Periods Between sets  
and exercises
The effect of rest period length on bioenergetics, 
the acute hormonal response, and other physio-
logical factors was discussed in detail in chapter 
3. Rest period length between sets and exercises is 
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an important acute program variable in workout 
design. It can affect the intensity used and the 
safety of lifters if it results in the degradation of 
exercise technique (for reviews, see de Salles et al. 
2009; Willardson 2006).

Rest periods between sets and exercises deter-
mine the magnitude of ATP-PC energy source 
resynthesis and the concentrations of lactate in 
the muscle and blood. A short rest period between 
sets and exercises significantly increases the meta-
bolic, hormonal, and cardiovascular responses to 
an acute bout of resistance exercise, as well as the 
performance of subsequent sets (Kraemer 1997; 
Kraemer, Dziados et al. 1993; Kraemer, Noble et 
al. 1987; Kraemer et al. 1990, 1991; Rahimi et al. 
2010). Differences based on training background 
were noted in athletes who took three- versus 
one-minute rest periods between sets and exercises 
(Kraemer 1997). All of the athletes were able to 
perform 10 repetitions with 10RM loads for three 
sets with three-minute rest periods for the leg press 
and bench press. However, when rest periods were 
reduced to one minute, 10, 8, and 7 repetitions per 
set were performed in the first to third sets, respec-
tively. When rest periods of one minute are com-
pared to those of three minutes, fewer repetitions 
are performed by trained men in an upper-body 
workout (Miranda et al. 2007). Figure 5.5 shows 

the blood lactate response to exercise protocols 
using rest periods of various lengths. Thus, rest 
period length affects many physiological variables 
and fatigue level during a training session.

For advanced training emphasizing absolute 
strength or power, rest periods of at least two 
minutes are recommended for structural exercises 
such as squats, power cleans, and deadlifts, using 
maximal or near-maximal loads; less rest may be 
needed for smaller-muscle-mass exercises or sin-
gle-joint movements (American College of Sports 
Medicine 2009; de Salles et al. 2009). Advanced 
lifters may require longer rest periods to accom-
pany the heavy loads they need to cause strength 
gains. This is largely because these loads are near 
the lifter’s genetic potential, and to attain these 
force levels, maximizing energy store recovery is 
crucial (de Salles et al. 2009).

When two- versus five-minute rest period 
lengths were used with recreationally weight-
trained men, no differences were observed in 
hormonal responses to loading, gains related to 
muscle size and strength, or resting hormonal 
concentrations over six months of training (Ahti-
ainen et al. 2005). Three-minute rests resulted in a 
7% increase in squat performance after five weeks 
of training, compared to a 2% increase as a result 
of 30-second rest periods (Robinson et al. 1995).

The role of rest period lengths has also been 
examined with isokinetic training. Quadriceps 
peak torque has been shown to significantly 
increase from 170 to ~198 Nm (14.1%) with 160 
seconds of rest compared to a non-significant 
increase of 160 to 175 Nm (8.6%) with 40 seconds 
of rest. The amount of total work performed was 
greater with long rest periods than with short rest 
periods (13.2 vs. 7.2%, respectively), and power 
increased to a similar extent with both rest periods 
(Pincivero, Lephart, and Karunakara 1997). The 
role of short rest periods in an isokinetic training 
program was supported when it was again found 
that peak torque and average power of the quadri-
ceps at 60 degrees per second increased only 0.7% 
using a short (40-second) rest period between 
sets but increased 5.9 and 8.1%, respectively, 
using a long (160-second) rest period (Pincivero 
et al. 2004). Rest periods of 60 seconds and less 
may have a dramatic impact on the intensity of 
the exercise and therefore will compromise the 
achievement of maximal strength and power 
development. Furthermore, very short rest periods 
may well compromise the technique of many lifts. 
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FIguRe 5.5 Average immediate postexercise lactate 
responses to various resistance exercise protocols with 
the first 4 workouts using short rest periods and the last 
2 using long rest periods: (1) bodybuilding workout; (2) 
low-intensity circuit weight training; (3) high-intensity circuit 
weight training; (4) short-rest, high-intensity workout; (5) 
powerlifting; and (6) Olympic weightlifting.
Data from Kraemer et al., 1987; Gettman and Pollock 1981; and Keul 
et al. 1978.
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For novice to recreationally trained lifters, at least 
two minutes of rest may be needed to allow the 
recovery of force production necessary to optimize 
strength development. 

Strength and power performance is highly 
dependent on anaerobic energy metabolism, pri-
marily the ATP-PC (phosphagen energy) system. 
The majority of phosphagen repletion seems to 
occur within three minutes (Dawson et al. 1997; 
Fleck 1983; Volek and Kraemer 1996). In addi-
tion, removal of lactate and H+  may require at 
least four minutes (Robinson et al. 1995). The 
performance of maximal lifts requires maximal 
energy substrate availability before sets, and this 
requires relatively long rest periods. Stressing the 
glycolytic and ATP-PC energy systems may enhance 
training for muscular endurance, and thus, less 
rest between sets appears to be effective (Kraemer 
1997; Kraemer, Noble et al. 1987). Again, caution 
is needed regarding the choice of exercises and the 
intensity used to limit technique problems during 
the exercises.

Several studies (Kraemer et al. 1990, 1991; 
Kraemer, Fleck et al. 1993) have used various 
combinations of resistance and rest period lengths 
in a workout to investigate the acute blood lac-
tate responses. These comparisons indicate that 
higher volumes of work result in higher blood 
lactate concentrations especially when short rest 
periods are used. These studies also indicate that 
a heavier resistance does not necessarily result in 
higher blood lactate concentrations. The effects 
of various rest period lengths between sets and 
exercises on blood lactate have been shown to be 
similar for both sexes. It appears that the amount 
of work performed and the duration of the force 
demands during a set influence the acute blood 
lactate concentrations. Therefore, when using a 
three-set format, a 10RM resistance allows for a rel-
atively higher number of repetitions per set but still 
maintains the use of a relatively high percentage 
of the 1RM (75 to 85% of 1RM), which results in 
high blood lactate concentrations, especially when 
short rest period lengths are used. Thus, when 
two workouts use identical exercises, rest period 
lengths of two minutes, and equal total work, if 
heavier resistances are used, the acute blood lac-
tate response is higher compared to when lighter 
resistances are used. This is true even though the 
lighter resistances result in greater power output. 
This indicates that force production has a more 
dominant influence than power on the glycolytic 

demands of a workout (Bush et al. 1999).
From a practical standpoint it has been demon-

strated that short-rest programs can cause greater 
psychological anxiety and fatigue (Tharion et al. 
1991). This might be related to the greater discom-
fort, muscle fatigue, and high metabolic demands 
that occur when using very short rest period pro-
tocols (i.e., one minute and shorter). The psycho-
logical ramifications of using short-rest workouts 
must also be carefully considered when designing 
a training session. The increased anxiety appears 
to be due to the dramatic metabolic demands 
characterized by workouts using rest periods of 
one minute or less. Although the psychological 
stresses are higher, the changes in mood states do 
not constitute abnormal psychological changes 
and may be a part of the arousal process before a 
demanding workout.

Intense exercise results in high concentrations 
of hydrogen ions, decreases in pH, dramatic 
increases in the stress hormones epinephrine and 
cortisol, and increases in blood lactate (Gordon, 
Kraemer, and Pedro 1991; Kraemer, Noble et al. 
1987). Such changes indicate severe metabolic 
stress, and performance depends on the body’s 
buffering systems, such as bicarbonate buffering 
in the blood and phosphate and carnosine in the 
muscle, to tolerate such stress. Despite such phys-
iological mechanisms, fatigue and performance 
decrements occur under such conditions. Work-
outs using rest periods of less than one minute 
and with a moderate to high volume of exercise 
result in metabolic and psychological stress as 
described earlier and possible severe health risks, 
especially when they are performed at the begin-
ning of a training program or immediately after a 
break in training (see box 6.5 in chapter 6). The 
use of short-rest programs has become popular in 
many commercial programs and often for so-called 
work hardening in athletics and military training. 
However, nausea, dizziness, and vomiting are signs 
of being sick and overshooting one’s physiological 
capabilities to cope with the stress, not of a good 
workout. Proper progression and appropriate fre-
quency of such programs are needed. Otherwise, 
overuse, overreaching, or injury can occur.

Progressing from longer rest periods to shorter 
ones is important. Adverse symptoms, such as 
dizziness, light-headedness, nausea, vomiting, and 
fainting, need to be monitored during and after 
workouts (de Salles et al. 2009; Willardson 2006). 
Short-rest protocols must be carefully placed into 
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an overall training program, and rest period length 
should be further decreased only when the symp-
toms mentioned earlier are not present. In sports 
in which athletes train and compete year-round, 
coaches should not add more of the same train-
ing stimuli. For example, wrestling practices and 
matches produce high glycolytic demands on the 
lactic acid system. Wrestlers who compete almost 
year-round do not also need short-rest protocols 
in the weight room. Recreating the same stimuli in 
the weight room is not beneficial or time effective; 
plus, it might lead to overreaching or overtraining. 
The time may be better spent working on basic 
strength and power attributes, the training for 
which requires long rest periods (e.g., three to five 
minutes) between sets and exercises. If short-rest 
workouts are desired, they should be performed 
within the larger context of a strength or power 
training program for sport (e.g., one or two short-
rest workouts and two strength or power workouts 
in a week cycle) or as part of an 8- to 12-week 
preseason program. This is especially beneficial in 
sports in which athletes need to develop a toler-
ance of acidic conditions and their sport-specific 
training does not address this need in practices or 
competitions.

Short rest period length is also characteristic 
of circuit weight training (see Circuit System in 
chapter 6), but the resistances are typically lighter 
(i.e., 40-60% of 1RM) and sets may not be per-
formed to concentric failure (Gettman and Pollock 
1981). Such workouts do not result in as high a 
blood lactate concentration as do very short-rest, 
multiple-set 10RM workouts during which sets are 
carried to or close to failure. These circuit weight 
training workouts do not result in the fatigue 
caused by the short-rest, moderate- to high-volume 
programs discussed earlier.

Short rest periods affect the quality of a repe-
tition or the power produced. See figure 5.6 for a 
comparison of repetition quality under various 
rest period conditions. The quality of a repetition 
is important, especially for maximal power devel-
opment because submaximal power and velocities 
in the performance of a repetition do not enhance 
maximal power development. Fatigue affects the 
quality of the repetition. To develop maximal 
power and strength, trainees need to achieve opti-
mal motor unit recruitment, or full recruitment, 
with the exercise stimuli. Such recruitment requires 
a longer rest period between sets (de Salles et al. 
2009; Willardson 2006).

Rest period length influences many physiolog-
ical and biomechanical factors of the workout. 
People use short rest periods primarily to enhance 
their buffering capacity to better tolerate activities 
and sports that place high demands on the anaer-
obic energy system. Today, many use this program 
design variable to enhance the perception of a 
hard workout or for metabolic caloric expenditure. 
However, short rest periods keep trainees from 
activating all of the motor units needed for strength 
and power development. Additionally, there is the 
increased potential for overuse or injury, or both, 
when short rest periods are used randomly or 
without an understanding of how to safely progress 
from longer periods to shorter ones.

Resistance used (Intensity)
The amount of resistance used in any exercise is 
one of the most important variables in a resistance 
training program. It determines the number of 
motor units recruited, and only those motor units 
will benefit from the exercise performed (see the 
discussion of motor units in chapter 3). Histori-
cally, it has been one of the most examined acute 
program variables (Atha 1981; McDonagh and 
Davies 1984).

Designing a resistance training program includes 
choosing a resistance for each exercise. As discussed 
in chapter 2, one can use either repetition maxi-
mums (RMs) or the repetition  maximum  (RM) 
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FIguRe 5.6 Average power per set in a squat jump using 
three sets at 60% of 1RM squat in trained men (n = 10) 
and women (n = 10) who were collegiate soccer athletes 
using various rest periods between sets. Significant (p 
≤ .05) differences were observed between rest period 
lengths, and men demonstrated significantly higher power 
outputs at each rest period length than women did.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University 
of Connecticut, Storrs, CT.
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target zone (e.g., 3 to 5RM).The goal of using RM 
target zones is to ensure staying within a repetition 
range while not necessarily going to failure in each 
set, and simultaneously making sure the resistance 
used does not result in performing fewer or more 
repetitions than prescribed. If fewer or more 
repetitions are performed, the resistance must be 
changed for the subsequent set or the next time 
the exercise is performed. One can also choose 
the resistance as a percentage of the 1RM and then 
perform a certain number of repetitions per set. 
Any of these methods allows for individual pro-
gression within a workout and between workouts 
and makes a training log an important evaluation 
tool in resistance load progressions.

In general, research has supported the basis for 
a repetitions-per-set continuum (see figure 5.7) 
(Anderson and Kearney 1982; Atha 1981; Clarke 
1973; McDonagh and Davies 1984; Weiss, Coney, 
and Clark 1999). As heavier weights are used, 
more motor units are recruited in the muscle, 
resulting in more fibers undergoing training adap-
tations. Most of the studies historically examined 
nonvaried programs using the same resistance 
load over the entire training program. Advanced 
periodization models have used various training 
intensities spanning the entire force–velocity 
curve. Significant strength increases have been 
reported using a variety of resistance loads across 
the repetition continuum, but the magnitude of 
the increase is determined by the training level of 

the person (American College of Sports Medicine 
2002; Delorme and Watkins 1948; Kraemer 1997; 
Kraemer, Fleck, and Evans 1996; Staron et al. 
1994). Lighter loads (i.e., 12RM and lighter) have 
smaller effects on maximal strength in previously 
untrained people (Anderson and Kearney 1982; 
Weiss, Coney, and Clark 1999), but have proven 
to be very effective for increasing local muscular 
endurance (Campos et al. 2002; Stone and Coulter 
1994). Using a variety of resistance loads appears 
to be more conducive to increasing muscular fit-
ness than performing all exercises with the same 
load or constant resistance. No doubt, to optimize 
strength and muscular development, heavier sets 
are needed. Periodized training that includes 
resistance load variation appears most effective for 
long-term improvements in muscular fitness (see 
chapter 7). Nonvaried, or constant, load training 
over long periods of time is not consistent with 
training progression recommendations (Ameri-
can College of Sports Medicine 2009; Garber et 
al. 2011).

As lifters move away from six repetitions per 
set or fewer, with heavier weights, to lighter resis-
tances and more repetitions, gains in strength 
diminish until they are negligible. The strength 
gains achieved above 25 repetitions per set are 
typically small to nonexistent in untrained people 
(Atha 1981; Anderson and Kearney 1982; Campos 
et al. 2002) and perhaps are related to enhanced 
motor performance or neural learning when they 
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3rd ed., edited by T.R. Baechle and R.W. Earle (Champaign, IL: Human Kinetics), 401.
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do occur. A variety of individual responses due to 
genetic predisposition and pretraining status affect 
the training increases observed. After initial gains 
have been made as a result of neural or learning 
effects, primarily due to the eccentric phase of 
the repetition, heavier resistances are needed to 
optimize muscle strength and size gains. Histori-
cally, some have posited that going to failure with 
a lighter weight (e.g., 30-50%) will result in the 
further recruitment of the higher-threshold motor 
units used for heavier resistances. As discussed 
earlier, training study data are not consistent with 
such claims. This is further supported by electro-
myographic data (EMG). Even when one has been 
prefatigued prior to the performance of a lighter 
set of 50% of 1RM, the EMG does not reflect any 
higher motor unit recruitment. The same is also 
seen when performing the light resistance load to 
failure by itself (see figure 5.8).

Using percentages of 1RM is another common 
method of determining resistances for an exercise 
(e.g., 70 or 85%). If the trainee’s 1RM for an exer-
cise is 100 lb (45.4 kg), an 80% resistance would 
be 80 lb (36.3 kg). This method requires that 
maximal strength in lifts used within the training 
program be evaluated regularly. If 1RM is not 
tested regularly (weekly), the percentage of 1RM 
used in training will not be accurate. Thus, training 
intensity will be reduced and the lifter will be in 
danger of training with a less than optimal load. 
This is an especially important consideration at the 
beginning of a program. From a practical perspec-
tive, use of percentages of 1RM as the resistance for 
many commonly performed exercises (e.g., knee 
extension, upright row) may not be administra-
tively effective because of the amount of testing 
time required. Use of an RM target or RM target 
zone allows the person to change resistances to 
stay at the RM target or within the RM target zone, 
thus developing the characteristics associated with 
that portion of the repetitions-per-set continuum.

The use of percentages of 1RM resistances is 
warranted for competitive Olympic lifts (i.e., clean 
and jerk, snatch, and variations), because these 
lifts require coordinated movements and optimal 
power development from many muscles to result 
in correct lifting technique. The movements cannot 
be performed at a true RM or complete momen-
tary failure. Drastic reductions in velocity and 
power output experienced in the last repetition 
of a true RM set may not be conducive to correct 
technique in variations of the competitive Olympic 
lifts (e.g., power clean, hang clean, power snatch, 
hang snatch). Therefore, the percentage of 1RM 
is warranted to correctly calculate resistances for 
such lifts.

In two classic studies (see table 5.2), Hoeger 
and colleagues (1987, 1990) examined the use of 
appropriate exercises in the RM loading approach, 
the relationship between the percentage of 1RM, 
and the number of repetitions that both trained 
and untrained men and women could perform. 
This relationship varied with the amount of 
muscle mass needed for performing the exercise 
(i.e., leg presses require more muscle mass than 
knee extensions). When using machine resis-
tances with 80% of 1RM, previously thought to 
be primarily a strength-related prescription, the 
number of repetitions the subjects could perform 
was typically greater than 10, especially for large-
muscle-group exercises such as the leg press. The 
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FIguRe 5.8 Electromyographic (EMG) data from the 
vastus lateralis muscle when performing a Smith machine 
squat using 90% of 1RM; then 70% of 1RM and then 50% 
of 1RM in a continuous drop set sequence. Increases are 
shown in each bar graph. Significance is also noted. The 
EMG amplitude is highest with the 90% of 1RM resis-
tance, and even with prefatigue, the motor unit activation 
for the 50% of 1RM does not recruit more motor units. 
Percentages in the bars denote the percent of maximal 
motor unit recruitment for each intensity. Ratings of per-
ceived exertion were similar when going to failure in this 
experiment showing that failure at any load gives the false 
perception of maximal recruitment.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University 
of Connecticut, Storrs, CT.
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TABLE 5.2 Number of Repetitions That Can Be Performed to Failure With a set  
Percentage of 1RM 

40% 60% 80% 1RMb

x ± SD x ± SD x ± SD x ± SD

untrained males, n = 38

LP 80.1 ± 7.9Aa 33.9 ± 14.2A 15.2 ± 6.5A 137.9 ± 27.2

LD 41.5 ± 16.1B 19.7 ± 6.1B 9.8 ± 3.9B 59.9 ± 11.6

BP 34.9 ± 8.8B 19.7 ± 4.9B 9.8 ± 3.6B 63.9 ± 15.4

KE 23.4 ± 5.1C 15.4 ± 4.4C 9.3 ± 3.4BC 54.9 ± 13.3

SU 21.1 ± 7.5C 15.0 ± 5.6C 8.3 ± 4.1BCD 40.9 ± 12.6

AC 24.3 ± 7.0C 15.3 ± 4.9C 7.6 ± 3.5CD 33.2 ± 5.9

LC 18.6 ± 5.7C 11.2 ± 2.9D 6.3 ± 2.7D 33.0 ± 8.5

Trained males, n = 25

LP 77.6 ± 34.2A 45.5 ± 23.5A 19.4 ± 9.0A 167.2 ± 43.2

LD 42.9 ± 16.0B 23.5 ± 5.5B 12.2 ± 3.72B 77.8 ± 15.7

BP 38.8 ± 8.2B 22.6 ± 4.4B 12.2 ± 2.87B 95.5 ± 24.8

KE 32.9 ± 8.8BCD 18.3 ± 5.6BC 11.6 ± 4.47B 72.5 ± 19.8

SU 27.1 ± 8.76CD 18.9 ± 6.8BC 12.2 ± 6.42B 59.9 ± 15.0

AC 35.3 ± 11.6BC 21.3 ± 6.2BC 11.4 ± 4.15B 41.2 ± 9.6

LC 24.3 ± 7.9D 15.4 ± 5.9C 7.2 ± 3.08C 38.8 ± 7.1

untrained females, n = 40

LP 83.6 ± 38.6A 38.0 ± 19.2A 11.9 ± 7.0A 85.3 ± 16.6

LD 45.9 ± 19.9B 23.7 ± 10.0B 10.0 ± 5.6AB 29.2 ± 5.6

BP c 20.3 ± 8.2B 10.3 ± 4.2AB 27.7 ± 23.7

KE 19.2 ± 5.3C 13.4 ± 3.9C 7.9 ± 2.9BC 26.7 ± 7.8

SU 20.2 ± 11.6C 13.3 ± 8.2C 7.1 ± 5.2C 19.3 ± 8.3

AC 24.8 ± 11.0C 13.8 ± 5.3C 5.9 ± 3.6C 13.8 ± 2.7

LC 16.4 ± 4.4C 10.5 ± 3.4C 5.9 ± 2.6C 15.8 ± 3.7

Trained females, n = 26

LP 146 ± 66.9A 57.3 ± 27.9A 22.4 ± 10.7A 107.5 ± 16.0

LD 81.3 ± 41.8B 25.2 ± 7.9CB 10.2 ± 3.9C 34.8 ± 6.0

BP c 27.9 ± 7.9B 14.3 ± 4.4B 35.6 ± 4.9

KE 28.5 ± 10.9C 16.5 ± 5.3ED 9.4 ± 4.3CD 40.3 ± 10.2

SU 34.5 ± 16.8C 20.3 ± 8.1CD 12.0 ± 6.5CB 23.8 ± 6.4

AC 33.4 ± 10.4C 16.3 ± 5.0ED 6.9 ± 3.1ED 17.3 ± 3.8

LC 23.2 ± 7.7C 12.4 ± 5.1E 5.3 ± 2.6E 21.7 ± 5.0

LP = leg press (knees apart at a 100° angle for the starting position); LD = lateral pull-down (resistance pulled behind the head to the 
base of the neck); BP = bench press; KE = knee extension; SU = sit-up (horizontal board, feet held in place, knees at a 100° angle, and 
resistance held on chest); AC = arm curl (low pulley); LC = leg curl (to 90° of flexion).
aLetters indicate significantly different groupings: alpha level = 0.05; same letter = no difference.
b1RM expressed in kg.
cData unobtainable because of resistance limitations on the Universal Gym equipment.

Adapted, by permission, from W.W.K. Hoeger, et al., 1990, “Relationship between repetitions and selected percentages of one repetition maximum: A 
comparison between untrained and trained males and females,” Journal of Applied Sport Science Research 4: 47-54.
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larger-muscle-group exercises appear to need 
much higher percentages of 1RM to stay within 
the strength repetitions-per-set zone, or any other 
zone, of the repetitions-per-set continuum.

It has been shown that powerlifters can lift 80% 
of their 1RM in the leg press for 22 repetitions, or 
a 22RM, and untrained controls can perform only 
12 repetitions at 80% of their 1RM, or a 12RM 
(Kraemer et al. 1999). Such data, along with the 
data presented in the two previous studies (Hoeger 
et al. 1987, 1990), clearly indicate that if the per-
centage of 1RM method is used in determining the 
resistance for a specific number of repetitions, it 
must be carefully considered for each muscle group 
and for each type of lift and the exercise mode used 
(e.g., free weight squat vs. leg press machine). It is 
also important to note the great deal of variation 
in the number of repetitions possible at a specific 
percentage of 1RM, as shown by the large stan-
dard deviations in table 5.2. These results beg the 
question, Even though a high percentage of the 
1RM was used, will performing 22 repetitions per 
set result in optimal strength increases? Although 
some have postulated that high-repetition training 
(e.g., 30RM) is useful for strength development, 
training data do not support this contention 
(Anderson and Kearney 1982; Campos et al. 2002).

Based on the repetitions-per-set continuum, 
22 repetitions per set is primarily related to the 
development of local muscular endurance and not 
optimal for the development of maximal strength 
and power. In general, a certain percentage of 1RM 
with free weight exercises will allow fewer repeti-
tions than the same percentage of 1RM on a similar 
exercise performed on a machine (see table 1.1). 
This is due, most likely, to the need for greater bal-
ance and control in three planes of movement with 
free weights. With machines, control of movement 
is generally needed in only one spatial plane. This 
relationship between the number of repetitions 
performed at a given percentage of 1RM is differ-
ent when using free weights, as noted in chapter 
1 (Shimano et al. 2006).

The U.S. National Football League’s 225 lb (102 
kg) test is popular for predicting the 1RM bench 
press score of North American football players 
based on the maximal number of repetitions 
performed with this weight (Hetzler et al. 2010). 
Also, charts or prediction equations are often used 
to predict the 1RM strength from the maximal 
number of repetitions performed with submaximal 
loads (Mayhew, Ball, and Bowen 1992; Shimano, 

Kraemer et al. 2006; Morales and Sobonya 1996; 
Ware et al. 1995). One of the most popular pre-
diction equations for many exercises is the Epley 
equation. Using the maximal number of repeti-
tions performed using a given weight, it provides 
an estimate of 1RM strength (Epley 1985). The 
equation is as follows:

1RM = [(0.033 3 # of reps)  
3 (weight)] + weight

Charts and equations provide only an estimate 
of 1RM, and some are closer than others for par-
ticular exercises (for a review, see Shimano et al. 
2006). Any prediction of 1RM is more accurate the 
fewer the number of repetitions performed, which 
means lifting a heavier weight to failure. It appears 
that 1RM prediction is most accurate when three 
to five repetitions are performed and 80 to 85% of 
1RM is used (Brechue and Mayhew 2009, 2012).

It is obvious that the amount of weight lifted in 
a set is highly dependent on other acute program 
variables such as exercise order, muscle action, 
repetition speed, and rest period length (Kraemer 
and Ratamess 2000). Thus, the repetitions-per-set 
zone, or number of repetitions possible at a specific 
percentage of 1RM, is affected by whether an exer-
cise is performed early or late in a training session.

The resistance required to increase maximal 
strength may depend on training status. Beginning 
lifters with no prior resistance training experience 
need a minimal resistance of 40 to 50% of 1RM 
to increase dynamic muscular strength (American 
College of Sports Medicine 2009; Baechle, Earle, 
and Wathen 2000; Garber et al. 2011). However, 
experienced lifters need greater resistances to 
realize maximal strength gains (American College 
of Sports Medicine 2009). Häkkinen, Alen, and 
Komi (1985) reported that at least 80% of 1RM 
was needed to produce any further neural adapta-
tions in experienced weight trainers. The need for 
increased intensity (percentage of 1RM) as training 
progresses is shown by the results of a meta-anal-
ysis (Rhea et al. 2003). A mean training resistance 
of 60% of 1RM resulted in maximal strength in 
untrained people, whereas a mean training resis-
tance of 80% of 1RM produced maximal strength 
in trained people. Neural adaptations are crucial 
to resistance training, because they precede hyper-
trophy during intense training periods. Thus, a 
variety of resistances, and so percentages of 1RM, 
appear necessary to optimally increase both neural 
function (i.e., increased motor unit recruitment, 
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firing rate, and synchronization) and hypertrophy. 
No matter how the training resistance is chosen, 
a proper training progression is needed for safe 
long-term fitness gains.

Repetition speed
The speed used to perform dynamic muscle 
actions, or repetition speed, affects the adapta-
tions to resistance training. Repetition speed  is 
dependent on training resistance, fatigue, and goals 
and has been shown to significantly affect neural 
(Eloranta and Komi 1980; Häkkinen, Alen, and 
Komi 1985; Häkkinen, Komi, and Alen 1985), 
hypertrophy (Coyle et al. 1981; Housh et al. 1992), 
and metabolic (Ballor, Becque, and Katch 1987) 
adaptations to resistance training. Force produc-
tion and repetition speed directly interact during 
exercise performance. Generally, concentric force 
production is higher at slower speeds and lower 
at higher speeds. This relationship is graphically 
represented as a force–velocity curve (see figure 
3.26). The implications of the force–velocity curve 
demonstrate that training at slow velocities with 
maximal force is effective for strength training, and 
training at higher velocities is effective for power 
and speed enhancement. This generally is the case; 
however, training with a variety of velocities may 
be most effective for optimizing both strength and 
power development.

A distinction needs to be made between inten-
tional and unintentional slow-speed repetitions. 
Unintentionally slow lifting speeds are dictated 
by the resistance used during heavy repetitions, 
such as 1- to 6RMs. In this case, resistance loading, 
fatigue, or both, are responsible for the longer 
repetition duration (i.e., slow speed). For exam-
ple, the concentric phase of a 1RM bench press 
and the last repetition of a 5RM set may last three 
to five seconds (Mookerjee and Ratamess 1999). 
This may be considered slow; however, lifting the 
weight faster is not possible under these high-force 
requirement conditions. This type of unintention-
ally slow lifting speed in the concentric phase of 
the repetition is a function of the force–velocity 
curve and the fatigue pattern leading to failure 
in a heavy set of multiple repetitions. In other 
words, the force needed for a 5RM is high, and 
the velocity at which it can be moved is therefore 
slow. With each consecutive repetition to a point 
of failure, the velocity continues to decrease (San-
chez-Medina and Gonzalez-Badillo 2011). This is 

typical of any set in which failure (i.e., RM) is the 
targeted end point: Repetition velocity slows down 
progressively.

The speed at which repetitions are performed 
does change the qualities of the repetitions, such 
as power output and maximal force. A comparison 
of Smith machine bench press repetitions using 
55% of 1RM with both the eccentric and concentric 
phases lasting five seconds (slow training velocity), 
30% of 1RM with the concentric phase performed 
in a ballistic manner so that the bar was thrown 
into the air and then caught before performing the 
eccentric phase of each repetition (power training), 
and six repetitions with a 6RM resistance (tradi-
tional heavy weight training) revealed differences 
in the qualities of repetitions (Keogh, Wilson, and 
Weatherby 1999). Both slow training velocity and 
power training resulted in significantly lower levels 
of force during both the eccentric and concentric 
phases of repetitions and lower levels of electro-
myographic (EMG) activity than traditional heavy 
weight training did. When compared to traditional 
heavy weight training, time under tension was 
longer during slow training and shorter during 
power training. Understanding that differences 
do occur in the force and power measures based 
on the way the repetition is performed, and the 
fact that this may well affect the specific training 
adaptation from a training program, is of vital 
importance when instructing and implementing 
a workout protocol.

Significantly reducing the resistance used is an 
inevitable result of intentionally performing repe-
titions slowly. It has been shown that intentionally 
slowing down a conventional load in an exercise 
results in significantly fewer repetitions (Hatfield et 
al. 2006). In a study in which subjects performed 
the squat and shoulder press at 60 and 80% of 
1RM using volitional and an intentional very slow 
speed of 10 seconds for both the concentric and 
eccentric phases of the repetition, significantly 
fewer repetitions were completed with the inten-
tional slow repetition speed (i.e., squat, 60% of 
1RM; super slow, 5RM; volitional speed, 24RM, 
80% of 1RM; super slow, 2RM; normal volitional 
speed, 12RM). In addition, power output was dra-
matically reduced for each set, and total work was 
reduced with the intentional slow training. Only 
one study has shown slow training to be superior 
(Westcott et al. 2001) to traditional training speeds 
in strength development. Most others have found 
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slow velocity training to be less than optimal com-
pared to traditional training for strength increases 
(Keeler et al. 2001; Rana et al. 2008).

Intentionally slow-speed repetitions must be 
performed with submaximal loads so the lifter 
has greater control of the repetition speed; such 
repetitions do result in longer time under ten-
sion. However, during this time under tension 
predominantly the lower-threshold motor units 
are recruited and trained. Thus, intentionally slow 
lifting may be most suitable for increasing local 
muscular endurance when using lighter resistances.

Both fast and moderate lifting speeds can 
increase local muscular endurance depending on 
the number of repetitions performed and the rest 
taken between sets and exercises. Interestingly, 
slow-speed training (6- to 10 RM, 10-second con-
centric, 4-second eccentric) has been shown to 
improve local muscular endurance but not more 
than traditional loading (6- to 10RM, one-second 
concentric, two-second eccentric) or traditional 
local muscular endurance (20- to 30RM) train-
ing protocols (Rana et al. 2008). Training with 
volitionally fast speeds is the most effective way 
to enhance muscular power and speed, and it is 
also effective for strength enhancement (Morrissey 
et al. 1998; Thomas et al. 2007). However, such 
training is not as effective for increasing hypertro-
phy as slow or moderate speeds are (Häkkinen, 
Komi, and Alen 1985), most likely because fewer 
high-threshold motor units are recruited because 
of lower force demands. High-speed repetitions 
impose fewer metabolic demands in exercises 
such as the leg extension, squat, row, and arm 
curl compared to slow- and moderate-speed 
repetitions (Ballor, Becque, and Katch 1987). In 
addition, when periodization is not used during 
short-term training programs, training for power 
is best accomplished by lifting lighter weight (30% 
of 1RM) with maximal speed (Wilson et al. 1993).

Self-paced pull-ups and push-ups result in 
more total work, more repetitions performed, and 
greater power output in less time than exercises 
performed at a pace of 2 seconds for both the con-
centric and eccentric phases (2/2 cadence) and 2 
seconds and 4 seconds, respectively, for the concen-
tric and eccentric (2/4 cadence) phases (LaChance 
and Hortobagyi 1994). The self-paced cadence was 
at a faster repetition velocity than the other two 
cadences. The number of repetitions, total work, 
and power output of the 2/2 cadence were midway 

between those of the self-paced and 2/4 cadence. 
Regardless of the format, artificial pacing (e.g., 
counting, using a metronome) always results in 
motor learning challenges as the person attempts 
to meet the external cues. With resistance exercise, 
it affects the characteristics of the set performed.

Historically, another technique that has been 
used for both strength and power training is com-
pensatory acceleration  (Hatfield 1989; Wilson 
1994). This requires the lifter to accelerate the 
load maximally throughout the exercise’s range 
of motion (regardless of momentum) during the 
concentric repetition phase, striving to increase 
velocity to maximal levels. However, care must 
be taken to avoid injury and joint stress. Heavier 
resistances are needed when using this technique 
so as not to create undue joint stress in exercises 
that end with the weight being held or still in con-
tact with the limb and the joint being fully locked 
out (e.g., bench press, leg press, leg extension). A 
major advantage of this technique is that it can be 
used with heavy loads and is quite effective with 
multijoint exercises (Jones et al. 1999). Accord-
ingly, Hunter and Culpepper (1995) and Jones and 
colleagues (1999) reported significant strength and 
power increases throughout the range of motion 
when lifters used compensatory acceleration; the 
increases were significantly greater than those 
achieved by training at a slower speed (Jones et al. 
1999). Having the cognitive intention to attempt 
to maximally accelerate  even the heaviest resis-
tance loads may provide additional neurological 
stimulation.

Repetition speed affects training outcomes. Gen-
erally, faster concentric repetition speed should be 
used when training for power increases. The resis-
tance used will affect how fast it can be moved (i.e., 
force–velocity curve). For general fitness, normal or 
volitional repetition velocities can be used. Super 
slow repetitions may be useful for local muscular 
endurance training but offer no advantage when 
training for strength or muscle hypertrophy (see 
Super Slow Systems in chapter 6).

Rest Periods Between Workouts 
(Training Frequency)
The number of training sessions performed during 
a time period, such as a week, may affect subse-
quent training adaptations (see the discussion 
of dynamic constant external resistance training 
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in chapter 2). Frequency is best described as the 
number of times certain exercises or muscle groups 
are trained per week, and it is based on several 
factors such as volume, intensity, exercise selection, 
level of conditioning or training status, recovery 
ability, nutrition, and training goals. Typically, an 
exercise is used two days per week (Peterson 2004). 
Reduced frequency is adequate if the goal of train-
ing is to maintain adaptations (e.g., maintenance 
training). Training one or two days per week may 
be adequate for mass, power, and strength reten-
tion (Zatsiorsky 1995). However, this appears to be 
effective only for short-term periods, as long-term 
maintenance training (i.e., reduced frequency and 
volume) leads to detraining.

A frequency of two or three times per week 
has been shown to be very effective initially and 
has been recommended by the American College 
of Sports Medicine (American College of Sports 
Medicine 2009; Garber et al. 2011). This has been 
supported by many resistance training studies that 
have used frequencies of two or three alternating 
days per week with untrained subjects (Dudley 
et al. 1991; Hickson, Hidaka, and Foster 1994). 
Some studies have shown that training three days 
a week is superior to training two days a week 
(Graves et al. 1989), whereas training three to five 
days a week was superior in other studies (Gillam 
1981; Hunter 1985). A meta-analysis indicates 
that for untrained subjects a training frequency of 
three times per week of a muscle group produces 
maximal strength gains (Rhea et al. 2003). The 
progression from beginning to intermediate lifting 
does not necessitate a change in frequency, but 
may be more dependent on alterations in other 
acute variables such as exercise choice, volume, 
and intensity. However, intermediate lifters com-
monly train three or four days a week. Increasing 
training frequency allows for greater volume and 
specialization or greater exercise choice per muscle 
group, greater volume in accordance with more 
specific goals, or both.

Many intermediate lifters use an upper/lower 
body split or muscle group split routine. Sim-
ilar improvements in performance have been 
observed between an upper/lower split routine 
and a total-body workout in untrained women 
(Calder et al. 1994). In addition, similar muscle 
groups or selected exercises are not recommended 
to be performed on consecutive days during split 
routine programs to allow adequate recovery and 

minimize the risk of nonfunctional overreaching 
or overtraining. Furthermore, a recovery day is even 
more important when training involves intense, 
short-rest metabolic workouts (e.g., Monday, 
strength and power workout; Tuesday, short-rest 
metabolic workout; Wednesday, rest; Thursday, 
strength and power workout; Friday, short-rest 
metabolic workout; Saturday and Sunday, rest) 
(Kraemer, Patton et al. 1995).

Training frequency for advanced or elite athletes 
may vary considerably (depending on intensity, 
volume, and goals) and is typically greater than 
the training frequency of intermediate lifters. Fre-
quencies as high as 18 sessions per week have been 
reported in Bulgarian weightlifters (Zatsiorsky 
1995), but this is an extreme example.

One aspect of frequency that must always be 
kept in mind is how many times per week a muscle 
group is trained. In many situations, the higher 
total frequencies of advanced lifters are achieved by 
performing sessions dedicated to specific muscle 
groups (i.e., body-part programs). A meta-anal-
ysis showed that the optimal frequency for 
trained people was two days per week per muscle 
group and not three days per week, as shown for 
untrained people (Rhea et al. 2003). The lower 
frequency for the trained people was in part due 
to a higher training volume per session. One study 
demonstrated that American football players train-
ing four or five days a week achieved better results 
than those self-selecting frequencies of three and 
six days a week (Hoffman et al. 1990). However, 
each muscle group was trained only two or three 
days per week. Weightlifters and bodybuilders 
typically use high-frequency training (i.e., four to 
six sessions per week). Two training sessions per 
day have been used (Häkkinen, Pakarinen et al. 
1988a; Zatsiorsky 1995) during preparatory train-
ing phases, which may result in 8 to 12 training 
sessions per week (see Two Training Sessions in 
One Day in chapter 7).

The rationale for high-frequency training is 
that frequent, short sessions followed by periods 
of recovery, supplementation, and food intake 
enhance the quality of high-intensity training as 
a result of maximal energy recovery and reduced 
fatigue during exercise (Baechle, Earle, and Wathen 
2000). Greater increases in muscle size and 
strength have been shown when training volume 
was divided into two sessions per day as opposed 
to one in female athletes (Häkkinen and Kallinen 
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1994). In addition, exercises (i.e., total-body lifts) 
performed by Olympic weightlifters require tech-
nique mastery, which may increase total training 
volume and frequency. Elite powerlifters typically 
perform four to six sessions per week (Kraemer and 
Koziris 1992). It should be noted that training at 
such high frequencies would result in nonfunc-
tional overreaching or eventually to overtraining 
in most people if high volumes are implemented 
without progression. The superior conditioning of 
elite athletes as a result of years of training progres-
sion and genetic predisposition may contribute to 
the successful use of very high-frequency programs.

Historically, anabolic drug use also may have 
aided recovery and the tolerance of extremely 
high volumes and frequencies of training. Without 
anabolic drug use, optimal nutritional strategies 
are crucial for supporting such training programs. 
Advanced periodized training cycles now use more 
variations in training volume and frequency to 
alter the exercise stimulus, enhance the exercise 
stimulus, and provide adequate natural recovery 
between sessions. Training with heavy loads neces-
sitates increased recovery time before subsequent 
sessions, especially those that involve multijoint 
exercises. This may be primarily due to the greater 
resistance during the eccentric portion of the 
repetition. Studies show that eccentric exercise is 
more likely to cause delayed-onset muscle soreness 
(DOMS) than concentric-only training (Ebbling 
and Clarkson 1989; Fleck and Schutt 1985; Talag 
1973). Eccentric training causes greater muscle 
fiber and connective tissue disruption, greater 
enzyme release, DOMS, and impaired neuro-
muscular function, which limits force production 
and range of motion (Saxton et al. 1995). Thus, 
recovery times of at least 72 hours may be required 
before initiating another session requiring several 
heavy sets or supramaximal eccentric lifts (Zatsi-
orsky 1995).

A study of untrained subjects compared fre-
quencies of one day per week to two or three days 
per week (Sorichter et al. 1997). Each session 
consisted of seven sets of 10 one- to two-second 
eccentric-only muscle actions of the quadriceps. 
Both training groups showed strength improve-
ment after training. However, the results showed 
that eccentric training once a week was effective 
for maintenance, whereas eccentric training twice 
a week was more effective for strength increases. 
Thus, the inclusion of heavy eccentric repetitions 

may necessitate a change in frequency (or the 
muscle groups trained per session) compared to 
normal concentric–eccentric resistance training 
or the use of periodized lighter loads that do 
not recruit the muscle fibers that are part of the 
high-threshold motor units involved with high 
force production but also more prone to tissue 
damage.

Training frequency may need to be adjusted 
based on the type of training program. Meta-analy-
ses indicate that an optimal training frequency for 
highly resistance-trained people is two days per 
week per muscle group; this is likely due to the use 
of greater training volumes per session (Peterson 
et al. 2003; Rhea et al. 2003). Frequency may also 
need to be adjusted based on training experience. 
Higher frequencies of four to six sessions per week 
may be needed in highly resistance-trained people 
to cause further gains (American College of Sports 
Medicine 2009). Additionally, two sessions per 
day may also be useful as an advanced training 
strategy (see Two Training Sessions in One Day 
in chapter 7).

Training frequency should be carefully matched 
with the goals and targeted outcomes of the 
trainee. Using periodized training models, the 
person’s needs and goals (e.g., for a particular 
physiological or performance variable) should 
determine the amount of exercise. Progression in 
frequency is a key component in successful resis-
tance training programs. Frequency of training 
will vary depending on the phase of the training 
cycle, the fitness level of the person, the goals of 
the program, and the person’s training history. 
Careful choices need to be made regarding rest 
days between training days to avoid overreaching 
or overtraining syndromes. These choices should 
be based on the progress toward specific train-
ing goals and the tolerance of the person of the 
changes made. Excessive soreness the morning 
after a workout may indicate that the exercise stress 
is too demanding. If this is the case, the workout 
loads, sets, rest periods between sets, and training 
frequency need to be evaluated and adjusted. 
Additionally, trainers should always remember 
that many younger people have a great potential to 
tolerate errors in training, but physiologically they 
may not be adapting positively to the program. 
Thus, monitoring progress and understanding 
the types of stresses associated with each workout 
design is vital to successful progressions.
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summary of Acute Program  
Variables
The following acute program variables are 
addressed in the design of a resistance training 
workout:

• Exercise and muscle groups trained

• Order of exercise

• Number of sets and set structure

• Rest periods

• Load or resistance used

• Repetition speed

The configuration of these variables determines 
the exercise stimulus for a particular workout. 
Since workouts should periodically be altered 
to meet changing training goals and to provide 
training variation, this paradigm is also used to 
describe, modify, and control resistance exercise 
programming. Finally, rest and recovery between 
workouts is important, and the implementation of 
planned rest and recovery periods may promote 
more effective periodization, and thus greater 
training adaptations.

Many workouts are possible with the manipula-
tion of the preceding variables. Understanding the 
influence and importance of each is vital for opti-
mizing specific training goals and for providing 
variation in workout design, which is important 
for periodization of training.

Using the acute program variables to develop 
workouts that enhance certain characteristics is 
vital to physical development. It is also possible 
to train different muscles or muscle groups in 
different ways resulting in programs for different 
muscle(s) with different training goals. For exam-
ple, a person could train the chest muscles for 
maximal strength while training the leg muscles 
for power and the abdominal muscles for local 
muscular endurance. Proper manipulation of the 
acute program variables when developing a single 
workout, and changing the workout over time (i.e., 
periodization) are the basis of successful program 
design. No one should use the same resistance 
training program for long periods of time. Claims 
of a single program’s superiority, often seen in 
magazines, on the Internet, and elsewhere, are 
simply marketing or self-promotion and should 
be viewed with caution.

The prescription of resistance training is both 
a science and an art. The key is to translate the 

science of resistance training into the practical 
implementation in the weight room, thereby 
bridging the gap between science and practice. 
Ultimately, individualized programs provide the 
best results and the best overall training responses. 
This chapter provides a paradigm for exercise pre-
scription and a framework for the optimal design 
of resistance training programs.

This paradigm is a general-to-specific model of 
resistance training progression (American College 
of Sports Medicine 2009). Beginning programs 
should be simple until an adequate fitness and 
strength foundation is built. A simple program 
may improve all aspects of fitness, especially in 
untrained people. However, this is not the case 
with advanced training as more complex program 
designs are required to meet training or perfor-
mance goals, or both. As programs progress, more 
variation should be introduced. With advanced 
levels of training, great variation is needed because 
the principle of specificity is an important deter-
minant of further fitness gains. That is, it is virtu-
ally impossible to improve in multiple variables 
of fitness (i.e., strength, size, power, endurance, 
speed, body composition) at this stage at one time. 
Thus, specific training cycles need to be included 
to address each of these variables individually and 
to ensure progression.

Although guidelines can be given, the art of 
designing effective resistance training programs 
comes from logical exercise prescription followed 
by evaluation, testing, and interaction with the 
trainee. The prescription of resistance training is a 
dynamic process that requires the trainee and the 
strength and conditioning specialist or personal 
trainer to respond to the changing levels of adap-
tations and functional capacities of the trainee with 
altered program designs to meet changing training 
and performance goals.

Training Potential
The initial gains made during resistance training 
are large compared to those made after several 
months or years of training. As training proceeds, 
the size of gains decreases as the trainee approaches 
his or her genetic potential (see the top of the 
curve in figure 5.9). Understanding this concept 
is important to understanding the adaptations 
and changes that occur over time. Furthermore, 
one can see that almost any resistance training 
program might work for an untrained person in 
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the early phases of training because the potential 
for increases in any fitness variable is significant. 
However, as fitness increases, the need for changes 
in the acute program variables and periodization 
becomes very important to bring about further 
increases in fitness. This is because the window 
of adaptations gets smaller as a result of training 
progression (see chapter 7, Advanced Training 
Strategies).

Window of Adaptation
The opportunity for improvement in a particular 
variable has been called the window of adapta-
tion  (Newton and Kraemer 1994). This means 
that the more untrained you are, the greater your 
potential for improvement and so the greater your 
relative gains will be. In addition, it could also 
mean that the greater your genetic potential is (e.g., 
the number of muscle fibers you have), the greater 
your absolute gains will be. The window of adapta-
tion gets smaller as you train a specific variable and 
progress toward your theoretical genetic ceiling. 
Therefore, if at the start of a training program, you 
already have a high level of adaptation or fitness, 
the starting window for adaptation will be small. 
Training expectations must therefore be kept in 
perspective in terms of both the relative gains that 
can be made in a specific fitness variable and the 
absolute gains that can be made starting with a 
specific genetic predisposition. Furthermore, all 
training adaptations are specific to the program 
performed, and not all training improvements are 
made in the same time frame (e.g., neural versus 

hypertrophy; see chapter 3) over the course of a 
training program.

The window of adaptation concept is exempli-
fied in highly trained athletes, who sometimes 
experience miniscule gains in a performance 
variable over a long period of time. In fact, in elite 
North American college football players, many of 
the gains occur in the first year or so as a result of 
being highly trained in high school, which placed 
them closer to their genetic potential for strength 
and power (Miller et al. 2002).

The window of adaptation is also different 
for different fitness measures. College American 
football players had a choice among frequencies 
of training per week over a 10-week off-season 
conditioning program (Hoffman et al. 1990). 
The groups that chose three and six days a week 
made no gains in 1RM bench press (see table 
5.3). The authors suggested that the three-days-
a-week program was not a sufficient stimulus to 
elicit significant strength improvements in already 
conditioned athletes who had participated in an 
intensive in-season heavy resistance training pro-
gram. The lack of changes in 1RM bench press for 
players using a six-days-a-week program was postu-
lated to be the result of a short-term overreaching 
or overtraining syndrome. However, squat strength 
improved for all groups except the three-days-a-
week group, indicating that not all muscle groups 
(i.e., bench press vs. squat) respond in the same 
manner to all training programs. Interestingly, 
none of the groups demonstrated an improvement 
in 40 yd sprint times, which demonstrates how 
difficult it is for athletes who already have achieved 
a high degree of fitness in a particular variable to 
make improvements consequent to short-term 
training. Nevertheless, although small changes 
(e.g., 0.1 second) in a 40 yd dash may not be sta-
tistically significant, the practitioner should not 
overlook the practical importance of such an effect.

Thus, the length of the training program, the 
fitness level of the athlete in a particular lift or per-
formance task, genetic potential, and the training 
program design all influence the training adapta-
tions. The expectation of continual large strength 
or performance gains in all aspects of an athlete’s 
or fitness enthusiast's fitness profile is unrealistic.

Several studies have shown that differences in 
the rate of fitness improvement can be detected 
during short-term training. Some short-term train-
ing programs produce substantially greater changes 
in strength than others do (Keeler et al. 2001; Rana 
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et al. 2008; Schlumberger, Stec, and Schmidtble-
icher 2001; Staron et al. 1994). For example, over 
10 weeks of training, a single-set program was supe-
rior to a super slow program in untrained women 
(Keeler et al. 2001). Over six weeks of training, a 
three-set program was superior to a one-set pro-
gram in trained women (Schlumberger, Stec, and 
Schmidtbleicher 2001). This indicates that during 
the early phase of training the rate of improvement 
appears to be affected by the type and speed of the 
muscle action and the volume of training.

Nevertheless, an accumulation, or “banking,” of 
training time is needed to see comprehensive and 
dramatic differences among various programs over 
longer training periods. Such long-term training 
adaptations are also more resistant to the effects 
of detraining. This concept has been demonstrated 
over six and nine months. In a nine-month study 
of collegiate women tennis players, a periodized 
training program was shown to be superior to a 
low-volume single-set training program in both 
the development of muscular strength and power 

in addition to improvements in ball velocity in 
the tennis serve, and forehand and backhand 
strokes (Kraemer et al. 2000). In a six-month 
training program untrained women showed sim-
ilar findings in the performance of a 40 yd sprint, 
body composition measures, and strength and 
power measures, demonstrating that a periodized 
multiple-set training program was superior to a 
low-volume single-set circuit-type program (Marx 
et al. 2001). Thus, certain training principles (e.g., 
specificity, periodization, volume of exercise) 
appear to affect the rate and magnitude of fitness 
gains observed over a given training period. How-
ever, in both studies it took two to three months 
before superiority of the periodized program was 
shown in some fitness measures, demonstrating 
that long training periods may be needed before 
training programs start to differentiate themselves 
and show differences in fitness gains. This is most 
likely because in the early phase of training almost 
any program will produce rapid gains, which may 
mask the differences among programs.

TABLE 5.3 Results of Performance and Anthropometric Testing in College American 
Football Players using a selected Frequency of Training
Variable Test 3 days 4 days 5 days 6 days

BW (kg) Pre
Post

80.3 ± 5.1
79.6 ± 6.4

94.2 ± 12.7
93.1 ± 12.0*

99.2 ± 14.4
98.7 ± 13.7

112.3 ± 12.4
111.0 ± 12.1

BP (kg) Pre
Post

107.2 ± 11.6
109.1 ± 28.7

127.7 ± 13.9
132.2 ± 14.5

131.1 ± 20.1
135.3 ± 9.0*

143.9 ± 12.0
149.7 ± 17.3

SQ (kg) Pre
Post

140.1 ± 18.6
147.7 ± 38.9

173.6 ± 36.2
186.3 ± 31.9*

170.6 ± 19.4
183.4 ± 22.1*

191.6 ± 34.9
204.1 ± 39.5*

40 (s) Pre
Post

4.83 ± 0.14
4.82 ± 0.19

5.01 ± 0.22
4.97 ± 0.18

4.97 ± 0.23
4.93 ± 0.24

5.23 ± 0.20
5.18 ± 0.20

VJ (cm) Pre
Post

70.2 ± 7.7
71.7 ± 7.6

65.9 ± 8.4
66.0 ± 8.8

64.5 ± 8.6
66.0 ± 7.9

59.9 ± 6.7
62.5 ± 7.1

2 MI (s) Pre
Post

933.1 ± 49.7
811.1 ± 77.1*

945.0 ± 61.3
830.7 ± 55.5*

960.8 ± 99.3
834.2 ± 84.8*

982.2 ± 65.0
879.8 ± 68.7*

SF (mm) Pre
Post

54.7 ± 12.2
50.9 ± 10.5*

79.7 ± 15.3
72.9 ± 12.7*

83.6 ± 20.0
79.0 ± 19.7*

100.3 ± 13.0
92.4 ± 15.2*

TH (cm) Pre
Post

56.0 ± 2.5
56.7 ± 1.6

59.5 ± 4.6
61.4 ± 3.5*

59.8 ± 4.6
61.5 ± 4.2*

63.9 ± 3.4
65.0 ± 3.2

CH (cm) Pre
Post

92.8 ± 3.9
94.8 ± 3.1*

103.3 ± 7.2
105.5 ± 6.9*

105.9 ± 8.4
107.1 ± 8.2*

111.9 ± 7.1
112.3 ± 6.1

* = p ≤ .05

BW = body weight; BP = bench press; SQ = squat; 40 = 40 yd sprint; VJ = vertical jump; 2 MI = 2 mi run; SF = sum of skinfolds; TH = 
thigh circumference; CH = chest circumference.

Adapted, by permission, from J.R. Hoffman, et al. 1990, “The effects of self-selection for frequency of training in a winter conditioning program for football,” 
Journal of Applied Sport Science Research 4: 76-82.
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setting Program goals
An effective resistance training program requires 
specific goals. Factors such as age, physical matu-
rity, training history, and psychological and phys-
ical tolerance need to be considered in any goal 
development process and individual program 
design. In addition, designers must prioritize 
goals so that training programs do not compete 
for adaptation priority (e.g., endurance training 
reduces power development). Among the many 
common program goals in resistance training 
that are related to improvements in function are 
increased muscular strength, increased power, 
increased local muscular endurance, and improve-
ments in physiological training effects such as 
increased fat-free mass. Other functional gains 
such as increases in coordination, agility, balance, 
and speed are also common goals of conditioning 
programs, especially for athletes. In addition, it 
is becoming clear that fitness attributes such as 
balance may also have important implications 
for injury prevention, such as limiting falls in 
older people or preventing knee injury in athletes. 
Other physiological changes related to increased 
fat-free mass through muscle hypertrophy or the 
improvement of other physiological functions 
such as lower blood pressure, decreased body 
fat, and increased resting metabolic rate to help 
with long-term weight control are also goals of 
resistance training programs. Resistance training 
affects almost every physiological function and can 
enhance physical development and performance at 
all ages (Kraemer, Fleck, and Evans 1996; Kraemer 
and Ratamess 2004).

For the most part, training goals should be test-
able variables, such as 1RM strength, power, verti-
cal jump height, and body composition, so trainers 
can judge objectively whether gains are made. The 
examination of a workout log can be invaluable 
in evaluating the effects of a resistance training 
program. Formal tests to determine functional 
changes in strength can be performed on a variety 
of equipment, including isokinetic dynamometers, 
free weights, and machines (Kraemer, Ratamess, 
Fry, and French 2006). Examining the results of 
specific tests can help both trainers and trainees 
modify the exercise program if improvements 
are not being made or decide whether to repeat 
a program in which the trainee was unsuccessful.

In some cases training for high-level sport 
performance does not coincide with improving 

health. Many elite athletes train excessively (e.g., 
lifting seven days a week or running 100 miles in 
a week or training four to six hours a day), more 
than what they need to optimize their health and 
general fitness. In fact, short-rest-period, high-vol-
ume (termed extreme fitness) programs performed 
without proper preparation and recovery can lead 
to acute overreaching if not serious muscle damage 
and injury. The goals in resistance training have to 
be put into the context of the desired outcome for 
the person. For example, trying to gain maximal 
amounts of body mass (including fat and muscle) 
to be a lineman in American football may not be 
healthy; however, large athletes are sought after at 
the college and professional levels (Kraemer and 
Gotshalk 2000). In this case, health and sport fit-
ness goals may not be compatible. The competitive 
athlete must seriously consider whether training 
for a sport career will be detrimental to a healthy 
lifestyle after the career is completed. Not much 
is known about detraining “bulked-up” athletes 
except that they should reduce body mass and 
eliminate some of the major risk factors for cardio-
vascular disease and diabetes, which may lead to 
premature death, especially in professional North 
American football players (Helzberg et al. 2010; 
Kraemer 1983a; Mazzetti, Ratamess, and Kraemer 
2000). Changing training goals after completion 
of a sport career is important to continued health 
and fitness.

Maintenance of Training goals
The term capping is used to describe the decision 
to stop attempting to train certain characteristics 
when it is clear that small gains require large 
amounts of time and volume to achieve. This may 
be related to performance (e.g., bench press 1RM 
strength) or some form of physical development 
(e.g., calf girth). Capping is a difficult decision 
that comes only after an adequate period of 
training and observation of the person’s potential 
for improvement. At some point, the trainer and 
trainee must make a value judgment as to how 
to best spend training time. When the decision 
is made not to devote further training time to 
developing a particular muscle characteristic (e.g., 
strength, size, power), the trainee enters into a 
maintenance training program. In maintenance 
programs all exercises need not be performed for 
the same number of sets, repetitions, and intensity 
despite the widespread use of such standardized 
programs. The time saved can be used to address 
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other training goals. Such program design deci-
sions allow trainees to prioritize other aspects of 
fitness over a given training period.

Many examples of training overkill can be found 
in sports. For example, although the continued 
development of whole-body power is advanta-
geous to an American football player, an exercise 
such as the bench press may not be a good mea-
sure of playing ability (Fry and Kraemer 1991). 
The physical attributes needed for bench pressing 
a great amount of weight are a large, muscular 
torso, including large chest and back musculature, 
and short arms. Large upper-body musculature is 
a positive attribute for American football players 
because of the sport’s dependence on body mass. 
However, because of the advantages of taller play-
ers in today’s game, especially for linemen, few 
elite football players have the short arms needed 
for great success in the bench press (Kraemer and 
Gotshalk 2000).

Should the bench press lift be a part of the exer-
cise prescription for American football players? It 
should, but the expectations of performance for 
each player must be kept in perspective. Further-
more, the potential for injuring the shoulders with 
this lift is a concern. Thus, each player’s physical 
dimensions must be considered when develop-
ing short-term (e.g., bench press strength after a 
10-week summer conditioning program) and long-
term (e.g., bench press strength increase over the 
course of a college career) goals. Furthermore, the 
importance of a given lift to the performance of 
the sport should be evaluated. Spending extra time 
on the bench press to gain an extra 10 or 20 lb (4.5 
or 9.1 kg) in the lift at the cost of not training, for 
example, hang cleans, which develop the structural 
power vital for performance in American football, 
would be an unwise use of training time (Barker 
et al. 1993; Fry and Kraemer 1991). For example, 
consider a player who has been training for over 
a year and has achieved a bench press 1RM of 355 
lb (161 kg).  The extra training time needed for 
achieving a 400 lb (181.4 kg) bench press may be 
better used to train another lift (e.g., hang clean), 
improve sprint speed or agility, or participate in 
more sport practice. Furthermore, elite players may 
not have the physical dimensions (e.g., short arms) 
needed for a 400 lb (181.4 kg) bench press (Krae-
mer and Gotshalk 2000). Maintenance or capping 
of the bench press may be called for in this case.

Such training decisions are among the many 
clinical and coaching decisions that must be made 

when monitoring the progression of resistance 
training. Are the training goals realistic in relation-
ship to the sport or a health improvement goal? Is 
the attainment of a particular training goal vital to 
the person’s success or health? These are difficult 
questions that need to be asked continually as 
training progresses.

unrealistic goals
Careful attention must be paid to the magnitude 
of the performance goal and how much training 
time will be needed for achieving it. Too often, 
goals are open ended or unrealistic. For many men 
the 23 in. (58.4 cm) upper arms, 36 in. (91.4 cm) 
thighs, 20 in. (50.8 cm) neck, 400 lb (181.4 kg) 
bench press, or 50 in. (127 cm) chest are unrealistic 
goals because of genetic limitations. Women, too, 
can develop unrealistic goals, although not the 
same kinds as men have. Their goals may include 
drastic decreases in limb or body size to reflect the 
media culture’s ideals for women. Again, based 
on genetics, such changes may not be possible in 
many women. Many women mistakenly believe 
that large gains in strength, muscle definition, and 
body fat loss can be achieved using very light resis-
tance training programs (e.g., 2 to 5 lb [0.9 to 2.3 
kg] handheld weights) to “spot build” a particular 
body part or muscle. Although one may be able 
to successfully develop hypertrophy in a specific 
body part, it is not possible with excessively light 
resistances. Ultimately, for both men and women, 
the question is whether the resistance training 
program can stimulate the desired body changes. 
Those changes must be examined carefully and 
honestly.

Unrealistic expectations of equipment and 
programs develop when they are not evaluated 
based on sound scientific principles. In today’s 
high-tech and big-hype culture of infomercial 
marketing of products, programs, and equipment, 
the average person can develop unrealistic training 
expectations. In addition, movie actors, models, 
and elite athletes project desired body images and 
performance levels, but for most people such levels 
of physical development, body types, and perfor-
mances are unrealistic. Short-rest, high-intensity, 
extreme programs pay little attention to individ-
ualization or periodization. Too much too soon, 
as previously noted, is an invitation to overuse, 
overtraining, or injury.

Proper goal development is accomplished by 
starting out small and making gradual progress. 
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Goal setting is preceded by an evaluation of the 
person’s current fitness level. Most people make 
the mistake of wanting too much too soon, with 
too little effort expended, and those marketing 
commercial programs take advantage of this 
psychological desire. Although initial gains may 
be made in using any fitness program, if it is not 
individualized and then periodized over time, 
acute overuse injuries can occur from doing too 
much too soon. Making progress in resistance 
training requires a long-term commitment to a 
total conditioning program. This means addressing 
more than one fitness goal, a principle commonly 
lacking in commercial programs (e.g., solely 
emphasizing local muscular endurance or body 
fat reduction). In addition, proper nutrition and 
lifestyle behaviors can support training goals and 
facilitate physical development. A careful eval-
uation of the training goals and the equipment 
needed for achieving them can avoid wasted time, 
money, and effort. Trainees must also remember 
that as they progress in a training program, their 
goals will change, and programming must be 
changed accordingly.

Prioritization of Training goals
Although any strength training program will result 
in a host of concomitant adaptations in the body, 
prioritizing training goals helps the program 
designer create the optimal stimulus. For example, 
although performing four sets of 3RM in a partic-
ular exercise will enhance power by affecting the 
force component of the power equation, it does 
not address the velocity component of the power 
equation. Thus, a program that also has workouts 
(six sets of three repetitions at 30% of 1RM) or 
training cycles that address this goal will optimize 
power development. This becomes even more 
important as training progresses and the window 
of adaptation for performance decreases. Priorities 
for a specific goal can be set for a workout, a spe-
cific training phase or cycle, or a period of time. 
Many periodization models take this concept into 
consideration by manipulating the exercise stimuli 
used either over a training cycle (linear periodiza-
tion) or weekly (daily nonlinear periodization).

Although different resistance training programs 
can produce different effects in the body related to 
the production of force and the development of 
muscle, the careful examination of a conditioning 
program is crucial when other forms of exercise 
are included. Program designers must carefully 

consider the compatibility of training types as they 
relate to a specific goal (see chapter 4). Placing 
too much emphasis on long-distance running 
to maintain a low body mass in sports such as 
gymnastics or wrestling, for instance, can be det-
rimental to the power development vital for these 
sports. Conversely, the typical fitness enthusiast 
may not be as concerned with any negative effects 
on power development if the primary goal is body 
mass control and cardiovascular health. In this 
case, power capabilities take second place in the 
goals of the conditioning program. However, ath-
letes who are serious about recreational basketball 
league play and performance, for example, may 
want to consider training for vertical jump power 
and cardiorespiratory fitness by using an interval 
training program. Other types of conditioning 
elements must also be examined in the context 
of the resistance training program. These include 
plyometric training, sprint training, flexibility 
training, weight-gain and weight-loss programs, 
and sport practice and competitions.

Prioritization of training goals and the associ-
ated program designs must be considered in the 
more global context of the person’s entire exercise 
exposure. The key is to detect any competing exer-
cise stimuli that will compromise recovery or the 
achievement of a specific high-priority training 
goal. The simultaneous development of training 
goals often requires careful partitioning of the 
program’s design over time either within a week 
or within a training cycle.

Individualization
Little individualization occurs in today’s com-
mercial, video, and Internet programs. Random 
workouts created by online programs cannot 
achieve the individualization needed for proper 
progression and safe participation. Each program 
must be designed to meet the individual’s needs 
and training goals. The teacher, personal trainer, 
coach, and trainee must all evaluate and under-
stand the trainee’s fitness level. Keep in mind, 
however, that a person’s fitness level should not 
be evaluated until it is determined that the person 
can tolerate the demands of the test (e.g., 1RM 
strength test) and that the data generated are reli-
able and meaningful (Kraemer, Fry, Ratamess, and 
French 2006). One of the most serious mistakes 
made in designing a workout is placing intolerable 
levels of stress on the trainee (i.e., “too much, too 
soon”). Insufficient rest between sets and exercises, 
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excessive volume, excessive intensity, no individ-
ual progression beyond “do what you can,” too 
many workouts in a row without rest days, and no 
formal programming variation are just a few of the 
many potential barriers to optimal progression in 
a resistance training program.

Progress in a resistance training program should 
follow the staircase principle (see figure 5.10). A 
person begins a training session at a particular 
strength level. During the training session, strength 
decreases as a result of fatigue; at the conclusion 
of the session, strength is at its lowest point. 
After recovering from the first session, the person 
should begin the next training session at a slightly 
higher strength level. This staircase effect should 
be observable as training sessions, weeks, months, 
and years progress and the person approaches 
his or her genetic potential. (This principle may 
be intentionally violated during a functional 
overreaching period, because training volume 
is subsequently decreased to allow the trainee 
to experience supercompensation (a dramatic 
improvement in the exercise goal).) Designing 
training programs that demonstrate this staircase 
effect is the biggest challenge in the field of resis-
tance training.

Computerized training equipment as well 
as mobile and handheld devices have greatly 
enhanced our ability to monitor feedback and 
truly achieve individualized resistance training 
programs for large groups of people. Designers 
of training programs for athletic teams or large 
fitness facilities commonly distribute a generalized 
program for all to follow. Generalized programs do 

not produce the same results in each person, and in 
sports different positions can require very different 
training programs. Thus, general programs written 
for a particular group of people or sport should 
be viewed as a starting point for each person. 
Additions, deletions, changes, and progressions 
can then be applied to meet individuals’ rates of 
progression and needs. This applies to athletes as 
well as to those training for general fitness.

summary
The combination of program variables makes up 
the exercise stimuli configuration that is presented 
to the body in a resistance training program. The 
purpose of program design is to produce the most 
effective combination of training variables to create 
the desired stimuli so that adaptation will occur in 
the manner desired. In many ways the prescription 
of resistance exercise has for a long time been more 
of an art than a science, leading to many myths, 
fads, and commercial systems that are related more 
to philosophy than to fact. However, the growing 
number of scientific studies on resistance training 
continues to expand our understanding and can 
play a vital role in the exercise prescription process.

No matter how much science is available, 
the responsibility for making sound decisions 
concerning each program rests with the coach, 
the personal trainer, or the trainee. In each case 
a greater understanding of the knowledge base 
will help with training guidelines and offer initial 
answers to questions of program design. Program 
decisions should be based on a sound rationale 
and have some basis in scientific fact.

This chapter addressed the developmental pro-
cess of program design. The next chapter offers 
descriptions of many systems of resistance train-
ing that have evolved over time. Chapter 7 covers 
long-term resistance exercise programming, with a 
particular emphasis on training periodization. The 
foundation presented in this chapter will help you 
understand the basis for both of these concepts.
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After studying this chapter, you should be able to

1. describe the acute training variables that must be known to perform a training system 
or training technique,

2. discuss the advantages of single-set and multiple set training programs,

3. describe different exercise order training systems,

4. describe training techniques, such as cheating, sets to failure, forced repetitions, partial 
repetitions, and vascular occlusion,

5. describe specialized training systems, such as functional isometrics, implement, vibra-
tion, negative, unstable surface, extreme, and chain training, and

6. discuss what is known from research concerning training techniques and specialized 
training systems.

people. Generally, specific systems and techniques 
are not popular because they have been scientif-
ically shown to be superior to other systems or 
techniques in terms of bringing about changes 
in strength, power, or body composition. Rather, 
they are popular because they have been used and 
marketed by an individual, group, or company. A 
system or technique may also be popular with a 
specific group because of administrative consid-
erations, such as taking less time to perform than 
another system or technique.

A great deal of speculation exists about why var-
ious systems and techniques are effective and how 
they physiologically cause training adaptations. 
Generally, more research is needed, especially in 
resistance-trained people, concerning the effec-
tiveness of all training systems and techniques. 
In particular, long-term studies (i.e., six months 
or longer) are needed to demonstrate whether 
a particular system or technique brings about 
continued gains in fitness or results in a training 

Resistance Training  
Systems and Techniques

6

Most resistance training systems and tech-
niques were designed by strength coaches, pow-
erlifters, Olympic weightlifters, bodybuilders, or 
personal trainers. Systems were, for the most part, 
originally designed to meet the needs and goals 
of specific groups, and the majority were designed 
for young, healthy adults or athletes. The needs 
and goals of a group include not only training 
outcomes, such as increased strength or changes 
in body composition, but also administrative 
concerns, such as the total training time available, 
the type of training traditionally performed, and 
equipment availability.

The fact that a system or technique has been 
used by enough people to have name recogni-
tion indicates that it has a good success rate in 
bringing about desired training adaptations for 
a particular group. However, virtually any weight 
training system or technique performed consis-
tently will bring about training adaptations over 
short training periods, especially in untrained 
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plateau after several months. Knowledge of the 
various systems and techniques is of value when 
designing a training program to meet the goals and 
needs of, as well as to address the administrative 
concerns for, a particular individual or group. Such 
knowledge is also helpful when a training plateau 
is encountered, because a change in training is one 
way to move beyond a training plateau.

The variety of training systems and techniques 
demonstrates the vast array of acute training 
variable combinations that have been used and 
the almost limitless combinations that are pos-
sible (see box 6.1). Many practitioners adopt 
one training system or technique and then apply 
only that system to all trainees for long periods of 
time. Using nonvaried training over the course of 
months can lead to a training plateau in strength, 
power, and body composition (Kraemer et al. 
2000; Kraemer, Häkkinen et al. 2003; Marx et al. 
2001; Willoughby 1993). Additionally, the indef-
inite use of one system or technique can result in 
strength plateaus in certain exercises after months 
of training (Willoughby 1993). Thus, the indefinite 
use of a single system or technique can lead to 
less-than-optimal fitness gains. The use of different 
training systems or techniques is one way to bring 
training variation into a program thereby helping 
to avoid training plateaus.

One common mistake novice practitioners 
make is assuming that a system or technique used 
by a champion bodybuilder, powerlifter, Olympic 
weightlifter, or other type of athlete is the best 
system or technique for a novice lifter or recre-

ational athlete. Programs used by elite athletes are 
often too intense or have a training volume that is 
too high for the novice lifter or recreational athlete. 
Elite athletes may have taken years of training to 
achieve the fitness levels necessary to tolerate and 
to make physiological adaptations with the pro-
grams they use. Elite strength and power athletes 
may also have a genetic potential to tolerate the 
high-intensity or high-volume programs they use 
and still achieve gains in strength, power, and 
hypertrophy.

A training record is invaluable for determining 
which training system or variation of a system or 
technique works best for an individual, group, 
or team. Without a detailed record of workouts, 
trainees will not remember the progression in 
enough detail to repeat it. Furthermore, the sets, 
repetitions, exercises, and resistances used in 
a program need to be documented to plan the 
next training session and training phase. Training 
records answer many questions about people’s 
responses to particular programs, including which 
systems or techniques work best and how long they 
can continue with a particular training technique 
before reaching a plateau. Training logs are also 
motivational because trainees can see their prog-
ress over the course of weeks or months of training.

Single-Set Systems
The single-set system, the performance of each 
exercise in a program for one set, is one of the 
oldest resistance training systems. The effects of 

Box 6.1 PRAcTicAl QueSTion

What needs to Be Known to use a System  
or Technique correctly?

With any type of resistance training program, technique, or system, the traditional acute program 
variables need to be known. These include the number of repetitions per set, resistance used, exer-
cises, exercise order, rest between sets and exercises, sets per exercise, and velocity of movement. 
A complete description might also include the training frequency per week, the total time under 
tension, the amount of rest between repetitions (if any), the time distribution of contraction types 
(concentric, eccentric, isometric) during repetitions, the range of motion of the exercise, whether 
sets are carried to failure, and the recovery between training sessions. Some systems or techniques 
describe additional variables, such as the rest between repetitions during the rest-pause technique. 
Many systems and techniques require descriptions of not only the traditional acute training vari-
ables, but also these additional variables. Before using a particular resistance training technique or 
system, a complete understanding of all of the acute program variables is necessary. However, many 
do not describe all of the acute training variables, making them difficult to follow.

?
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single and multiple sets when performing various 
types of resistance training were discussed exten-
sively in chapter 2. A single-set system described 
in 1925 (Liederman 1925) consisted of heavy 
resistances and a few repetitions per set with a 
five-minute rest between exercises. Single-set sys-
tems are still popular and have been recommended 
as a time-efficient way to develop and maintain 
muscular fitness in novice and older weight train-
ers (American College of Sports Medicine 2011).

Single-set systems do result in significant 
increases in strength and significant changes in 
body composition (American College of Sports 
Medicine 2009). Some studies report no significant 
difference in strength gains between nonvaried 
single- and multiple-set programs in untrained 
people, whereas other studies show a superiority 
of multiple-set programs (American College of 
Sports Medicine 2009). This discrepancy may 
be due in part to the length of the studies. Some 
comparisons of nonvaried multiple-set systems 
and nonvaried single-set systems report no signif-
icant difference in strength gains during the first 
16 weeks of training; however, generally, studies 
lasting 17 to 40 weeks show that multiple-set 
programs result in greater strength gains than 
single-set programs (American College of Sports 
Medicine 2009; Wolfe, LeMura, and Cole 2004). 
Meta-analyses support that longer training dura-
tions with multiple sets do result in greater strength 
gains and that multiple-set programs are superior 
to single-set programs for strength gains in both 
untrained and trained people (Rhea et al. 2003; 
Rhea, Alvar, and Burkett 2002; Wolfe, LeMura, 
and Cole 2004). Interestingly, the difference in 
strength gains between single- and multiple-set 
programs may be greater in untrained people than 
in trained people (Rhea, Alvar, and Burkett 2002). 
Comparisons of various multiple-set periodized 
systems to nonvaried single-set systems show the 
periodized systems to result in greater increases 
(and in many cases, significantly greater increases) 
in strength and motor performance, as well as body 
composition changes (Fleck 1999; Kraemer et al. 
1997, 2000; Marx et al. 2001).

A single-set system results in significant strength 
gains, especially during the initial weeks of train-
ing (6-16 weeks). However, over longer training 
periods, multiple-set programs produce greater 
strength gains and may be needed to increase train-
ing volume enough to cause continued strength 
gains (American College of Sports Medicine 2009). 

Single-set systems are a reasonable choice for those 
with limited time for resistance training and for 
athletes during an in-season program or any other 
training phase when less time can be dedicated to 
resistance training.

express circuits
Personal trainers have developed express circuits 
for clients with minimal time available for resis-
tance training, as well as any other type of fitness 
training. Express circuits are typically variations of 
a single-set system. Normally, the person performs 
one set of 6 to 12 repetitions of each exercise with 
30 seconds to one minute of rest between exercises. 
Express circuits have been developed using both 
multijoint and single-joint exercises and typically 
involve at least one exercise for each major muscle 
group. Depending on the choice of exercise, this 
results in approximately 8 to 10 exercises per ses-
sion. An express circuit has all the advantages and 
limitations of a single-set system.

Multiple-Set Systems
A  multiple-set system can  involve performing 
multiple sets with the same resistance or multiple 
sets with varying resistances (i.e., heavy to light, 
light to heavy), with varying numbers or the same 
number of repetitions per set and with all, some, 
or no sets carried to volitional fatigue. Virtually 
any training system that consists of more than one 
set of an exercise can be classified as a multiple-set 
system. One of the original multiple-set systems 
consisted of two or three warm-up sets of increas-
ing resistance followed by several sets at the same 
resistance. This training system became popular 
in the 1940s (Darden 1973) and appears to be 
the forerunner of the vast array of the multiple-set 
systems of today.

Meta-analyses indicate that multiple-set pro-
grams result in greater strength (Peterson, Rhea, 
and Alvar 2004; Rhea et al. 2003; Rhea, Alvar, and 
Burkett 2002; Wolfe, LeMura, and Cole 2004) and 
hypertrophy (Krieger 2010) gains than single-set 
programs. When considering the number of sets, 
trainers need to distinguish between the number 
of sets per exercise and the number of sets per 
muscle group. For example, if two sets of two types 
of arm curl are performed, the biceps perform 
four sets. Meta-analyses indicate that four sets per 
muscle group for trained and nontrained people 
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(Rhea, Alvar, and Burkett 2002), and eight sets 
per muscle group for trained people (Peterson, 
Rhea, and Alvar 2004) produce near-maximal 
strength gains. As discussed earlier in the section 
on single-set systems, meta-analyses also indicate 
that strength gains may be more pronounced 
as a result of performing multiple sets and that 
greater strength gains with multiple-set programs 
may be more apparent with longer training dura-
tions (17-40 weeks) compared to shorter training 
durations (6-16 weeks). However, performance of 
a multiple-set system with no change in training 
variables for long periods of time can result in a 
plateau in strength (Willoughby 1993).

Although multiple-set programs generally 
produce significantly greater fitness gains than 
single-set programs, this is not always the case. For 
example, training three days per week with either 
a three- or one-set program with similar training 
intensity (percentage of 1RM) showed lower-body 
strength and muscle hypertrophy, but not upper-
body strength and hypertrophy, to be greater with 
three sets (Ronnestad et al. 2007). Additionally, 
comparisons (see chapter 7) of periodized multi-
ple-set systems and nonvaried multiple-set systems 
have generally shown the periodized systems to 
result in greater fitness gains.

circuit System
Circuit systems consist of a series of resistance 
training exercises performed in succession with 
minimal rest (15 to 30 seconds) between exercises. 
Typically, approximately 10 to 15 repetitions of 
each exercise are performed per circuit with a resis-
tance of 40 to 60% of 1RM. One to several circuits 
of the exercises can be performed. However, when 

one set of each exercise is performed, the training 
protocol would more likely be termed an express 
circuit. The exercises can be chosen to train any 
muscle group. This system is very time efficient 
when large numbers of people are trained, because 
each piece of equipment is in virtually constant 
use. It is also very time efficient for those with a 
limited amount of training time (see box 6.2).

The use of 40 to 60% of 1RM for 10 to 15 repe-
titions for some exercises will result in the set not 
being performed close to volitional fatigue and 
therefore may limit gains in maximal strength. 
In untrained and trained males and females, the 
number of repetitions in a set carried to volitional 
fatigue of the leg press ranges from 78 to 146 rep-
etitions when 40% of 1RM is used and from 34 to 
57 repetitions when 60% of 1RM is used (Hoeger 
et al. 1990). Substantially more than 15 repetitions 
per set of the lat pull-down can also be performed 
at these percentages of 1RM. Thus, if one goal of 
a circuit system is to increase maximal strength, it 
may be advisable to increase the percentage of 1RM 
used in many exercises or design the circuit using 
10- to 15RM resistances or close to RM resistances 
for the exercises.

As expected, a circuit program (three sets 3 10 
repetitions per set at 12RM) using approximately 
67% of 1RM does increase heart rate, blood pres-
sure, and oxygen consumption (Ortego et al. 2009). 
However, there are some differences between the 
sexes. Men demonstrated a significantly greater 
oxygen consumption, total energy expenditure, 
and systolic, but not diastolic, blood pressure 
during the circuit than women did. Average heart 
rate increased for both men and women during the 
three circuits and reached approximately 86% of 

Box 6.2 PRAcTicAl QueSTion

What Are the exercises in a Typical  
circuit Weight Training Program?

The exercises included in a circuit weight training program can vary depending on the goals of the 
program. However, circuit weight training is often designed as a total-body program using an alter-
nating exercise order (see the section Exercise Order Systems later in this chapter) with multijoint 
exercises used at the beginning of circuits. Many circuits are also performed using weight training 
machines because this allows quick changes in the resistance when several people (or more) are 
performing the same circuit at the same time. The number of circuits can be increased as the person 
adapts to the training. An example of a total-body circuit weight training program is as follows: leg 
press, chest press, leg curl, lat pull-down, leg extension, overhead press, calf raise, arm curl, back 
extension, triceps extension, and abdominal crunch.

?
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maximal heart rate for both sexes during the third 
circuit (i.e., there was no significant difference 
between the sexes).

The preceding acute effects of circuit train-
ing support the proposed benefit of a circuit 
system on cardiorespiratory fitness. This benefit 
is in part related to the use of short rest periods 
between exercises, which results in the heart 
rate remaining elevated during the entire circuit 
compared to traditional longer rest periods (35 
seconds vs. 3 minutes) during a training session 
(Alcaraz, Sanchez-Lorente, and Blazevich 2008). 
Circuit programs do increase maximal oxygen 
consumption, but the increase can vary substan-
tially. Generally, short-duration (8-20 weeks) 
circuit systems increase peak oxygen consumption 
approximately 4 and 8% in healthy men and 
women, respectively (Gettman and Pollock 1981). 
However, the increase can vary substantially. For 
example, in college-aged women and men, circuit 
training results in an increase of approximately 
10% and 0%, respectively (Wilmore et al. 1978). 
Formerly sedentary people show an increase of 
12% (Camargo et al. 2008) in maximal oxygen 
consumption. Postmenopausal women with low 
pretraining (24 ml · kg–1 · min–1) peak oxygen 
consumption performing circuit training in a 
periodized manner (progressing from 45-50% 
1RM for two sets of 15-20 repetitions per set to 
55-60% 1RM for three sets of 10-12 repetitions 
per set) during 24 weeks of training significantly 
increased peak oxygen consumption (18.6%; 
Brentano et al. 2008). One-repetition maximum 
strength in both the upper (26.4%) and lower 
(42.2%) body also increased significantly. Thus, 
the increase in peak oxygen consumption may 
vary substantially depending on the population 
performing circuit training, and when initial peak 
oxygen consumption is low, greater gains in peak 
oxygen consumption can be expected.

If one goal of a weight training system is to 
increase cardiorespiratory endurance, then a vari-
ation of a circuit is a good choice. However, to 
meet that goal, a traditional endurance training 
component, such as running, cycling, elliptical 
training, or swimming, needs to be included in 
the total training program.

There are many possible variations of a circuit 
program. One is the peripheral heart action system, 
in which the training session is divided into sev-
eral sequences (Gaja 1965). A sequence is a group 
of four to six exercises, each for a different body 
part. The number of repetitions per set of each 
exercise in a sequence varies with the goals of the 
program, but normally 8 to 12 repetitions per set 
are performed. One training session consists of 
performing all of the exercises in the first sequence 
three times in a circuit fashion. The remaining 
sequences are then performed one after the other 
in the same fashion as the first sequence. An exam-
ple of the exercises in a peripheral heart action 
training session is given in table 6.1.

The triset system is similar to the peripheral 
heart action system in that it incorporates groups 
or sequences of exercises. As the name implies, it 
consists of groups of three exercises. The exercises 
performed in a triset are for the same major body 
segment, such as the arms or the legs, but they can 
train different muscle groups as well. Little or no 
rest between exercises is allowed, and normally 
three sets of each exercise are performed. The exer-
cises constituting a triset are, for example, the arm 
curl, triceps extension, and military press. Trisets 
are one of the dynamic types of resistance training 
compared in table 6.2 for isometric strength gains 
and were shown to be very effective for increasing 
isometric strength.

Both of these circuit system variations (periph-
eral heart action and triset) are fatiguing and 
result in maintenance of a relatively high heart 

TaBle 6.1 example of a Four-Sequence Peripheral Heart Action Training Session
Sequence

Body part 1 2 3 4

Chest Bench press Incline press Decline bench Chest fly

Back lat pull-down Seated row Bent-over row T-bar row

Shoulders Military press Upright row lateral raise Front shoulder raise

legs Squat Knee extension Back squat Split squat

abdomen Sit-up Crunch Roman chair sit-up V-up
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rate during training. Therefore, both are proba-
bly reasonable choices, as are all types of circuit 
programs, when the training goal is to increase 
cardiorespiratory fitness as well as local muscular 
endurance.

Drop, or Strip, Sets
Drop, or strip, sets involve performing a set of 
an exercise to volitional fatigue, dropping, or 
stripping, some resistance, and then performing 
another set of the same exercise to volitional 
fatigue. Normally, little or no rest is used between 
sets, and although any number of repetitions per 
set could be performed, 8 to 12 are typical. Body-
builders and some fitness enthusiasts use this 
type of training to increase muscle hypertrophy, 
but it may also result in gains in local muscular 
endurance. Decreasing the resistance and perform-
ing more sets can be repeated as often as desired, 
although two or three drop sets per exercise are 
usually performed.

Gains in 1RM over nine weeks of training were 
significantly greater for the biceps curl (13.2 vs. 
8.2%) and bench press (16.5 vs. 10.6%) with 
three sets of 6 to 10 repetitions using drop sets 
compared to one set of 6 to 10 repetitions (Hum-
burg et al. 2007). Although one-legged leg press 
ability showed greater 1RM gains (right and left 
leg,13.3 vs. 9.7% and 15.5 vs. 9.4%) with the 
three-drop-set program, no significant difference 
was noted between the three-drop-set and the 
one-set programs. Both training programs used 
sets to failure (see the section Sets to Failure Tech-
nique later in this chapter). The results indicate 
that drop sets do result in increased strength but 
offer no information about how this technique 
compares with other techniques. The results do 
suggest that drop sets for multiple sets result in 
greater strength increases than a one-set program 

and that this comparison is affected by differences 
in training volume.

One goal of this type of training is to main-
tain the total training volume by maintaining 
the number of repetitions per set, but it must be 
remembered that decreasing resistance will result 
in a decrease in total training volume. Performing 
successive sets using the same resistance and rel-
atively short rest periods (e.g., one minute) does 
result in a decrease in the number of repetitions in 
successive sets. For example, back squats for four 
sets at an 8RM resistance results in 5.93, 4.47, and 
4.20 repetitions per set in the second to fourth 
sets, respectively (Willardson and Burkett 2005). 
Similarly, back squats for five successive sets at 
15RM result in 10.67, 8.40, 6.27, and 6.33 repeti-
tions per set in the second to fifth sets, respectively 
(Willardson and Burkett 2006).

To maintain the number of repetitions per set 
at approximately 10 using a 10RM resistance with 
a one-minute rest between sets of each exercise 
and two minutes between exercises in three con-
secutive sets each of the back squat, knee curl, and 
knee extension requires a decrease in resistance 
per set of approximately 15% (Willardson et 
al. 2010). Decreases in resistance of 5 and 10% 
resulted in a decrease in the number of repetitions 
per set of the back squat and knee curl, the first 
two exercises performed. For example, with a 5% 
decrease in resistance, the mean number of repeti-
tions for all three sets of the back squat was eight. 
Surprisingly, even though the knee extension was 
performed last in the exercise sequence, decreases 
in resistance were not necessary for maintaining 
approximately 10 repetitions per set. This indi-
cates that the effect of decreasing resistance on the 
number of repetitions per set may vary depending 
on the exercise or be affected by where the exercise 
is in a sequence of exercises. Previous resistance 

TaBle 6.2 comparison of isometric Strength Gains From eight Resistance Training 
Systems 

cheat Delorme
Descending 
half-triangle

Double  
progressive isometrica oxford Superset Triset

elbow flexion 23* 9* 11* 7 0 7* 12* 25*

elbow extension 66** 16 9** 25* 35* 28** 9 30**

Back and leg 27* 0 24* 13 –5 11 21* 17*

Strength values given are percentage changes from pre- to posttraining; **significant increase pre- to posttraining at 0.01 level of 
significance; *significant increase pre- to posttraining at 0.05 level of significance; a isometric training consisted of one maximal action 
6 seconds in duration; oxford is a heavy-to-light system; Delorme is a light-to-heavy system.

adapted, by permission, from J.R. leighton et al., 1967, “a study of the effectiveness of ten different methods of progressive resistance exercise on the 
development of strength, flexibility, girth and body weight,” Journal of the Association for Physical and Mental Rehabilitation 21: 79.
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training with the goal of increasing local muscular 
endurance (moderate resistance and short rest 
periods) may also affect the ability to maintain 
a certain number of repetitions per set with no 
change in resistance or result in smaller decreases 
in the resistance needed to maintain the same 
number of repetitions per set.

Other names, such as multi-poundage and 
breakdown training, are used to describe drop sets. 
To some, these other names are synonymous with 
drop sets; to others, they imply a variation of this 
type of training. The multi-poundage system uses 
drop sets with a 4- or 5RM resistance for four or 
five repetitions in the first set. After the first set the 
resistance is decreased and the trainee performs 
another set of four or five repetitions. This proce-
dure continues for several sets (Poole 1964).

In breakdown training, after the trainee carries a 
set to voluntary muscular fatigue, the resistance is 
immediately reduced so that an additional two to 
four repetitions can be performed. A comparison 
of breakdown training to traditional training indi-
cates greater strength increases with breakdown 
training (Westcott 1994). Both types of training 
were performed for one set of 10 to 12 repetitions 
at a 10- to 12RM resistance for one month. During 
the next month of training half of the subjects 
continued with this program while the other half 
performed breakdown training. After reaching 
volitional fatigue, the resistance used by subjects 
performing breakdown training was reduced by 
10 lb (4.5 kg), and they performed an additional 
two to four repetitions. The average increase in 
resistance used for training was 7 lb (3.2 kg) more 
with breakdown training at the end of the two 
months of training. The study did not statistically 
analyze whether this difference between groups 
was significant. Because one group performed the 
same training program for the entire two months 
of training while the other group performed one 
type of training for one month and another type 
(breakdown training) for the second month, these 
results could be interpreted to mean that train-
ing variation and not breakdown training per se 
resulted in the additional strength gain. However, 
the project does indicate that breakdown training 
can increase strength in untrained people.

Safe performance of any drop set variation 
with free weights requires one or two spotters. If 
machines are used, spotters may not be needed. 
Additionally, this type of training is very fatiguing 
and will probably result in a significant amount of 

muscle soreness at first. Therefore, drop sets should 
be introduced into any training program slowly.

Triangle, or Pyramid, System
Many powerlifters and people interested in 
increasing 1RM lifting ability use triangle, or pyr-
amid, systems. A complete triangle, or pyramid, 
system begins with a set of 10 to 12 repetitions with 
a light resistance. The resistance is then increased 
over several sets so that fewer and fewer repetitions 
are performed, until only a 1RM is performed. 
Then the same sets and resistances are repeated 
in reverse order, with the last set consisting of 10 
to 12 repetitions (see figure 6.1). Generally, the 
resistance used and the number of repetitions 
performed are close to RMs. Any combination of 
repetition numbers per set can be termed a triangle 
system as long as the number of repetitions per set 
initially decreases and then increases.

light-to-Heavy System
As the name implies, the light-to-heavy system 
involves progressing from light to heavy resis-
tances. One type of light-to-heavy system is the 
ascending half triangle, or ascending half-pyramid 
(see figure 6.1). In this system the person performs 
only the first half of a triangle system by progress-
ing from higher numbers of repetitions per set with 
light resistances to fewer numbers of repetitions 
per set with heavier resistances. A variation of an 
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FiGuRe 6.1 a system that consists of sets that progress 
from light to heavy resistances is called a light-to-heavy 
system (ascending half triangle). one that progress from 
heavy to light resistances is called a heavy-to-light system 
(descending half triangle). a full triangle, or pyramid, con-
sists of both the ascending and descending portions of 
the triangle.
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ascending half triangle system was one of the more 
effective systems for increasing isometric back and 
leg strength in the study results shown in table 6.2.

One variation of the light-to-heavy system 
became popular in the 1930s and 1940s among 
Olympic lifters (Hatfield and Krotee 1978). It con-
sists of performing a set of three to five repetitions 
with a relatively light resistance. Five pounds (2.3 
kg) are then added to the resistance, and another 
set of three to five repetitions is performed. This 
is continued until only one repetition can be per-
formed. The Delorme regime, one of the earliest 
light-to-heavy systems scientifically examined, 
consists of three sets of 10 repetitions with the 
resistance progressing from 50 to 66 to 100% 
of 10RM in successive sets. This system causes 
significant increases in strength over short-term 
training periods (Delorme, Ferris, and Gallagher 
1952; Delorme and Watkins 1948). The Delorme 
system was evaluated in the study results shown in 
table 6.2 and demonstrated a significant increase 
in isometric elbow flexion, but no significant 
increases in isometric elbow extension or back 
and leg strength.

Heavy-to-light System
In a heavy-to-light system, after a few warm-up 
sets, the heaviest set is performed, and then the 
resistance is reduced for each succeeding set. Some 
heavy-to-light systems can also be termed descend-
ing half triangle, or descending half pyramid, 
systems (see figure 6.1). In this type of heavy-to-
light system (a descending half triangle) the first 
set performed is the heaviest set with the fewest 
repetitions; the resistance is then decreased and 
the number of repetitions is increased.

The Oxford system, a relatively old training 
system, is a heavy-to-light system consisting of 
three sets of 10 repetitions progressing from 100 
to 66 to 50% of 10RM in each successive set. 
Significant gains in strength have been demon-
strated with this system (McMorris and Elkins 
1954; Zinovieff 1951). The Oxford system was 
evaluated in the study depicted in table 6.2 and 
demonstrated significant increases in isometric 
elbow flexion and elbow extension, but a non-
significant change in back and leg strength. Com-
parisons of the heavy-to-light Oxford system and 
light-to-heavy DeLorme systems are equivocal 
in terms of strength gain. One study found the 
heavy-to-light system to be superior to the light-

to-heavy system in strength gains, but indicated 
that further research is necessary (McMorris and 
Elkins 1954). The study results shown in table 6.2 
found little difference between the Delorme and 
Oxford systems for increasing isometric elbow 
flexion strength, but found that the heavy-to-light 
Oxford system was superior to the light-to-heavy 
Delorme system for increasing isometric elbow 
extension and back and leg strength.

Double Progressive System
The double progressive system could be described 
as a descending half triangle followed by an 
ascending half triangle; however, during the first 
several sets, or the descending portion, the resis-
tance is not changed. In the double progressive 
system both the number of repetitions per set and 
the resistance used are varied. During the first sev-
eral sets the resistance is held constant while the 
number of repetitions per set is increased until a 
specified number of sets has been performed. The 
resistance is then increased and the number of 
repetitions per set decreased until the number of 
repetitions performed has returned to the number 
performed in the first set. This process is then 
repeated for each exercise performed. An example 
of this system is given in table 6.3. Of the systems 
compared in table 6.2 the double progressive 
system appears to be one of the least effective for 
increasing isometric strength. The double progres-
sive system is very time-consuming. Additionally, 
the first sets appear to be warm-up sets, as they 
are not performed close to volitional fatigue and 
because more repetitions with the same resistance 
in the following sets can be performed. Although 

TaBle 6.3 example of the Double  
Progressive System

Set Repetitions
Resistance  
(lb/kg)

1 4 120/54.4

2 6 120/54.4

3 8 120/54.4

4 10 120/54.4

5 12 120/54.4

6 10 140/63.5

7 8 160/72.6

8 6 175/79.4

9 4 185/83.9
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minimal research is available, the research we do 
have indicates that the use of the double progres-
sive system is unwarranted.

exercise order Systems
Exercise order systems dictate the order in which 
exercises are performed. There are two major types 
of exercise order. The first, which involves not 
performing exercises for a particular muscle group 
in succession, is called alternating muscle group 
order. The second involves performing exercises 
for the same muscle group in succession and is 
commonly termed stacking exercise order. All 
exercise order systems are some derivation of these 
two concepts.

A comparison of an alternating muscle group 
order of three sets of two exercises (bench press 
and bench pull) using 4RM and a traditional 
exercise order of performing all three sets of each 
exercise in succession offers some insight into the 
effect of an alternating exercise order (Robbins et 
al. 2010c; Robbins, Young, and Behm 2010). This 
type of alternating muscle group order (i.e., per-
forming one set of an exercise and then performing 
one set of another exercise using muscle groups 
antagonistic to those used in the first exercise) 
has been termed paired set training, but could 
also be termed an agonist–antagonist superset 
(see the section Supersetting Systems later in 
this chapter). The rest periods between exercises 
in the alternating muscle group order were two 
minutes, which resulted in approximately four 
minutes between successive sets of an exercise. 
The rest period in the traditional exercise order 
was four minutes between sets. Although the total 
rest period between sets of the same exercise was 
four minutes in both exercise orders, the time to 
perform the alternating exercise order was half (10 
vs. 20 minutes) of that to perform the traditional 
exercise order.

One advantage of an alternating muscle group 
order is that it provides some recovery for the 
muscle groups used in the other exercise. This 
advantage was not substantiated by EMG activity, 
which was the same with both exercise orders. 
However, it was substantiated by the total training 
volume, which showed a smaller decrease from 
the first to thirds sets with the alternating exercise 
order (bench press 36 vs. 51% and bench pull 17 
vs. 35%).

Flushing
The flushing system was developed by bodybuild-
ers to produce hypertrophy, definition, and vascu-
larity. The number of exercises, sets, repetitions per 
set, and rest periods is not clearly defined. Flushing 
involves performing two or more exercises for the 
same muscle group, which is a stacking exercise 
order, or for two muscle groups in close proximity 
to each other. The hypothesis behind flushing is 
to keep blood in the muscle group or groups for 
a long period of time. Advocates for this system 
believe that this will develop muscle hypertrophy. 
Many bodybuilders do train a muscle group with 
several exercises in succession during the same 
training session, so practical experience indicates 
that this practice may result in hypertrophy. 
Because it is unknown how blood flow mediates 
changes in hypertrophy, such mechanisms are 
speculative. It could be hypothesized that higher 
blood flow allows more of the natural anabolic fac-
tors found in the blood, such as growth hormone 
or testosterone, to bind to receptors in muscle and 
connective tissue, or that increased blood flow 
increases the availability of necessary nutrients for 
protein synthesis.

Flushing does result in increased temporary 
hypertrophy, or the "pump" caused by weight 
training. Increased cell volume as a result of 
increased water content has been shown to be 
one of the regulating factors of protein synthesis 
(Waldegger et al. 1997). Over time, this could 
result in increased muscle hypertrophy. However, 
the effectiveness of the flushing system to increase 
hypertrophy is unknown because supporting sci-
entific evidence is lacking.

Priority System
The priority system can be applied to virtually all 
resistance training systems. It involves performing 
the exercises that apply to the training program’s 
major goal(s) early in a training session, so they 
can be performed with maximal intensity for the 
desired number of repetitions. For example, if 
single-joint exercises involving the muscles used 
in the squat or bench press are performed before 
the priority exercises, total force (repetitions 3 
weight lifted) will be less and fatigue rate greater 
in the bench press and squat (Sforzo and Touey 
1996; Simão et al. 2005, 2007). The same is true 
for the single-joint exercises if the exercise order 
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is reversed. If exercises relating to the program’s 
major goal(s) are performed late in the training 
session, fatigue may prevent the trainee from 
using maximal resistances for the desired number 
of repetitions, which may limit adaptation to the 
training.

Consider a bodybuilder whose weakest muscle 
group in terms of definition and hypertrophy is 
the quadriceps group. Using the priority concept, 
exercises for the quadriceps group would be per-
formed at the beginning of the training session. A 
basketball coach may decide that a power forward's 
greatest weakness is lack of upper-body strength, 
which causes the player to be pushed around under 
the boards. Thus, major upper-body exercises 
would be placed at beginning of the training ses-
sion for this player. Likewise, an American football 
or rugby player may want to promote strength and 
power development of the hips and low back, 
and therefore would perform exercises meant to 
develop this characteristic, such as hang cleans and 
squats, at the beginning of the training session.

Supersetting Systems
Supersetting has evolved into two distinct sys-
tems. One involves performing alternate sets of 
two exercises for agonist and antagonistic muscle 
groups of one body part. Examples of this type of 
supersetting are arm curls alternated with triceps 
extensions, or knee extensions alternated with knee 
curls. Significant increases in strength from this 
type of supersetting have been reported (see table 
6.2). Of the eight systems compared in table 6.2, 
this type of supersetting is one of the most effective 
for increasing back and leg isometric strength. The 
earlier discussion of a superset using 4RM, which 
is higher than the normal intensity of 8 to -12RM 
typically used in a superset, indicates that supersets 
of agonist and antagonist muscle groups do allow 
greater training volume compared to a traditional 
exercise order.

Some evidence indicates that bench press power 
can be acutely increased (4.7%) by one set (eight 
repetitions) of an exercise involving the upper 
back musculature, the antagonists of the muscles 
involved in the bench press (Baker and Newton 
2005). However, performing an isokinetic set 
of knee flexion (antagonist) followed by knee 
extension (agonist) for three sets in an alternating 
fashion results in decreased agonist force capabil-
ities especially at slow velocities (60 degrees per 
second), increased agonist time to maximal force, 

and decreased power (Maynard and Ebben 2003). 
This suggests a limitation of agonist–antagonist 
superset training in terms of force and power 
capabilities. Although no difference in measures 
of power changes during three sets between an 
agonist–antagonist exercise order (bench pull and 
bench press throw) and a traditional exercise order 
has been shown, the time to perform the agonist–
antagonist exercise order was less (Robbins et al. 
2010b). It is important to note that this exercise 
order involved a strength exercise (bench pull) and 
a power exercise (bench press throw). Thus, further 
research is needed concerning agonist–antagonist 
supersetting effects on power output with consid-
eration given to the types of exercises included in 
the protocol.

As with all alternating exercise orders, one 
advantage of agonist–antagonist supersets is time 
efficiency. A comparison of agonist–antagonist 
supersetting of six exercises for four sets each 
using 10RM and one-minute rest periods between 
exercises, and the traditional exercise order of per-
forming all sets of exercise prior to performing the 
next exercise, shows that this type of supersetting 
is time efficient for energy expenditure (Kelleher 
et al. 2010). Although total energy expenditure 
was not different between the two exercise orders, 
energy expenditure per minute of training time 
was 32% greater with supersetting. Additionally, 
blood lactate was also significantly higher with 
supersetting. The greater total energy expenditure 
per minute of training may be an advantage for 
someone with limited training time and a training 
goal of decreasing total body fat.

The second type of supersetting is similar to the 
triset system. It involves performing one set of two 
to three exercises in rapid succession for the same 
muscle group or body part. An example of this is 
lat pull-downs, seated rows, and bent-over rows. 
This type of supersetting has resulted in significant 
strength gains, changes in body composition, 
and increases in vertical jump performance when 
performed as part of a periodized weight training 
program (Kraemer 1997).

Both types of supersetting typically involve 
sets of 8 to 12 (or more) repetitions with little 
or no rest between sets and exercises. Superset-
ting is popular among bodybuilders and fitness 
enthusiasts, suggesting that these systems result in 
muscle hypertrophy. The fact that short rest periods 
between sets and exercises result in substantially 
increased blood acidity indicates that these systems 
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are applicable when the training goal is to increase 
local muscular endurance.

Split-Body System
Some bodybuilders, athletes, and fitness enthu-
siasts use a split-body system in which, typically, 
the body is divided into two major portions, such 
as upper and lower. This system allows the perfor-
mance of more exercises per body part or muscle 
group than would be possible in a training session 
of reasonable length if all muscle groups were 
trained in a single training session. Many varia-
tions of a split routine are possible. An example 
would be training the arms, legs, and abdomen on 
Mondays, Wednesdays, and Fridays, and the chest, 
shoulders, and back on Tuesdays, Thursdays, and 
Saturdays. The routine allows the performance of 
several exercises for a body part in a training ses-
sion of reasonable length, but means that training 
is performed six days per week.

Variations of the split-body system can be devel-
oped so that training sessions take place four or five 
days per week. Even though training sessions are 
quite frequent, sufficient recovery of muscle groups 
between training sessions is possible because body 
parts are not necessarily trained on successive days. 
A split-body system allows the training intensity 
for a particular body part or group of exercises to 
be higher than would be possible if the four to 
six sessions were combined into two or three long 
sessions of equivalent training volume. It is also 
possible to develop split routines in which the total 
training volume per body part is higher than that 
of a typical total-body training session because 
in a split-body routine each training session is 
dedicated to a smaller number of body parts or 
muscle groups.

One possible advantage of a split-body system 
is allowing the performance of assistance exercises. 
In highly strength-trained athletes, such as college 
American football players, short-term (10-week) 
strength gains in the bench press and squat in part 
depend on the use of assistance exercises (Hoff-
man et al. 1990). Because split routines allow the 
performance of more assistance exercises, they may 
also be useful for enhancing strength development.

A split-body routine using linear periodization 
resulted in significant increases in strength and 
lean mass as well as decreased fat mass and percent 
body fat in both young (18- to 22-year-old) and 
middle-aged (35- to 50-year-old) men (Kerksick 
et al. 2009). In this split-body routine all upper-

body and lower-body exercises were performed in 
two different training sessions; each session was 
performed two days per week resulting in a total 
of four sessions per week.

A comparison of a total-body training routine 
and a split-body routine in young women who 
were previously not weight trained demonstrated 
no significant differences between groups in 
1RM ability, lean body mass, or percent body 
fat changes (Calder et al. 1994). The total-body 
group performed four upper-body exercises (five 
sets, 6- to 10RM) and three lower-body exercises 
(five sets, 10- to 12RM) per session twice a week 
for 20 weeks. The split-body group used the same 
exercises and set repetition scheme, but performed 
both the upper- and lower-body exercises two days 
per week for a total of four training sessions on 
four different days per week. The results indicate 
that total-body and split-body routines using the 
same total training volume produce similar results 
in healthy young women during the first 20 weeks 
of training.

Practically, split-body routines do offer some 
advantages, such as increased volume for a muscle 
group or body part; thus, they may be most appli-
cable when increased volume is desired. However, 
if training volume is equal between a split-body 
and total-body program, training outcomes will 
be similar.

Body-Part System
Body-part systems are similar to a split-body 
system in that specific body parts or muscle groups 
are trained on specific days. However, with a body-
part system typically only one or two body parts 
or major muscle groups are trained per training 
session. A typical body-part program would train 
the following muscle groups on specific days of 
the week: day 1, back; day 2, quadriceps, calves, 
and abdominals; day 3, chest and triceps; day 4, 
no training; day 5, back and biceps; day 6, ham-
strings, gluteals, and biceps; and day 7, trapezius, 
deltoids, and abdominals.

Body-part systems are popular among body-
builders and fitness enthusiasts. Typically, mul-
tiple exercises for each body part and multiple 
sets of each exercise are performed. This allows 
the performance of a high volume of training for 
a specific muscle group in one training session 
followed by several days of rest for that muscle 
group. Advocates of body-part systems believe 
that high-volume training followed by several days 
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of rest for a specific muscle group is necessary to 
induce optimal gains in hypertrophy.

Blitz, or isolated Split, System
The blitz, or isolated split, system is a variation of 
a body-part system. Rather than training several 
body parts during each training session, people 
train only one body part per session. The duration 
of the training session is not reduced. Thus, more 
sets and exercises per body part can be performed. 
An example of a blitz system is performing all arm, 
chest, leg, trunk, back, and shoulder exercises on 
Monday through Saturday, respectively. Some 
bodybuilders have performed this type of program 
in preparation for a contest. A short-duration blitz 
program may also be appropriate if an athlete’s 
performance is limited by the strength of a partic-
ular muscle group or groups. A long jumper might 
perform a variation of a blitz program for the legs 
before the start of the season, which might involve 
training only the legs two days per week.

Training Techniques  
Applicable to other Systems

Many training techniques can be used with vir-
tually all training systems. For example, people 
can perform partial repetitions with any training 
system— single-set, multiple-set, or superset. The 
following training techniques are applicable to 
most types of training systems.

cheating Technique
The cheating technique is popular among body-
builders. As the name implies, it involves cheating, 
or breaking strict exercise form (Weider 1954). 
As an example, rather than maintaining an erect 
upper body when performing standing barbell arm 
curls, the lifter uses a slight torso swing to start the 
barbell moving from the elbow-extended position. 
The torso swing is not grossly exaggerated, but it 
is sufficient to allow the trainee to lift 10 to 20 lb 
(4.5 to 9.1 kg) more resistance than is possible 
with strict exercise form. The barbell curl has a bell-
shaped strength curve, and having the arms fully 
extended is a weak position. The strongest posi-
tion is when the elbow joint is at approximately a 
90-degree angle. When barbell curls are performed 
with strict form, the maximum resistance that can 
be lifted depends on the resistance that can be 
moved from the weak, fully extended position. 

With a constant resistance the muscles involved 
in flexing the elbow, therefore, are not maximally 
active during the stronger positions of the exercise's 
range of motion. The goal of cheating is to allow 
the use of a heavier resistance, which forces the 
muscle(s) to develop a force closer to maximal 
through a greater portion of the exercise's range of 
motion, thus enhancing strength and hypertrophy 
gains. Cheating can also be performed at the end 
of the set once volitional fatigue has occurred.

Lifters should be cautious when using the cheat-
ing technique. The heavier resistance and the cheat-
ing movement can increase the chance of injury. As 
an example, the torso-swinging movement when 
performing arm curls can place additional stress 
on the low back.

Comparisons of strength gains due to the cheat-
ing technique and those due to other training 
systems or techniques indicate that this technique 
is quite effective (see table 6.2). The cheating 
technique was one of the most effective systems 
or techniques for increasing elbow flexion, elbow 
extension, and back and leg isometric strength.

Sets to Failure Technique
A set to failure means that the set is performed 
until no further complete repetitions with good 
exercise technique can be performed. Synonymous 
with sets to failure are the terms sets to volitional 
fatigue and sets to concentric failure. Sets to failure 
can be incorporated into virtually any training 
system. Advocates of this technique believe that 
it promotes a greater recruitment of motor units 
and a greater secretion of growth-promoting hor-
mones than when sets are not carried to failure, 
which results in a greater training stimulus. This, 
in turn, will lead to greater strength and hypertro-
phy gains. Many descriptions of training studies 
and programs use terms indicating that sets were 
performed to failure. The use of a repetition maxi-
mum (RM) or an RM training zone (e.g., 4-6 with 
RM) in a training program indicates that sets were 
carried to failure.

Fitness gains can be achieved when all sets in a 
training program are carried to failure. However, 
significant strength, motor performance, and body 
composition changes have also been shown when 
some, but not all, sets in a training program are 
carried to failure (Marx et al. 2001; Stone et al. 
2000; Willardson et al. 2008). Significantly greater 
gains in strength have also been reported when no 
sets in multiple-set programs are carried to failure 
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compared to a single-set program in which all 
sets were carried to momentary muscular failure 
(Kramer et al. 1997). It is important to note that 
in these studies, even though some sets were not 
carried to failure, the number of repetitions per-
formed and the resistances used resulted in sets 
being performed close to failure.

Clearly, when sets are carried to failure, the 
velocity of the bar decreases as the set progresses 
and exercise technique changes (Duffy and Challis 
2007; Izquierdo et al. 2006). In some exercises, 
such as the power clean and power snatch, even 
though a set may not be carried to failure (i.e., the 
lifter cannot complete the repetition), fatigue of 
some motor units has occurred. Even if another 
repetition can be performed with good exercise 
technique, the maximal velocity of the bar is 
decreased, indicating the fatigue of some motor 
units. A slowing of maximal velocity in these 
exercises may be indicated by a greater knee angle 
when the bar is caught. Thus, from the perspective 
of maximal achievable bar velocity, the set has 
been carried to a point of momentary failure of 
some motor units.

Studies have specifically examined the effect of 
sets to failure compared to not training to failure. 
One of the earlier studies (Rooney et al. 1994) 
reported that, in untrained subjects, training to 
failure resulted in greater isometric and dynamic 
strength increases of the elbow flexors compared 
to not training to failure. After six weeks of training 
using the back squat, knee curl, and knee exten-
sion, training to failure showed no advantage in 
lower-body muscular endurance (work in back 
squat, knee curl, and knee extension at 100, 90, 
and 80% of 15RM to failure) compared to not 
training to failure (Willardson et al. 2008). One 
aspect of this study was that total training volume 
was equal between training to failure (three sets 
13-15 repetitions, 60-115% of 15RM) and not 
training to failure (four sets of 10-12 repetitions, 
60-115% of 15RM). This indicates that when total 
training volume is equal, there is no advantage to 
local muscular endurance in training to failure.

A 16-week study demonstrated increased local 
muscular endurance when training to failure, but 
greater power gains with not training to failure 
(Izquierdo et al. 2006). This study used a peri-
odized training program and a peaking phase. 
Training not to failure for the first 11 weeks con-
sisted of performing half of the repetitions at the 
same intensity as training to failure (see box 6.3). 

This 11-week training period was followed by 5 
weeks of a peaking phase with both groups training 
with 85 to 90% 1RM for three sets of two to four 
repetitions per set. During the peaking phase both 
groups also performed a ballistic training program 
consisting of vertical jump and medicine ball drills. 
Both the training-to-failure and not-training-to-
failure groups significantly increased 1RM bench 
press (20 and 20%, respectively) and squat (19 and 
20%, respectively) ability after 11 weeks of training. 
Bench press 1RM did not change significantly after 
the peaking phase, whereas squat 1RM increased 
significantly in both groups (3% for both). No 
significant difference between the groups after 
11 weeks of training was shown for arm power, 
leg power, or maximal number of repetitions 
performed to failure (75% of 1RM) in the squat. 
Training to failure resulted in a significantly greater 
number of repetitions to failure in the bench press 
(46 vs. 28%) after 11 weeks of training and after 
the peaking phase (85 vs. 69%). After the peaking 
phase not training to failure resulted in a signifi-
cantly greater increase in leg power. Results indicate 
that training to failure offers an advantage when 
training for local muscular endurance especially of 
the upper body (bench press), whereas not training 
to failure offers an advantage in lower-body power 
after a peaking phase.

Contradicting the preceding conclusions, a 
study of trained rowers who performed eight weeks 
of periodized weight training not to failure in con-
junction with endurance training revealed signifi-
cantly greater gains in bench press 1RM. However, 
in agreement with the preceding study, bench press 
power and rowing performance improved signifi-
cantly more with training not to failure compared 
to training to failure (Izquierdo-Gabarren et al. 
2010). Both studies indicate that not training to 
failure may increase power or sport performance.

The effects on the hormonal response when 
training to failure is inconclusive. Sets to failure 
result in a significantly greater acute hormonal 
response (growth hormone, testosterone) com-
pared to sets not to failure (Linnamo et al. 2005). 
However, 16 weeks of training with sets not to 
failure resulted in a lower resting blood cortisol 
and higher testosterone concentration compared 
to training to failure; this indicates a more positive 
anabolic environment when training not to failure 
(Izquierdo et al. 2006).

More information concerning the effect of 
performing sets to failure is needed. It is clear 
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that performing sets to failure is not necessary 
for increasing maximal strength, local muscular 
endurance, or hypertrophy. Additionally, the deci-
sion of whether to carry sets to failure may in part 
depend on whether the major training goal is an 
increase in local muscular endurance or an increase 
in some other factor, such as power. One inherent 
difficulty in such comparisons is defining what 
constitutes “not to failure.” It could be defined as 
the point at which one or two more repetitions 
could be performed, or the point at which any 
other number of additional repetitions could be 
performed. Short periods of sets to failure may 
be helpful for advanced lifters who want to break 
through a training plateau (Willardson 2007a). 
However, training to failure repeatedly over long 

training periods is not recommended because 
of the increased risk of overtraining and overuse 
injuries (Willardson 2007a).

Burn Technique
The burn technique is an extension of the sets to 
failure technique. After a set has been performed to 
momentary concentric failure, the lifter performs 
half or partial repetitions. Normally, five or six 
partial repetitions are performed, which cause an 
aching or burning sensation, giving this system its 
name (Richford 1966). The burning sensation is in 
part probably due to an increase in intramuscular 
acidity. Advocates of the burn technique believe 
that performing partial repetitions in a fatigued 
state fatigues more motor units resulting in greater 

Box 6.3 ReSeARcH

The effectiveness of Sets to Failure
Determining what is meant by a set not to failure can be difficult. In one of the studies discussed 
previously (Izquierdo et al. 2006), athletes experienced in weight training performed their normal 
periodized training for 16 weeks. For the first six weeks “not failure” was defined as performing six 
sets of five repetitions at a 10RM resistance in the bench press and the same number of sets and 
repetitions in the squat using 80% of 10RM. In weeks 7 to 11 it was defined as performing six sets 
of three repetitions at 6RM in the bench press and the same number of sets and repetitions at 80% 
of 6RM in the squat. During weeks 12 to 16, both “to failure” and “not to failure” training consisted 
of a peaking phase consisting of using 85 to 90% of 1RM or approximately 5RM and performing 
three sets of two to four repetitions per set.

In another study (Izquierdo-Gabarren et al. 2010) in which rowers were trained for eight weeks, 
“sets to failure” consisted of performing four sets at initially 10 repetitions per set at 75% of 1RM 
and progressing to four repetitions per set at 92% of 1RM. “Sets not to failure” was defined in two 
different ways: initially performing four sets of five repetitions per set and progressing toward two 
repetitions per set at the same intensities as the “to failure” training, or performing only two sets 
for the same number of repetitions at the same intensities as the “to failure” training.

The first study resulted in similar gains in strength using both “to failure” and “not to failure” 
training, but greater gains in local muscular endurance with training to failure and greater gains in 
power with training not to failure. The second study showed greater increases in maximal strength 
and power when four sets were performed not to failure compared to two sets not to failure. Interest-
ingly, both the four-set and two-set “not to failure” training resulted in significantly greater increases 
in rowing power in 10 maximal strokes or over 20 minutes of rowing than training to failure did.

In both of these studies, “not to failure” training generally consisted of performing half of the 
repetitions per set as the “to failure” training. Yet in both studies “not to failure” training resulted 
in greater increases in some measure of power, and similar or greater increases in strength. This 
indicates that athletes performing other types of training may not need to carry sets to failure to 
bring about increases in performance.

Izquierdo, M., Ibanez, J., Gonzalez-Badillo, J.J., Häkkinen, K., Ratamess, N.A., Kraemer, W.J., French, D.N., Eslava, J., Alta-
dill, A., Asiain, X., and Gorostiaga, E.M. 2006. Different effects of strength training leading to failure versus not to failure of 
hormonal responses, strength, and muscle power games. Journal of Applied Physiology 100: 1647-1656.

Izquierdo-Gabarren, M., Gonzalez De Txabarri Exposito, R., Gracia-Pallares, J., Sanchez-Medina, L., De Villarreal, G., and 
Izquierdo, M. 2010. Concurrent endurance and strength training not to failure optimizes performance gains. Medicine & 
Science in Sports & Exercise 42: 1191-1199.
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gains in strength and hypertrophy. This technique 
is claimed to be especially effective in training the 
calves and arms.

Forced Repetition, or Assisted  
Repetition, Technique
One form of the forced repetition technique is an 
extension of the sets to failure technique. After a 
set to failure has been completed, training part-
ner(s) assist the trainee by lifting the resistance just 
enough to allow completion of two to four more 
repetitions. Assistance is only provided during 
the concentric, or lifting, phase of repetitions; the 
lifter performs the eccentric, or lowering, phase 
without assistance. Assistance can also be provided 
on some machines by performing the concentric 
phase of a repetition with two limbs and the eccen-
tric phase with only one limb. Forced repetition 
has also come to mean to some weight trainers a 
type of heavy negative training. With this forced 
repetition technique two or three repetitions are 
performed with a resistance close to 1RM for 
the exercise. Similar to the first forced repetition 
technique described, assistance is provided during 
the concentric, but not the eccentric, phase of 
repetitions.

Advocates of forced repetitions believe that 
because the muscle is forced to continue to 
produce force after concentric failure or with a 
resistance greater than can be lifted during the 
concentric phase, more motor units are fatigued 
resulting in greater gains in strength, hypertrophy, 
and local muscular endurance. Increased fatigue as 
a result of forced repetitions is indicated by EMG 
data in experienced strength-trained athletes (pow-
erlifters and Olympic weightlifters), but not people 
with no weight training experience (Ahtiainen and 
Häkkinen 2009). EMG activity decreased in the 
quadriceps of the strength-trained athletes but not 
in experienced weight trainers during four forced 
repetitions. This indicates increased fatigue and 
increased motor unit activation in the strength-
trained athletes during forced repetitions. It also 
indicates that the response to forced repetitions 
may be different between trained and untrained 
people.

Lifters who can lift greater weights in the bench 
press and squat lower the resistance more slowly 
compared to lifters who lift a lighter resistance 
(Madsen and McLaughlin 1984; McLaughlin, 
Dillman, and Lardner 1977). Because the eccen-
tric phase of a repetition is performed without 

assistance during forced repetitions, it can be 
hypothesized that this system helps develop the 
neural adaptations necessary for lowering a heavy 
resistance with good exercise technique. Therefore, 
this technique may be of value when attempting 
to increase the 1RM of exercises, such as the bench 
press, in which performing the eccentric portion 
of a repetition at a slow velocity of movement 
is advantageous because the resistance develops 
little momentum that needs to be overcome when 
beginning the concentric repetition phase.

Gains in 1RM over nine weeks of training were 
significantly greater for the biceps curl (13.2 vs. 
8.2%) and bench press (16.5 vs. 10.6%) with three 
sets of 6 to 10 repetitions performed to failure 
followed by two assisted repetitions compared to 
one set of 6 to 10 repetitions performed to failure 
followed by two assisted repetitions (Humburg et 
al. 2007). However, although the one-legged leg 
press showed greater 1RM gains (right and left 
leg, 13.3 vs. 9.7% and 15.5 vs. 9.4%) with the 
three-set program, no significant difference was 
noted between the three-set and one-set programs. 
This study also used drop sets with the three-set 
program, which may compromise conclusions 
concerning assisted repetitions. However, results 
indicate that assisted repetitions may bring about 
greater increases in strength when used in con-
junction with multiple-set programs compared to 
single-set programs.

A study comparing a single-set circuit system 
(8- to 12RM) with forced repetitions compared to 
a three-set circuit system without forced repetitions 
showed that the three-set circuit system resulted in 
significantly greater gains in bench press and leg 
press 1RM and in the number of repetitions possi-
ble at 80 and 85% of 1RM in the bench press and 
leg press, respectively (Kraemer 1997). Although 
confounded by the difference in the number of sets 
performed, the results do demonstrate that a three-
set circuit system results in significantly greater 
gains in strength and local muscular endurance 
than a single-set circuit system with forced repe-
titions does. Forced repetitions with multiple-set 
training of the bench press showed that three or 
four forced repetitions compared to one forced 
repetition per training session resulted in no 
significant difference in 3RM ability, bench press 
throw, peak power, or mean power (Drinkwater et 
al. 2007). Thus, one forced repetition of an exercise 
per training session may be all that is necessary for 
achieving the benefits of this technique.
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Forced, or assisted, repetitions must be used 
with caution because muscle soreness may easily 
develop, especially in lifters not accustomed to 
this technique. Additionally, because the forced 
repetitions are performed under conditions of 
fatigue (after a set has been carried to failure or 
with a weight too heavy to complete the concentric 
of phase of all repetitions in the set), the lifter will 
encounter acute discomfort and must attempt to 
complete the forced repetitions despite discomfort. 
The spotters need to be extremely attentive and 
capable of lifting all of the resistance being used 
if the lifter loses proper exercise technique or is 
fatigued to the point of being unable to complete 
a repetition.

Partial Repetition Technique
A partial repetition is a repetition performed 
within a restricted range of motion of an exer-
cise. Normally, partial repetitions are performed 
for both the concentric and eccentric phases of 
a repetition for one to five repetitions per set 
with approximately 100% of 1RM. The amount 
of weight possible to use for a partial repetition 
depends on the strength curve of the exercise (i.e., 
ascending, descending, or bell shaped) and the 
range of motion in which the partial repetition 
is performed. For example, performance of the 
upper portion of the range of motion in a squat 
with greater resistance than possible for a complete 
repetition is due to the squat having an ascending 
strength curve. Advocates of the partial repetition 
technique believe that by using very heavy weights 
within a restricted range of motion, trainees 
increase their maximal strength.

Partial repetitions have been used successfully 
to increase isometric strength within the partial 
repetition range of motion and the full range of 
motion of an exercise in subjects with limited 
range of motion (Graves et al. 1989, 1992). In 
healthy weight-trained males, one bench press 
training session including both full range of 
motion and partial range of motion repetitions 
results in a significant increase in the partial repe-
tition 1RM (4.8%) and 5RM (4.1%) weights, but 
no significant change in the full range of motion 
1RM and 5RM weights (Mookerjee and Ratamess 
1999). The partial repetition range of motion used 
for the bench press was from an elbow angle of 90 
degrees to completion of a repetition.

Increases in strength or power with partial 
repetition training are probably due to neural 

adaptations, such as more muscle fiber recruitment 
within the partial repetition range of motion. 
Functional isometric training has been shown to 
increase full range of motion 1RM strength only 
when the training is performed at the sticking 
point of an exercise (see Functional Isometrics 
later in this chapter). This is related to the joint-an-
gle specificity of isometric training. The lack of 
improvement in the bench press full range of 
motion repetition maximum weight with only 
one training session in the study described earlier, 
in which partial range of motion training did not 
include the sticking point in the bench press, may 
be related to the neural joint-angle specificity of 
the partial repetition technique.

Two studies following identical training pro-
grams indicate that full range of motion repetitions 
of the bench press increase strength significantly 
more than partial repetitions in untrained females 
but not untrained males (Massey et al. 2004, 
2005). Normal full range of motion training, 
partial range of motion training at 100% 1RM, 
and a mixed training program with two sets of 
partial range of motion and one set of normal 
range of motion for five weeks followed by one 
set of partial range of motion and two sets of full 
range of motion for the last five weeks of training 
were compared. The partial range of motion repe-
titions were performed in the top portion (elbows 
extended) of the bench press's range of motion 
when muscles involved are at a relatively short 
length. All groups significantly improved bench 
press 1RM. Training with a full range of motion 
(35%) increased 1RM in women significantly more 
than training with partial repetitions (22%) and 
the mixed training protocol (23%). No significant 
difference in bench press 1RM between training 
programs was shown for men.

Dynamic constant external resistance (DCER) 
training of the knee extensors and flexors from a 
knee angle of 80 to 115 degrees and 170 to 135 
degrees, respectively, increased power significantly 
(Ullrich, Kleinder, and Bruggemann 2010). During 
both of these ranges of motion the muscles are at 
relatively long lengths, which indicates that partial 
repetitions with the muscle at long lengths do sig-
nificantly increase power. The previously described 
studies of the bench press indicate that strength 
may be increased when the partial repetition is per-
formed with the muscle in a relatively shortened 
length. Thus, strength or power may be increased 
with partial repetitions with either the muscle 
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in a shortened or lengthened position; however, 
whether a shortened or lengthened muscle length 
is more advantageous is unclear.

Partial range of motion squats (knee angle to 
120 degrees) compared to full range of motion 
squats (thighs parallel to floor) can result in 
greater force and power (Drinkwater, Moore, and 
Bird 2012). Both types of squats were performed 
for 10 or 5 repetitions using 67 and 83% of 1RM, 
respectively. Velocity of movement was not con-
trolled, and the velocity used was at the discretion 
of the lifters. Power and maximal force during the 
partial range of motion squat with 87% of 1RM 
were greater than they were during the other three 
sets of squats. The maximal velocity was greater 
during the full range of motion squats with 63% of 
1RM compared to the other squat sets. The results 
indicate that partial range of motion squats can 
result in greater power and force output than full 
range of motion squats when lifters choose the 
velocity of movement, but this is only true with 
heavier resistances.

Partial range of motion repetitions do signifi-
cantly increase maximal range of motion strength 
and may be a useful adjunct to full range of 
motion training in some situations. Additionally, 
in healthy people partial repetitions do appear 
to increase maximal strength very quickly (one 
training session) within the range of motion of the 
partial repetition. Thus, partial repetitions may be 
appropriate for those who want to quickly increase 
maximal strength within a certain range of motion 
of an exercise.

Super Slow Systems
Super slow systems involve performing repetitions 
at a slow velocity. Although any slow velocity can 
be used, typically with super slow training only 
one or two sets of an exercise are performed with 
10-second concentric and 4- or 5-second eccentric 
repetition phases. Proponents of super slow sys-
tems believe that the increased amount of time 
that a muscle is under tension enhances strength 
development, hypertrophy, and aerobic capabil-
ities more than the use of traditional repetition 
velocities does.

Bench press super slow training at 55% of 1RM 
with both concentric and eccentric repetition 
phases lasting five seconds were compared to 
traditional heavy weight training (six repetitions 
at 6RM); EMG activity of the pectoralis major and 
triceps brachii, during both the eccentric and con-

centric phases, was significantly greater with the 
traditional heavy weight training (Keogh, Wilson, 
and Weatherby 1999). This was true during the 
first, middle, and last repetitions of the set. This 
indicates less muscle fiber recruitment with the 
super slow system.

Early studies demonstrate that super slow 
training can increase maximal strength. Super 
slow training with one set of four to six repeti-
tions with a 10-second concentric and a 4-second 
eccentric repetition phase resulted in similar 
strength gains as a typical one-set program of 8 
to 12 repetitions using a 2-second concentric and 
a 4-second eccentric repetition phase (Westcott 
1994). In a similar study, subjects performed both 
eccentric-emphasized training (10-second eccentric 
and 4-second concentric repetition phases) and 
concentric-emphasized training (4-second eccen-
tric and 10-second concentric repetition phases) 
for one set of four to six repetitions (Westcott 
1995). Strength increases were similar between 
the concentric- and eccentric-emphasized training. 
Neither of these studies statistically analyzed the 
results, but both indicate that super slow training 
can increase strength. Training with either eccen-
tric-emphasized (6-second eccentric, 2-second 
concentric) or concentric-emphasized (6-second 
eccentric, 2-second concentric) training does sig-
nificantly increase strength (Gillies, Putman, and 
Bell 2006). Although both programs resulted in 
significant increases in concentric (21%), eccentric 
(44%), and normal (25%) repetition 1RM, no 
significant difference in strength gains was shown.

Several studies have compared super slow and 
traditional resistance training. A study in which 
untrained women performed either super slow 
training (50% of 1RM, 10-second concentric and 
5-second eccentric phases) or traditional weight 
training (2-second concentric and 4-second eccen-
tric phases) for one set showed that traditional 
weight training resulted in significantly greater 
strength improvement in five of eight exercises 
(Keeler et al. 2001). For example, 1RM for the 
bench press (34 vs. 11%), leg press (33 vs. 7%), 
and knee curl (40 vs. 15%) were all significantly 
greater with traditional training. Additionally, 
neither training group significantly changed body 
composition (BOD POD) or maximal oxygen 
consumption.

A four-week comparison of super slow training 
for one set (10-second concentric and eccentric 
repetition phases at 50% of 1RM) and  traditional  
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training for three sets of eight repetitions (2-second 
concentric and eccentric repetition phases at 
80% of 1RM) showed no significant difference 
in strength gains between the two types of train-
ing, but only the traditional training showed 
significantly greater strength gains than a control 
group (Kim et al. 2011). A comparison of super 
slow (50% of 1RM, 10-second concentric and 
5-second eccentric phases) and traditional training 
(80% of 1RM, 2-second concentric and 4-second 
eccentric phases) showed no significant difference 
in strength gains in untrained men (Neils et al. 
2005). Both groups performed seven exercises for 
six to eight repetitions per set. Both groups did 
significantly increase 1RM squat (traditional 6.8% 
vs. super slow 3.6%) and bench press (traditional 
8.6% vs. super slow 9.1%) ability, but no signifi-
cant difference between groups was demonstrated. 
Additionally, body composition (dual-energy X-ray 
absorptiometry) did not change significantly in 
either group. However, peak power and counter-
movement jump ability significantly increased 
with the traditional training, but not with the super 
slow training. The results indicate that strength 
and power gains may be greater with traditional 
training velocities, but body composition changes 
are similar with both types of training.

Middle-aged men and women trained either 
with a super slow program (10-second concentric 
and 4-second eccentric phases) or a traditional 
training program; both showed significant 
increases in strength (Wescott et al. 2001). Training 
consisted of one set of 13 different exercises. Those 
in the super slow group did show significantly 
greater strength gains than those who undertook 
traditional training. However, a limitation of the 
study was that 5RM and 10RM strength was tested 
in the super slow and traditional training groups, 
respectively.

Traditional training (80-85% of 1RM, 1- to 
2-second concentric and eccentric phases) does 
result in different muscle fiber adaptations com-
pared to super slow (40-60% of 1RM, 10-second 
concentric and 4-second eccentric phases) training 
(Herman 2009). Both groups trained the legs with 
three sets of three exercises (leg press, squat, and 
knee extension). Muscle fiber–type changes were 
examined in the vastus lateralis. The cross-sectional 
area of all major fiber types (type I, IIa, and IIx) 
significantly increased with traditional training, 
whereas with super slow training only two major 

fiber types significantly increased in cross-sectional 
area (IIa and IIx). Additionally, only traditional 
training showed an increase in the percentage of IIa 
fibers, and traditional training showed an increase 
in satellite cell content in more fiber types (I, IIa, 
IIax, IIx vs. IIax, IIx) than super slow training did. 
The results indicate that traditional training results 
in a greater overall muscle fiber response than 
super slow training does.

Collectively, the studies indicate that super slow 
training can increase maximal strength. However, 
it may not result in greater 1RM strength gains, 
greater increases in power, or greater overall muscle 
fiber type response. It is interesting to note that 
total energy expenditure resulting from performing 
10 exercises with traditional training may be as 
high as 48% greater (172 vs. 116 kcal) than that of 
super slow training (Hunter, Seelhorst, and Snyder 
2003). Both training sessions lasted 29 minutes; 
however, during traditional training two sets of 
each exercise were performed, whereas with super 
slow training one set was performed. Even though 
those in the traditional training group performed 
more sets of each exercise, because total training 
time was equal, traditional training results in a 
greater caloric expenditure per unit of time, which 
suggests that a greater decrease in body fat may 
occur with traditional training.

Vascular occlusion
Vascular occlusion is a relatively new resistance 
training technique. It involves using a narrow 
cuff to compress the major artery supplying the 
muscle or muscles to be trained, which decreases 
blood flow to the muscle(s). The cuff is normally 
inflated to approximately diastolic blood pressure 
(Manni and Clark 2009). Normally, low resistance 
training intensities (20-50% of 1RM) are used in 
conjunction with vascular occlusion. This type of 
training was used as early as the 1980s in Japan 
and is known as Kaatsu training. Kaatsu walk train-
ing compared to walk training without occlusion 
increases muscle cross-sectional area (4-7%) and 
isometric strength (8-10%), whereas normal walk 
training has no significant effect on these measures 
(Abe, Kearns, and Sato 2005).

Vascular occlusion training received a major 
impetus in 2000 when a 16-week low-intensity 
(30-50% of 1RM) with occlusion training pro-
gram in older women was reported to result in 
similar strength and muscle cross-sectional area 
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increases as a high-intensity (50-80% of 1RM) 
without occlusion training program (Takarada, 
Nakamura, et al. 2000). Other training studies have 
concluded that vascular occlusion training at 50% 
of 1RM results in significantly greater increases in 
muscle cross-sectional area and strength gains in 
untrained athletes (Moore et al. 2004) as well as 
trained athletes (Takarada, Sato, and Ishii 2002) 
compared to training at the same intensity without 
vascular occlusion.

Although some advantage with vascular occlu-
sion training at approximately 20% of 1RM is 
shown for strength (isokinetic peak torque had 
a significantly greater increase at 60 degrees per 
second, but not at 180 degrees per second), no 
significant difference in muscle cross-sectional area 
compared to the same training program without 
occlusion is shown (Sumide et al. 2009). However, 
other studies show that vascular occlusion train-
ing at 50% of 1RM (Baurgomaster et al. 2003) or 
60% of 1RM (approximately 12RM) and 80% of 
1RM (approximately 6RM) resulted in no greater 
strength or muscle size gains than performing the 
same training program without occlusion (Lau-
rentino et al. 2008). Similarly, training with occlu-
sion at 20% of 1RM (40%) shows no significant 
difference in 1RM increases compared to training 
without occlusion at 20% (21%) or 80% (36%) of 
1RM (Laurentino et al. 2012). However, only the 
training with occlusion at 20% of 1RM and 80% 
of 1RM without occlusion significantly increased 
muscle cross-sectional area (6%) and decreased 
myostatin gene expression, which may be related 
to these two types of training showing increased 
muscle cross-sectional area. Thus, not all studies 
show a clear advantage in strength or muscle size 
increases with vascular occlusion training.

Why vascular occlusion training would result in 
greater strength and muscle size gains is unclear. 
It is clear that using vascular occlusion while per-
forming weight training results in a greater reliance 
on anaerobic metabolism, an increase in some 
hormones (the growth hormone norepineph-
rine), increased acidity within the muscle being 
trained, and increased free radicals or reactive 
oxygen molecules compared to the same training 
without occlusion (Abe, Kearns, and Sato 2006; 
Manni and Clark 2009; Takarada, Nakamura et 
al. 2000; Takarada Takazawa et al. 2000). Whether 
these factors directly or indirectly affect maximal 
strength gains or increase muscle protein synthesis 

resulting in increased muscle hypertrophy remains 
to be elucidated. Thus, the effectiveness of vascular 
occlusion in conjunction with low-intensity resis-
tance training is unclear.

Small increment Technique
The resistance used for an exercise is traditionally 
increased when a certain number of repetitions 
per set can be performed. With free weights and 
plate-loaded machines, normally the smallest 
resistance increase is 2.5 lb (1.1 kg). With selec-
torized resistance training machines, the smallest 
resistance increase can be quite large (10 lb [4.5 
kg] or more) if lighter weights that attach in some 
manner to the weight stack are not available. The 
small increment technique uses smaller increases 
in resistance than are typically used.

A short-duration (eight-week) training study 
demonstrated that the small increment technique 
resulted in 1RM gains in the bench press and tri-
ceps press equivalent to those of a more traditional 
increase in resistance technique (Hostler, Crill et 
al. 2001). With the small increment technique the 
resistance was increased 0.5 lb (0.23 kg) when 
seven or eight repetitions could be performed per 
set and 1 lb (0.45 kg) when nine or more repeti-
tions could be performed per set. During training 
the resistance was increased approximately four 
times as often for the bench press and two times 
as often for the triceps press as with a traditional 
technique. The use of a small increment technique 
may improve the satisfaction of novice lifters 
and increase the likelihood of their continuing 
a program as a result of the positive feedback of 
increasing resistance at a rapid rate. This system 
may also be of use with experienced lifters who 
are experiencing a training plateau (Hostler, Crill 
et al. 2001).

Specialized Systems  
and Techniques

Specialized systems and techniques are designed 
to produce particular training goals in advanced 
lifters. Typically, goals of advanced lifters include 
increasing 1RM, motor performance, or muscle 
hypertrophy. Specialized systems and techniques 
are normally recommended only for advanced 
lifters who have already mastered exercise tech-
nique and have made substantial physiological 
adaptations to weight training.
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Functional isometrics
Functional isometrics attempts to take advantage 
of the joint-angle-specific strength gains caused 
by isometric training (see Isometric Training in 
chapter 2). Functional isometrics entails perform-
ing a dynamic concentric action for a portion 
of the concentric phase of a repetition until the 
resistance hits the pins of a power rack (see figure 
6.2). The trainee then continues to attempt to lift 
the resistance with a maximal effort performing 
an isometric action for five to seven seconds. Note 
that in figure 6.2 pins in the power rack are also 
set at the lowest point of the range of motion for 
the safety of the lifter.

The objective of this system is to use joint-angle 
specificity to cause increases in strength at the joint 
angle at which the isometric action is performed. 
The joint angle chosen to perform the isometric 
action is normally the sticking point (i.e., the 
weakest point in the concentric range of motion) 
for the exercise. The maximal amount of resistance 
that can be lifted concentrically in any exercise is 
determined by the amount of resistance that can 
be moved through the sticking point. It is thought 
that increasing strength at the sticking point results 
in increases in 1RM.

The need to perform the isometric action at 
the sticking point of an exercise is supported by 
research. Short-term training studies comparing 
the use of functional isometrics in a training pro-
gram to a normal DCER program indicate that 
significantly greater increases in 1RM bench press 

(19 vs. 11%, Jackson et al. 1985) and squat (26 
vs. 10%, O'Shea and O'Shea 1989) occur when 
functional isometrics are performed at or near 
the exercise's sticking point. However, in both the 
bench press and the squat, when functional iso-
metrics are performed at an elbow or knee angle 
of 170 degrees, which is not near the sticking point 
for either of these exercises, there is no significant 
difference in 1RM increases compared to a normal 
DCER training program (Giorgi et al. 1998).

Adding a three-second functional isometric 
squat after a five-minute low-intensity cycling 
warm-up may significantly increase counter-
movement vertical jump ability compared to the 
low-intensity warm-up alone (Berning et al. 2010). 
An increase of approximately 5% at four and five 
minutes after the functional isometric squat com-
pared to the warm-up alone was shown in men 
with resistance training experience, but not in 
men with no resistance training experience. This 
indicates that functional isometrics may increase 
performance after a warm-up in experienced 
weight trainers.

Many powerlifters use functional isometrics 
without a power rack during the last repetition 
of a heavy set (e.g., 1- to 6RM). They attempt to 
perform the greatest range of motion as possible 
in the concentric phase of the last repetition, and 
when they cannot lift the weight any farther, they 
continue to produce force isometrically at the 
exact angle at which the sticking point occurs. This 
type of training requires very attentive spotters. It 
appears that, to use this system optimally, lifters 

Fleck/E4758/Fig 6.2/460567/TB/R3-kh

Range of motion

Top set of safety pins

Bottom set of safety pins

FiGuRe 6.2 Functional isometrics used at the sticking point in the bench press. The top pin is placed at the exact 
point in the range of motion desired to be trained. The bottom pin is placed at the lowest point in the range of motion.
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must know the sticking point in their range of 
motion to optimize training. This system is appro-
priate when the major goal of the program is to 
increase the 1RM capability of a particular exercise.

implement Training
Implement training uses a variety of objects as 
the resistance to be lifted or moved (see figure 
6.3). It can involve lifting water-filled dumbbells, 
water-filled barrels, kettlebells, or a tire (Bennett 
2008; Hedrick 2003). Some forms of implement 
training are termed strongman training because of 
their resemblance to tasks in strongman contests. 
Advocates of implement training believe that 
lifting an unstable object, such as a water-filled 
barrel in which the water moves while the barrel is 
lifted, simulates lifting or moving unstable objects 
encountered in daily life activities or sports. Some 
types of implements, such as kettlebells, allow 
rotational and other movements that are difficult 
to perform with traditional dumbbells or barbells; 
these movements also resemble movements or 
tasks in various sporting events. These types of 
exercises are incorporated into some strength and 
conditioning programs; however, little research is 
available on most types of implement training.

Success in the tire flip, in which a large tire is 
flipped end over end, depends in large part on the 
duration of time from when the tire is just past the 

knees until the hands leave the tire to be reposi-
tioned on the tire as it nears an upright position 
(figure 6.4). The tire flip also results in significant 
elevations in heart rate and blood lactate indicating 
its benefit as an anaerobic conditioning exercise 
(Keogh et al. 2010). However, similar to most 
implement training methods, evidence of carryover 
to sport performance is lacking.

Kettlebell training and normal weight training 
for six weeks both significantly increase vertical 
jump, 1RM squat, and power clean ability (Otto 
et al. 2012). In this study,  normal weight train-
ing included the squat, power clean, and other 
exercises. Kettlebell training included a variety of 
exercises. Vertical jump (approximately 2%) and 
1RM power clean ability increased significantly 
with both types of training, but the percentage of 
increase in the power clean was greater with normal 
weight training (9 vs. 4%). Squat 1RM increased 
with both types of training, but the increase with 
normal weight training was significantly greater 
(13.5 vs. 4.5%). Kettlebell swing training with 
ten 35-second intervals separated by 25-second 
rest intervals does increase heart rate sufficiently 
to cause increases in aerobic ability (Hulsey et 
al. 2012). Thus, kettlebell training can be used to 
increase strength, power, and aerobic ability.

Perhaps the implement training that is most 
researched is the use of under- and overweight 

FiGuRe 6.3 Implement training uses implements as the resistance to be lifted or moved: (a) a water-filled barrel 
being used in a side lunge–type movement, (b) a kettlebell being lifted in a torso rotation movement.
Photo 6.3a courtesy of allen Hedrick, Colorado State University-Pueblo.

a b
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FiGuRe 6.4 The tire flip: (a) starting position, (b) end of 
first lifting motion, (c) end of lifting motion to get tire into 
vertical position, (d) repositioning hands to push tire to 
a vertical position, (e) pushing tire past vertical position.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University 
of Connecticut, Storrs, CT.

a
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balls and bats to increase throwing and bat veloc-
ity, respectively, in baseball and softball players. 
Training by throwing both under- and overweight 
baseballs does increase maximal throwing velocity, 
and the use of a slightly under- or overweight ball 
(+ 20% of a normal baseball of 5 oz, or 142 grams) 
does not significantly affect throwing movement 
patterns (Szymanski, DeRenne, and Spaniol 2009). 
Similarly, training using under- and overweight 
bats (–12 to +100% of a normal bat) can signifi-
cantly increase bat velocity (Szymanski, DeRenne, 
and Spaniol 2009). However, the increase in bat 
velocity due to the use of under- and overweight 
bats in training varies from no significant change to 
as much as a 10% increase (Szymanski, DeRenne, 
and Spaniol 2009). It is important to note that 
bat velocity increases can also occur as a result of 
swing training with a standard bat. Under- and 
overweight bats are also used as a warm-up prior 
to hitting to increase bat velocity significantly. The 
acute effects of using under- and overweight bats 
in a warm-up to increase bat velocity are contra-
dictory; increases of approximately 6% (Reyes and 
Doly 2009) and no significant change have been 
shown (Szymamski e al. 2011).

Thus, under- and overweight balls and bats 
may increase performance in sport-related tasks 
of baseball and softball players. Similarly, kicking 
weighted soccer balls may be useful for increasing 
ball-kicking velocity (Young et al. 2011). However, 
the majority of implement training methods lack 
supporting research.

Vibration Training
Vibration training is quite popular. Vibration can 
be used acutely, such as in a warm-up to increase 

physical performance in an upcoming activity, or 
during long-term training to enhance strength and 
power gains. The most popular type is whole-body 
vibration, in which a person stands on a vibrating 
platform. Other types of vibration training include 
using vibrating dumbbells and equipment that 
applies vibration directly to a tendon or other 
body part.

Several physiological mechanisms have been 
suggested to explain how vibration training 
increases physical performance (Rehn et al. 2007). 
It may happen as a result of increased sensitivity of 
the stretch reflex or muscle spindles, which initiate 
muscle contraction, or by increased muscle fiber 
recruitment. Both of these neural mechanisms may 
increase the force or power of a muscle. Specific 
hormonal responses, such as increased testoster-
one or growth hormone, as well as increased hyper-
trophy may also increase performance. However, 
there is no clear consensus on how vibration may 
enhance neuromuscular performance.

Many factors may affect whether a significant 
change in strength and power takes place as a 
result of vibration. The frequency or number of 
vibrations per second (Hz) and amplitude (dis-
placement), or how far the vibrating platform or 
vibrating implement travels during each vibration, 
are the most frequently described variables.

The two major types of whole-body vibration 
platforms (the most popular type of vibration 
used in training) are vertical and oscillating. Ver-
tical vibration platforms, as the name implies, 
vibrate predominantly vertically; oscillating 
platforms vibrate through rotation about a hori-
zontal axis. Table 6.4 lists other factors that could 
affect whether changes in strength, power, or 

TaBle 6.4 Factors Affecting Vibration Training
Factor explanation

Frequency of vibration Number of vibrations per second (Hz)

amplitude of vibration Displacement of the vibration

Damping Use of footwear or padded handles may affect the frequency or magnitude of the vibration

Direction of vibration Direction in which the vibration occurs; vertical and oscillating whole-body vibrating plat-
forms are the most common

Duration How long vibration takes place during each session, the number of vibration sessions, 
and the number of exercises performed with vibration

Timing of performance 
measurement

acutely, the time between the vibration and the performance measurement; in long-term 
training, the time between the last vibration training session and the performance mea-
surement

Posture Body position in which vibration takes place

Rest periods length of rest periods between vibration sessions or exercises performed with vibration
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 performance  occur as a result of vibration training. 
Any or all of these factors may determine whether 
vibration affects performance acutely or during 
long-term training.

Whole-body vibration is most commonly 
used in training and in research in part because 
whole-body vibration platforms are commercially 
available. Normally, vibration training involves 
performing an exercise movement, such as a squat 
or maintaining a partial squat position (quarter or 
half squat), which results in an isometric action of 
the leg musculature, while standing on a whole-
body vibration platform. Measures of force and 
power are made shortly after the vibration training 
bout to determine the acute effects. Acute exposure 
to whole-body oscillating vibration does increase 
countermovement jump ability in female field 
hockey athletes (Cochrane and Stannard 2005) 
and recreationally active males (Turner, Sanderson, 
and Attwood 2011). Similarly, maximal isometric 
force is also increased significantly immediately 
after (9.4%) and eight minutes after (10.4%) per-
forming squat-type exercises with vertical whole-
body vibration (McBride, Nuzzo et al. 2010). Thus, 
whole-body vibration can acutely increase strength 
and power.

However, a critical review of the acute effects of 
whole-body vibration concludes that there is no 
clear evidence that vibration acutely affects muscu-
lar performance (Rehn et al. 2007). A meta-analysis 
concludes that there is no acute effect on strength 
using either vertical or oscillating whole-body 
vibration platforms (Marin and Rhea 2010).

Inconsistent changes in strength, power, or 
jumping ability due to acute vibration exposure 
are apparent. However, just as important, and per-
haps more important, are the effects of vibration 
on other measures of performance, such as sprint 
ability. Sprint performance (5, 10, and 40 m) after 
whole-body vibration (30, 40, and 50 Hz) is not 
significantly affected; however, a trend toward a 
decrease in sprint time with the frequency of 30 
Hz was shown (Guggenheimer et al. 2009). When 
vertical whole-body vibration is used between 
two bouts of countermovement jumps and short 
sprints, smaller decreases in performance are 
apparent compared to no vibration between the 
two bouts of exercise (Bullock et al. 2008). This 
suggests that acute vibration may have small pos-
itive effects on sprint performance.

Whole-body vibration can be added to a long-
term training program by performing it in addi-

tion to the normal training program (e.g., prior 
to normal training sessions) or by performing it 
between sets of a resistance training program. In 
either case, similar to examining the acute effects 
of vibration, long-term vibration training typically 
involves performing a movement, such as a squat 
movement, or an isometric action, such as hold-
ing a quarter squat position while standing on a 
whole-body vibration platform. All of the factors 
previously discussed could determine whether 
vibration training positively affects strength, 
power, or another measure of performance.

Adding vertical whole-body vibration training to 
the program of ballerinas did significantly increase 
countermovement jump performance (6.3%) and 
average power against various resistances (50, 70, 
and 100 kg, or 110, 154, and 220 lb) in a press-
type movement (Annino et al. 2007). Note that 
no comparison to another type of training in the 
ballerinas' total training program was made. A 
nine-week comparison of normal squat training 
and squat training with added resistance on an 
oscillating whole-body vibration platform resulted 
in both groups significantly increasing maximal 
isometric force in a one-legged leg press; no sig-
nificant difference was seen between the training 
programs (Kvorning et al. 2006). However, coun-
termovement jump height and power increased 
significantly only with the normal squat training 
program. One possible explanation for this result 
is changes in the hormonal response to training. 
Although both the vibration and no-vibration 
training programs resulted in a significant increase 
in testosterone and growth hormone during train-
ing sessions, the vibration training resulted in a 
significantly greater increase in growth hormone.

Adding vertical whole-body vibration training 
to the training program of women basketball play-
ers, which included resistance training, showed 
no significant advantage in various measures 
of strength and power compared to the normal 
training program (Fernandez-Rio et al. 2010). The 
added whole-body vibration training consisted of 
performing isometric actions for the leg muscula-
ture (half squat and standing on the toes) while 
standing on the vibrating platform. A series of 
studies adding vertical whole-body vibration train-
ing (isometric quarter squat) between sets during 
a six-week periodized squat training program 
demonstrated some small significant advantages 
in the initial rate of force development (up to 150 
ms) during countermovement jumps and weighted 
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squat jumps compared to the same training pro-
gram without vibration training (Lamont et al. 
2008, 2009, 2010).

The preceding discussion makes it clear that 
responses to whole-body vibration training can be 
varied, probably due to the frequency, duration, 
and other factors related to vibration training. A 
systematic review concludes that long-term whole-
body vibration can have positive effects on leg 
musculature performance in untrained people and 
elderly women (Rehn et al. 2007). A meta-anal-
ysis also noted positive effects on performance 
as a result of long-term whole-body vibration 
training (Marin and Rhea 2010). However, these 
effects depend in part on the characteristics of the 
training. Vertical whole-body vibration causes a 
significantly greater long-term effect on strength 
than oscillating vibration does. Low vibration fre-
quencies (<35 Hz) and high frequencies (>40 Hz) 
are less effective than moderate frequencies (35-40 
Hz), which indicates that moderate frequencies 
are most appropriate for whole-body vibration.

The conclusion that moderate vibration fre-
quencies are best for increasing strength is in 
agreement with an acute study indicating that a fre-
quency of 40 Hz increases countermovement jump 
ability significantly (6%), but that other frequen-
cies have no significant effect (Turner, Sanderson, 
and Attwood 2011). Vibration amplitudes of less 
than 6 mm are effective; an amplitude of 8 to 10 
mm is the most effective for power increases. The 
total training time ranged from 360 to 720 seconds 
per training session; however, it is unclear whether 
short sets (15 to 30 seconds) or longer sets (several 
minutes ) are optimal for increasing power.

Although whole-body vibration is the most 
common type of vibration training, vibration can 
also be applied directly to a tendon or a specific 
muscle group using specialized or custom-built 
equipment. Several acute studies show inconsis-
tent effects of this type of vibration. One bout 
of vibration applied to the knee extensors while 
performing knee extension exercise at 35 or 70% 
of 1RM did increase strength and power during 
exercise as well as 1RM after exercise (Mileva et 
al. 2006). Vibration applied using a vibrating 
barbell between successive sets of the bench press 
does increase average power with a trend (p = .06) 
toward increased peak power during a bench press 
with 70% of 1RM (Poston et al. 2007). However, 
upper-body vibration using a vibrating dumbbell 
does not affect measures of upper-body power 

(medicine ball throw), grip strength, or climb-
ing-specific performance in experienced rock 
climbers (Cochrane and Hawke 2007).

Similar to whole-body vibration, whether an 
acute change in strength or power occurs as a result 
of the vibration of a tendon or a specific muscle 
group may depend on the characteristics of the 
vibration used. For example, vibration applied 
to the biceps musculature at frequencies of 6, 
12, and 24 Hz all result in increased maximal 
isometric force, whereas a higher frequency of 48 
Hz decreased maximal isometric force (Kin-Isler, 
Acikada, and Artian 2006). However, vibration 
applied directly to the biceps tendon at 65 Hz 
does not affect power output during successive sets 
of bicep curls using 70% of 1RM or at one and a 
half and eight minutes after the last set of biceps 
curls (Moran, McNamara, and Luo 2007). These 
results indicate that acute exposure to lower-fre-
quency vibration may increase strength and power, 
whereas exposure to higher frequencies does not.

Studies of the long-term effects of training with 
vibrating dumbbells, or some other device that 
applies vibration directly to a tendon or muscle, 
are inconclusive. A few have examined the long-
term effects of such devices and show small effects 
(effect size 0.02), but an insufficient number of 
studies are available to come to conclusions con-
cerning these type of devices (Marin and Rhea 
2010). However, a four-week isometric training 
study demonstrated that adding vibration while 
performing an arm curl exercise increased maximal 
isometric strength significantly more (26 vs. 10%) 
than the same training program without vibration 
(Silva et al. 2008).

Clearly, frequency, amplitude, and other charac-
teristics of vibration can determine whether vibra-
tion training results in an acute or chronic effect. 
The rest period length between vibration bouts in 
a training session does affect the response. When 
vertical whole-body vibration is used for multiple 
stimulation bouts (six bouts of one minute, 30 
Hz, 4 mm amplitude) in one training session, 
rest periods between successive bouts of two and 
one minute both significantly increase squat jump 
ability, countermovement jump ability, and leg 
musculature power; bouts using three-minute rest 
periods have no significant effect on these mea-
sures (DaSilva-Grigoletto et al. 2009). However, 
bouts with two-minute rest periods resulted in 
significantly greater increases in these measures 
than did bouts using the other two rest period 
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lengths. When one- or two-minute rest periods are 
used in a similar training program for four weeks, 
both conditions produced significant increases in 
measures of strength and power (DaSilva-Grigo-
letto et al. 2009). However, the increases in squat 
jump (9 vs. 4%), countermovement jump (7 vs. 
4%), and 4RM squat (13 vs. 11%) ability were 
significantly greater with the one-minute rest peri-
ods. Thus, the optimal length of rest period may 
depend on whether an acute or long-term training 
effect is desired.

Neural changes or adaptations are one possi-
ble explanation for vibration training effects on 
performance. However, the study results on the 
acute effects of vibration on EMG measures are 
inconsistent. Leg musculature EMG activity can 
increase during exercise performed during vertical 
whole-body vibration (Roelants et al. 2006), and 
whole-body oscillating vibration increases muscle 
spindle sensitivity (Hopkins et al. 2008). Similarly, 
vibration applied to the knee extensors during knee 
extensor exercise increases EMG measures (firing 
frequency, conduction velocity) of motor unit 
excitability (Mileva et al. 2006). However, EMG 
measures of motor neuron excitability have also 
been shown not to be affected by vertical whole-
body vibration (McBride, Nuzzo et al. 2010), and 
biceps EMG activity is not affected by vibration 
applied directly to the biceps tendon (Moran, 
McNamara, and Luo 2007).

Dampening of vibration may also affect whether 
a change in strength, power, or performance occurs. 
Wearing shoes, or the type of shoe worn, may 
affect the EMG response of muscles to whole-body 
vibration. For example, with or without shoes the 
EMG response of the vastus lateralis and medial 
gastrocnemius are both greater during vertical 
whole-body vibration with an amplitude of 4 mm 
compared to 2 mm. However, vastus lateralis EMG 
activity is greatest without shoes, and medial gas-
trocnemius EMG activity is greatest with shoes at 
an amplitude of 4 mm (Narin et al. 2009). Thus, 
the response of different muscles may be affected 
differently by the dampening effect of wearing 
shoes during whole-body vibration.

Frequency, amplitude, duration, and the timing 
of a performance measure all affect whether a 
change in strength or power occurs. Increases in 
countermovement jump one minute after vertical 
whole-body vibration with various combinations 
of frequency, amplitude, and duration indicate 

that as little as 30 seconds of whole-body vibra-
tion can increase countermovement jump ability 
immediately after and five minutes after, but not 
10 minutes after, whole-body vibration (Adams 
et al. 2009). However, it has also been shown 
that countermovement jump ability immediately 
after vertical whole-body vibration is significantly 
increased, whereas 5, 15, and 30 minutes after 
whole-body vibration no significant effect on 
countermovement jump ability is found (Cormie 
et al. 2006). Thus, the acute effect of any per-
formance increase due to whole-body vibration 
may be relatively short-lived. Additionally, high 
frequencies (40 and 50 Hz) coupled with large 
amplitude (4-6 mm) and low frequencies (30 and 
35 Hz) coupled with small amplitude (2-4 mm) 
may provide the optimal stimulus for acutely 
increasing countermovement vertical jump ability 
(Adams et al. 2009).

Another factor that may affect whether a change 
in performance occurs is the muscle length at 
which force or power is measured. Several lengths 
(various joint angles) of the elbow flexors show 
significant increases in maximal isometric force 
when force is measured during vibration, but no 
difference in the increase is shown among various 
muscle lengths (Kin-Isler, Acikada, and Artian 
2006). However, plantar flexion isokinetic peak 
torque occurs at a longer muscle length after a 
bout of whole-body vibration while dorsiflexion 
peak torque is not affected significantly by a bout 
of whole-body vibration and so shows no effect 
of muscle length at which peak torque occurs after 
whole-body vibration (Kemertzis et al. 2008). 
Thus, the effects of muscle length on increases in 
force or power are unclear.

Perhaps one of the more consistent findings is 
an increase in flexibility shortly after exposure to 
vibration. Increased flexibility has been shown 
in athletes (women field hockey and young male 
and female gymnasts) after whole-body vibration, 
vibration of specific muscle groups, and stretching 
while vibration is applied to specific muscle groups 
(Cochrane and Stannard 2005; Kinser et al. 2008; 
Sands et al. 2006, 2008). The effect of long-term 
flexibility training with vibration has received little 
study, but it appears to increase flexibility during 
four weeks of training and appears to be promising 
as a way to increase flexibility during long-term 
training (Sands et al. 2006). Vibration may also 
decrease delayed-onset muscle soreness (DOMS) 
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after eccentric (downhill walking) exercise, which 
could be important as a recovery method between 
training sessions (Bakhitary et al. 2006). This sug-
gests that vibration training may offer other bene-
fits in addition to increases in strength or power.

This discussion makes it clear that the effects 
of acute exposure to vibration and long-term 
vibration training depend on the frequency and 
amplitude as well as other characteristics of the 
vibration used. As with many types of training, 
large differences in the individual response to 
a specific vibration stimulus are also apparent. 
Another factor complicating the possible effect 
of vibration training is the consistency of the 
vibration produced by the equipment, such as any 
changes in the displacement of a vibration plat-
form with increased body mass. There do appear 
to be positive effects of both acute and long-term 
vibration training, but further study is warranted.

negative Training
During most resistance exercises the negative, or 
eccentric, portion of the repetition is the lowering 
of the resistance. During this phase the muscles 
are actively lengthening to lower the resistance in 
a controlled manner. Conversely, in most exercises 
the lifting of the resistance is termed the positive, 
or concentric, portion of a repetition. The effects 
of isokinetic eccentric, DCER eccentric only, and 
accentuated eccentric training as well as compar-
isons of eccentric and concentric training were 
discussed in chapter 2. Here the discussion will be 
limited to the use of negative, or eccentric, training 
as an adjunct to traditional resistance training.

It is possible to lower more weight in the nega-
tive phase of a repetition than is lifted in the posi-
tive phase. Thus, it is possible to use more than the 
1RM for a complete repetition when performing 
negative training. Negative training  involves 
lowering, or performing the eccentric portion of 
repetitions, with more than the 1RM for a com-
plete repetition. Accentuated eccentric  training 
refers to training in which a complete repetition 
is performed but more resistance is used in the 
eccentric phase than in the concentric phase. This 
type of training was discussed in chapter 2 and will 
not be discussed here.

Negative training can be done by having spotters 
help the lifter raise the weight, which the lifter 
then lowers unassisted. It can also be performed 
on some resistance training machines by lifting 

the weight with both arms or legs and then low-
ering the resistance with only one arm or leg. 
Some machines are specifically built to allow the 
use of more resistance in the eccentric phase of 
a repetition. Proper exercise technique and safe 
spotting techniques must be used for all exercises 
performed in a heavy negative fashion.

Ranges of 105 to 140% of the concentric 1RM 
have been proposed for use during negative train-
ing. Seniors (mean age 68 years) safely used a 
range of 115 to 140% of the concentric 1RM during 
the eccentric phase of repetitions of six machine 
exercises during training (Nichols, Hitzelberger et 
al. 1995); during negative-only knee extension, 
11.7 repetitions can be performed with 120% of 
a normal (concentric–eccentric repetition) 1RM 
(Carpinelli and Gutin 1991). Thus, using greater 
than the concentric 1RM during eccentric training 
appears to be safe. However, the amount of resis-
tance that can be used during eccentric training 
may vary substantially from one exercise to another 
and by sex (table 6.5).

Men's eccentric-only 1RMs determined on 
machines were between 27 and 49% greater than 
the machines’ concentric-only 1RM (see table 
6.5), whereas women's eccentric-only 1RMs on 
machines varied between 66 and 161% greater 
than the concentric-only 1RM. Note that the 
men's eccentric-only 1RM is generally within 
the proposed percentages of concentric 1RM for 
use during eccentric training. However, women's 
eccentric-only 1RM for some exercises is substan-
tially greater than the proposed limits of concentric 
1RM for use during eccentric training. Addition-
ally, the resistance used for negative training may 
depend on whether a machine or free weights are 
used. Heavier negative resistances may be possi-
ble with machines because they reduce the need 
for balancing the resistance in all three planes of 
movement.

Advocates of negative training believe that the 
use of more resistance during the negative por-
tion of the exercise results in greater increases in 
strength. Neural adaptations may contribute to 
the benefit of heavy negative training. In a com-
parison of maximal eccentric-only and maximal 
concentric-only training, EMG activity during 
maximal eccentric actions was enhanced 86% after 
maximal eccentric training, but only 11% after 
maximal concentric training (Hortobagyi et al. 
1996). During maximal concentric actions, EMG 
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activity was increased 8 and 12% as a result of 
eccentric and concentric training, respectively. An 
increase in EMG activity during maximal eccentric 
actions may be advantageous (as discussed in the 
section Forced Repetition, or Assisted Repetition, 
Technique later in this chapter) for increasing 1RM 
strength. Performing a heavy eccentric repetition 
(105% of concentric 1RM) immediately prior to 
performing a concentric action results in a sig-
nificantly increased concentric 1RM (Doan et al. 
2002). This indicates that the eccentric action may 
enhance neural facilitation during the concentric 
movement. Thus, there is some evidence that heavy 
eccentric training may result in neural adaptations 
that may enhance strength.

Some studies previously discussed concerning 
accentuated eccentric (negative) training (see chap-
ter 2) indicate that greater than the concentric 1RM 
must be used with accentuated eccentric training 
to achieve greater strength gains than occur with 
normal resistance training. These same studies also 
indicate that accentuated eccentric training can be 
safely performed with up to 125% of normal 1RM 
in the eccentric repetition phase. All of these pre-
vious studies examined the effects of accentuated 
eccentric, or negative-only, training on moderately 
resistance-trained or untrained people.

The effect of accentuated eccentric training in 
competitive Olympic weightlifters does indicate 
that it is advantageous for maximal strength gains 
over 12 weeks of training (Häkkinen and Komi 
1981). Lifters performing 25% of the eccentric 
actions in their training with 100 to 130% of the 
1RM concentric action significantly increased 10% 
in the snatch and 13% in the clean and jerk. Lifters 
performing their normal training over this same 
time frame improved 7% in the snatch and 6% in 
the clean and jerk. The improvement in the clean 

and jerk shown by lifters performing accentuated 
eccentric training was significantly greater than 
that of the group performing normal training. 
Both groups also improved significantly in various 
measures of isometric, concentric, and eccentric 
force during a leg press–type movement and a 
knee extension, but there was no significant dif-
ference between the groups. For these competitive 
athletes, their performance is measured by 1RM in 
the snatch and clean and jerk. Thus, accentuated 
eccentric training did offer the Olympic weightlift-
ers some competitive advantage.

Super-overload System
The super-overload system is a type of negative 
weight training. Partial repetitions are performed 
using 125% of the 1RM resistance. For example, if 
a person’s 1RM in the bench press is 200 lb (90.7 
kg), 250 lb (113.4 kg) is used (200 lb [90.7 kg] 3 
1.25 = 250 lb [113.4 kg]) for the partial repetitions. 
For example, in the bench press spotters help the 
lifter get the weight in the extended-elbow posi-
tion. The lifter lowers the weight as far as possible 
before lifting the weight back to the extended-el-
bow position without assistance from the spotters. 
The lifter performs 7 to 10 such partial repetitions 
per set. After the partial repetitions the resistance 
is lowered slowly to the chest-touch position, and 
the spotters help lift the weight back to the extend-
ed-elbow position. Normally, three such sets per 
exercise are performed in a training session.

After eight weeks of training three days per 
week with at least one day of rest between train-
ing sessions, the super-overload system results 
in 1RM bench and leg press increases equal to 
those achieved with conventional weight training 
(Powers, Browning, and Groves 1978). This indi-
cates that the super-overload system is as effective 

TaBle 6.5 Percentage of eccentric 1RM Greater Than concentric 1RM of Machine 
exercises

exercise
Men (% eccentric greater than  
concentric 1RM)

Women (% eccentric greater than 
concentric 1RM)

lat pull-down 32 29

leg press 44 66

Bench press 40 146

leg extension 35 55

Military press 49 161

leg curl 27 82
Data from Hollander et al. 2007.



Resistance Training Systems and Techniques

243

as conventional weight training in developing 1RM 
strength. Because resistances greater than 1RM are 
used in this type of training, spotters are manda-
tory when using free weights. It is also possible to 
use some machines with this system. As with other 
negative systems, on some machines the resistance 
may be lifted with both arms or legs and the partial 
repetitions performed with only one arm or leg.

unstable Surface Training
Unstable surface training involves performing 
exercises on a Swiss ball, inflatable disc, wobble 
board, or other unstable surface (see figure 6.5). 
The exercises can be performed with body mass 
only or with additional resistance. Proponents of 
this type of training assert that it enhances athletic 

FiGuRe 6.5 Many types of equipment can be used during unstable surface training: (a) dumbbell bench press 
on a Swiss ball, (b) seated overhead press on a Swiss ball, (c) lunge with one foot on a Swiss ball, (d) bench 
press with feet on inflatable discs.
Figure 6.5d Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University of Connecticut, Storrs, CT.

a

c

b

d



Designing Resistance Training Programs

244

performance as a result of improvements in bal-
ance, kinesthetic sense, proprioception, and core 
stability. They assert that because all movements 
require stability and mobility, training both of 
these qualities simultaneously and increasing core 
stability results in greater transfer of force produc-
tion by the musculature of the upper and lower 
limbs during daily life and sport-specific actions.

The core musculature can be defined as the 
axial skeleton and all muscles, ligaments, and other 
soft tissues with attachments originating on the 
axial skeleton whether this tissue terminates on 
the axial or appendicular (arm or leg) skeleton. 
Increasing core stability may help to control the 
position and motion of the trunk over the pelvis 
to allow optimum force production, transfer and 
control of force, and the motion of the limbs 
during athletic activities. Unstable surface training 
was originally developed to be used in rehabilita-
tion settings. This type of training does appear to 
increase balance, especially in those with impaired 
balance ability, such as seniors, and seems to pre-
vent some types of injuries, such as low back inju-
ries (DiStefano, Clark, and Padua 2009; Hibbs et 
al. 2008; Schilling et al. 2009; Willardson 2007b). 
However, many factors can affect whether unstable 
surface training increases core stability or perfor-
mance in daily life or athletic activities.

Many types of unstable surface equipment and 
training programs have been used to determine 
whether unstable surface training increases the 
ability to perform athletic activities (DiStefano, 
Clark, and Padua 2009; Hibbs et al. 2008; Wil-
lardson 2007b). Additionally, the type of balance 
test used may also determine whether balance 
improves. Static balance (standing stationary) 
on a firm surface or on an unstable surface, and 
dynamic balance, or the ability to stabilize oneself 
in a static stance after or while moving, could all 
be used to evaluate whether an increase in balance 
took place as a result of training.

Generally, balance training, including unstable 
surface training, appears to improve static balance 
ability on stable and unstable surfaces as well as 
dynamic balance. Thus, elite athletes may improve 
static balance on an unstable surface and dynamic 
balance, but stable balance on a stable surface 
appears to have a ceiling (DiStefano, Clark, and 
Padua 2009). This indicates that if stable balance 
on a stable surface is already good, training may 
not improve it substantially. This is an important 

consideration because most athletic activities are 
performed on stable surfaces (gym floors, solid 
playing surfaces). Athletes in sports performed on 
unstable surfaces, such as surfing, wind surfing, 
swimming, and snowboarding, however, may 
benefit from unstable surface training more than 
athletes in other types of sports.

Generally, a decrease in maximal force capa-
bilities and an increase in EMG activity are 
demonstrated when an exercise is performed on 
an unstable surface (Behm et al. 2010; Norwood 
et al. 2007; Willardson 2007b). However, EMG 
activity may depend on whether the comparison 
is made between the same absolute resistance or a 
percentage of 1RM specific to the stable or unstable 
condition (McBride, Larkin et al. 2010). Generally, 
EMG activity is greater in muscles used in squatting 
in a stable condition when 70, 80, or 90% of stable 
1RM is lifted compared to lifting unstable 1RM in 
an unstable condition. However, when lifting an 
absolute resistance (59, 67, or 75 kg, or 130, 148, 
or 165 lb), although EMG activity is greater in the 
stable condition, it is not generally significantly so. 
Increased EMG activity represents an increase in 
muscle activation and rate coding of motor units.

EMG activity may also depend on the unsta-
ble surface used and the muscle in question. For 
example, when performing a seated overhead press 
using either a barbell or a dumbbell while seated 
on a Swiss ball or on a normal bench, the 10RM 
is significantly (10-23%) less when seated on the 
Swiss ball (Kohler, Flanagan, and Whitting 2010). 
However, the EMG of the triceps was greater in the 
stable bench press, probably due to the increased 
resistance used, and the upper erector spinae 
showed the greatest EMG activity when subjects 
performed the exercises seated on the Swiss ball. 
During a dumbbell bench press on a Swiss ball 
using 60% of 1RM determined for a normal stable 
bench press, EMG activity of various muscles, 
including the abdominal muscles, is greater than 
during a normal stable bench press at the same 
resistance (Marshall and Murphy 2006). However, 
the resistance used was probably a greater percent-
age of 1RM in the unstable bench press performed 
on a Swiss ball, which may have resulted in the 
greater EMG activity.

In contradiction to both of the preceding stud-
ies, 1RM barbell bench press and EMG activity in 
various muscles was shown not to be significantly 
different between a bench press performed on a 



Resistance Training Systems and Techniques

245

Swiss ball and one performed on a stable normal 
bench (Goodman et al. 2008). So whether the 
resistance used is an absolute resistance (certain 
weight) or the same percentage of 1RM in the 
stable and unstable exercise, and the muscle in 
question, may affect EMG activity when perform-
ing exercises in unstable situations.

Similarly, the type of unstable equipment used 
will also affect EMG activity. Squatting while 
standing on a Swiss ball or on a wobble board 
generally shows increased muscle activation com-
pared to the same exercise in a stable condition in 
highly experienced weight-trained people (Wahl 
and Behm 2008). However, squatting with both 
feet on one inflatable disc or with each foot on 
a separate inflatable disc did not demonstrate 
significant increases in muscle activation. This 
indicates that moderately unstable equipment, 
such as inflatable discs, do not produce enough 
instability to increase muscle activation in highly 
weight-trained people.

Many exercises using unstable surfaces have 
the goal of increasing core stability by increasing 
the activity of the core musculature, including 
the abdominal and low back muscles. Several 
advanced Swiss ball exercises have been shown not 
to activate the majority of muscles sufficiently to 
increase strength (Marshall and Desai 2010). Only 
one of six of the advanced exercises (prone hold 
and praying mantis, single-leg squat, hold and 
crunch, bridge, hip extension, and roll) showed 
sufficient EMG activity to indicate that the rectus 
abdominis, external obliques, or lumbar erector 
spinae were activated sufficiently to increase 
maximal strength. The bridge activated the rectus 
abdominis sufficiently to indicate that maximal 
strength would increase. Thus, the use of unstable 
surface exercises to increase maximal strength may 
be limited; however, when performed with a suffi-
cient number of repetitions, muscular endurance 
could increase.

Whether unstable surface training increases 
performance in a specific activity could depend on 
whether the activity is performed in an unstable 
environment. For some activities played in unsta-
ble environments, such as ice hockey, no signifi-
cant correlation between wobble board ability and 
skating speed in highly skilled players is apparent 
(Behm et al. 2005). This indicates that unstable 
surface training may not improve performance in 
these sports.

Including wobble board training in the train-
ing program for women Division I athletes does 
improve performance in a one-minute sit-up test 
indicating increased strength and endurance of the 
abdominal musculature and single-leg squat abil-
ity (Oliver and Di Brezzo 2009). However, athletes 
performing their normal training program showed 
a similar increase in one-minute sit-up ability.

A 10-week study in which some male Division I 
athletes performed exercises on inflatable discs and 
others performed them without the discs did not 
show any advantage with the discs (Cressey et al. 
2007). The normal training resulted in a significant 
increase in drop jump (3.2%) and countermove-
ment jump (2.4%) ability, whereas the unstable 
surface training resulted in no change in these 
same measures. Both the unstable surface training 
and the normal training resulted in a significant 
decrease (40 yd, –1.8 and –3.9%, 10 yd, –4.0 and 
–7.6%, respectively) in 40 yd and 10 yd sprint 
ability. The decrease in 40 yd sprint ability with 
the normal training was significantly greater than 
that shown with unstable surface training. Both 
groups also significantly improved in an agility 
test (T-test), but no significant difference between 
training modes was demonstrated.

Adding six weeks of Swiss ball training to the 
regimes of aerobically conditioned athletes (maxi-
mal oxygen consumption 55 ml · kg–1 · min–1) does 
significantly increase core stability; however, max-
imal oxygen consumption and running economy 
were not significantly affected (Stanton, Reaburn, 
and Humphries 2004). Team handball throwing 
velocity is significantly increased (4.9%) after six 
weeks of core stability training using a variety of 
unstable surface devices (slings, discs; Saeterbak-
ken, van den Tillaar, and Seiler 2011). Collectively, 
these studies indicate that not all types of unstable 
surface training or programs will produce significant 
improvements in measures of athletic performance.

Unstable surface training performed for at 
least 10 minutes per session for three sessions 
per week for at least four weeks improves balance 
in healthy people (DiStefano, Clark, and Padua 
2009). Although clear evidence that unstable sur-
face training will improve athletic performance is 
lacking, this type of training does appear to reduce 
the risk of some types of injuries. Guidelines for 
using unstable surface training in yearly training 
programs for athletes have been developed (see 
box 6.4).
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Box 6.4 PRAcTicAl QueSTion

What Are Guidelines for unstable Surface Training?
As with all types of resistance training, no one training technique should be used exclusively in a 
training program. Unstable surface training does have some advantages and disadvantages compared 
to normal resistance training. One goal of developing a yearlong or long-term training program 
for athletes or fitness enthusiasts is to use a variety of training techniques to bring about desired 
adaptations. Thus, for fitness- and health-conscious people and athletes at all levels, ground-based 
free weight lifts, such as back squats, deadlifts, Olympic lifts, and lifts that involve trunk rotation, 
should form the foundation of their programs to train the core musculature. However, those who 
are training for health-related fitness who do not want to experience the training stresses associated 
with ground-based free weight lifts or do not have access to facilities to perform such exercises 
can achieve resistance training adaptations and functional health benefits with unstable training 
devices and exercises.

Guidelines for unstable surface training during a yearly training cycle have been proposed. 
During the preseason and in-season training, performing traditional exercises while standing on 
a stable surface is recommended for increases in core strength and power (DiStefano, Clark, and 
Padua 2009). During the postseason and off-season, unstable surface training (Swiss ball) exercises 
involving isometric actions, low resistances, and long tension times are recommended for increas-
ing core endurance (DiStefano, Clark, and Padua 2009). Additionally, unstable surface training 
equipment (inflatable discs and balance boards) should be used in conjunction with plyometric 
exercises to improve proprioception, which may reduce the likelihood of lower-extremity injuries 
(DiStefano, Clark, and Padua 2009). In summary, training programs may include both traditional 
and unstable surface training exercises.

DiStefano, L.J., Clark, M.A., and Padua, D.A. 2009. Evidence supporting balance training in healthy individuals: A systematic 
review. Journal of Strength and Conditioning Research 23: 2718- 2731.

?

Sling Training
Sling training involves grasping a sling or placing 
another body part, such as a foot, in a sling and 
then performing exercises (figure 6.6). Because 
the sling is free to move, this type of exercise can 
be viewed as an unstable surface exercise. A wide 
variety of sling exercises can be performed, includ-
ing push-ups, variations of rowing exercises, and 
abdominal or core stability exercises. Because of 
the unstable nature of the sling, this type of exer-
cise results in many of the characteristics of other 
unstable training techniques, such as increased 
balance ability and core stability.

Sling training is effective for increasing strength. 
For example, female college students training with 
either sling exercises or traditional weight training 
exercises show significant increases in isokinetic 
torque in a variety of movements as well as 1RM 
bench press and leg press ability with no signifi-
cant difference shown between training programs 
(Dannelly et al. 2011). However, the sling training 
resulted in a significantly greater increase in sling 
push-up ability than the traditional weight train-

ing program did. Both groups also significantly 
improved balance ability with no significant dif-
ference shown between groups. The results indicate 
that sling training is as effective as normal weight 
training in the initial training period of previously 
untrained people.

Sling training also improves motor perfor-
mance. Combining it with other unstable sur-
face training (discs) for six weeks significantly 
improves the throwing velocity (4.9%) of high 
school female handball players (Saeterbakken, van 
den Tillaar, and Seiler 2011). This type of training 
also improves throwing velocity in female college 
softball players (Prokopy et al. 2008). Sling train-
ing can also be used as a warm-up. Performing a 
sling-based warm-up increases throwing velocity 
and accuracy in collegiate baseball players to the 
same extent that a more traditional warm-up 
does (Huang et al. 2011). The preceding indicates 
that sling-based exercise is an efficient means of 
increasing strength and motor performance. One 
limitation of many sling-based exercises is that 
the resistance is limited by body mass. However, 



Resistance Training Systems and Techniques

247

this limitation could be overcome by the use of 
additional resistance, such as weighted vests.

Functional Training
A term associated with unstable surface training 
and core stability is functional training, which has 
come to mean different things to different groups. 
The general definition of functional training is 
training that is meant to increase performance in 
some type of functional task, such as activities of 
daily living or tests related to athletic performance. 
Thus, functional training could refer to virtually 
any type of training meant to increase motor per-
formance. To some, functional training refers to 
various forms of unstable surface training, the goal 
of which is to increase balance and core strength. 
Unstable surface training was originally developed 
for use in rehabilitative settings to increase balance 
(especially in those with impaired balance abil-

ity, such as seniors), and to prevent some types 
of injuries. Functional training also addresses 
task performance, such as rising from a chair or 
climbing stairs. This type of training is frequently 
included in programs to improve activities of daily 
living in seniors.

To others, functional training refers to various 
types of exercises, including unstable surface 
training, meant to increase performance in not 
only activities of daily living, but also athletic 
endeavors. Functional exercises of this type typ-
ically include various forms of plyometrics, rota-
tional-type exercises for the core musculature, as 
well as other types of training such as kettlebell 
training, which includes ballistic and rotational 
movements.

Thus, functional training is defined differently 
by different people. The information presented in 
this chapter as well as other chapters suggests that 

FiGuRe 6.6 Many different sling exercises can be performed, including inverted rowing, shown here.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University of Connecticut, Storrs, CT. 
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no matter how functional training is defined, it can 
increase strength and motor performance.

extreme conditioning Programs
Extreme conditioning programs are high-volume, 
short-rest-period, multi-exercise programs, many 
of which have become very popular (e.g., CrossFit, 
Insanity, Gym Jones). Additionally, these programs 
typically have a high training frequency; some are 
performed five or six days per week. Some include 
a large number of multijoint exercises, variations 
of the Olympic lifts, as well as interval training 
and plyometrics. Because of the variety of extreme 
conditioning programs, there is no representative 
training session. However, a typical session con-
sists of 10 repetitions of squat, bench press, and 
deadlift performed in a circuit fashion followed by 
successive sets in which the number of repetitions 

per set decreases by one until only one repetition 
per set is performed. The resistance used is 80% of 
1RM. Although lifters can rest between exercises, 
the goal is to perform the circuits with as little rest 
as possible between exercises.

Positive aspects of these types of programs 
are that they reduce body fat and increase local 
muscular endurance as a result of high volume 
(Bergeron et al. 2011). Negative aspects, also due 
to high volume, include deterioration of exercise 
technique resulting in fatigue, possible overuse 
injuries, and acute injuries. Exertional rhabdomy-
olysis (see box 6.5) and overreaching and over-
training are also concerns (Bergeron et al. 2011). 
To avoid these potential problems, trainers should 
individualize strength conditioning programs and 
increase volume, intensity, and frequency slowly 
to allow physiological adaptations to take place. 
Programs should also be periodized and sufficient 

Box 6.5 ReSeARcH

exertional Rhabdomyolysis
Research has shown that any exercise causes muscle tissue damage and breakdown, which are 
essential for muscle growth. However, exercise that is too extreme, either in one exercise session 
or successive sessions, can lead to serious complications. Of great concern is the development of 
exertional rhabdomyolysis (called “rhabdo” for short), which is a dangerous condition in which 
excessive muscle tissue breakdown results in large amounts of muscle constituents, such as myo-
globin, potassium ions, phosphate ions, creatine kinase [CK], uric acid, and other breakdown 
products, being released into the interstitial fluid and bloodstream. Inflammation occurs with the 
invasion of white blood cells into the injured tissue area, further complicating the process. The 
high levels of myoglobin and uric acid in the blood can then collect in kidney tubules, which can 
lead to renal failure. Additionally, the release of potassium ions can cause high levels in the blood 
and disrupt normal ionic balances. This can lead to a disruption of the heart’s normal rhythm and 
is potentially fatal.

Rhabdomyolysis is a medical emergency that, if left untreated, can cause death. Even competitive 
American football players are not immune to this problem, as noted in news stories over the past 
few years about football players performing high-volume, short-rest protocols or high-volume, 
heavy-eccentric-load training and developing rhabdo. Rhabdo can also occur in untrained people 
wanting to get into shape who take on extreme fitness programs (e.g., high-volume, short-rest pro-
tocols) and do too much too soon. Performing such extreme programs after a break or a detraining 
period, not individualizing a program, using too much volume and too little rest during and between 
workouts, and not progressing training are factors that have led to incidents of rhabdo.

In one case study, rhabdo was observed in an 18-year-old college NCAA Division 1 American foot-
ball player who was involved in a late summer conditioning session after four weeks of an intensive 
team training camp (Moeckel-Cole and Clarkson 2009). The authors reported that rhabdo occurred 
in the absence of dehydration, which many have erroneously thought was necessary for its devel-
opment. The authors reported the following:

The players were instructed by the strength and conditioning coach to perform 10 sets 
of 30 repetitions of squat exercises (300 total) using resistance bands attached to a 
platform beneath the feet and stretched over the shoulders. There was a 1-minute break 
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rest allowed between sessions so that recovery 
takes place.

Rest-Pause, or interrepetition Rest, 
Technique
The rest-pause, or interrepetition rest, technique 
involves performing one or several repetitions 
with a relatively heavy resistance and then resting 
for a short period of time before performing one 
or several more repetitions. This type of training 
has also been termed cluster training because sets 
are broken into clusters of repetitions separated 
by short rest periods. Between repetitions or sets 
the lifter puts the weight down and rests for short 
periods of time. As an example, the lifter performs 
one repetition of an exercise with 250 lb (113.4 
kg), which is near the 1RM for the exercise. The 
lifter then puts the weight down, rests 10 to 15 
seconds, and then performs another repetition (or 
several) with the same resistance. This is repeated 
for four or five times. If the lifter cannot perform a 

complete repetition, spotters assist just enough to 
allow the completion of the four or five repetitions. 
One or several sets of an exercise can be performed. 
Proponents of this technique believe that using a 
heavy resistance for several repetitions and then 
resting briefly before performing several more 
enables the lifter to use a heavier resistance or to 
maintain power (or both) in successive repetitions. 
Either of these results may cause greater strength 
or power increases with training.

Resting between repetitions for several rep-
etitions does increase power output compared 
to no rest between repetitions (Lawton, Cronin, 
and Lindsell 2006). Athletes who performed the 
concentric repetition phase as fast as possible in a 
normal set of six repetitions at 6RM compared to 
using the same resistance for six sets of one repe-
tition and resting 20 seconds between sets, three 
sets of two repetitions and resting for 50 seconds 
between sets, and two sets of three repetitions 
and resting 100 seconds between sets showed 
significantly greater power output in repetitions 4 

between each set. The patient recalled that this was the most painful exercise he had ever 
performed. After the 10 sets of squats, the players were next instructed to perform 30 
Romanian dead lifts using 40-lb dumbbells. Finally, they all performed 30 shoulder shrug 
bicep curls using 80-lb dumbbells. The training session was held in the late afternoon 
and the room was not air-conditioned. At the time of the training session, the patient 
reported that the temperature of the room was very warm but not hot, somewhere in 
the range of 78-84 °F. The patient reported that during the incidental training session 
he consumed water (6-8 oz each time) between each set of exercises. Following the 
exercise session, the patient reported that he felt dizzy and was experiencing pain in the 
quadriceps group. The patient also reported that several other players were stressed by 
the session and were vomiting during the training. (p. 1056)

The player then had problems with movement and severe pain in his thighs after returning to 
his dorm room and this continued the next day. After consultation with the athletic trainer and no 
changes in the pain and movement problems he checked into the emergency room and was found to 
be fully hydrated but upon examination he had a CK value of 84,629 IU·L–1 (normal resting values 
range from about 25 to 100 IU·L–1 and after typical resistance exercises increase to about 250-350 
IU·L–1). After 8 days in the hospital, it took one month for this athlete to recover and be ready to 
resume normal activities. This study showed that severe and extreme exercise protocols, even in fit 
athletes who are hydrated, can lead to the medical emergency of rhabdo. Hydration alone is not 
sufficient to prevent rhabdo, and important monitoring of symptoms such as severe muscular pain 
and dark brown urine in trainees is vital so that immediate medical care can be given. When design-
ing and implementing a conditioning program it is vital that athletes have had a proper progression 
for intensity, volume, and rest period length and are ready for the workout that is designed. Too 
often workouts are mistakenly used for punishment or work hardening. However, it is becoming 
more apparent that no matter how fit an individual is, if excessive exercise prescriptions are used, 
the potential for rhabdo and its complications exist.

Moeckel-Cole, S.A., and Clarkson, P.M. 2009. Rhabdomyolysis in a collegiate football player. Journal of Strength and Condi-
tioning Research 23: 1055-1059.
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through 6 (25-49%) when rest was allowed. Total 
power output during all sets with a rest between 
repetitions was also greater (21.6-25.1%) com-
pared to the traditional 6RM set. No significant 
difference in power output was shown among the 
three protocols.

Subjects who performed power cleans for three 
sets of six repetitions with no rest between repeti-
tions or 20 and 40 seconds of rest between repeti-
tions showed a similar maintenance of power with 
rest between repetitions (Hardee et al. 2012). Peak 
power and force decreased significantly less during 
the three sets when 20 seconds of rest (6 and 2.7%, 
respectively) and 40 seconds of rest (3 and 0.4%, 
respectively) were allowed compared to when no 
rest was allowed (16 and 7%, respectively). Simi-
larly, power is better maintained during four sets 
of six repetitions of squat jumps when 12 seconds 
of rest is allowed between repetitions, 30 seconds 
is allowed between groups of two repetitions, and 
60 seconds is allowed between groups of three 
repetitions (Hansen, Cronin, and Newton 2011). 
Because of the greater power and force outputs 
when using rest intervals between repetitions, this 
type of training may be of value when the training 
goal is to increase power or strength.

Although rest between repetitions or groups 
of repetitions may allow greater power and force 
output while training, when applied to training 
over six weeks, no difference in power output is 
shown (Lawton et al. 2004). Athletes performed 
the concentric repetition phase of repetitions of 
the bench press as fast as possible for either four 
sets of six repetitions with approximately four 
minutes of rest between sets or eight sets of three 
repetitions with approximately 1.7 minutes of rest 
between sets. The total training volume and per-
centage of 6RM used by both groups was identical. 
Both groups improved power output in a bench 
press throw (20, 30, and 40 kg [44, 66, and 88 lb] 
resistance) ranging from 5.8 to 10.9%; however, 
no significant difference was shown between the 
groups. The four-set, six-repetition training did 
show a significantly greater increase in bench press 
6RM strength (9.7 vs. 4.0%). A limitation of this 
study is that even though the concentric repetition 
phase was performed as fast as possible with both 
types of training, the eight-set, three-repetition pro-
gram trained using percentages of 6RM as opposed 
to percentages of 3RM. Thus, the three-repetition 
sets were not performed with a resistance close to 
3RM, which could limit maximal strength gains.

Another training study eight weeks in duration 
trained highly trained rugby athletes with either 
a traditional program or rest between groups of 
repetitions or clusters of an exercise (Hansen et 
al. 2011). Both training programs followed a peri-
odized program. The cluster training technique 
was used only for the multijoint strength and 
power exercises, such as the squat, power clean, 
clean pull, and jump squat. Both training pro-
grams significantly increased 1RM squat ability, 
but the increase was significantly greater with the 
traditional training (18 vs. 15%). Neither train-
ing program significantly increased measures of 
power. However, cluster training may have had 
a greater effect on some measures of power than 
the traditional training did. For example, peak 
power during a jump squat carrying 40 kg (88 lb) 
favored the cluster training (4.7 vs. 0% increase), 
and peak velocity during a body weight jump 
squat favored the cluster training (3.8 vs. 0.5%). 
Thus, the effects of chronic use of the rest-pause 
technique, or cluster training, is not clear, but this 
type of training may offer a small advantage in 
power development.

A variation of the rest-pause technique has 
been shown to result in significant strength gains, 
but the strength gains were not as a large as those 
that occurred with a more conventional program 
(Rooney, Herbert, and Balwave 1994). The rest-
pause technique consisted of performing one set 
of 6 to 10 repetitions at a 6RM weight with 30 
seconds of rest between repetitions. Strength gains 
from the rest-pause technique were compared 
to one set of six repetitions using a resistance 
of 6RM. Both groups experienced significantly 
greater increases in 1RM than a control group did. 
However, the 1RM increase shown by the normal, 
or no-rest-between-repetitions, group (56%) was 
significantly greater than the increase shown by the 
rest-between-repetitions group (41%). Increases in 
maximal isometric strength of both groups were 
significantly greater than those of the control 
group. However, the difference between the rest 
and no-rest groups was not significant. The results 
indicate that this variation of the rest-pause tech-
nique compared to a no-rest-between-repetitions 
system was not as effective in increasing dynamic 
strength and resulted in equivalent isometric 
strength gains.

Neither of the training studies discussed earlier 
used the RM resistance for the number of repe-
titions performed with the rest-pause training. 
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However, as discussed in the earlier section Sets to 
Failure Technique, not training to failure may result 
in greater power increases than training to failure. 
These studies could be interpreted to mean that if a 
rest-pause technique is to result in greater strength 
increase than more traditional training, trainees 
would need to use close to the RM resistance for 
the number of repetitions performed. Rest-pause 
training does not appear to offer any advantage for 
increasing maximal strength, but it may be useful 
when training for power output.

chain or elastic Band Technique 
for Added Resistance
The chain training technique involves using hooks 
to hang chains from both ends of a barbell. When 
the barbell is in the lowest position of an exercise, 
such as the chest-touch position in the bench 
press, a relatively small section of chain is added 
to the mass of the barbell; the rest of the chain 
lies on the floor. As the barbell is lifted during the 
concentric repetition phase, more and more chain 
is picked up off the floor adding additional mass 
to the resistance being lifted. Attaching elastic 
bands to the ends of a barbell works in a similar 
manner because the elastic bands are stretched 
during the concentric repetition phase as resistance 
increases. This results in ever-increasing resistance 
as the barbell is lifted from the chest-touch to the 
elbow-straight position. Conversely, as the barbell 
is lowered from the elbow-straight position to the 
chest-touch position, the resistance decreases.

Chain and elastic band training are popular 
adjuncts to normal training among elite lifters. 
Fifty-seven percent and 39% of powerlifters 
(Swinton et al. 2011) and 56 and 38% of strong-
man competitors (Winwood, Keogh, and Harris 
2011) incorporate chain or elastic band training, 
respectively, into their total training programs. 
Anecdotally, these techniques appear to be most 
prevalent in multijoint exercises, such as the bench 
press, squat, and deadlift, which have an ascend-
ing strength curve, or Olympic lifts in which the 
acceleration of the barbell and power are necessary 
for completing a repetition.

Several methods of hanging chain from a barbell 
have been developed. With the linear technique, 
one or more chains are hung from each side of 
the barbell (see figure 6.7). With the double-loop 
technique, one end of a smaller chain is attached 
to the barbell and the other end is attached to a 

larger chain (see figure 6.7). This results in a large 
increase in resistance when the larger chain begins 
to be lifted off of the floor. With both techniques 
the chain can be looped several times to increase 
the resistance, and chains of different sizes can be 
used to vary the resistance. With the double-loop 
technique the change in resistance can be sub-
stantially more than with the linear technique 
(Neely, Terry, and Morris 2010). For example, in 
a back squat the double-loop technique provides 
nearly twice the increase in resistance as the linear 
technique.

Test–retest reliability of a chain 1RM bench 
press (McCurdy et al. 2008) is high in both men 
(r = .99) and women (r = .93). More important 
from a training perspective, chain 1RM bench press 
ability significantly correlates with normal bench 
press 1RM in both men and women (r = .95 and 
.80, respectively). This indicates that if chain 1RM 
bench press is increased, normal bench press 1RM 
will also increase (McCurdy et al. 2008). During 
a normal back squat and squat performed with 
chains, EMG activity of the quadriceps and ham-
string muscle groups and vertical ground reaction 
forces are not significantly different between the 
last repetition of five repetitions performed with 
a 5RM resistance, which indicates no advantage to 
chain training (Ebben and Jensen 2002). During 
performance of the chain squat, approximately 
10% of the mass on the barbell was removed and 
replaced by the chains.

As might be expected, using chains does change 
the velocity of movement during an exercise. For 
example, in a comparison of a bench press per-
formed using 75% of 1RM and one using 60% of 
1RM with chains increasing resistance to a max-
imal resistance of approximately 75% of 1RM, 
concentric lifting velocity increased approximately 
10% with the use of chains (Baker and Newton 
2009). Likewise, eccentric lifting velocity was also 
increased with the use of chains.

In deadlifts at 30, 50, and 70% of 1RM with 
chains adding 20 or 40% of 1RM, velocity of 
movement and other measures were also affected 
(Swinton et al. 2011). The deadlifts were performed 
at as fast a velocity as possible. With the use of 
chains, peak velocity (–17 to 30%), peak power 
(–5 to 25%), and rate of force development (–3 
to 11%) were significantly decreased; peak force 
(+2 to 10%) increased significantly; and greater 
force was maintained at the end of the concentric 
repetition phase.
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The difference in velocity between the preceding 
two studies is probably due to how the resistance 
with chains was added. In the bench press chains 
were used to add resistance so that the same per-
centage of 1RM was used with and without chains, 
whereas in the deadlift chains were used to add 
resistance to a certain percentage of 1RM. In both 
cases, changes in velocity were likely due to the 
changing resistance during the concentric and 
eccentric repetition phases. How chains are used 
to change the resistance in an exercise may affect 
whether their use increases or decreases velocity, 
power, and force relative to a no-chain repetition. 
Additionally, if eccentric velocity is increased with 
the use of chains, unloading due to the use of 
chains in the eccentric repetition phase may result 
in a more rapid stretch-shortening cycle.

Training studies favor the use of chains and 
elastic bands. A seven-week training study using 
elastic bands demonstrated a significantly greater 
increase in 1RM back squat (16 vs. 6%) and bench 
press (8 vs. 4%) compared to normal training 
(Anderson, Sforzo, and Sigg 2008). Normal and 

elastic band training resistances were equated: 
During elastic band training, 80% of the resistance 
was supplied by free weights and 20% was supplied 
by elastic bands. Bench press training of untrained 
males for three weeks with 15% of the resistance 
supplied by elastic bands compared to normal free 
weight training showed the elastic band training 
to increase 1RM, significantly more than normal 
training did (10 vs. 7%) (Bellar et al. 2011). During 
a seven-week training period increases in predicted 
1RM bench press were not significantly different 
with chain and elastic band training compared to 
normal training (Ghigiarelli et al. 2009), although 
increases in 5RM peak power showed a trend (p 
= .11) favoring the elastic band (4%) and chain 
(2.5%) compared to the normal training (1%).

Use of chains during the Olympic lifts appears 
to offer little or no advantage (Berning, Coker, and 
Briggs 2008; Coker, Berning, and Briggs 2006). Ver-
tical ground reaction forces, vertical bar displace-
ment, bar velocity, and rate of force production 
are not different when using chains in the clean 
and snatch lifts. These variables were examined 

FiGuRe 6.7 With the linear technique of using chains, one chain is hung from each side of a barbell.
© matthiasdrobeck/iStockphoto
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when experienced Olympic weightlifters used 80 
and 85% of 1RM and then had 5% of these resis-
tances removed from the barbell and replaced with 
chains (75% of 1RM + 5% of 1RM from chains, 
80% of 1RM + 5% of 1RM from chains). However, 
the lifters reported that greater effort was required 
throughout the entire lift when using chains and 
that greater effort was required to stabilize the bar 
because of the oscillation of the chains, especially 
during the catch phrase of the snatch. This suggests 
a possible psychological or physiological advan-
tage to using chains in training.

Use of chains and elastic bands in training is 
quite popular among some groups of athletes. 
Many variations in changing the resistance are 
possible. However, further research is needed to 
determine the efficacy of this training practice.

complex Training, or contrast 
loading
Complex training, or contrast loading, involves 
performing a strength exercise, such as a squat, 
and then after a short rest period performing a 
power-type exercise, such as a vertical jump (Fleck 
and Kontor 1986). The exercise sequence may 
consist of one or multiple sets of both the strength 
and power-type exercise. In a training session the 
exercise sequence may consist of several types 
of strength and power exercises. For example, 
complex training could consist of alternating 
sets of the bench press or squat with a resistance 
greater than 80% of 1RM, followed by bench press 
throws or vertical jumps using a resistance of 30 
to 45% of 1RM or some other type of plyometric 
or stretch-shortening cycle exercise. The goal of 
this type of training is to acutely or over long-term 
training enhance power output in tasks such as 
jumping, sprinting, and throwing a ball.

The term postactivation potentiation  is used to 
describe the increased performance or power 
output after performing a strength exercise. The 
postactivation potentiation may be due to some 
type of short-term neural accommodation result-
ing in an increased ability to recruit muscle fibers 
or the inhibition of neural protective mechanisms 
(Golgi tendon organs), although this explanation 
lacks a clear physiological mechanism. Another 
explanation of postactivation potentiation is 
increased phosphorylation of the myosin light-
chain molecules in muscle resulting in increased 
calcium sensitivity of the muscle contractile pro-

teins (Babault, Maffiuletti, and Pousson 2008; 
J.C. Smith and Fry 2007; Tillin and Bishop 2009).

Some studies have shown that complex train-
ing acutely increases power output and velocity 
of movement (Babault, Maffiuletti, and Pousson 
2008; Baker 2001a, 2001b; Paasuke et al. 2007; 
Rixon, Lamont, and Bemben 2007; Robbins 
2005; Stone et al. 2008). However, many factors 
could affect whether power or strength are acutely 
affected by complex training. Whether an increase 
in power occurs depends on a balance of the 
fatigue caused by the strength exercise, recovery 
from the strength exercise, and the time frame of 
any postactivation potentiation (Tillin and Bishop 
2009). Thus, the time between the performance 
of the strength exercise and when power output 
is determined could affect whether an increase in 
power is demonstrated.

Postactivation potentiation, when present, 
may be most apparent between 4 and 12 minutes 
(Batista et al. 2007) and 8 and 12 minutes (Kilduff 
et al. 2007) after completion of the strength exer-
cise. Postactivation potentiation may also last as 
long as six hours (Saez Saez de Villarreal Gonza-
lez-Badillo, and Izquierdo 2007). However, not all 
information agrees with the preceding time frames. 
Postactivation potentiation was most apparent one 
to three minutes after a maximal isometric action 
and then decreased four to five minutes after the 
isometric action; it was not apparent at 10 minutes 
(Miyamoto et al. 2011).

Postactivation potentiation may also be most 
apparent in muscles with a high proportion of 
type II fibers (Hamada et al. 2000). Muscle con-
traction type also affects postactivation potenti-
ation. Increased force or power capabilities are 
more apparent after isometric actions compared 
to dynamic actions; during fast concentric actions 
compared to slow ones (30 vs. 150 degrees per 
second); after isometric compared to concen-
tric, eccentric, and concentric–eccentric actions 
(Esformes et al. 2011); and during concentric com-
pared to eccentric actions (Babault, Maffiuletti, 
and Pousson 2008; Rixon, Lamont, and Bemben 
2007). Training status or maximal strength may 
also affect postactivation potentiation: Trained 
athletes and resistance-trained athletes show a 
greater response than untrained people (Rixon, 
Lamont, and Bemben 2007; Robbins 2005), and 
power-trained athletes show a greater response 
than endurance-trained athletes (Paasuke et al. 
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2007). Likewise, maximal strength may also affect 
postactivation potentiation: Stronger people have 
a greater response than weaker ones (Tillin and 
Bishop 2009).

Given that all of the preceding factors may affect 
whether postactivation potentiation occurs, it is 
not surprising that a great deal of variation in the 
postactivation potentiation response has been 
shown (Comyns et al. 2006; Mangus et al. 2006). 
Research to date is equivocal concerning whether 
a complex training results in a postactivation 
response (Tillin and Bishop 2009).

Typically, a resistance of 3- to 5RM is used to 
elicit a postactivation potentiation, although as 
discussed earlier, isometric actions may be more 
effective in producing a postactivation potentiation 
response. The following examples demonstrate 
some of the difficulties in determining whether 
postactivation potentiation occurs. Following three 
sets of a 3RM bench press exercise, throwing veloc-
ity (seated medicine ball throw) was significantly 
improved when throwing a 4 kg (8.8 lb) medicine 
ball (8.3%), but not when throwing a 0.55 kg (1.2 
lb) ball (Markovic, Simek, and Bradic 2008). No 
significant change in power in a bench press throw 
using a resistance of 45% of 1RM occurred after 
performing bench press repetitions at 100, 75, or 
50% of 1RM (Brandenburg 2005). The results of 
these two studies indicate that the resistance used 
when determining whether a postactivation poten-
tiation occurs may affect the results.

After track and field athletes performed five back 
squat repetitions at 85% of 1RM, vertical jump 
peak height (4.7%), and peak ground reaction 
force (4.6%) during a squat jump significantly 
increased (Weber et al. 2008). Recreationally 
resistance-trained people after performing one set 
of eight repetitions using 40% of 1RM or one set 
of four repetitions using 80% of 1RM in the back 
squat showed no significant change in counter-
movement vertical jump peak ground reaction 
force or ground contact time (Hanson, Leigh, and 
Mynark 2007). Although the training histories of 
the subjects in these two studies differed, using a 
similar resistance (80 or 85% of 1RM) in the back 
squat showed a significant increase in and no sig-
nificant postactivation potentiation.

Although, typically, one set of a strength exercise 
is used to try to bring about postactivation poten-
tiation, multiple sets and other types of exercises 
may also cause postactivation potentiation (Saez 

Saez Villarreal, Gonzalez-Badillo, and Izquierdo 
2007). Three sets of five jumps with an added 
resistance that brings about maximal power output 
in a jump; two sets of four repetitions at 80% of 
1RM and two sets of two repetitions at 85% of 1RM 
in the back squat; two sets of four repetitions at 
80%; two sets of two repetitions at 90%; and two 
sets of one repetition at 95% of 1RM in the back 
squat all bring about a significant increase in drop 
jump height (3 to 5.5%) and countermovement 
jump height with an added resistance that causes 
maximal power (2.5 to 11.4%). Performing one 
set of three vertical jumps significantly increases 
(5.4%) power output in a set of six vertical jumps 
with an added resistance of 88 lb (40 kg) (Baker 
2001a). These two studies indicate that multiple 
sets of an activity and power-type activities may 
also cause postactivation potentiation.

Little information concerning the long-term 
effects of complex training is available. Six weeks 
of plyometric-only, resistance-only, or complex 
training all increased 1RM squat, calf raise, and 
Romanian deadlift ability, but no significant 
difference was shown among training types (Mac-
Donald, Lamont, and Garner 2012). Four weeks 
of complex, plyometric-only, and weight training 
all showed significant improvements in some 
motor performance tasks. However, the complex 
training showed the greatest overall improvements 
and improvement in more motor performance 
tasks (Dodd and Alvar 2007). Complex training 
significantly improved sprint ability (20 yd, 0.55%; 
40 yd, 0.26%; 60 yd, 0.27%), vertical jump ability 
(0.98%), standing long jump ability (1.8%), and 
T-agility time (2.33%). Resistance training signifi-
cantly improved only sprint ability (60 yd, 0.15%), 
vertical jump ability (0.36%), standing long jump 
ability (0.67%), and T-agility time (1.24%). Plyo-
metric training improved only vertical jump ability 
(1.91%) and standing long jump ability (1.1%).

In 10 weeks complex training (resistance exer-
cise followed by a series of plyometric exercises) 
significantly increased squat jump and coun-
termovement jump ability in young (14- and 
15-year-old) basketball players (Santos and Janeira 
2008). Although no comparison to another type of 
training was included in this study, it does indicate 
that complex training can be effective. Three weeks 
of complex training or compound training result 
in similar increases (5 vs. 9%) in vertical jump 
height (Mihalik et al. 2008). Compound training 
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consisted of performing the same exercises as in 
complex training, but on different days of the week 
(weight training and plyometric training were not 
performed in the same session). Complex training 
does appear to result in postactivation potentiation 
in some situations. However, the effect of long-
term complex training needs further research.

Summary
The possibilities for creating new resistance train-
ing systems and techniques appears almost infinite. 
All of the systems and techniques discussed in this 
chapter were designed to address specific training 
goals. They evolved from a variety of sources, 
including bodybuilding, powerlifting, Olympic 
weightlifting, and personal trainers. When groups 
realize their desired adaptations using certain sys-
tems and techniques, they continue to use them. 
Some equipment companies promote resistance 
training systems and techniques that suit their 
equipment characteristics or fit into their mar-
keting strategies. Thus, many factors other than 
a sound scientific basis affect whether a training 
system or technique becomes popular.

It should be possible to describe each system 
and technique in terms of its acute program vari-
ables. However, for most systems and techniques 
the acute program variables were never completely 
defined. The choice of a training system or tech-
nique depends on the goals of the program, time 
constraints, equipment availability, and how the 
goals of the resistance training program relate to 
the goals of the total fitness program. Different 
training systems and techniques can be incor-
porated into advanced training strategies (see 
chapter 7).
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After studying this chapter, you should be able to

1. describe the typical pattern of training intensity and volume used for linear and nonlinear 
periodization,

2. describe what is known from research concerning changes in strength, motor perfor-
mance, and body composition due to linear and nonlinear periodization,

3. define power training and discuss how rate of force development, weight lifted, velocity 
of movement and the deceleration phase affect power output in an exercise,

4. describe what is known from research concerning designing the optimal plyometric 
training program, and

5. discuss why two weight training sessions per day might be advantageous to athletes.

Major League Baseball, and 94% of National Foot-
ball League strength and conditioning coaches use 
plyometric training in their total training programs 
(Duehring, Feldman, and Ebben 2009; Ebben and 
Blackard 2001; Ebben, Hintz, and Simenz 2005; 
Simenz, Dugan, and Ebben 2005).

Advanced training strategies are necessary in 
part because as people become physically fitter, 
gains in fitness slow and training plateaus occur. 
Advanced training strategies are also necessary to 
optimally develop some fitness variables, such as 
power and muscular rate of force development, in 
highly fit people. Although new training strategies 
are developed frequently by coaches, personal 
trainers, and strength conditioning specialists, 
many are not studied scientifically. The advanced 
training strategies discussed in this chapter are peri-
odization of resistance training, power training, 
plyometric or stretch-shortening cycle training, and 
multiple training sessions on the same day. All of 
these strategies have received a significant amount 
of attention from the sport science community. 
Therefore, there is sufficient research from which to 
draw conclusions and develop training guidelines.

Advanced Training Strategies

7

The search for advanced training strategies 
probably began shortly after the development of 
the first resistance training programs. After per-
forming a resistance training program for a short 
period of time and making substantial gains in 
strength and hypertrophy, someone probably 
wondered, What can I do to improve my current 
weight training program? The search for advanced 
training strategies that began at that point con-
tinues today. The popularity of advanced training 
strategies is demonstrated by surveys indicating 
that 95% of American high school coaches, 69% 
of American National Football League coaches, 
80% of strongman competitors, 85% of American 
National Basketball Association coaches, 86% of 
American Major League Baseball strength and 
conditioning coaches, and 96% of elite British 
powerlifters use some type of periodized training 
(Duehring, Feldman, and Ebben 2009; Ebben and 
Blackard 2001; Ebben, Hintz, and Simenz 2005; 
Simenz, Dugan, and Ebben 2005; Swinton et al. 
2009; Winwood, Keogh, and Harris 2011). Simi-
larly, in the United States, 100% of high school, 
100% of National Basketball Association, 95% of 
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Periodization  
of Resistance Training

Periodization  of training refers to planned 
changes in any of the acute training program 
variables, such as exercise order, exercise choice, 
number of sets, number of repetitions per set, 
rest periods between sets and exercises, exercise 
intensity, and number of training sessions per 
day, to bring about continued and optimal fitness 
gains. Sport scientists, coaches, and athletes of the 
former Eastern Bloc countries of the Soviet Union 
and East Germany are credited with developing 
and researching the concept of periodization. 
However, anecdotal evidence also indicates that 
athletes were performing periodized programs 
in the United States, Europe, and other Western 
countries as early as the 1950s.

The main goals of periodized training are opti-
mizing training adaptations during both short 
periods of time, such as weeks and months, and 
long periods of time, such as years or an entire 
athletic career. Some periodized plans also have 
as a goal to peak physical performance at a partic-
ular point in time, such as a major competition. 
Another goal of periodized training is to avoid 
training plateaus. During long-term training any 
program can result in a training plateau in part 
because people are approaching their genetic 
maximal capabilities for a specific characteristic, 
such as strength. However, comparative studies of 
nonvaried programs and periodized programs in 
which serial testing was performed demonstrate 
that nonvaried programs can result in training pla-
teaus (see table 7.1), whereas periodized programs 
result in more consistent fitness gains.

Table 7.1 Percentage Changes During Various Training Periods Demonstrating  
Training Plateaus With Nonperiodized Training 

Bench press 1RM

Pretraining to 12 weeks Pretraining to 24 weeks 12 to 24 weeks

Nonlinear periodization 23a, c 47a, c 19b

1 set  8-12 reps 12a 12a 0

Leg press 1RM

Nonlinear periodization 21a, c 32a, c 9c

1 set  8-12 reps 8a 11a 3

Bench press reps at 80% of 1RM

Nonlinear periodization 14a, c 24a, c 9b

1 set  8-12 reps 2 10a 8

Leg press reps at 80% of 1RM

Nonlinear periodization 35a, c 65a, c 22b

1 set  8-12 reps 16a 19a 2

Wingate peak power

Nonlinear periodization 14a, c 27a, c 12b

1 set  8-12 reps 1 4 4

Sit-ups in 1 min

Nonlinear periodization 26a, c 42a, c 13b

1 set  8-12 reps 8a 13a 2

Vertical jump power

Nonlinear periodization 24a, c 40a, c 13b

1 set  8-12 reps 9a 10a 1

40 yd sprint

Nonlinear periodization –3a, c –6a, c –3b

1 set  8-12 reps +1 –1 –1

a = significant difference from pretest; b = significant difference from 12 weeks; c = significant difference from one-set group.

Data from Marx et al. 2001.
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Bench press 1RM

Pretraining to 4 
weeks

Pretraining to 
16 weeks 4 to 8 weeks 8 to 12 weeks 12 to 16 weeks

linear periodization 7a 24a, b 4 8 5

5  10RM 5a 8a 0 1 2

6  8RM 7a 10a –2 2 3

Squat 1RM

linear periodization 9a, c 33a, b 3 9 12

5  10RM 4a 15a 3 3 5

6  8RM 10a, c 22a, c 2 7 3

a = significant increase from control group; b = significant difference from other two groups; c = significant difference from 5  10RM group.

Data from Willoughby 1993.

Bench press 1RM

Pretraining to 16 
weeks

Pretraining to36 
weeks 16 to 24 weeks 24 to 36 weeks

Nonlinear periodization 22a 25a 0a 4a, c

1 set  8-12 reps 10a 10a 0a 0a

Leg press 1RM

Nonlinear periodization 11a 18a 5a, b 3a, c

1 set  8-12 reps 6a 7a 0a 0a

Shoulder press 1RM

Nonlinear periodization 19a 28a 7a, b 2a, c

1 set  8-12 reps 14a 14a 3a –3a

Vertical jump

Nonlinear periodization 26a 48a 6a 17a, c

1 set  8-12 reps 5 5 0 0

Wingate power

Nonlinear periodization 8 14a 4 3

1 set  8-12 reps 0 0 0 0

Serve velocity

Nonlinear periodization 21a 23a 2a, b 0a

1 set  8-12 reps 4 4 3 –3

a = significant difference from pretest; b = significant difference from 16 weeks; c = significant difference from 24 weeks.

Data from Kraemer et al. 2000.

Bench press 1RM

Pretraining to 4 
weeks

Pretraining to 12 
weeks 4 to 8 weeks 8 to 12 weeks

Nonlinear periodization 15a 28a, c 6b 5b

linear periodization 4 9 1 5

3  8- to 10RM 3 9 2 3

Leg press 1 RM

Nonlinear periodization 15a, c 39a, c 11b 8b

linear periodization 5 16a 5 5

3  8- to 10RM 4 8 1 3

a = significant difference from pretest; b = significant difference from previous time point; c = significant difference from linear period-
ization and control group.

Data from Monteior et al. 2009.
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A meta-analysis indicates that periodized resis-
tance training programs result in greater strength 
increases in both sexes, untrained people, and 
trained people than nonvaried programs do 
(Rhea and Alderman 2004). Although periodized 
programs result in strength gains in both sexes 
performing the same periodized training program, 
relative strength gains may be greater in females 
than in males (Kell 2011). Perhaps surprisingly, 
untrained people experience greater strength gains 
(effect size = 1.59) compared to trained people 
(effect size = 0.78) and athletes (effect size = 0.84) 
with periodized programs.

Periodized programs also result in greater 
strength gains than nonvaried programs do 
whether the training program is 1 to 8, 9 to 20, or 
20 to 40 weeks long; however, the greatest differ-
ence between periodized programs and nonvaried 
programs is shown with a training duration of 9 to 
20 weeks. Periodized programs may not result in 
greater strength gains in some populations, such 
as seniors with a mean age of 71 years (DeBeliso et 
al. 2005). This is partially supported by the preced-
ing meta-analysis, which indicated that people 55 
years and younger (effect size = 1.34) experience 
greater strength gains with periodized programs 
compared to nonperiodized programs than those 
55 years and older (effect size = 0.85).

Periodized training programs use different 
combinations of acute training program variables 
to emphasize different training outcomes, such 
as hypertrophy, maximal strength, local muscular 
endurance, and maximal power. This does not 
mean that a training session emphasizing one 
training outcome over time will not result in 
increases in other training outcomes; rather, it 
means that the training session is meant to develop 
one training outcome to a greater extent than 
others. As an example, a training session emphasiz-
ing maximal strength will result in muscle hyper-
trophy over time; however, the session is meant 
to develop maximal strength to a greater extent 
than hypertrophy. Guidelines have been devel-
oped (see table 7.2) to emphasize various training 
outcomes for novice, intermediate, and advanced 
weight-trained people (American College of Sports 
Medicine 2009). These guidelines can be used to 
develop periodized resistance training sessions.

The manipulation of resistance training’s acute 
training program variables results in a virtually 
limitless number of possibilities and so a limitless 
number of both short- and long-term training 

strategies. To date, the sport science community 
has investigated two major types of periodized 
resistance training: linear periodization and non-
linear periodization.

Linear Periodization
Linear periodization  is the older of the two 
major types of periodized resistance training. Also 
termed classic strength and power periodization 
and stepwise periodization,  this type  follows a 
general trend of decreasing training volume and 
increasing training intensity as training progresses 
(see figure 7.1). For weight training this means 
that a relatively high number of repetitions is per-
formed at a low intensity when training is initiated, 
and as training progresses, the number of repeti-
tions decreases and training intensity increases.

When linear periodization was first developed, 
only one or two major sport competitions took 
place per year (e.g., national and world champi-
onships). Thus, the training plan followed a yearly 
or six-month cycle to peak physical performance 
at the time of major competitions. This resulted 
in training volume reaching its lowest point and 
training intensity its highest point once or twice 
a year corresponding with major competitions. 
However, to allow for some physical and psycho-
logical recovery before the major competition, the 
highest training intensity occurred a short time 
before the major competition. Skill training for a 
particular sport or activity followed a very similar 
trend as training intensity, except that it normally 
reached its highest intensity slightly closer to a 
major competition.

Training phases emphasize particular training 
outcomes within the linear periodized plan. When 
used to prepare athletes for yearly or twice-yearly 
competitions, each of the major training phases 
lasted approximately three to four months. Anec-
dotal evidence and research indicate that substan-
tial strength and performance gains are possible 
with shorter training phases. Thus, the training 
plan time frame has evolved so that that phases 
now last anywhere from two to six weeks. Thus, 
the time needed for one complete training cycle, or 
the performance of all training phases, is approx-
imately 8 to 24 weeks. Studies examining linear 
periodization use these shorter training phases.

Terminology describing various time periods 
developed along with periodized training con-
cepts. A macrocycle typically refers to one year of 
training, and a mesocycle refers to three to four 



261

Table 7.2 American College of Sports Medicine Guidelines to Emphasize Various 
Training Outcomes 

Type of trainee
Frequency per 
week

Number of sets 
per exercise

Number of repeti-
tions per set

Intensity (% 
1RM)

Rest between 
sets (min)

Emphasize strength

Novice trainee 2 or 3 total-body 
sessions

1-3 8-12 60-70 2-3 major exer-
cises, 1-2 assis-
tance exercises

Intermediate 
trainee

3 for total-body 
sessions, 4 for 
split routines 

Multiple 8-12 60-70 2-3 major exer-
cises, 1-2 assis-
tance exercises

advanced trainee 4-6 split routines Multiple 1-12 Up to 100 in 
a periodized 
manner

2-3 major exer-
cises, 1-2 assis-
tance exercises

Emphasize hypertrophy

Novice trainee 2 or 3 total-body 
sessions

1-3 8-12 70-85 1-2

Intermediate 
trainee

3 for total-body 
sessions, 4 for 
split routines

1-3 8-12 70-85 1-2

advanced trainee 4-6 split routines 3-6 1-12 (mostly 
6-12)

70-100 in a peri-
odized manner

2-3 major exer-
cises, 1-2 assis-
tance exercises

Emphasize local muscular endurance

Novice trainee 2 or 3 total-body 
sessions

Multiple 10-15 low 1 or less

Intermediate 
trainee

3 for total-body 
sessions, 4 for 
split routines

Multiple 10-15 low 1 or less

advanced trainee 4-6 split routines Multiple 10-25 Various percent-
ages

1 or less for 
10-15 reps; 1-2 
for 15-25 reps

Emphasize power

Novice trainee 2 or 3 total-body 
sessions

Maximal strength 
training + 1-3 
power-type exer-
cises

3-6 not to failure Upper body: 
30-60

lower body: 0-60

2-3 major exer-
cises with high 
intensity, 1-2 
assistance and 
major exercises 
with low inten-
sity

Intermediate 
trainee

3 or 4 for total-
body or split 
routines

Novice + 3-6 
power-type exer-
cises 

Novice + 1-6 Novice + 85-100 2-3 for major 
exercises with 
high intensity, 
1-2 assistance 
and major exer-
cises with low 
intensity

advanced trainee 4 or 5 for total-
body or split 
routines

Novice + 3-6 
power-type exer-
cises

Novice + 1-6 Novice + 85-100 2-3 for major 
exercises with 
high intensity, 
1-2 assistance 
and major exer-
cises with low 
intensity

based on american College of Sports Medicine, 2009.
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months of a macrocycle. A microcycle typically 
refers to one to four weeks within a mesocycle. 
Several terminologies describing specific train-
ing phases also developed (see figure 7.1). For 
example, a mesocycle using classic European 
terminology is the preparation phase. The train-
ing terminology most frequently used in sport 
science studies examining linear periodization is 
the American strength and power terminology. 
Typically, regardless of the terminology used, 
training phases have specific goals normally in 
large part described by their names. For example, 
in the American strength and power terminology 
the peaking phase’s major goal is to maximize, or 
peak, the expression of strength or power.

Active recovery phases are incorporated into 
the linear periodization model. However, active 
recovery does not mean complete cessation of 
physical activity or training, nor is this phase typ-
ically very long. This would result in substantial 
deconditioning, and trainees would then have to 
spend training time regaining their former physical 
condition, rather than improving it. Active recovery 
phases often consist of a reduction in total training 
volume and intensity rather than cessation of train-
ing. So within an active recovery phase not only 
are the volume and intensity of weight training 
decreased, but also other forms of training, such as 
interval training, aerobic training, and skill train-
ing, are decreased. It is also possible that within 
an active recovery phase the performance of one 

type of training ceases completely while other types 
are continued at a low volume and intensity. Long 
active recovery phases are incorporated into some 
programs according to the sport’s and athlete’s 
requirements; they may also relate to the level of 
training and experience of the athlete. For exam-
ple, the active recovery phase of an experienced 
and successful athlete immediately after a major 
competition or competitive season may be longer 
than that of a less experienced athlete.

Because the American strength and power peri-
odization terminology and model are used most 
frequently in studies examining linear periodiza-
tion, a detailed description of each training phase 
in this model is warranted (see table 7.3). Note that 
training volume decreases and intensity increases 
from the hypertrophy to peaking training phases. 
Additionally, note that a range of sets and repeti-
tions per set exists for each exercise in a particular 
training phase. So, although training volume and 
intensity do follow a general trend of decreasing 
and increasing as training progresses, variations in 
volume and intensity can and do occur on a daily 
or weekly basis in most training plans.

The variation in the number of sets and rep-
etitions also allows for variation in volume and 
intensity in specific exercises. For example, a 
person may have different intensities and volumes 
for specific muscle groups or exercises based on his 
needs and goals. Training volume and intensity are 
also affected by the number of exercises performed 

E4758/Fleck/fig7.1/460572/alw/r1
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FIGuRE 7.1 linear periodization strength and power training pattern of volume and intensity.
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per session. In many training plans, as the training 
progresses, especially in the power and peaking 
phases, the number of exercises performed per ses-
sion is decreased. This results in a decrease in train-
ing volume and allows for an increase in intensity 
as less fatigue occurs during a session allowing 
the lifting of a higher percentage of 1RM in the 
exercises performed. Additionally, as the training 
progresses, the choice of exercises performed may 
also change depending on the goals and needs of 
the trainee. Typically, for many athletes the number 
of single-joint exercises performed decreases as 
the training progresses and multijoint exercises 
are emphasized. Moreover, a greater emphasis, 
especially in the power and peaking phases, is 
placed on power-type exercises, such as variations 
of the Olympic lifts, lower-body plyometrics, and 
plyometric medicine ball upper-body exercises. 
In many programs only multijoint exercises are 
periodized. Although the general pattern of the 
American strength and power periodized plan is 
used by sport science studies, a wide variation in 
training phase length, number of sets, and number 
of repetitions per set has been used in training 
studies (see table 7.4).

Nonlinear Periodization
Nonlinear periodization is a more recent type of 
periodization than the linear model. A major goal 
in many linear training models is to peak strength 
and power immediately at the end of the peaking 
phase. However, for sports or activities with long 
seasons, in which competitive success depends on 
performance throughout the entire season, devel-
oping and maintaining physical fitness during the 
entire season is important. Peaking strength and 
power for major competitions normally occurring 
at the end of the season is also important. However, 
without success during the season, qualification 
for major tournaments and competitions does 
not occur. Therefore, goals of a training model 

for sports or activities with long seasons, such as 
volleyball, basketball, baseball, and soccer, should 
be to develop physical fitness to ensure success 
during the season and yet continue to increase 
fitness throughout the season.

Nonlinear models are gaining popularity in 
sports and activities with long seasons for several 
reasons. A typical strength and power training 
program sometimes results in strength and power 
peaking immediately before the season, yet the 
major competitions occur at the end of the season. 
On the other hand, performing high-volume 
training during the initial portion of the season to 
attain peak strength and power at the end of the 
season might result in residual fatigue and thus 
poor performance at the start of the season. This 
could result in the athlete or team not qualifying 
for a major competition or tournament at the end 
of the season.

Nonlinear periodization varies training volume 
and intensity so that fitness gains occur over long 
training periods, such as long seasons; peaking 
of physical fitness at a certain point in time is a 
minor training goal. With nonlinear periodiza-
tion, training intensity and volume are varied by 
using different RM or near-RM training zones. Typ-
ically, three training zones are used, such as 4- to 
6RM, 8- to 10RM, and 12- to 15RM zones or close 
to RM zones. Other training zones could also be 
incorporated into a nonlinear model. For example, 
a very heavy resistance training zone such as 1- to 
3RM or a very low intensity, such as 20- to 25RM, 
could also be included in a nonlinear model. The 
training zones are most often varied on a training 
session basis, which is termed daily nonlinear 
periodization. However, training zones can also 
be varied in a weekly, or biweekly manner (see box 
7.1). Because training zones are not necessarily 
performed in a certain order, intensity or volume 
does not follow a pattern of consistently increasing 
or decreasing over time.

Table 7.3 Linear Periodization Model
Training phase

Hypertrophy Strength Power Peaking Active rest

Sets/exercise 3-5 3-5 3-5 1-3 light physical 
activity

Reps/set 8-12 2-6 2 or 3 1-3

Intensity low Moderate High Very high

Volume Very high High Moderate low
based on Stone, O’bryant, and Garhammer, 1981.
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Table 7.4 Representative Linear Periodization Versus Nonvaried Training Studies

Reference

Mean age 
(yr) and 
sex

Training 
length (wk)

Frequency 
per week Sets  reps Intensity

Exercises 
trained Test

Percentage 
increase

Stone et al. 
1981

 

High school 
M

6 4 Multiple sets 3  6 Progressed at 
own rate

SQ and 5 
others

SQ
VJ 

?*
?*

linear periodization
wk 1-3: 5  10
wk 4: 5  5
wk 5: 3  3
wk 6: 3  2 

Progressed at 
own rate

SQ and 5 
others

SQ
VJ 

?*a

?*a

Stowers et 
al. 1983

College M 7 3 1  10 10RM Combination 
of 8

bP
SQ
VJ

7*
14*
0

3  10 10RM Combination 
of 8

bP
SQ
VJ

9*
20*
1

linear periodization
wk 1 and 2: 5  10
wk 3-5: 3  5
wk 6 and 7: 2  3

RMs Combination 
of 8

bP
SQ
VJ

9*
27*b

10*

O’bryant, 
byrd, and 
Stone 
1988 

19 M 11 3 3  6 81-97% of pre-
training 1RM

SQ and 8 
others

SQ
WP

32*
6*

linear periodization
wk 1-4: 5  10
wk 5-8: 3  5, 1  10
wk 9-11: 3  2, 1  10

70-117% of pre-
training 1RM

SQ and 8 
others

SQ
WP

38*a

17*a

McGee et 
al. 1992

19-20 M 7 3 1  8-12 8- to 12RM Combination 
of 7

Cycling to 
exhaustion

SQ reps to 
exhaustion

12

46

3  10 close to 10RM Combination 
of 7

Cycling to 
exhaustion

SQ reps to 
exhaustion

15*

71*

linear periodization
wk 1 and 2: 3  10
wk 3-5: 3  5
wk 6 and 7: 3  3

close to RMs Combination 
of 7

Cycling to 
exhaustion

SQ reps to 
exhaustion

29*

74*

Willoughby 
1992 

20 M 12 2 3  10 10RM bP and SQ bP
SQ

8*
13*

3  6-8 6- to 8RM bP and SQ bP
SQ

17*c

26*c

linear periodization
wk 1-4: 5  8-10
wk 5-8: 4  5-7
wk 9-12: 3  3-5

RMs bP and SQ bP
SQ

28*d

48*d

Willoughby 
1993

20 M 16 3 5  10 79% of 1RM bP and SQ bP
SQ

8*
14*

6  8 83% of 1RM bP and SQ bP
SQ

10*
22*e

linear periodization
wk 1-4: 5  10
wk 5-8: 4  8
wk 9-12: 3  6
wk 13-16: 3  4

 79% of 1RM 
83% of 1RM 
88% of 1RM 
92% of 1RM

bP and SQ bP
SQ

23*f

34*f
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Reference

Mean age 
(yr) and 
sex

Training 
length (wk)

Frequency 
per week Sets  reps Intensity

Exercises 
trained Test

Percentage 
increase

baker, 
Wilson, 
and 
Carlyon 
1994a

19-21 M 12 3 5  6 core exercises
5  8 all others

RMs Combination 
of 17

bP
SQ
VJ

12*
26*
9*

linear periodization
wk 1-4: 5  10 core, 3  

10 all others wk 5-8: 5  
5 core, 3  8 all others wk 
9-11: 3  3, 1  10 core, 3 
 6 all others

wk 12: 3  3 core, 3  6 all 
others 

RMs Combination 
of 17

bP
SQ
VJ

12*
27*
4*

Herrick and 
Stone 
1996

20-24 F 14 2 3  6 6RM 6 bP
SQ

25*
46*

linear periodization
wk 1-8: 3  10
wk 9: off
wk 10-11: 3  4
wk 12: off
wk 13 and 14: 3  2 

RMs 6 bP
SQ

31*
54*

Kraemer 
1997

20 M 14 3 1  10, forced reps 8- to 10RM 9 bP
HC
VJ
WP

3*
4*
3*
0

linear periodization
wk 1-3: 2 or 3  8-10
wk 4 and 5: 3 or 4  6
wk 6 and 7: 5  1-4
repeat all weeks

 50% of 1RM 
70-85% of 1RM

85-95% of 1RM

12 bP
HC
VJ
WP

11*g

19*g

17*g

14*g

Schiotz et 
al. 1998

24 M 10 4 4  6 core exercises
3  8 all others

Initially 80% of 
1RM; then pro-
gressed at own 
pace

2 core and 5 
assistance

bP
SQ

5
11*

linear periodization
wk 1 and 2: 5  10 core, 3  

10 assistance
wk 3: 3  10, 1  8, 1  6 

core, 3  10 assistance
wk 4: 2  8, 3  5 core, 3  

8 assistance
wk 5: 1  8, 1  6, 3  5 

core, 3  8 assistance
wk 6: 1  8, 4  5 core, 3  

8 assistance
wk 7: 1  8, 2  5, 1  3, 1 

 1 core, 3  6 assistance
wk 8: 2  5, 1  3, 1  2, 1 

 1 core, 3  6 assistance
wk 9 and 10: 2  3, 4  1 

core, 3  4 assistance 

Initially 50% of 
pretraining 
1RM; then pro-
gressed at own 
pace

2 core and 5 
assistance

bP
SQ

8*
10*

>continued
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Reference

Mean age 
(yr) and 
sex

Training 
length (wk)

Frequency 
per week Sets  reps Intensity

Exercises 
trained Test

Percentage 
increase

Stone et al. 
2000

College M 12 3 5  6 6RM, mean 67% 
of pretraining 
1RM

6 SQ 10

linear periodization
wk 1-4: 5  10 major, 3  10 

assistance wk 5-8: 5  5 
major, 3  8 assistance wk 
9-11: 3  3, 1  10 major, 
3  6 assistance

wk 12: 3  3 major, 3  6 
assistance

RMs, mean 61% 
of pretraining 
1RM

6 SQ 15*

linear periodization
wk 1 and 2: 5  10 major, 3 

 10 assistance
wk 3 and 4: 3  5, 1  10 

major, 3  10 assistance
wk 5: 3  3, 1  5 major, 3 

 10 assistance
wk 6-8: 3  5, 1  5 major, 3 

 5 assistance
wk 9: 5  5, 1  5 major, 3 

 5 assistance
wk 10: 3  5, 1  5 major, 3 

 5 assistance
wk 11: 3  3, 1  5 major, 3 

 5 assistance
wk 12: 3  3 major, 3  5 

assistance

Heavy and light 
days, heavy 
days use RM, 
mean 72% 
of pretraining 
1RM 

6 SQ 15*

Hoffman et 
al. 2009

20 M 15 4 (split 
body)

Nonpower exercises 3 or 4 
 6-8

Power exercises 4 or 5  3-4

RMs Multiple per 
training 
session

SQ
bP
VJ
Medicine ball 

throw

20*
9*
4
2

linear periodization
wk 1-4: 3 or 4  9-12
wk 5-10: 3 or 4  3-8
wk 11-15: 3-5  1-5 

RMs Multiple per 
training 
session

SQ
bP
VJ
Medicine ball 

throw

21*
8*
0
6*

Monteiro et 
al. 2009

27 M 12 4 (split 
body)

3  8-10 RMs 15 bP
SQ

9
8

linear periodization
wk 1-4: 3  12-15
wk 5-8: 3  8-10
wk 9-12: 3  4 or 5

RMs 15 bP
SQ

9
16*

* = significant change pre- to posttraining.

a = significant difference from 3  6.

b = significant difference from 1  10 and 3  10 groups.

c = significant difference from 3  10.

d = significant difference from 3  10 and 3  6-8 groups.

e = significant difference from 5  10.

f = significant difference from 5  10 and 6  8 groups.

g = significant difference from 1  10.

bP = bench press 1RM, SQ = squat 1RM, HC = hang clean 1RM, VJ = vertical jump, WP = Wingate cycling power.

TABLE 7.4 >continued
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Although many variations in intensity and 
volume could be incorporated into a nonlinear 
program, the following are typical examples. All 
exercises, including both multi- and single-joint 
exercises, in a training session use three training 
zones in three training sessions per week. With 
three training sessions per week, only multijoint 
exercises use three training zones per week and 
single-joint exercises always use a training zone 
of 8- to 10RM. Some sessions composed of pre-
dominantly multijoint exercises use different 
training zones, and some sessions composed 
predominantly of single-joint exercises use only 
an 8- to 10RM training zone. For example, a non-
linear model using three training zones and two 
types of training sessions could be as follows: A 
Monday and Thursday session predominantly 
composed of multijoint exercises including pow-
er-type exercises, such as power cleans, would use 
all three training zones, and a session performed 
on Tuesday and Friday made up of predominantly 
single-joint exercises would always use an 8- to 
10RM zone. With all variations of nonlinear peri-
odization, if two training sessions are performed 
during one week, two training zones are used; the 
following week, one of the training zones used 
in the first week and a different training zone are 

used. Obviously, many other nonlinear patterns 
of intensity and volume are possible.

Many patterns of training volume and intensity 
can be developed using periodization concepts, 
including combining various aspects of the linear 
and nonlinear models. For example, a linear model 
during the off-season and early preseason of a 
sport can ensure that strength and power peak 
immediately before the season. A nonlinear model 
during the late preseason and in-season can then 
help not only to maintain, but also to increase fit-
ness during the season so that strength and power 
contribute maximally to success throughout the 
entire season. Other variations of the nonlinear 
model could include a model where the training 
zones gradually follow an increase in intensity and 
decrease in volume as training progresses and a 
model where exercise choice is varied to emphasize 
power development as training progresses.

Comparative Studies
When examining any comparison of weight train-
ing programs, we need to consider both the length 
of the study and the training status of the subjects 
(see chapter 2). This is true whether comparing 
nonvaried programs to each other, periodized 

Table 7.5 Example of Weekly and Biweekly Nonlinear Programs
Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Weekly  
nonlinear

12-15 reps/
set

4-6 reps/set 8-10 reps/
set

12-15 reps/
set

4-6 reps/set 8-10 reps/
set

biweekly 
nonlinear

12-15 reps/
set

12-15 reps/
set

4-6 reps/set 4-6 reps/set 8-10 reps/
set

8-10 reps/
set

bOx 7.1 PRACTICAL QuESTION

How Are Training Zones Arranged in a Weekly  
or Biweekly Nonlinear Program?

Similar to all periodization models, weekly and biweekly nonlinear programs can differ substantially 
in training intensity and volume. However, both types vary their training intensity and volume using 
three training zones. Table 7.5 demonstrates how the typical three training zones of a nonlinear 
training plan could be arranged in a weekly and biweekly nonlinear program during six weeks of 
training. Note that, assuming the same number of sets, exercises, and training frequency for both 
programs, the total training intensity and volume are the same in the weekly and biweekly plans. 
The only difference is that changes in training intensity and volume are made after each week of 
training or after two weeks of training. If the training zones were arranged according to the increase 
in intensity, either weekly or biweekly nonlinear programs could be considered variations of linear 
periodization.

?
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programs to each other, or periodized programs 
to nonvaried programs. During the first four to six 
weeks of any realistic weight training program, sub-
stantial gains in strength occur because of neural 
adaptations. Other physiological adaptations, such 
as changes in the quality of the muscle proteins, 
can also be dramatic during the first several weeks 
of a training program. These very quickly occur-
ring physical adaptations occur with any realistic 
training program and can result in substantial 
strength increases. Thus, in short-term studies, any 
significant difference between training programs 
in strength and power or short-term, high-inten-
sity anaerobic endurance, such as measured by a 
Wingate cycling test, is difficult to achieve because 
these initial strength gains may mask any real 
difference between the training programs. This is 
especially true when untrained people are trained. 
Conversely, if a short-term study demonstrates the 
superiority of one training program over another, it 
may merely mean that the superior program brings 
about quicker neural adaptations or changes in the 
quality of protein, and any differences between 
programs may be nonexistent with longer-term 
training. This may be especially true if no gains in 
muscle fiber cross-sectional area or fat-free mass 
are demonstrated in the initial training period.

Another consideration in a discussion of com-
parative studies is that most studies use untrained 
or moderately trained subjects. This limits the 
applicability of the studies to highly trained 
people or athletes, because strength and power 
increases occur at a much slower rate in these 
people (Häkkinen et al. 1989). Thus, assuming 
that the magnitude of change and rate of change 
in variables, such as strength, from studies using 
untrained subjects are directly applicable to highly 
trained people is tenuous. It is also important to 
note that not all muscle groups will respond at 
the same rate or with the same magnitude after 
a specific resistance training program, including 
periodized programs (see tables 7.1, 7.4, and 
7.6). For example, over 16 weeks of strength and 
power periodized training, the increase in strength 
shown in the bench press was substantially less 
than that shown in the squat after 4, 8, 12, and 
16 weeks of training (Willoughby 1993). Thus, 
trainers should be cautious about assuming that a 
particular training program will result in the same 
rate and magnitude of adaptations in different 
muscle groups or different exercises. Nevertheless, 
a sufficient number of studies comparing period-

ization models to nonvaried training models have 
been performed so that we can form conclusions 
concerning the effectiveness of periodized models. 
This is not to imply, however, that further study of 
periodized models is not needed.

Comparisons of  
Linear Periodization  
and Nonvaried Programs
Comparative studies of linear periodization and 
single-set and multiple-set nonvaried programs 
demonstrate that periodization can result in sig-
nificantly greater strength gains (see table 7.4). 
Most comparisons used healthy young males as 
subjects. However, one study did show greater 
percentage gains in strength in women with 
periodized training, but no significant difference 
between the periodized and multiple-set training 
program was shown (Herrick and Stone 1996). 
Several studies describing the subjects as moder-
ately trained or trained people indicate that linear 
periodization does result in significantly greater 
strength gains than nonperiodized programs do. 
For example, defining trained as the ability to 
bench press 120% and squat 150% or greater of 
total body mass, it was shown in trained people 
that periodized training resulted in greater strength 
gains than nonvaried multiple-set programs 
did (Willoughby 1992, 1993). It has also been 
shown that high school (Stone, O’Bryant, and 
Garhammer 1981) and college American foot-
ball players (Kraemer 1997) demonstrate greater 
strength gains with a periodized program than 
with a single-set nonvaried program. However, 
no significant difference in strength gains between 
linear periodization and nonvaried programs in 
college American football players (Hoffman et al. 
2009) and resistance-trained (two years of training 
experience) males (Monteiro et al. 2009) has been 
shown. In this last study, although bench press 
1RM increases were not different between the 
periodized and nonvaried programs, periodized 
training did cause a significantly greater increase 
in 1RM leg press ability.

Comparisons of gains in motor performance 
and local muscular endurance are less common 
than strength comparisons. Linear periodized 
programs have shown significantly greater gains 
in vertical jump ability, short-term cycling ability, 
and Wingate power than nonvaried single-set 
and multiple-set programs have shown. However, 
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not all studies have shown significantly greater 
increases with periodized training, and relatively 
few studies have examined the training effects on 
these measures. Therefore, conclusions concerning 
motor performance must be viewed with caution. 
However, comparisons to date do favor linear 
periodized models over nonperiodized models in 
terms of motor performance.

Few studies have compared the total body mass 
and body composition changes of periodized and 
nonvaried training models. Some comparisons of a 
linear periodized program to a single-set program 
(McGee et al. 1992) and to nonvaried multiple-set 
programs (Hoffman et al. 2009; McGee et al. 
1992; Monteiro et al. 2009: O’Bryant, Byrd, and 
Stone 1988; Schiotz et al. 1998; Stone, O’Bryant, 
and Garhammer 1981) show neither program 
causing a significant change in total body mass. 
Other comparisons show periodized training and 
multiple-set programs to result in significant, but 
identical, increases in total body mass (Baker, 
Wilson, and Carlyon 1994a) and a significantly 
greater increase in total body mass with a linear 
periodized program compared to a single-set pro-
gram (Kraemer 1997).

Comparisons of body composition changes 
have shown linear periodized and multiple-set 
training programs to result in significant but iden-
tical increases in fat-free mass while total body 
fat showed a change with both types of training 
(Baker, Wilson, and Carlyon 1994a) and no signif-
icant change with either type of training (Hoffman 
et al. 2009; Monteiro et al. 2009). Comparisons 
have also shown nonsignificant increases in fat-free 
mass with both types of training, a small nonsig-
nificant decrease with multiple-set training in body 
fat percentage, a small but significant decrease with 
periodized training in body fat percentage (Schiotz 
et al. 1998), and a significantly greater change in 
fat-free mass and percent body fat with periodized 
training compared to a nonvaried multiple-set 
program (Stone, O’Bryant, and Garhammer 1981). 
A comparison of a single-set nonvaried program 
to a linear periodized program reported a signifi-
cantly greater decrease in body fat percentage with 
periodized training (Kraemer 1997). Although 
changes in fat-free mass were not reported in this 
study because periodized training also resulted 
in a significantly greater gain in total body mass, 
it can be concluded that periodized training also 
resulted in a greater increase in lean body mass 
than the single-set program did.

Because of the paucity of studies examining 
changes in total body mass, fat-free mass, and 
body fat, and the use of skinfolds to determine 
body composition in the majority of studies, con-
clusions concerning the superiority of one type of 
training over the other in bringing about changes 
in these variables must be viewed with caution. 
However, as with strength gains and motor per-
formance changes, it is important to note that 
whenever a significant difference between training 
programs has been reported, it has always been in 
favor of the linear periodized programs.

Several studies do offer some insight into why 
strength and power periodized training may result 
in greater strength gains than nonperiodized 
training. For example, one unique aspect of the 
Willoughby 1993 study was that for the first 8 
of 16 weeks of training there was no significant 
difference in total training volume between the 
periodized model and two multiple-set training 
models. After eight weeks of training all groups 
demonstrated significant, but identical increases 
in 1RM strength. Beginning at week 9, periodized 
training volume significantly decreased compared 
to that of the multiple-set programs, and it is after 
week 9 that significant differences in strength in 
favor of the periodized model become apparent. 
Thus, decreases in training volume present in 
linear periodized models as training progresses 
may in part explain the greater improvement in 
1RM strength. Another aspect of this study was 
that subjects were at least moderately trained (able 
to squat 150% and bench press 120% or greater 
of total body weight). So the results also indicate 
that trained people may need at least eight weeks 
of training for periodized training to demonstrate 
superior results compared to nonvaried programs. 
This conclusion is supported by a meta-analysis 
indicating that periodized programs show greater 
improvement in strength compared to nonvaried 
programs when training is 9 to 20 weeks in length 
compared to when the programs are 8 weeks or less 
in length. Whether the programs are 9 to 20 weeks 
or 8 weeks or less in length, periodized programs 
are favored for increases in strength, but when the 
programs are 8 weeks or less in length, the peri-
odized programs are less favored for increases in 
strength (Rhea and Alderman 2004).

The conclusion that changes in training volume 
may in part explain the differences between 
training programs is supported by other studies 
showing no significant difference in strength 
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gains between linear periodized and nonvar-
ied programs when training volume is equated 
(Baker, Wilson, and Carlyon 1994a; Hoffman 
et al. 2009). One of the studies, in addition to 
equating total training volume, equated training 
intensity between the linear periodized program 
and a multiple-set program. During a 12-week 
training period, training volume (total mass lifted) 
and relative training intensity were equated (Baker, 
Wilson, and Carlyon 1994a ) and no significant 
difference in strength gains was shown. This 
indicates that greater increases in strength with 
periodized training may be due to greater training 
volumes, changes in training intensity, or both, in 
some comparisons.

Precisely what causes greater fitness gains from 
linear periodized training than from nonvaried 
models (when apparent) remains to be eluci-
dated. However, the majority of studies do favor 
linear periodized models over nonvaried training 
models.

Comparisons of Nonlinear  
Periodization and Nonvaried  
Programs
As with linear periodization, studies that compare 
nonlinear periodization to single-set and mul-
tiple-set nonvaried programs demonstrate that 
periodization can result in significantly greater 
strength gains (see table 7.6). Studies that com-
pared a single-set nonvaried model and a typical 
daily nonlinear model in which three training 
zones were used successively on a training session 
basis showed nonlinear training to cause greater 
percentages of strength gains in female college 
tennis players (Kraemer et al. 2000) and signifi-
cantly greater strength gains in untrained college 

females (Marx et al. 2001) compared to a one-set 
training model.

Comparisons of nonlinear training and mul-
tiple-set nonvaried training in female college 
tennis players (Kraemer et al. 2003) and college 
All-American football players (Hoffman et al. 
2009) show no significant difference in strength 
gains between the two types of training. In the 
female tennis players percentage gains favored 
nonlinear training, whereas in the American foot-
ball players percentage gains favored the nonvaried 
training. A variation of nonlinear periodization 
in a split-body training program in which two of 
three training zones were used per week of training, 
with a different combination of two of three zones 
used in successive weeks of training, showed the 
nonlinear training to result in significantly greater 
strength increases (Monteiro et al. 2009). Several 
studies testing strength at several points during the 
training program (12-36 weeks) do show more 
consistent strength gains with daily nonlinear 
periodization compared to nonvaried single-set 
training (Kraemer, Häkkinen et al. 2003; Marx et 
al. 2001) and multiple-set programs (Monteiro et 
al. 2009).

A variation of a nonlinear model employing 
three training zones has been shown to be as 
effective as a nonvaried multiple-set model in 
adults 66 to 77 years old (Hunter et al. 2001). The 
multiple-set model used a resistance equivalent to 
80% of 1RM in all training sessions, whereas the 
nonlinear model used training zones equivalent 
to 80, 65, and 50% of 1RM. Subjects in both train-
ing models trained with two sets of 10 repetitions 
or repetitions to concentric failure, whichever 
occurred first. Thus, the nonlinear model did not 
use training RM or near-RM training zones in all 
training sessions. No significant differences in 

Table 7.6 Representative Daily Nonlinear Periodization Versus Nonvaried Training Studies

Reference

Mean age 
(yr) and 
sex

Training 
length (wk)

Frequency 
per week Sets and reps Intensity

Exercises 
trained Test(s)

Percentage 
increase

Kraemer et 
al. 2000

19 F 36 2 or 3 1  8-10 Close to 8- to 
10RM

14 bP
SP
lP
WP
VJ

10*
14*
7*
1
5 

2 or 3 Daily nonlinear periodization
3 training zones: 2-4  4-6, 

8-10, 12-15 

Close to RMs 14 bP
SP
lP
WP
VJ

25*
28*
18*
14*
48* 
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Reference

Mean age 
(yr) and 
sex

Training 
length (wk)

Frequency 
per week Sets and reps Intensity

Exercises 
trained Test(s)

Percentage 
increase

Marx et al. 
2001

22-23 F 24 3 1  8-12 8- to 12RM 2 alternating 
groups of 
10 

bP
lP
bP reps at 

80% of 1RM
lP reps at 

80% of 1RM
WP
Sit-ups in 1 

min
VJ
40 yd sprint

12*
11*
10*

19*

4
13*

10*
+1

4 Daily nonlinear periodization
2 sessions/wk used 3 train-

ing zones 2-4  3-5, 8-10, 
12-15 

2 sessions/wk always used 
2-4  8-10

RMs
Nonvaried 1 

 8-12 RM 

bP
lP
bP reps at 

80% of 1RM
lP reps at 

80% of 1RM
WP
Sit-ups in 1 

min
VJ
40 yd sprint

47*a

32*a

24*a

64*a

27*a

42*a

40*a

–6*a

Hunter et 
al. 2001

66-67 M 
and F

25 3 2  10 80% of 1RM 10 bP
lP
SP
aC

34*
43*
42*
69*

3 Daily nonlinear periodization
3 training zones: 50, 65, and 

80% of 1RM 

50, 65, and 80% 
of 1RM 

10 bP
lP
SP
aC

23*
31*
30*
59*

Kraemer, 
Häkkinen 
et al. 
2003

19 F 36 2 or 3 3  8-10 RM 14 bP
lP
SP
WP
VJ
10 m sprint

17*
17*
23*
14*
37*
-1 

Daily nonlinear periodization
3 training zones: 3  4-6, 

8-10, 12-15 

RM 14 bP
lP
SP
WP
VJ
10 m sprint

23*
19*
24*
12*
50*b

–2 

Hoffman et 
al. 2009

20 M 15 4 (split 
body)

Nonpower exercises: 3 or 4 
 6-8

Power exercises: 4 or 5  
3 or 4

RMs Multiple per 
training 
session

SQ
bP
VJ
Medicine ball 

throw

20*
9*
4
2

Daily nonlinear periodization
3 training zones: 3 or 4  

9-12, 3 or 4  3-8, 3-5  
1-5 

RMs Multiple per 
training 
session

SQ
bP
VJ
Medicine ball 

throw

11*
8*
1
3

Monteiro et 
al. 2009

27 M 12 4 (split 
body)

3  8-10 RMs 15 bP
lP 

9
8

Daily nonlinear periodization
3 training zones: 3  12-15, 

8-10, 4 or 5

RMs 15 bP
lP 

28*b

39*b

* = significant change pre- to posttraining.

a = significant difference from 1  8-12 group.

b = significant difference from 3  8-10 group.

bP = bench press 1RM, SQ = squat 1RM, SP = shoulder press 1RM, lP = leg press 1RM, aC = arm curl 1RM, VJ = vertical jump, WP = Wingate cycling power.
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strength between the two training programs were 
shown (see table 7.6). However, the nonvaried 
model showed a greater percentage of strength 
gains. This indicated that sets do not have to be 
carried to concentric failure (see chapter 6) and 
that high intensity (80% of 1RM) is not neces-
sary in all training sessions with this age group. 
The nonlinear model did show some advantage 
over the nonvaried model: It had a significantly 
greater decrease in the difficulty of performing a 
carrying task.

Motor performance tasks have increased with 
nonlinear training; however, the increase is not 
always significantly greater than that which results 
from nonvaried training programs (see table 7.6). 
Nonlinear periodization has been shown to signifi-
cantly increase motor performance in untrained 
college females (Marx et al. 2001) and female col-
lege tennis players (Kraemer et al. 2000) compared 
to nonvaried single-set training. Of particular 
interest is the 30% increase in serve velocity with 
nonlinear training compared to a 4% increase with 
single-set training. Percentage increase in serve (29 
vs. 16%), forehand (22 vs. 17%), and backhand 
(36 vs. 14%) ball velocity has also been shown to 
increase significantly more with nonlinear period-
ization than with a multiple-set nonvaried training 
program (Kraemer, Häkkinen et al. 2003).

Nonlinear models have also been shown to 
be effective in bringing about body composition 
changes, although the changes are not consistently 
significantly different from those that result from 
nonvaried training programs. The studies training 
collegiate American football players (Kraemer 
1997), female collegiate tennis athletes (Kraemer 
et al. 2000; Kraemer, Häkkinen et al. 2003), and 
previously untrained college-age females (Marx et 
al. 2001) all demonstrate the nonlinear models 
to bring about significant decreases in percent 
body fat and significant increases in fat-free mass. 
However, only in untrained college females did 
the nonlinear model show a significantly greater 
decrease in percent fat and increase in fat-free mass 
than nonvaried one-set training (Marx et al. 2001). 
In this study the difference in body composition 
could be due to the increased training volume 
performed in the nonlinear compared to the sin-
gle-set training model. No significant change in 
body mass and body composition has also been 
shown with nonlinear training (Hoffman et al. 
2009; Monteiro et al. 2009). A weakness of all of 
these reports is the use of skinfolds to determine 

body composition changes. A variation of the 
nonlinear model, previously described, showed 
that a multiple-set high-intensity program and 
a nonlinear model cause significant but similar 
increases in fat-free mass and decreases in percent 
body fat (air plethysmography) in older adults but 
no significant change in total body mass (Hunter 
et al. 2001). Thus, the comparisons of nonlinear to 
nonvaried training concerning body composition 
changes are mixed.

Nonlinear periodization is an effective program 
for increasing strength and motor performance 
and changing body composition in both trained 
and untrained people. This type of training may 
also produce more consistent changes in strength 
than nonvaried training does. Thus, nonlinear 
periodization is a viable training program for both 
the fitness enthusiast and the athlete.

Comparisons of Types  
of Periodization
Most comparisons of periodization models are 
between daily nonlinear and linear periodization 
(see table 7.7). Within these training models a 
wide variety of training volumes (number of exer-
cises, number of sets and repetitions) and inten-
sities have been used. For example, the number 
of repetitions per set in the comparisons shown 
in table 7.7 ranges between 4 and 25. Program 
choices involving volume and intensity can affect 
training outcomes, such as increases in maximal 
strength, and thereby affect the outcome of a 
training model comparison. This is especially true 
if training volume and intensity are not equated 
between training models. All of the comparisons 
depicted in table 7.7 have similar training volumes 
and intensities in both training models. The major 
difference is that the daily nonlinear training 
volume and intensity vary substantially within 
a week of training, whereas the linear training 
volume and intensity change substantially after 
several weeks of training.

Some of these comparisons show significantly 
greater strength gains with the daily nonlinear 
model in college-age males (Monteiro et al. 2009; 
Rhea et al. 2002; Simão et al. 2012). Others show 
nonsignificant differences between the two train-
ing models, but favor the nonlinear model (Kok, 
Hamer, and Bishop 2009; Prestes, Frollini et al. 
2009) or the linear model (Bufford et al. 2007; 
Hartman et al. 2009; Hoffman et al. 2009) for 
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percentage or effect size in maximal strength gains. 
One of these studies compared a linear to a mixed 
training model (Simão et al. 2012). The mixed 
model (see table 7.7) consisted of a linear pro-
gram for six weeks followed by six weeks of a daily 
nonlinear program. Strength increases favored the 
mixed model. Some of these comparisons show 
no significant differences among linear, daily 
nonlinear, and weekly nonlinear training models 
(Bufford et al. 2007) and linear, biweekly linear, 
and nonvaried programs. However, there were 
differences in maximal strength percentage gains 
among the programs (see tables 7.4, 7.6, and 7.7).

The majority of these comparisons involved 
healthy young males and females with limited or 
no resistance training experience; one involved 
trained collegiate American football players 
(Hoffman et al. 2009). The training duration in 
these comparisons range between 9 and 15 weeks. 
Collectively, these studies indicate that the daily 
nonlinear model is as effective as, or possibly 
more effective than, the linear model for maximal 
strength gains.

The limited information on motor performance 
and power increases with training over these same 

training durations shows no significant differ-
ence between daily nonlinear and linear training 
models (Hartman et al. 2009; Hoffman et al. 
2009). Additionally, body mass and body compo-
sition changes with these two training models are 
similar and did not significantly change over the 
training durations investigated (Bufford et al. 2007; 
Hoffman et al. 2009; Kok, Hamer, and Bishop 
2009; Monteiro et al. 2009; Prestes, Frollini et al. 
2009; Rhea et al. 2002). However, skinfolds, which 
may not be sensitive enough to determine body 
composition changes between training programs, 
were used to estimate body composition changes 
in all but one of these studies (Rhea and colleagues 
used plethysmography). Muscle thickness changes 
due to a mixed model as described earlier, of linear 
and daily nonlinear models compared to a linear 
model are not significantly different between the 
linear model and the mixed model, but favor the 
mixed model (Simao et al. 2012).

Weekly and biweekly nonlinear training pat-
terns in which a different training zone is used for 
one or two weeks before changing training zones, 
respectively, has been compared to linear period-
ization (see table 7.7). These comparisons show 

Table 7.7 Representative Nonlinear Versus Linear Periodization Studies

Reference

Mean 
age (yr) 
and sex

Training 
length 
(wk)

Fre-
quency 
per 
week Sets and reps Intensity

Exercises 
trained Test

Percentage 
increase

baker, 
Wilson, 
and 
Carlyon 
1994b

19-21 M 12 3

linear periodization
wk 1-4: 5  10 core, 3 

 10 all others wk 5-8: 
5  5 core, 3  8 all 
others

wk 9-11: 3  3, 1  10 
core, 3  6 all others 
wk 12: 3  3 core, 3  
6 all others 

RMs Combination 
of 17

bP
SQ
VJ

12*
27*
4*

2 wk nonlinear
wk 1 and 2: 5  10 core, 

3  10 all others wk 3 
and 4: 5  6 core, 3  
8 all others wk 5 and  
6: 5  8 core, 3  10 
all others wk 7 and 8: 
5  4 core, 3  6 all 
others wk 9 and 10: 
5  6 core, 3  8 all 
others wk 11 and 12: 
4  3 core, 3  6 all 
others 

RMs Combination 
of 17

bP
SQ
VJ

16*
28*
10*

>continued
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Reference

Mean 
age (yr) 
and sex

Training 
length 
(wk)

Fre-
quency 
per 
week Sets and reps Intensity

Exercises 
trained Test

Percentage 
increase

Rhea et al. 
2002

21 M 12 3 linear
wk 1-4: 3  8
wk 5-8: 3  6
wk 9-12: 3  4 

RMs 5 lP
bP

14*
26*

Daily nonlinear
day 1: 3  8
day 2: 3  6
day 3: 3  4 

RMs 5 lP
bP

29*a

56*a

Rhea et al. 
2003

21-22 M 
and F

15 2 linear
wk 1-5: 3  25
wk 6-10: 3  20
wk 11-15: 3  15 

RMs Ke Ke
Ke local  

muscular 
endurance

9*
56*

Daily nonlinear sessions 
repeated for entire train-
ing duration session1: 
3  25 session 2: 3 
 20

session 3: 3  15 

Ke
Ke local  

muscular 
endurance

10*
55*

Reverse linear
wk 1-5: 3  15
wk 6-10: 3  20
wk 11-15: 3  25 

Ke
Ke local  

muscular 
endurance

6*
73*

buford et 
al. 2007

22 M 
and F

9 3 linear
wk 1-3: 3  8
wk 4-6: 3  6
wk 7-9: 3  4

RMs 6 per session lP
bP

24*
85*

Daily nonlinear
day 1: 3  8
day 2: 3  6
day 3: 3  4 

RMs 6 per session lP
bP

17*
79*

Weekly nonlinear
wk 1, 4, and 7: 3  8
wk 2, 5, and 8: 3  6
wk 3, 6, and 9: 3  4 

RMs 6 per session lP
bP

24*
100*

Monteiro et 
al. 2009

27 M 12 4 (split 
body)

linear
wk 1-4: 3  12-15
wk 5-8: 3  8-10
wk 9-12: 3  4 or 5

RMs 15 bP
lP 

9
16*

Daily nonlinear
3 training zones 

repeated: 3  12-15, 
8-10, 4 or 5

RMs 15 bP
lP 

28*a

39*a

Hoffman et 
al. 2009

20 M 15 4 (split 
body)

linear
wk 1-4: 3 or 4  9-12 wk 

5-10: 3 or 4  3-8 wk 
11-15: 3-5  1-5 

RMs Multiple per 
training 
session

SQ
bP
VJ
Medicine ball 

throw

21*
8*
0
6*

Daily nonlinear
3 training zones 

repeated: 3 or 4  
9-12, 3 or 4  3-8, 3-5 
 1-5 

RMs Multiple per 
training 
session

SQ
bP
VJ
Medicine ball 

throw

11*
8*
1
3

TABLE 7.7 >continued
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Reference

Mean 
age (yr) 
and sex

Training 
length 
(wk)

Fre-
quency 
per 
week Sets and reps Intensity

Exercises 
trained Test

Percentage 
increase

Hartman et 
al. 2009

24 M 14 3 linear
wk 1-10: 5  8-12
wk 11-14: 5  3-5

RMs bP bP
Vmax
MVC
MRFD 

15*
8*
4
7

Daily nonlinear
day 1: 5  3-5
day 2: 5  8-12
day 3: 5  20-25

RMs bP bP
Vmax
MVC
MRFD 

10*
6*
1
2

Prestes, J., 
Frollini et 
al. 2009 

18-25 M 12 4 linear
wk 1, 5, and 9: 3  12
wk 2, 6, and 11: 3  10
wk 3, 7, and 11: 3  8
wk 4, 8, and 12: 3  6

RMs 9 per session bP
lP
aC

18*
25*
14*

Daily nonlinear
wk 1, 3, 5, 7, 9, and 11: 

days 1 and 2: 3  12
days 3 and 4: 3  10
wk 2, 4, 6 ,8, 10, and 12: 

days 1 and 2: 3  8
days 3 and 4: 3  6 

RMs 9 per session bP
lP
aC

25*
41*
24*

Kok, Hamer, 
and 
bishop 
2009

20 F 9 3 linear
wk 1-3: bP and SQ 3  

10, other exercises 3 
 10

wk 4-6: bP and SQ 3 or 
4  6, other exercises 
3  6

wk 7-9: bP and SP 3 or 
4  8, other exercises 
3  8

wk 1-3: bP and SQ, 
75-80% of 1RM; 
other exercises, RMs 
wk 4-6: bP and SQ, 
85-90% of 1RM; 
other exercises, RMs 
wk 7-9: bP and SQ, 
30-40% of 1RM; other 
exercises, 30-40% of 
1RMb 

10 bP
SQ
bP throw 

power
SQ jump 

power 

22*
35*
11*

10*

Nonlinear
wk 1-9: bP, SQ, and other 

exercises 1 session/wk 
from wk 1-3, 4-6, and 
7-9 of linear program

wk 1-9: bP, SQ, and 
other exercises, 1 ses-
sion/wk from wk 1-3, 
4-6, and 7-9 of linear 
program

10 bP
SQ
bP throw 

power
SQ jump 

power 

28*
41*
14*

9*

Simao et 
al. 2012

29 M 12 2 linear
wk 1-4: 2  12-15 wk 

5-8: 3  8-10
wk 9-12: 4  3-6 

RMs bP, lat pull-
down, 
biceps curl, 
triceps 
extension

bP
lat pull-down
biceps curl
triceps  

extension

12a
12*
16*a

25*

Nonlinear
wk 1 and 2: 2  12-15
wk 3 and 4: 3  8-10
wk 5 and 6: 4  3-5
wk 7-12:
day 1: 2  12-15
day 2: 3  8-10
day 3: 4  3-5

RMs bP, lat pull-
down, 
biceps curl, 
triceps 
extension

bP
lat pull-down
biceps curl
triceps  

extension

21*
9*
18*
27*

* = significant change pre- to posttraining.

a = significant difference between nonlinear and linear periodization.

Vmax = maximal velocity in bench press throw.

MVC = maximal voluntary contraction in isometric bench press.

MRFD = maximal rate of force development in isometric bench press.

bP = bench press 1RM, SQ = squat 1RM, lP = leg press 1RM, aC = arm curl 1RM, Ke = knee extension 1RM, VJ = vertical jump.
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no significant difference in maximal strength, 
vertical jump ability, body mass, or body com-
position between training models. One of these 
comparisons (Baker, Wilson, and Carlyn 1994b) 
also shows that a biweekly nonlinear periodiza-
tion, linear periodization, and nonvaried training 
model (three sets of six repetitions) all result in 
significant increases in maximal strength, vertical 
jump ability, and fat-free mass; the comparison 
shows no significant differences among the train-
ing models.

Comparisons of various daily nonlinear and 
linear periodization models show both training 
models to produce significant increases in maximal 
strength; however, some comparisons demonstrate 
significantly greater gains in maximal strength with 
the daily nonlinear model. Although both training 
models likely produce significant changes in body 
composition and measures of motor performance, 
no significant difference appears to exist between 
training models in these measures. All of these 
conclusions need to be viewed with some caution 
because more comparisons of periodized training 
models are needed, especially long-term compari-
sons in well-trained people and athletes.

Flexible Daily Nonlinear  
Periodization
Flexible daily nonlinear periodization involves 
changing the training zone used in a nonlinear 
model based on the trainee’s readiness to perform 
in a specific training zone. The information needed 
for making the decision to change the training 
zone in a specific training session can be gathered 
in several ways. A test, such as a maximal vertical 
jump, standing long jump, or medicine ball throw 
test, can be performed immediately prior to a train-
ing session to determine the physical readiness of 
the trainee. The initial sets of the first few exercises 
in a training session can also be monitored to 
determine readiness to perform the session.

Consider a trainee who performs a vertical jump 
immediately prior to a training session; if she 
cannot achieve at least 90% of her previous maxi-
mal vertical jump, she may be fatigued. Likewise, if 
someone could previously perform six repetitions 
of an exercise with a specific resistance and at the 
start of a training session can perform only three 
repetitions with this resistance, fatigue is also 
indicated. Fatigue or another physiological factor, 
such as delayed-onset muscle soreness, could be 

due to previous resistance training sessions or 
other types of training. Psychological stress due 
to schoolwork or job-related stresses could also 
keep a trainee from performing up to previously 
demonstrated abilities. In any case, in this example, 
if a high-intensity, low-volume (e.g., four sets of 4-6 
repetitions) training zone were scheduled for that 
session, the intensity of the training zone could 
be lowered (e.g., three sets of 12-15 repetitions).

It is also possible to change from a low-intensity, 
high-volume training zone to a higher-intensity 
and lower-volume zone. Consider a trainee who 
performs at 100% of his best vertical jump, or 12 
repetitions per set when only 8 to 10 repetitions 
are planned, in the first exercise of a training ses-
sion. Rather than continuing with a training zone 
of 8 to 10 repetitions, the trainee could perform 
in a higher-intensity zone and do four to six rep-
etitions. Flexible daily nonlinear periodization 
and training zone changes have been previously 
extensively discussed (Kraemer and Fleck 2007). 
Anecdotally, many coaches change training ses-
sions to better match the physical readiness of 
their athletes. For example, if an intense interval 
training session is planned and the athlete is clearly 
unable to perform the session close to her previ-
ously demonstrated ability, the coach may lower 
the intensity of the session.

Flexible daily nonlinear periodization has been 
employed to maintain and increase physiological 
markers in collegiate Division I soccer players 
throughout a 16-week season (Silvester et al. 
2006). Resistance training sessions were changed 
to meet the players’ degree of readiness to per-
form a specific type of training session based on 
the strength and conditioning coaches’ subjective 
evaluations and athlete heart rates during soccer 
practices and games. The flexible nonlinear peri-
odized program resulted in the maintenance of 
vertical jump ability, short sprint ability, and max-
imal oxygen consumption throughout the season. 
However, significant increases in total lean tissue, 
leg lean tissue, trunk lean tissue, total body power 
(17% increase in repeat push-press power), and 
lower-body power (11% increase in repeat squat 
jumps followed by a short sprint) were shown pre- 
to postseason. Although no comparison to another 
training model was made, the results indicate that a 
flexible nonlinear model does maintain or increase 
physical fitness throughout a soccer season.

A comparison of a flexible daily nonlinear 
and a nonlinear model demonstrates that the 
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flexible nonlinear model offers some advantage 
(McNamara and Stearne 2010). Male and female 
students in a college weight training class per-
formed either a flexible nonlinear or a planned 
(had to perform the planned training session on 
a specific day) nonlinear periodized program two 
times per week for 12 weeks. Prior to a training 
session those performing the flexible nonlinear 
program could choose, based on fatigue, which 
of three training zones (10, 15, or 20 repetitions 
per set) to perform. However, by the end of the 12 
weeks of training, those in the flexible nonlinear 
program had to perform the same number of 
training sessions in each training zone as those in 
the planned nonlinear program did.

Pre- to posttraining maximal chest press ability 
(1RM) and maximal standing long jump ability 
significantly increased with both training plans; 
no significant difference was shown between them. 
However, maximal leg press ability (see figure 
7.2) increased significantly more with the flexible 
nonlinear program. This indicates that the flexible 
nonlinear plan did not offer any advantage for 
upper-body strength, but did offer an advantage 
for lower-body strength.

Flexible daily nonlinear periodization is an 
extension of what some coaches already do; that 
is, change planned training sessions based on the 
physical readiness of their athletes to perform that 
session. This type of training may offer advantages 
over the course of the season to maintain and 
improve physiological markers of performance 
and to increase maximal strength.

Reverse Linear Periodization
Reverse linear periodization refers to a resistance 
training program that changes from lower volume 
and higher intensity training to higher volume 

and lower intensity as training progresses. Thus, 
training volume and intensity progressively change 
in a pattern that is opposite to that of linear peri-
odization. This type of training may offer some 
advantages for increasing such factors as local 
muscular endurance at the end of a periodized 
training plan compared to a linear periodized plan.

A comparison of linear and reverse linear peri-
odization indicates that linear periodization results 
in greater maximal strength and hypertrophy gains 
(Prestes, Frollini et al. 2009). The number of repe-
titions per set with each training plan is depicted in 
table 7.8. Note that training intensity and volume 
over several weeks of training move in opposite 
directions with the linear and reverse linear 
periodized plans. Women (20-35 years) training 
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FIGuRE 7.2 Flexible nonlinear periodization increases in 
leg press 1RM are significantly greater than with nonlinear 
periodization.
FNl = flexible nonlinear periodization; Nl = nonlinear period-
ization.

adapted, by permission, from J.M. McNamara and D.J. Stearne, 2010, 
“Flexible nonlinear periodization in a beginner college weight training class,” 
Journal of Strength and Conditioning Research 24:17-22.

Table 7.8 Repetitions per Set in Linear and Reverse Linear 12-Week Training Plans
Weeks of training

Weeks 1 2 3 4 5 6 7 8 9 10 11 12

linear  
periodiza-
tion reps 
per set

12-14 10-12 8-10 12 5-12 8-10 6-8 12 8-10 6-8 4-6 12

Reverse 
linear  
periodiza-
tion reps 
per set

4-6 6-8 8-10 12 6-8 8-10 10-12 12 8-10 10-12 12-14 12

based on Prestes et al., 2009.
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three days per week with each plan demonstrated 
significant increases in maximal strength (1RM) in 
the bench press, lat pull-down, arm curl, and knee 
extension. However, the increases were signifi-
cantly greater with the linear plan for the arm curl 
and lat pull-down. Repetitions to failure using 50% 
of body mass in the arm curl and knee extension, 
a measure of local muscular endurance, showed 
no significant increase with either training plan. 
Significant body composition (skinfolds) changes 
of increased fat-free mass and decreased percent 
body fat occurred only with the linear periodized 
plan. Overall, the results indicate that the classic 
periodized plan resulted in greater strength and 
body composition changes.

A comparison of linear, daily nonlinear, and 
reverse linear periodization is presented in table 
7.7 (Rhea, Phillips, et al. 2003). Within this 
comparison the number of repetitions per set are 
always relatively high (over 25 repetitions); thus, 
considering the repetition continuum (see chapter 
5), all programs emphasized local muscular endur-
ance more so than maximal strength gains. Because 
trainees were initially untrained and performed 
only the knee extension exercise, the application 
of the results to other exercises and trained people 
needs to be considered carefully. None of the 
programs showed a significantly greater increase 
in maximal strength or local muscular endurance. 
However, the linear and daily nonlinear programs 
showed substantially greater percentage increases 
in maximal strength, and the reverse linear pro-
gram showed a substantially greater percentage 
increase in local muscular endurance.

Past training history and the training level of the 
athlete may determine the type of periodized plan 
that is most effective. A study of collegiate rowers 
performing either a traditional linear periodized 
program or a reverse linear periodized program 
indicates that the training level of the athlete affects 
which training plan is most effective (Ebben et 
al. 2004). The linear periodized plan progressed 
from sets of 12 repetitions to 5 repetitions over the 
course of eight weeks; the reverse linear periodized 
plan progressed from 15 repetitions per set to 
32 repetitions per set over the same time period. 
Both types of periodized training significantly 
increased physiological markers of fitness (e.g., 
maximal oxygen consumption and power output 
while rowing) equally. However, more experienced 
rowers (University varsity) performing the linear 
periodized plan demonstrated a greater decrease 
in time to row 2,000 m in an ergometry test com-

pared to experienced rowers performing the reverse 
linear periodized plan (–7 vs. –4 seconds). Less 
experienced rowers performing the reverse linear 
periodized plan demonstrated a greater decrease 
in time to row 2,000 m compared to those per-
forming the linear periodized plan (–15 vs. –10 
seconds). Results indicate that more experienced 
rowers show greater improvement with a linear 
periodized plan, whereas less experienced rowers 
show greater improvement with a reverse linear 
periodized plan. It is important to note that train-
ing intensity was greater and training volume less 
with the linear plan compared to the reverse linear 
plan (12-5 vs. 15-32 repetitions per set). So results 
also indicate that more experienced rowers ben-
efit more from a lower-volume, higher-intensity 
resistance training plan, whereas less experienced 
rowers benefit more from a higher-volume, low-
er-intensity plan.

Significant advantages in local muscular 
endurance gains are not apparent with reverse 
linear periodization. Likewise, consistently greater 
increases in maximal strength with linear and 
daily nonlinear periodization are not apparent 
compared to reverse linear periodization. However, 
these conclusions must be viewed with caution 
because few studies have compared reverse linear 
periodization with other training models.

Power Development
Power development is thought to be intimately 
related to the performance of most daily life activ-
ities, such as climbing stairs, as well as sport tasks, 
such as throwing a ball or dunking a basketball. 
This is in part due to correlational data showing 
significant correlations between measures of 
power and performance. However, such correla-
tions generally leave a large portion (unexplained 
variance) of the test performance unexplained. 
For example, maximal power measured with a 
stair-climbing test (Margaria-Kalamen step test) 
shows significant correlations to sprint and agility 
performance when power is expressed relative to 
body mass. However, these correlations leave a 
large portion (50-81% unexplained variance) of 
the sprint and agility performance unexplained 
(Mayhew et al. 1994). Thus, although power may 
be a characteristic related to performance training, 
other factors related to power, such as rate of force 
development and time to reach a specific force 
output, may be just as important as maximal power 
development to increasing performance in a spe-
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cific task (Cronin and Sleivert 2005). Additionally, 
the relationship of power or some other factor 
related to power may be different among various 
tasks. For example, an upper-body task such as a 
bench throw, a lower-body task such as a vertical 
jump or squat jump, or a total-body task such as 
throwing a shot put show correlations of different 
strengths to various measures of power (Cronin 
and Sleivert 2005). Other factors, such as whether 
a power test includes a stretch-shortening cycle 
(countermovement vs. squat jump) or the resis-
tance used when measuring power may also affect 
the strength of the correlation between a measure 
of power and a specific task. Despite these factors 
it is generally believed that when power or some 
factor related to power improves, performance 
in many tasks also improves. The relationship of 
power to force, the distance an object is moved, 
and the time involved in performing a movement 
is shown by the following equation:

power = force  distance / time

This fundamental equation reveals the multiple 
ways power can be improved. The numerator of the 
equation is “work,” and power can be increased 
by either increasing force development or the 
distance an object is moved. The denominator of 
the equation indicates the importance of the time 
used to perform a task in the calculation of power; 

a decrease in time results in an increase in power. 
Training programs dedicated to the development 
of power require both high-force training and fast 
movements, which affects the time to perform a 
movement, to maximally increase power.

In most activities power depends on concen-
tric force and velocity of movement. The classic 
concentric force–velocity curve indicates that as 
the speed of a muscle action increases, the force 
produced decreases. However, the power output 
peaks at an intermediate velocity between zero 
and the maximal velocity of movement. Viewing 
it from another perspective, at very fast velocities, 
low force results in low power output. However, 
slow velocities at which high force is generated also 
result in low power output. In fact, when force is 
maximal, velocity is zero (isometric action), which 
results in zero power output. High power results 
from a combination of intermediate velocity and 
an intermediate force output. The relationships 
among force, velocity of movement, and power 
can be seen in figure 7.3.

Training for power production in various move-
ments or tasks should take these concepts into 
consideration. The success of a power training 
program is related to the specificity of the training 
activity and the ability to optimize physiological 
function for high-power movements at the velocity 
necessary to increase performance in a specific task 

FIGuRE 7.3 (a) The relationship of force generation and power generation to velocity of shortening in maximal concen-
tric actions. (b) The relationship of velocity shortening and power generation to force development in maximal concentric 
actions. all muscular actions are concentric except those at zero velocity, which are isometric. 
adapted, by permission, from H.G. Knuttgen and W.J. Kraemer, 1987, “Terminology and measurement in exercise performance,” Journal of Applied Sport 
Science Research 1: 1-10.
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or in a spectrum of velocities or tasks. The necessity 
to increase power in a variety of tasks or velocities 
is apparent in many team sports in which the abil-
ity to accelerate at the start of a sprint, perform a 
vertical jump, kick a ball, or throw a ball may be 
necessary for success.

Ballistic resistance training refers to exercises in 
which a high rate of force development is needed 
and in which the mass being accelerated, such as 
body mass or an external weight, can be projected 
into the air (Newton and Wilson 1993b). Such 
exercises include the squat jump (assuming a squat 
or semi-squat position and then jumping into 
the air), stretch-shortening cycle exercises such as 
medicine ball throwing plyometrics, and weighted 
and unweighted jumping plyometric exercises. 
Other power-type exercises, such as the clean and 
snatch pull and other variations of the Olympic 
lifts, require acceleration of the weight and have 
a ballistic component, although the resistance is 
not actually thrown into the air. Ballistic resistance 
training creates specific increases in muscle acti-
vation and rates of force development (Häkkinen 
and Komi 1985c). These types of exercises do not 
have a deceleration (see the section Deceleration 
Phase and Traditional Weight Training later in this 
chapter) of the resistance at the end of the range of 
motion (Newton et al. 1996). When a “normal” 
bench press was performed explosively (e.g., speed 
reps) with a light resistance (e.g., 30% of 1RM), 
power decreased during approximately the last 
50% of the range of motion because the lifter had 
to hold on to the bar and reach zero velocity when 
the bar was at arm’s length (Newton et al. 1996). 
When the weight could be released into the air at 
the end of the range of motion with the use of a 
specialized testing device (i.e., a ballistic exercise), 
power output and acceleration were enhanced 
throughout the range of motion. The reduction 
in power and decreased rate of acceleration when 
the bar was “held on to” was due to decreased 
agonist activation and increased antagonist activa-
tion of muscles of the upper back, which resulted 
in deceleration of the bar because it had to be at 
zero velocity at arm’s length (see figure 7.4). It is 
theorized that this effect was needed to protect 
the joints from a sudden deceleration at the end 
of the range of motion when the weight was not 
released. The deceleration was not needed when 
the weight could be released at the end of the 
bench press’s range of motion. This demonstrates 
why speed reps may be counterproductive to power 

development in some exercises (e.g., bench press, 
shoulder press, knee extension) and supports the 
proper use of resistance training equipment that 
allows the release of the weight, such as medicine 
ball throws, or exercises in which deceleration does 
not occur, such as plyometric jumping exercises or 
variations of the Olympic lifts.

With many exercises, when attempting to lift 
the maximal amount of weight possible (e.g., a 
resistance close to 1RM), movement velocities 
are just higher than zero. Thus, maximal force 
is generated, but because of the slow velocity of 
movement, power output is very low. Pure 1RM 
strength is required in the sport of powerlifting 
because there is no requirement for maximal or 
near-maximal power development (thus, the name 
of the sport is inappropriate) given that lifters must 
move heavy weights slowly.

Many strength and conditioning specialists 
believe that if slow-velocity strength increases, 
power output and dynamic performance will also 
improve. This is true to a certain extent because 
maximal strength, even at slow velocities, is a 
contributing factor to explosive power because 
this affects the force in the power equation. All 
explosive movements start from zero, or slow 
velocities, and it is at these phases of the movement 
that slow-velocity strength can contribute to power 
development. However, as the muscles begin to 
achieve high velocities of shortening, slow-veloc-
ity strength capacity has a reduced impact on the 
ability to produce high force at rapid shortening 
velocities (Duchateau and Hainaut 1984; Kane-
hisa and Miyashita 1983a; Kaneko et al. 1983; 
Moss et al. 1997). This fact becomes increasingly 
important when already strong people attempt to 
train specifically for optimal power development. 
Negative correlations between increases in motor 
performance tasks (vertical jump and short sprint 
ability) and pretraining 1RM caused by normal 
weight training 1RM (Wilson, Murphy, and Walshe 
1997) support this concept. These negative cor-
relations indicate that stronger people showed 
smaller increases in motor performance as a result 
of normal weight training. So to improve motor 
performance in already strong people, training 
strategies other than increasing maximal strength 
need to be employed.

Improved performance in power activities, such 
as vertical jump (Adams et al. 1992; Bauer, Thayer, 
and Baras 1990; Clutch et al. 1983; Wilson et al. 
1993) and sprint ability (Harris et al. 2008) after 
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a strength training program have been shown. 
For example, a study by Häkkinen and Komi 
(1985a) showed a 7% improvement in vertical 
jump ability after 24 weeks of intense weight 
training. Comparisons of heavy resistance training 
and ballistic training show significantly greater 
increases in power-type activities with ballistic 
training (Cronin and Sleivert 2005). For example, 
comparing heavy resistance training (6- to 10RM 
squats) to ballistic training (jump squats with 
30% of maximal isometric force), both resulted 
in significant increases in countermovement jump 
ability, but the increase from ballistic training was 
significantly greater than that from heavy resistance 
training (18 vs. 5%) (Wilson et al. 1993). Such 
comparisons, however, may show greater increases 
in power-type activities from ballistic training 
because of a difference in total training volume 
when the power training exercises are added to a 
traditional strength training program (Cronin and 

Sleivert 2005). Substituting some ballistic exercises 
for heavy resistance exercises produces greater 
increases in power-type activities, such as a squat 
jump (+5 vs. –3%), than does heavy resistance 
training alone (Mangine et al. 2008). This substi-
tution helps to maintain equal training volumes 
in the total training program, which indicates that 
ballistic training, and not an increase in training 
volume, causes the increase in power.

Initial strength level may affect the results of 
heavy resistance and ballistic training programs. 
Men who could perform a back squat with approx-
imately 1.3 times body mass show significant, 
but not significantly different, improvement in 
power activities (sprint and vertical jump ability) 
as a result of either a resistance or ballistic-type 
training (Cormie, McGuigan, and Newton 2010b). 
However, squat 1RM strength improvement was 
significantly greater with the heavy resistance 
training (31 vs. 5%). A comparison of relatively 
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FIGuRE 7.4 The top panel shows the relationship of velocity and force development during a normal bench press with 
45% of 1RM. The bottom panel shows the relationship of velocity and force development during a bench press throw 
with 45% of 1RM.
adapted, by permission, from R.U. Newton et al., 1996, “Kinematics, kinetics, and muscle activation during explosive upper body movements: Implications 
for power development,” Journal of Applied Biomechanics 13: 31-43.
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strong men and relatively weak men (squat 1RM 
times body mass 1.97 vs. 1.32) training with 
weighted and unweighted jump squats showed a 
tendency (greater effect sizes) for larger increases 
in vertical jump, but not short sprint ability, in the 
stronger men (Cormie, McGuigan, and Newton 
2010a). Combined, these results indicate that 
heavy resistance training will result in greater 
increases in maximal strength and similar increases 
in power-type activities in relatively weak men, 
whereas ballistic-type training may result in greater 
increases in some power-type activities in relatively 
strong men. Thus, ballistic training may not be 
necessary to produce optimal increases in pow-
er-type activities in the initial stages of training. 
However, some studies indicate that when strength 
plateaus, specialized power training appears to be 
important to optimize power development (Baker 
2001a; Newton, Kraemer, and Häkkinen 1999).

Resistance- and velocity-specific training adap-
tations have been shown with training (Kaneko 
et al. 1983; Moss et al. 1997). Training the elbow 
flexors of various groups with resistances of 90, 35, 
and 15% of 1RM (all groups trained for maximal 
power by attempting to move the resistance as fast 
as possible during each repetition) showed inter-
esting results concerning power (Moss et al. 1997). 
Power was tested with resistances of 2.5 kg (5.5 
lb) and 15, 25, 35, 50, 70, and 90% of pretraining 
1RM. The group training with 15% of 1RM showed 
significant increases in power at resistances equal 
to or less than 50% of 1RM and no significant 
increases above resistances greater than 50% of 
1RM. No significant difference in power increase 
was shown between groups at resistances equal to 
or less than 50% of 1RM. The 35 and 90% groups 
showed no significant differences between each 
other at any resistance but did demonstrate signifi-
cantly greater power increases than the 15% group 
at resistances of 70 and 90% of 1RM. However, the 
90% group showed the greatest power increases at 
the heaviest two resistances, and the 35% group 
showed the most consistent power gains across 
all resistances.

Velocity-specific effects for a task that involved 
lifting a weight as quickly as possible have also 
shown training specificity (Kaneko et al. 1983). 
Subjects who trained with a resistance of 0, 30, 60, 
or 100% of maximal isometric strength demon-
strated a classic resistance-specific training effect. 
The groups training with the heavier resistances 
showed the greatest increases in isometric strength, 

and the group training with 0% resistance showed 
the greatest increase in unloaded movement veloc-
ity. Perhaps the most interesting finding was that 
the 30% resistance produced the greatest increase 
in force and power over the entire concentric veloc-
ity range and also resulted in the greatest increase 
in maximal mechanical power. The results of these 
studies demonstrate some training specificity for 
power.

However, no training specificity has also been 
shown between jump squat training at 80 and 30% 
of 1RM squat (McBride et al. 2002). Training was 
equated for overall intensity and volume between 
programs. Both programs showed significant 
increases in 1RM strength, short sprint ability 
(5, 10, and 20 m), and agility (T-test). The only 
significant difference among the training pro-
grams was that the 30% of 1RM training showed 
a greater increase in 10 m sprint performance. The 
percentage increase in 1RM squat ability favored 
the 80% of 1RM training, and generally, the per-
centage increase in weighted (30, 55, and 80% 
squat 1RM) jump squat ability favored the 30% 
of 1RM training.

Thus, performance changes are not always 
consistent with the principle of training specific-
ity. The conflict results from the complex nature 
of explosive muscle actions and the integration 
of slow and fast force production requirements 
within a specific movement. Another confounding 
influence is that most of the preceding studies 
trained previously untrained people, in whom a 
wide variety of training interventions will produce 
increases in both strength and power and the force 
part of the power equation may dominate power 
increases until a stable base of strength is attained 
(Baker 2001c). Additionally, as discussed earlier, 
depending on the training status of the person, 
the response to training may not always follow 
the specificity of training principle (Komi and 
Häkkinen 1988). However, if a person already 
has an adequate level of strength, then increases 
in explosive power performance in response to 
traditional strength training will be poor; more 
specific power training interventions are required 
to further improve power output (Baker 2001c; 
Häkkinen 1989; Newton, Kraemer, and Häkkinen 
1999). Thus, improvement in power-oriented 
activities in trained athletes may require complex 
combinations of strength and power exercises 
(Baker 2001a; Newton, Kraemer, and Häkkinen 
1999; Wilson et al. 1993).
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Rate of Force Development
In some activities, because the time to develop 
force and power is limited (e.g., foot contact time 
during sprinting), the muscle needs to exert as 
much force as possible in a short period of time 
(Häkkinen and Komi 1985b). For this reason, 
rate of force development (RFD), or the rate at 
which force is developed or increases, is an import-
ant consideration in the performance of some 
activities. Training-induced changes in RFD may 
explain to some extent why heavy resistance train-
ing has not always increased power performance, 
especially during movements requiring very little 
time (e.g., 100-200 ms). Squat training with heavy 
resistances (70-120% of 1RM) has been shown to 
improve maximum isometric strength; however, 
it did not improve the maximal RFD (Häkkinen, 
Komi, and Tesch 1981) and may even reduce the 
muscle’s ability to develop force rapidly (Häkkinen 
1989). However, activities during which an attempt 
is made to develop force rapidly, such as explosive 
jump training with light resistances, increase the 
ability to develop force rapidly (Behm and Sale 
1993; Häkkinen, Komi, and Tesch 1981).

Explosive-type resistance training increases the 
slope of the early portion of the force–time curve 
(see figure 7.5). Although heavy resistance training 
increases maximal strength, it does not improve 

RFD appreciably, especially in athletes who have 
already developed a strength training base (i.e., 
have had more than six months of training). This 
is because the movement time during explosive 
activities is typically less than 300 ms. So if RFD 
is not increased, the majority of maximal force 
increases due to heavy resistance training cannot 
be realized and power-type activity performance 
is not improved.

In the preceding discussion of RFD, heavy 
resistance training refers to lifting the weight in an 
exercise, but not attempting to lift the weight as 
fast as possible or in an explosive manner. Trainees 
can increase RFD during heavy resistance training 
by attempting to lift the weight as fast as possible 
(Behm and Sale 1993; Crewther, Cronin, and 
Keogh 2005; Cronin and Sleivert 2005). Thus the 
intent to move the weight as fast as possible, even 
if the resistance is heavy, can result in an increase 
in RFD. So if the goal of training is to increase RFD 
and power development no matter what resistance 
is being lifted, the trainee should attempt to lift 
the resistance as fast as possible.

Deceleration Phase and Traditional 
Weight Training
The deceleration phase  of a repetition occurs 
when the resistance’s movement slows in the last 
part of the concentric phase of a repetition even 
though there is an attempt to increase or maintain 
movement speed. The deceleration phase is neces-
sary in many exercises because the resistance must 
come to a complete stop at the end of the concen-
tric repetition phase. This deceleration of the resis-
tance over the last part of the concentric phase of a 
repetition results in an exercise that will contribute 
less than optimally to power production (see 
box 7.2). This phenomenon has been frequently 
observed (Berger 1963c; Wilson et al. 1993; Young 
and Bilby 1993). For example, when someone lifts 
1RM in the bench press, the bar is decelerating for 
the last 24% of the concentric movement (Elliott, 
Wilson, and Kerr 1989). The deceleration phase 
increases to 52% when the person performs the 
lift with a lighter resistance (e.g., 81% of 1RM) 
(Elliott, Wilson, and Kerr 1989). Additionally, if an 
attempt is made to lift the weight at a fast velocity, 
the duration of the deceleration phase increases 
(Newton and Wilson 1993a).

Plyometric jump and medicine ball training 
avoid this problem by allowing the person to 
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ms or less is increased compared to training to increase 
predominantly maximal strength levels.

Dotted line = power training; solid line = strength training.



Designing Resistance Training Programs

284

accelerate throughout the movement to the point 
of load projection, such as the takeoff in jump-
ing, ball release in throwing, or impact in strik-
ing activities. It could be argued that traditional 
weight training promotes the development of the 
deceleration action. The deceleration results from 
a decreased activation of the agonists during the 
later phase of the lift and may be accompanied by 
considerable activation of the antagonists, partic-
ularly when using lighter resistances and trying 
to lift the weight quickly (Kraemer and Newton 
2000). This is undesirable when attempting to 
maximize power performances. The problem of 
the deceleration phase can be overcome with bal-
listic resistance training in which the resistance is 
thrown, such as throwing a medicine ball, or jump-
ing into the air with or without added resistance, 
such as in plyometric jump training.

A comparison of training using traditional back 
squats and two types of ballistic training (loaded 
jump squats and plyometric, or stretch-shortening 
cycle, training, or drop jumps) on vertical jump 
performance favored the loaded jump squat train-
ing for increases in power (Wilson et al. 1993). 
The loaded jump squats were completed using a 
resistance of 30% of 1RM. This allowed the subjects 
to produce a high mechanical power output. All 
training groups showed increases in vertical jump 
performance; however, the loaded-jump-squats 
group showed significantly greater increases (18%) 

than the other two groups (traditional back squats, 
5%; stretch-shortening cycle training, 10%). These 
results were similar to those obtained by Berger 
(1963c), who also found that performance of 
jump squats with a resistance of 30% of maximum 
resulted in greater vertical jump ability increases 
compared with traditional weight training, plyo-
metric training, or isometric training.

Although ballistic resistance training improves 
power performance, it does result in high eccentric 
forces when landing from a jump or catching a 
falling weight in some exercises, such as a bench 
throw, which typically involves throwing the bar 
into the air at the end of the concentric repetition 
phase, on a Smith machine (Newton and Wilson 
1993a). However, weight training equipment 
can be adapted to reduce the eccentric resistance 
(Newton and Wilson 1993a).

A comparison of weighted jump squat training 
(30% of half squat 1RM) shows some differences 
between training with and without an eccentric 
braking system (Hori et al. 2008). The eccentric 
braking system removed virtually all of the resis-
tance used in the jump squat training during the 
landing phase of a jump. Both types of training 
resulted in significant increases in countermove-
ment jump and squat jump ability, and no signif-
icant differences were shown between groups. The 
braking group did show a significantly greater 
increase than did the nonbreaking group (11.5 

bOx 7.2 RESEARCH

Effects of the Deceleration Repetition Phase on Strength and Power
Whether a difference in strength and power gains exists between training with a controlled velocity 
and training with a fast velocity is an important practical consideration. Such a comparison can be 
made by having some subjects perform the concentric and eccentric phases of repetitions using a 
controlled velocity and having others perform the eccentric phase using a controlled velocity and 
the concentric phase using a fast velocity.

Training inexperienced males in this fashion with the half squat (knees to a 90-degree angle) for 
7.5 weeks, three times per week with four sets of 8 to 12 repetitions does result in various training 
adaptations (Young and Bilby 1993). The fast concentric training resulted in a significantly greater 
increase in rate of force development of 69% compared to the controlled velocity increase of 24%. 
The controlled velocity resulted in a significantly greater increase in absolute isometric strength 
of 31% compared to the fast concentric training increase of 12%. No significant differences were 
shown between the fast concentric and the controlled velocity training for squat 1RM (21 vs. 22%, 
respectively), vertical jump (5 vs. 9%, respectively) or muscle thickness (ultrasound) measured at 
several sites of the quadriceps. Thus, training with different concentric velocities does make a dif-
ference in some training outcomes.

Young, W.B., and Bilby, G.E. 1993. The effect of voluntary effort to influence speed of contraction on strength, muscular 
power, and hypertrophy development. Journal of Strength and Conditioning Research 7: 172-178.
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vs. 7.4%) in squat jump ability relative to body 
mass (W ∙ kg–1). However, the nonbraking group 
showed a significantly greater increase in concen-
tric isokinetic hamstring torque at 300 degrees per 
second (8.1 vs. –4.5%). Other measures of strength 
and power showed significant increases by both 
groups, but no significant differences between 
groups. So eccentric braking resulted in the same 
changes in performance measures as no braking. 
To minimize the chance of injury with weighted 
jump squats and other types of ballistic-type train-
ing, trainees should use a progression from the 
unloaded or light resistance to heavier resistances.

Ballistic Training and Neural  
Protective Mechanisms
Neural protective mechanisms can affect force 
output. Plyometric, or stretch-shortening cycle, 
training (Schmidtbleicher, Gollhofer, and Frick 
1988) and ballistic weighted jump squat training 
(McBride et al. 2002) result in an increase in the 
overall neural stimulation of the muscle and thus 
force output. There are, however, indications that 
neural protective mechanisms are active during this 
type of training. Subjects unaccustomed to intense 
jumping-type plyometric training experienced a 
reduction in electromyographic activity starting 
50 to 100 ms before ground contact and lasting 
for 100 to 200 ms (Schmidtbleicher, Gollhofer, 
and Frick 1988). This protective mechanism has 
been attributed to the Golgi tendon organ reflex 
acting during a sudden, intense stretch to reduce 
the tension in the tendomuscular unit during 
the peak force of the stretch-shortening cycle 
(Gollhofer 1987). After a period of plyometric 
training, the inhibitory effects are reduced (this is 
termed disinhibition), and increased plyometric 
performance results (Schmidtbleicher, Gollhofer, 
and Frick 1988).

Quality of Training Repetitions
The effectiveness of a power training program may 
be related to the quality of repetitions. In other 
words, if a repetition does not achieve a high 
percentage (e.g., 90% or greater) of the maximal 
power output or maximal velocity possible, its 
impact on training adaptations may be negligible. 
Thus, if a person performs any type of power train-
ing when fatigued or when not ready to exercise 
maximally, a truly effective power training session 
may not be possible. An exception may be in the 

area of power development under conditions of 
extreme fatigue, such as a wrestler performing a 
throw at the end of a match when fatigue and 
blood lactate concentrations are high (20 mmol 
· L–1) or a vertical jump in volleyball at the end of a 
match. Training power when fatigued may enhance 
performance in a sport in which fatigue does occur.

Power is one measure of repetition quality. 
Figure 7.6 depicts sets of squat jumps performed 
prior to a normal practice and after a normal 
practice with a resistance of 30% of squat 1RM. A 
person who performs sets of one repetition prior 
to practice may not be able to achieve 90% of max-
imal power output or greater. However, performing 
three repetitions per set results in a much greater 
likelihood of reaching 90% of peak power in at 
least one of the repetitions. After practice, power 
of the best of three repetitions per set is decreased. 
However, further information concerning quality 
of repetitions and the interaction of repetition 
quality with rest periods between sets is needed.

Guidelines have been developed for training 
power (see box 7.3) and are briefly described in 
chapter 2. However, some caveats concerning these 
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FIGuRE 7.6 Data for the squat jump demonstrating that 
a greater quality of repetitions, as indicated by at least 
90% of peak power, is achieved in at least one repetition 
per set in sets of three repetitions. In sets of one repeti-
tion the chance of achieving at least 90% of peak power 
is decreased, whereas performing three repetitions per 
set under conditions of fatigue, such as after practice, 
diminishes power production. Resistance equals 30% of 
1RM. See text for further explanation.
Unpublished data, Dr. William J. Kraemer, Department of Kinesiology, 
University of Connecticut, Storrs, CT.
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power training guidelines are worth mentioning. 
The resistances used for upper- and lower-body 
exercises are different. This difference is in part 
due to the fact that, with most lower-body power 
exercises, body mass must be moved in addition 
to the resistance being used. With upper-body 
exercises, on the other hand, typically only a small 
percentage of body mass is moved during the 
exercise. Sets are typically not carried to failure in 
part because, when they are, power increases with 
training may be lower (see chapter 6 for a more 
in-depth discussion of the effect of carrying sets 
to failure).

Because of the resistance specificity of power 
training, as discussed earlier, a variety of resis-
tances, or a mixed model, should be used when 
power training (Newton and Kraemer 1994). 
The use of multiple training resistances results in 
greater maximal power increases (Toji and Kaneko 
2004). Training with of a combination of 30, 60, 
and 100% of maximal force; 30 and 60% maximal 
force; or 30 and 100% of maximal force result 
in significant increases in maximal power of 53, 
41, and 24%, respectively, even though gains in 
maximal strength were not significantly different.

Another consideration is that trained athletes 
who have performed both strength and power 
training may express maximal power outputs at 
higher percentages (47-63%) of 1RM strength 
(Baker, Nance, and Moore 2001a, 2001b) than 

the typical percentage of 1RM strength (30-45%) 
at which maximal power is expressed. So trained 
people may need to incorporate higher percentages 
of 1RM into their periodized training plans when 
performing power training. Power increases due to 
training normally occur when the same resistance 
is used to measure power (Crewther, Cronin, and 
Keogh 2005; Cronin and Sleivert 2005). However, 
if any percentage of 1RM is used when testing 
power, little or no change in power due to training 
occurs because as 1RM strength increases so does 
the resistance at any percentage of 1RM. Thus, 
normally, when testing power changes due to 
training, the same resistance pre- and posttraining, 
and not a percentage of pre- and posttraining 1RM, 
should be used.

Plyometrics
Perhaps the oldest and most frequently used 
power-type training is plyometrics. This type of 
training is typically thought of as performing body 
weight jumping-type exercises and throwing med-
icine balls. Synonymous with the term plyometrics 
is the term stretch-shortening cycle exercise, a term 
that more accurately describes body weight jumps 
and medicine ball throws.

The stretch-shortening cycle refers to a natural 
part of most movements. As an example, when the 
foot hits the ground during walking, the quadri-

bOx 7.3 PRACTICAL QuESTION

What Are the Guidelines for Training for Power?
Training for power can increase power, maximal strength, and motor performance. Following are 
guidelines for the inclusion of power training in a resistance training program based on research 
(American College of Sports Medicine 2009):

• Power- or ballistic-type resistance training should be incorporated into the typical strength 
training program if one goal of training is to increase power.

• Exercises should be performed in an explosive manner.

• For upper-body exercises, use 30 to 60% of 1RM for one to three sets per exercise of three 
to six repetitions per set not to failure.

• For lower-body exercises, use 0 to 60% of 1RM for one to three sets per exercise of three to 
six repetitions per set not to failure.

• For advanced training, heavier resistances (85-100% of 1RM) may also be incorporated in a 
periodized manner using three to six sets per exercise of one to six repetitions per set.

American College of Sports Medicine. 2009. Progression models in resistance training for healthy adults. Medicine & Science 
in Sports & Exercise 41: 687-708.

?
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ceps first go through an eccentric action, then a 
brief isometric action, and finally a concentric 
action. If the reversal of the eccentric action to 
an isometric and then a concentric action is per-
formed quickly, the muscle is stretched slightly. 
This entire sequence of eccentric, isometric, and 
concentric actions resulting in a slight stretching 
of the muscles prior to muscle shortening is called 
a stretch-shortening cycle.

The stretching stores elastic energy that can be 
released during the shortening phase, resulting in 
a more powerful concentric action. The addition 
of the elastic energy to the force of a normal con-
centric action, where no stretching occurs, is one 
of the reasons commonly given to explain why 
a more powerful concentric action results after 
a stretch-shortening cycle. The other common 
explanation for the more forcible concentric 
action is that a neural reflex results in the quicker 
recruitment of muscle fibers or a recruitment of 
more muscle fibers.

The more powerful concentric action following 
the stretch-shortening cycle is easy to demonstrate. 
During a normal vertical jump (a countermove-
ment jump), the jumper bends at the knees and 
hips (eccentric action of the extensors), quickly 
reverses direction, and jumps (an isometric action 
followed by a concentric action). Thus, a coun-
termovement jump involves a stretch-shortening 
cycle. A jump performed by bending at the knees 
and hips, stopping for three to five seconds in 
the bent-knee and bent-hip position, and then 
jumping is termed a noncountermovement jump, 
or squat jump; it does not involve a stretch-short-
ening cycle and results in a lower jump than a 
countermovement jump (a jump involving a 
stretch-shortening cycle). It is also possible to 
demonstrate the effect of a stretch-shortening 
cycle by throwing a ball for distance. Throwing a 
ball with a normal overhand throwing motion, 
which involves a stretch-shortening cycle, results 
in a longer throw than throwing a ball without a 
windup, or starting the throwing motion from the 
end of the windup position (no stretch-shortening 
cycle).

Stretch-shortening cycle exercises can be per-
formed with both the upper and lower body. 
Many medicine ball exercises for the upper body 
involve a stretch-shortening cycle. The depth jump 
(stepping off a bench and immediately jumping 
upon hitting the ground) is the exercise perhaps 

most frequently associated with the stretch-short-
ening cycle, but virtually all jumping exercises and 
throwing motions in which no pause is taken in 
the movement involve the stretch-shortening cycle.

Mechanisms Causing Greater 
Force With a Stretch-Shortening 
Cycle
The ability to use stored elastic energy and neural 
reflexes are the most common explanations of 
why stretch-shortening cycle training increases 
force output (Markovic 2007; Saez-Saez de Vil-
larreal et al. 2009). Research supports the use of 
stored elastic energy during a stretch-shortening 
cycle (Biewener and Roberts 2000; Bosco et al. 
1987; Bosco, Tarkka, and Komi 1982; Farley et 
al. 1991). Bosco and colleagues (1987) estimated 
that elastic energy may account for 20 to 30% of 
the difference between a countermovement and 
noncountermovement jump. Elastic energy can 
be stored in tendons, other connective tissues, and 
the myosin crossbridges (Biewener and Roberts 
2000). If elastic energy were stored during a pre-
stretch in the myosin crossbridges, it would be lost 
as soon as the crossbridges detached from active 
sites. Therefore, the elastic energy stored in this 
fashion would have to be recovered very quickly. 
The average attachment time of a crossbridge to an 
active site is 30 ms. Because the enhancement of 
force from a prestretch lasts longer than this, other 
mechanisms must be at work. Thus, although it is 
possible to store elastic energy at the myosin cross-
bridge level, the majority of elastic energy is prob-
ably stored in connective tissues. An adaptation in 
connective or muscle tissue may take place with 
training to enhance storage and therefore the use 
of more elastic energy; this is implicated in studies 
showing changes in muscle stiffness as a result of 
plyometric training (Cornu, Almeida Silveira, and 
Goubel 1997; Hunter and Marshall 2002).

Another mechanism involved in creating greater 
force with a stretch-shortening cycle is muscle or 
fascicle length. During plyometric-type exercise 
in humans, the vastus lateralis generates more 
force when a prestretch is used, yet no difference 
in electromyographic activity occurs between the 
prestretch and no-prestretch condition (Finni, 
Ikegawa, and Komi 2001). The force enhancement 
may be related to longer fascicle length before the 
concentric action in the prestretch condition. This 
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would place the muscle in a more advantageous 
position on the length–tension diagram to pro-
duce force.

Reflex recruitment of additional motor units, 
or an increased rate of firing by already recruited 
motor units, may result in increased force as a result 
of a stretch-shortening cycle. However, electromyo-
graphic activity does not change significantly in 
muscle that performs an isometric action and is 
then stretched (Thompson and Chapman 1988). 
Electromyographic activity has been reported to be 
not significantly different between a prestretch and 
a nonprestretch muscle action (Finni, Ikegawa, and 
Komi 2001). This indicates that reflex activity does 
not account for the increased force caused by the 
stretch-shortening cycle. Clearly, some type of force 
potentiation is caused by the stretch-shortening 
cycle. However, the mechanisms responsible are 
not completely elucidated, and more than a single 
mechanism may be involved.

Long and Short Stretch-Shortening 
Cycle Training Exercises
Stretch-shortening cycle actions have been classi-
fied as either long or short based on the ground 
contact time (Schmidtbleicher 1994). A long 
stretch-shortening cycle action has a ground 
contact time greater than 250 ms (e.g., a counter-
movement jump or a block jump in volleyball). A 
long stretch-shortening cycle action is also charac-
terized by large angular displacements at the hip, 
knee, and ankle joints. A short stretch-shortening 
cycle action has a ground contact time of less than 
250 ms (e.g., a drop jump in which an attempt is 
made to minimize ground contact time, sprinting, 
and takeoff in the high and long jumps). A short 
stretch-shortening cycle action is also character-
ized by small angular displacements at the hip, 
knee, and ankle joints. Correlations between 
countermovement jump height and drop jump 
height with minimum ground contact time are 
low, indicating that these tests measure different 
movement characteristics (Hennessy and Kilty 
2001; Schmidtbleicher 1994). Therefore, these two 
types of stretch-shortening cycle actions should be 
considered different training modalities, and this 
difference should be considered when planning 
a stretch-shortening cycle training program for 
different activities.

Meta-analyses support the existence of a differ-
ence between these two types of stretch-shortening 

cycle jumps and note that plyometric training 
generally tends to increase performance more in 
the long than the short stretch-shortening cycle 
jumps. However, the differences are not statistically 
significant (Markovic 2007; Saez-Saez de Villarreal 
et al. 2009). With plyometric training, increases 
in countermovement jump ability using a long 
stretch-shortening cycle jump, without (hands on 
hips) and with an arm swing are 8.7 and 7.5%, 
respectively (Markovic 2007). Short stretch-short-
ening cycle jumps, such as a drop jump, increase 
4.7% with plyometric training. These percentage 
differences must be viewed with caution because 
most training studies do not differentiate between 
the types of stretch-shortening cycle jump used 
in training, and many use more than one type of 
jump in the training program.

The concept that long and short stretch-short-
ening cycle actions are related differently to per-
formance is supported by correlation data. For 
example, in nationally ranked American female 
sprinters and hurdlers, correlations between long 
and short stretch-shortening cycle tests and sprint 
ability at varying distances do vary (Hennessy and 
Kilty 2001). Correlations between 30 m (–.79 and 
–.60), 100 m (–.75 and –.64), and 300 m (–.49 
and –.55) sprint ability and performance in a drop 
jump with minimal ground contact time and a 
countermovement jump, respectively, vary. All cor-
relations were significant except for 300 m sprint 
performance and performance in a drop jump 
with minimal ground contact time. The drop jump 
with minimal ground contact time was the primary 
variable related to 30 m sprint performance; this 
variable and ground contact time explain 70% of 
the variance in 30 m sprint performance. For the 
100 m sprint, 61% of the variance was explained 
by countermovement jump height and drop jump 
height with minimal ground contact time. This 
suggests that both long and short stretch-shorten-
ing cycle actions are related to 100 m sprint perfor-
mance. Countermovement jump ability explained 
30% of the variance in 300 m sprint performance, 
and drop jump ability with minimal ground con-
tact time was not significantly related to 300 m 
sprint performance. It has also been reported that 
sprint ability (maximal velocity) shows the highest 
correlation (r = .69) to a drop jump compared to 
other plyometric jumps (Kale et al. 2009). These 
results indicate that trainers should consider the 
differences between short and long stretch-shorten-
ing cycle actions when planning stretch-shortening 
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cycle training programs for athletes in particular 
activities or sports.

Efficacy of Stretch-Shortening 
Cycle Training
Training studies support the contention that per-
forming only stretch-shortening cycle training can 
improve performance in motor performance tasks 
such as vertical jumping, sport-specific jumping, 
sprinting, sprint cycling, long jumping, and dis-
tance running, as well as running economy (Berry-
man, Maurel, and Bosquet 2009; Lockie et al. 2012; 
Markovic 2007) and foot velocity in a soccer kick 
(Young and Rath 2011). Studies ranging in length 
from 6 to 12 weeks have shown improvements 
in the motor performance tasks of subjects using 
only one or two types of plyometric exercises 
(Bartholomeu 1985; Blackey and Southard 1987; 
Gehri et al. 1998; Matavulj et al. 2001; Miller 1982; 
Scoles 1978; Steben and Steben 1981). The effect of 
a single type of plyometric exercise on upper-body 
performance also shows positive effects. Perform-
ing only plyometric push-ups (three sessions per 
week for six weeks) resulted in significant improve-
ment in upper-body power using a medicine ball 
throw (Vossen et al. 2000). A plyometric push-up 
involves performing a normal push-up and then 
propelling the body upward so that the hands 
leave the ground; the person must then catch his 
body weight upon returning to the ground before 
performing another plyometric push-up. These 
studies demonstrate that stretch-shortening cycle 
training using only one or two types of plyometric 
exercises can improve motor performance in both 
the upper and lower body.

Studies using a variety of plyometric exercises 
for 6 to 12 weeks have also shown significant 
improvements in motor performance tasks (Adams 
et al. 1992; Bartholomeu 1985; Bosco and Pittera 
1982; Diallo et al. 2001; Fatouros et al. 2000; Ford 
et al. 1983; Hawkins, Doyle, and McGuigan 2009; 
Lockie et al. 2012; Potteiger et al. 1999; Rimmer 
and Sleivert 2000; Wagner and Kocak 1997; Young 
and Rath 2011). These studies used combinations 
of depth jumps, countermovement jumps, alter-
nate-leg bounding, hopping, and other plyometric 
exercises. Untrained subjects were trained in the 
majority of studies using only one or two types 
of plyometric exercises or a combination of plyo-
metric exercises. Some studies of trained athletes 
(basketball, field sport, and soccer players) have 

also shown positive improvements in motor per-
formance (Diallo et al. 2001; Lockie et al. 2012; 
Matavulj et al. 2001; Wagner and Kocak 1997). 
Plyometric training results not only in increased 
jumping ability, but also improved sport-specific 
ability, such as decreased 10 m sprint time (– 2%), 
decreased agility test time (9.6%), and increased 
kicking speeds of the dominant (11%) and non-
dominant (13%) legs in soccer players (Meylan 
and Malatesta 2009; Sedano Campo et al. 2009). 
One meta-analysis concluded that jumping ability 
increases equally in both athletes and nonathletes 
(Markovic 2007); however, another meta-analysis 
indicated that plyometric training increases vertical 
jump ability more so in international-level athletes 
than in regional-level athletes and that athletes 
with more experience obtain greater increases 
in vertical jump ability with plyometric training 
(Saez Saez de Villarreal et al. 2009). Thus, plyo-
metric training does increase motor performance 
in athletes and may be of more importance as 
experience increases.

The preceding studies indicate that a variety of 
plyometric training frequencies and durations can 
be used. Plyometric training volume is measured 
as the number of plyometric repetitions, such as 
jumps or throws, per training session. In jump-
ing-type plyometric exercises, foot contacts are a 
measure of volume. A foot contact consists of a foot 
or both feet together contacting the ground. There-
fore, if a person performs 2  10 depth jumps, 20 
total foot contacts occur. A meta-analysis and other 
research gives some insight into the optimal design 
of a jumping plyometric program (see box 7.4).

Height of Depth Jumps and Drop 
Jumps
Depth jumps and drop jumps are popular types 
of plyometric training, and increases in jumping 
ability have resulted from their performance from a 
wide range of heights. Depth jumps involve drop-
ping from a box, hitting the floor, and jumping 
onto another box. Drop jumps involve dropping 
from one box and only jumping. The height from 
which a trainee drops is an important consider-
ation because the ground reaction forces increase 
with both types of jumps as height increases (Wal-
lace et al. 2010); jumping from high heights could 
increase the risk of injury and possibly affect the 
optimal number of jumps needed to bring about 
maximal gains in jumping ability.
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The possible effect of the height of the drop on 
jumping ability was recognized as early as 1967. 
Verhoshanski (1967) stated that depth jumps from 
a height greater than 110 cm (43.3 in.) are coun-
terproductive because the change from eccentric to 
concentric action takes place too slowly. Schmidt-
bleicher and Gollhofer (1982) later suggested that 
the height should not be so great that the trainee 
cannot keep her heels from touching the ground. 
This is in part because of the increased chance of 
injury from the high-impact forces encountered 
when the heels do touch the ground.

Training by dropping from various heights (40-
110 cm, or 15.7-43.3 in.) alone or in combination 
with weight training has resulted in increased ver-
tical jump ability, leg strength, and motor perfor-
mance; however, no significant difference is shown 
among drop heights (Bartholomeu 1985; Blackey 
and Southard 1987; Clutch et al. 1983; Matavulj 
et al. 2001). It has been suggested that drop jumps 
from heights greater than 40 cm (15.7 in.) offer 
no advantage because mechanical efficiency is not 
increased compared to lower heights, and that 

drop jumps in excess of 60 cm (23.6 in.) are not 
recommended because of a lack of mechanical 
efficiency and an increased chance of injury (Peng 
2011). A meta-analysis concluded that drop height 
has no significant effect on vertical jump ability 
increases due to training (Saez Saez de Villarreal 
et al. 2009). Thus, presently it appears there is no 
optimal drop height for this type of training.

Weighted Lower-Body Plyometric 
Exercises
The use of a weight vest, a weight belt, or a bar-
bell supported on the back while performing 
stretch-shortening cycle exercises has resulted in 
greater and no significant difference from the same 
training with no additional resistance (Saez Saez 
de Villarreal et al. 2009). This type of exercise is 
similar to the power-type training described in the 
previous section. A meta-analysis concluded that 
vertical jump height with body weight only is not 
enhanced by plyometric training using additional 
resistance (Saez Saez de Villarreal et al. 2009). 

bOx 7.4 RESEARCH

Designing a Jumping Plyometric Program
A meta-analysis (Saez Saez de Villarreal et al. 2009) and other research (Saez Saez de Villarreal, 
Gonzalez-Badillo, and Izqueirdo 2008) offer some guidance for designing a jumping plyometric 
training program.

Frequency: To bring about positive benefits, a training frequency of two times per week for at 
least 10 weeks is needed.

Training efficiency: The percentage of increase in performance per plyometric jump is a mea-
sure of training efficiency. Training two days per week may also be more efficient than higher 
training frequencies. Training two and four days per week both result in a significant increase 
in jumping ability (12 and 18%, respectively), but no significant difference exists between 
frequencies. However, training two days per week results in greater training efficiency (0.014 
vs. 0.011% per jump, respectively) than training four days per week. Similar enhancements of 
20 m sprint times and training efficiency were shown with both training frequencies. Thus, 
training two days per week resulted in similar increases in motor performance but with greater 
training efficiency.

Foot contacts: At least 50 foot contacts are needed per training session to bring about positive 
effects from plyometric training.

Variety of plyometric exercises: A variety of plyometric jumps is needed to bring about the 
greatest increase in jumping ability, and higher-intensity plyometric exercises result in greater 
increases in vertical jump ability.

Saez Saez deVillarreal, E., Gonzalez-Badillo, J.J., and Izquierdo, M. 2008. Low and moderate plyometric training frequency 
produces greater jumping and spending gains compared with high frequency. Journal of Strength and Conditioning Research 
22: 715-725.

Saez Saez de Villarreal, E., Kellis, E., Kraemer, W.J., and Izquierdo, M. 2009. Determining variables of plyometric training 
for improving vertical jump height performance: A meta-analysis. Journal of Strength and Conditioning Research 23: 495-506.
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However, additional resistance may enhance per-
formance when carried (e.g., body pads or other 
equipment) during a motor task. Thus, the use of 
additional resistance during plyometric training 
may be warranted in some situations or when 
training for specific sports.

Concurrent Strength and 
Stretch-Shortening Cycle Training
Performance of both strength and stretch-shorten-
ing cycle exercises two or three times per week for 4 
to 10 weeks of training results in increased vertical 
jump ability, countermovement jump ability, and 
leg strength (Adams et al. 1992; Bauer, Thayer, and 
Baras 1990; Blackey and Southard 1987; Clutch 
et al. 1983; Fatouros et al. 2000; Hunter and Mar-
shall 2002). Increases in vertical jump ability have 
ranged from 3.0 to 10.7 cm (1.2 to 4.2 in.) with 
this type of training. This type of training has also 
been shown to significantly increase standing long 
jump ability in males but not females, to signifi-
cantly decrease 40 yd sprint time (Polhemus et al. 
1981), to significantly increase the velocity when 
kicking a soccer ball (Young and Rath 2011), and 
to significantly increase performance in a sprint 
stair-climbing task (Blackey and Southard 1987).

In general, the positive changes in motor 
performance tests with concurrent strength and 
stretch-shortening cycle training are greater than 
with either training type alone (Adams et al. 1992; 
Bauer, Thayer, and Baras 1990; Fatouros et al. 2000; 
Polhemus et al. 1981). For example, vertical jump 
ability improved 3.3, 3.8, and 10.7 cm (1.3, 1.5, 
and 4.2 in.) with squat-only, plyometric-only, 
and combination training, respectively (Adams 
et al. 1992) and 11, 9, and 15% with lower-body 
weight training only, plyometric training only, and 
combination training, respectively (Fatouros et al. 
2000). Those in the combination group improved 
significantly more than did those in either type of 
training alone in these studies.

Concurrent strength and stretch-shortening 
cycle training is also of value in specific training 
situations. Adolescent baseball players perform-
ing a periodized strength training program or 
the same training program plus medicine ball 
plyometric training consisting of medicine ball 
throws, including throws involving torso rotation, 
significantly increased measures of torso rotational 
and hip-torso-arm rotational strength and power 
(Szymanski et al. 2007). However, concurrent 
training resulted in significantly greater increases 

in these measures. Increases in rotational strength 
and power are of value in swinging a baseball bat 
and throwing. Thus, both types of training should 
be included in resistance training programs when 
gains in motor performance are desired.

Stretch-Shortening Cycle Training 
Effect on Strength
Stretch-shortening cycle training does increase 
maximal strength. The isometric force of the knee 
extensors, but not the knee flexors, is significantly 
increased by performing only stretch-shortening 
cycle jump training (Bauer, Thayer, and Baras 
1990). Jump rope training with a weighted rope 
has resulted in significant increases in 1RM leg 
press and bench press ability (Masterson and 
Brown 1993). Drop jumps have also been shown 
to increase hip extensor strength (Matavulj et al. 
2001), squat 1RM (Hawkins, Doyle, and McGuigan 
2009; MacDonald, Lamont, and Garner 2012), 
and leg press 1RM (Saez Saez de Villarreal, Gon-
zalez-Badillo, and Izqueirdo 2008). For example, 
a plyometric training program including a variety 
of stretch-shortening cycle jumps significantly 
increases 1RM squat ability 28% (Hawkins, Doyle, 
and McGuigan 2009) and 3RM squat ability 7% 
(Lockie et al. 2012).

Plyometric push-up training significantly 
increases seated 1RM bench press ability, but 
not to a greater extent than training with normal 
push-ups does (Vossen et al. 2000). As would be 
expected, the combination of strength and plyo-
metric training also increases strength (Blackey 
and Southard 1987; Fatouros et al. 2000). Inter-
estingly, one of the studies reports squat ability to 
be enhanced significantly more (29, 12, and 22%, 
respectively) with combination training than with 
plyometric or strength training alone (Fatouros et 
al. 2000). The increase shown by the weight-only 
group was significantly greater than that shown by 
the plyometric-only group, and the increase shown 
by the combination group was significantly greater 
than that of either type of training alone. Although 
the subjects in this study were not weight trained, 
they could squat 1.5 times their body weight.

Thus, whether plyometric training only will 
increase 1RM strength in highly weight-trained 
people is speculative. With adolescent baseball 
players, the addition of medicine ball plyometric 
throwing exercises to a periodized weight training 
program does not result in significantly greater 
increases in bench press 3RM than a weight 
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training program alone (17 vs. 17%, respectively) 
or 3RM squat (27 vs. 30%). As described in the 
previous section, greater increases in torso and 
hip-torso-arm rotational strength and power were 
found with concurrent training.

Thus, whether concurrent strength and 
stretch-shortening cycle training result in greater 
strength increases than weight training alone 
depends on the specific stretch-shortening cycle 
exercises added to the total training program and 
the movement in which strength is measured. 
However, stretch-shortening cycle training in and 
of itself can increase strength.

Effect of Stretch-Shortening Cycle 
Training on Body Composition
Studies examining the effects of stretch short-
ening cycle-only training on body composition 
and muscle fiber size are inconclusive. The per-
formance of only jump-type stretch-shortening 
cycle training in females resulted in no significant 
change in percent body fat or fat-free mass (Bauer, 
Thayer, and Baras 1990). In boys aged 12 to 13 
years, stretch-shortening cycle training performed 
along with normal soccer training resulted in a 
significant decrease in percent body fat (Diallo et 
al. 2001). Performance of normal soccer training 
and plyometric training resulted in no significant 
body composition changes in adult female ath-
letes (Sedano Campo et al. 2009). Performance 
of stretch-shortening cycle jump-type training and 
some normal resistance training resulted in no 
significant type I or II muscle fiber hypertrophy 
or change in percent body fat or fat-free mass 
(Häkkinen et al. 1990). However, Potteiger and 
colleagues (1999) reported that stretch-shortening 
cycle training resulted in a significant increase in 
both type I and type II fiber hypertrophy. As with 
any type of training the effect on body composi-
tion and muscle fiber size may depend on initial 
training status, the length of training, the volume 
of training, and whether other types of training 
were performed concurrently.

Compatibility of Stretch- 
Shortening Cycle Training  
With Other Training Types
Other training types seem quite compatible with 
stretch-shortening cycle training. As previously 
discussed, combining stretch-shortening cycle 

training with weight training may actually result 
in greater motor performance and strength gains 
compared to either type of training performed 
alone. Both stretch-shortening cycle training with 
20 minutes of aerobic training (70% of maximal 
heart rate) and stretch-shortening cycle training 
only result in significant gains in vertical jump 
ability, but no significant difference exists between 
groups (Potteiger et al. 1999). It is interesting to 
note that significant increases in both type I and 
type II muscle fiber cross-sectional area occurred 
with both training programs, but no significant 
difference was noted between programs. Addition-
ally, stretch-shortening cycle training of the legs 
decreases the cost of running or increases running 
economy in distance runners; the decrease in the 
cost of running due to stretch-shortening cycle 
training is greater than that due to traditional resis-
tance training (Berryman, Maurel, and Bosquet 
2010; Spurrs, Murphy, and Watsford 2003).

Weight and stretch-shortening cycle training two 
days per week for the lower body and flexibility 
training four days per week for the lower body 
show no incompatibility (Hunter and Marshall 
2002). Both groups significantly improved in 
countermovement vertical jump ability as well as 
drop jump ability from 30, 60, and 90 cm (11.8, 
23.6, and 35.4 in.), but no significant difference 
between groups was noted. Although data are 
limited, stretch-shortening cycle training shows 
no incompatibility with strength, aerobic, or flex-
ibility training.

Injury Potential of Stretch- 
Shortening Cycle Training
As with any type of physical training, stretch-short-
ening cycle training does have inherent injury risks; 
anecdotal evidence indicates that injuries have 
occurred as a result of stretch-shortening cycle 
training. However, some of these injuries appear 
to be related to such factors as performing depth 
jumps from too great a height or improper flooring 
or landing areas. Several authors of stretch-short-
ening cycle training studies explicitly state that no 
injuries occurred from the training (Berryman, 
Maurel, and Bosquet 2010; Polhemus et al. 1981), 
even in untrained people (Bartholomeu 1985; 
Blattner and Nobel 1979). As an injury preven-
tion measure, some have suggested that anyone 
performing stretch-shortening cycle lower-body 
exercises should first be capable of performing a 
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back squat with at least 1.5 to 2 times body weight. 
This might preclude many people from ever per-
forming stretch-shortening cycle training even 
after a significant amount of weight training, and 
a meta-analysis indicates that initial fitness level 
has no effect on increases in jumping ability due 
to stretch-shortening cycle training (Saez Saez de 
Villarreal et al. 2009).

Stretch-shortening cycle training can result in 
significant muscle fiber damage and neuromuscu-
lar fatigue (Chatzinkolaou et al. 2010; Nicol, Avela, 
and Komi 2006). Typically, after a stretch-short-
ening cycle training session is a reduction in per-
formance lasting one to two hours followed by a 
second reduction approximately 24 hours later as a 
result of muscle soreness and damage (delayed-on-
set muscle soreness). Full recovery from a training 
session can take up to eight days depending on 
the intensity and volume of the stretch-short-
ening cycle training session. Fatigue from other 
types of training prior to stretch-shortening cycle 
training may increase the chance of injury during 
a stretch-shortening cycle training session. Fatigue 
induced by treadmill running significantly alters 
the biomechanics of a drop jump (increased peak 
impact acceleration and knee flexion peak angular 
velocity) on landing during drop jumps from as 
low as 15 and 30 cm (5.9 and 11.8 in.) (Moran et 
al. 2009).

As previously discussed, impact on landing 
increases as the height of a drop jump increases 
(Peng 2011; Wallace et al. 2010). Thus, performing 
plyometric training in a fatigued state or drop 
jumps or depth jumps or depth jumps from 
increasing heights may increase the chance of 
injury. Because of the stresses encountered during 
this type of training, stretch-shortening cycle 
training should be introduced into the training 
program slowly and should begin with a relatively 
low training volume.

Comparisons With Other Types  
of Strength Training
The increase in 1RM squat ability with six weeks 
of normal weight training is greater, but not 
significantly so, compared to stretch-shortening 
training (MacDonald, Lamont, and Garner 2012). 
Another comparison showed that plyometric-only, 
resistance training–only, and complex training all 
significantly increased 1RM squat, calf raise, and 
Romanian deadlift ability, but no significant dif-

ferences existed among the programs (MacDonald, 
Lamont, and Garner 2012).

Because few studies have compared stretch-short-
ening cycle training to other types of strength 
training, conclusions must be viewed with cau-
tion. Training resulted in no significant differ-
ence in increasing vertical jump ability between 
stretch-shortening cycle and normal dynamic 
constant external resistance training (Adams et 
al. 1992). The normal weight training consisted 
of back squats using a variation of the linear peri-
odized training model, whereas stretch-shortening 
cycle training consisted of a periodized program 
of depth jumps, double-leg hops, and split jumps. 
The squat and stretch-shortening cycle training 
resulted in similar increases in vertical jump ability 
of 3.3 and 3.8 cm (1.3 and 1.5 in.), respectively. 
Training with either a stretch-shortening cycle or 
dynamic constant external resistance training pro-
gram resulted in significant, but similar, gains in 
vertical jump height in both groups (Fatouros et al. 
2000). However, significant differences in favor of 
the dynamic constant external resistance training 
program in leg press (9 vs. 15%) and squat (12 vs. 
22%) 1RM strength were shown.

A comparison of weight training, weightlifting, 
and stretch-shortening cycle training showed all 
groups to significantly increase countermovement 
jump, squat jump, and 1RM squat ability (Haw-
kins, Doyle, and McGuigan 2009). The weight 
training program consisted of total-body resistance 
exercises with no attempt to accelerate the resis-
tance while training. The weightlifting program 
predominantly used variations of the Olympic 
lifts. The stretch-shortening cycle training program 
included a variety of stretch-shortening cycle exer-
cises for the lower body. Although all programs 
significantly increased all variables measured, 
the weight training program was favored (greater 
effect size) over the other two groups for increases 
in 1RM squat, countermovement jump, and squat 
jump ability. However, the weight training program 
was less effective than the other two training types 
in increasing vertical jump ability.

Another comparison showed that stretch-short-
ening cycle training only, resistance training only, 
and complex training all significantly increased 
1RM squat, calf raise, and Romanian deadlift 
ability; no significant difference existed among 
the programs (MacDonald, Lamont, and Garner 
2012). However, the increases shown by the 
resistance training only and the complex training 
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were greater than that shown by the stretch-short-
ening cycle–only training in all three measures of 
strength.

A comparison of stretch-shortening cycle and 
isokinetic training showed no significant difference 
in increases of vertical jump ability between these 
two training methods (Blattner and Noble 1979). 
Both resulted in increased vertical jump ability 
of 4.8 and 5.1 cm (1.9 and 2.0 in.), respectively. 
As with any comparison of training programs, 
the results in part depend on the efficacy of the 
programs.

Other Considerations
Stretch-shortening cycle training is effective in 
increasing performance (25% increase in vertical 
jump ability) in women (Ebben et al. 2010), and 
a meta-analysis indicates that it results in equiv-
alent increases in vertical jump ability in males 
and females (Saez Saez de Villarreal et al. 2009). 
Although stretch-shortening cycle training is 
normally associated with training for anaerobic 
activities such as sprints and jumping, it may 
also play a role in training for longer-duration 
sport activities. Distance in a plyometric leap test 
consisting of three consecutive leaps of jumping 
from one foot to the opposite foot and landing on 
both feet after the last leap explained 74% of the 
variance in a 10K race (Sinnett et al. 2001). Subjects 
in this study were recreationally trained distance 
runners. Additionally, as previously discussed 
(Berryman, Maurel, and Bosquet 2010; Spurrs, 
Murphy, and Watsford 2003), stretch-shortening 
cycle training decreases the cost of running, or 
increases running economy, in distance runners. 
This indicates that stretch-shortening cycle training 
should be included in the total training program 
of distance runners.

Typically, the goal of stretch-shortening cycle 
training is to increase maximal power. Normally, 
relatively long recovery periods are allowed with 
this type of training so that near-maximal power 
can be expressed during each repetition. In some 
programs this means allowing rest periods after 
every repetition with some types of stretch-short-
ening cycle training. A study comparing 15-, 30-, 
and 60-second rest periods between depth jumps 
in a set of 10 jumps showed no significant dif-
ference in jump height or ground reaction force 
(Read and Cisar 2001). Although it is generally 
believed that sufficient recovery must be allowed 
during a stretch-shortening cycle training session, 

excessively long rest periods between repetitions 
do not seem necessary.

Body weight and body composition may be a 
consideration in the stretch-shortening cycle exer-
cise prescription. The majority of these types of 
exercises, especially lower-body exercises, use body 
mass as the resistance to overcome. A person with 
a higher percentage of body fat must perform the 
exercises with greater resistance (body mass) with a 
smaller relative fat-free mass. Thus, to avoid injury 
and possibly optimize training, heavy people may 
need to use smaller training volumes (i.e., total 
number of foot contacts) than those with lower 
percentages of body fat.

Two Training Sessions  
in One Day

Two or more resistance training sessions on the 
same day are becoming relatively common. Some 
trainees may have started this practice because of 
time and schedule constraints. Others may want to 
accumulate a greater total training volume. How-
ever, training at a relatively high volume twice a day 
is not recommended for the beginning trainee. As 
with all physical training, time must be allowed to 
adapt to increases in intensity or volume.

When elite Olympic-style weightlifters perform 
a training session in the morning and one in the 
afternoon on the same day, strength measures 
decrease after the first training session, but recover 
by the second session (Häkkinen 1992; Häkkinen, 
Pakarinen et al. 1988c). Strength measures of 
Olympic-style weightlifters also recover between 
training sessions when two training sessions per 
day are performed on four out of seven days (Häk-
kinen, Pakarinen et al. 1988b). These well-condi-
tioned resistance-trained athletes appear to be able 
to tolerate two training sessions per day, at least 
for short periods of time.

When elite Olympic-style weightlifters per-
formed two training sessions on the same day for 
two days, no significant change in maximal snatch 
ability occurred (Kauhanen and Häkkinen 1989). 
However, the angular velocity of the knee in the 
drop under the bar decreased, and the barbell 
was pulled to a slightly lower height. After one 
day of rest, angular velocity of the knee increased, 
and the maximal height of the pull returned to 
normal. After one week of two training sessions per 
day, maximal leg isometric force production was 
unchanged in these elite weightlifters (Kauhanen 
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and Häkkinen 1989). However, the time needed 
to reach maximal isometric force or rate of force 
development did increase. After two weeks of two 
or three training sessions per day, vertical jump 
ability decreased in junior elite Olympic-style 
weightlifters (Warren et al. 1992). These studies 
and anecdotal evidence indicate that elite strength-
trained athletes can tolerate two sessions per day 
at least for short periods of time, but that changes 
in exercise technique and decreased power output 
can occur. Possible indications that the athlete is 
not tolerating two training sessions per day are 
small changes in exercise or sport technique and 
decreases in power-oriented tasks, such as vertical 
jump ability.

One reason for performing two training ses-
sions per day is to increase total training volume. 
Another reason is to split a training session into 
two half sessions to allow almost complete recov-
ery between half sessions. This allows the athlete 
to maintain intensity during each half session and 
achieve a higher intensity in the second half of the 
training. This schedule was investigated, and the 
results indicate that when total training volume is 
equal, two half-volume training sessions per day 
are advantageous (Häkkinen and Pakarinen 1991).

In a two-week period trained bodybuilders and 
powerlifters performed one training session per 
day. In another two-week period they performed 
the same training exercises with the same volume, 
but divided the volume into two sessions on the 
same day. Thus, total training volume was equal 
in the two-week periods; the only difference was 
the number of sessions per day. Each two-week 
training period was followed by one week at a 
reduced training volume. Isometric force during 
a squat-type movement was unchanged after each 
two-week training period. Isometric force was 
also unchanged after the week of reduced train-
ing volume after the one-session-per-day period. 
However, isometric force significantly increased 
after the week of reduced training volume after 
the two-sessions-per-day period.

In a similar study female competitive athletes 
performed a two-week training period during 
which their normal training volume was equally 
distributed between two training sessions on the 
same day followed by a one-week period of reduced 
training volume (Häkkinen and Kallinen 1994). 

Compared to subjects in a normal one-session-
per-day program over three weeks, the subjects 
in the two-sessions-per-day group demonstrated 
significant increases in maximal isometric strength 
and quadriceps cross-sectional area. These results 
indicate that dividing total training volume into 
two sessions a day may result in greater strength 
increases after a short recovery period.

Summary
Advanced training strategies, such as periodization, 
power training, stretch-shortening cycle training, 
and two sessions per day, may be necessary to 
optimize training adaptations in advanced lifters. 
More research concerning advanced training strate-
gies is needed, especially with advanced lifters and 
elite athletes. However, the information presently 
available does indicate that advanced training 
strategies do work and can be more effective than 
training strategies not including an advanced 
strategy. Therefore, advanced strategies should be 
used, especially when developing resistance train-
ing programs for well-trained people and athletes.
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After studying this chapter, you should be able to

1. describe under what circumstances detraining would occur,

2. describe the typical timeline of physical ability loss during detraining,

3. discuss the physiological mechanisms resulting in detraining,

4. discuss the effects of detraining in season in different sports and what factors effect 
in-season detraining,

5. discuss why detraining at the end of a career is important to a bulked-up athlete, and

6. recommend training practices for the bulked-up athlete after their career.

gram such as an in-season or off-season resistance 
training program), and long periods of no weight 
training or reduced volume and intensity of resis-
tance training (e.g., following completion of an 
athletic career). The general effects of detraining 
are depicted in figure 8.1. It is important to note 
that detraining will not occur unless training 
resulted in physiological adaptations or changes 
in performance. An understanding of detraining 
will facilitate the design of optimal resistance 
training programs for improving performance and 
maintaining strength and power during periods in 
which resistance training is reduced.

Mujika and Padilla (2001) reviewed the time 
course of detraining responses. From a cardiovas-
cular perspective, detraining has been character-
ized by decreased capillary density, which may 
take place after two to three weeks of inactivity, 
with arterial-venous oxygen difference decreases 
if training is stopped for three to eight weeks. 
Rapid declines in some oxidative enzymes bring 
about reduced mitochondrial ATP production. 
These are related to a reduction in peak oxygen 
consumption and are important for cardiorespi-
ratory fitness. Athletes who have greater cardiore-
spiratory fitness levels have greater reductions in 

Detraining

8

The classic definition of detraining is the “ces-
sation of exercise training.” However, detraining 
may also occur with a planned cessation, such 
as in a periodized training program, or with an 
unplanned cessation as a result of injury, reduced 
training volume, or reduced intensity. Detrain-
ing is a deconditioning process that occurs when 
training is reduced or ceases completely; it affects 
performance because of diminished physiological 
capacity. Whenever strength and power perfor-
mance decrements occur or when muscle mass is 
lost, some type of detraining may have occurred. 
Detraining can take place after several weeks or over 
many years, as a result of no exercise training with 
aging or the end of an athletic carrier. Short-term 
(weeks to months) detraining is typically more 
relevant to resistance training program design. 
The goals of resistance training maintenance or 
in-season programs are to prevent detraining from 
occurring while allowing more time to train other 
fitness or performance components.

Detraining in athletes can occur in several sit-
uations including complete cessation of weight 
training (e.g., due to an injury), decreased volume 
of weight training or complete cessation of weight 
training (e.g., as a planned part of a training pro-
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physiological factors related to the transport and 
use of oxygen for energy generation. However, 
following a short period of detraining, athletes 
still have values for such variables that are higher 
than those in untrained, sedentary subjects, and 
their physiological functions return quickly with 
retraining after a short detraining period. However, 
cardiorespiratory fitness may be lost more quickly 
than high force and power production.

With detraining strength may be maintained for 
up to two weeks in power athletes (Hortobagyi et 
al. 1993) and in general up to four weeks (Mujika 
and Padilla 2001). In recreationally trained people, 
because of lower initial strength levels, strength 
loss may take up to six weeks or longer to occur 

compared to highly trained people (Kraemer et 
al. 2002). However, even in previously untrained 
people short detraining periods, such as two weeks, 
can cause decreases in maximal strength. For exam-
ple, after four weeks of weight training, isometric 
strength increased 31%, and after two weeks of no 
weight training, isometric strength had decreased 
to a level that was 24% greater than the pretraining 
level (Herrero et al. 2010a).

Eccentric force and sport-specific power may 
decrease with short detraining periods of several 
weeks in trained athletes (Mujika and Padilla 
2001). However, following three months of train-
ing, previously untrained people maintained 
eccentric force but not concentric force during 
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Muscle girth

Muscle fiber size

Capillary density

% fat

Aerobic enzymes

Short-term endurance

Maximal oxygen uptake

Mitochondrial density

Strength and power

Trained
(resistance)
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(aerobic endurance)
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Figure 8.1 The general effects of detraining are a return toward the untrained state.
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three months of detraining (Andersen et al. 2005). 
The slow loss of maximal strength with detraining 
is mirrored by a decrease in EMG activity (Ander-
sen et al. 2005; Mujika and Padilla 2001). Power 
appears to decrease more rapidly than maximal 
strength during detraining (Izquierdo et al. 2010; 
Kraemer et al. 2002). Other physiological adap-
tations change toward the untrained state during 
detraining: muscle fiber size (Blazevich 2006), 
muscle fiber pennation angle (Blazevich 2006), 
satellite cell number (Kadi et al. 2004), left ventric-
ular hypertrophy (Kawano, Tanaka, and Miyachi 
2006), and tendon stiffness (Kubo et al. 2010) all 
decrease with detraining. However, arterial com-
pliance generally increases with detraining after 
resistance training (Kawano, Tanaka, and Miya-
chi 2006). Additionally, resting blood hormonal 
concentrations change (e.g., a decrease in growth 
hormone and increase in cortisol; Kraemer and 
Ratamess 2005) indicating less of an anabolic 
state during detraining. Collectively, the preceding 
studies indicate that, during detraining, virtually all 
training adaptations return toward the untrained 
state, although the time line of this return varies.

Types of Detraining
Detraining typically occurs in several situations. 
The first is complete cessation of all types of train-
ing. This type of detraining may occur at the end 
of a season or at the termination of an athletic 
career. Complete cessation of training is seldom 
desirable because of negative physical perfor-
mance as well as health implications. A reduction 
in weight training volume or intensity can occur 
in several situations. One is a situation in which 
only weight training was performed and training 
is reduced. This situation might occur as part of 
a research project or following an injury. Another 
situation is a planned reduction in weight training 
volume or intensity with continued performance 
of other types of physical training. This occurs in 
many in-season sport weight training programs.

Cessation of resistance Training
Early studies indicate that when training ceases 
completely or is drastically reduced, strength gains 
decline at a slower rate than the rate at which 
strength increased as a result of training (McMorris 
and Elkins 1954; Morehouse 1967; Rasch 1971; 
Rasch and Morehouse 1957; Waldman and Stull 
1969). The decrease in strength with the cessation 

of resistance training may be quite large (see table 
8.1). For example, the squat ability of Olympic 
weightlifters (see figure 8.2) shows a decline of 
approximately 10% in a four-week period after 
cessation of weight training. However, after a 
two-week detraining period active males showed 
a slight increase in isometric force (see figure 8.3).

Although short periods of detraining may 
result in decreased maximal strength, levels are 
still higher than pretraining levels (Herrero et al. 
2010a, 2010b; Izquierdo et al. 2010). A nonsig-
nificant change in strength may also occur after 
a short-term detraining period (Prestes, Frolini 
et al. 2009; Terzis et al. 2008). For example, 1RM 
strength in several exercises during one week of 
detraining after a linear periodization or reverse 
linear periodization program shows nonsignifi-
cant changes; some exercises show small increases 
(Prestes, Frolini et al. 2009).

Thus, the direction and magnitude of strength 
or power changes during a short detraining period 
may vary depending on the initial level of con-
ditioning or the test used to determine maximal 
strength or power. However, as the detraining 
period increases in duration, a significant decrease 
in strength and power will eventually take place.

Longer periods of detraining (up to 24 weeks) 
result in a significant decrease in strength (see 
table 8.1), although strength is still greater after 
the detraining period than it was before beginning 
resistance training. Whether an initial decrease in 
strength occurs during a detraining period after 
the first several weeks of detraining strength shows 
a slow decline toward untrained values as the 
detraining period increases in duration (Häkkinen 
et al. 2002; Ishida, Moritani, and Itoh 1990; Ivey 
et al. 2000; Lo et al. 2012).

Some studies show a better maintenance of 
strength during the first weeks of detraining com-
pared to later weeks of detraining. However, the 
magnitude of strength loss as a detraining period 
increases in length may be affected by age; older 
subjects lose more strength than younger subjects 
as a detraining period increases in length (see box 
8.1).

In general, older and younger people show a 
similar pattern of strength decrease with detraining 
(Ivey et al. 2000): Although they lose strength with 
detraining, strength remains above pretraining 
levels. For example, Kalapotharakos and colleagues 
(2007) showed that after six weeks of detraining, 
senior males (aged 68) experienced a decrease in 
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Table 8.1 representative Strength and Power Changes With Detraining
% above pretrained

reference Subjects

Length 
of train-
ing (wk)

Type of train-
ing

Days/
wk Sets  reps 

Length of 
detraining 
(wk) Type of strength test Trained Detrained

Häkkinen et 
al. 1989

Male strength 
athletes

Males
Females

10.5

10.5
10.5

Weightlifting

Weightlifting
Weightlifting

3.5

3.5
3.5

70-100% of 1RM

70-100% of 1RM
70-100% of 1RM

2

2
2

Maximal isometric 
knee extension

8*

13*
19*

5

15*
18*

Kraemer et 
al. 2002

Resis-
tance-trained 
males

2+ years Total-body 
periodiza-
tion

3 or 4 3-5  1- to 12RM 6 1RM squat
1RM bench press
1RM shoulder press

?
?
?

–3.2
–4.7
–0

Hortobagyi 
et al. 
1993

Powerlifters 
and football 
players

8.1 year Weightlifting 3.4 2-5  1-12 2 1RM squat
1RM bench press
Wingate power

?
?
?

–1.7
–0.9
–8.7

Terzis et al. 
2008

Males 14 Total body 2 or 3 2 wk: 2  8- to 
10RM

12 wk: 3  6RM

4 1RM squat
1RM leg press
1RM bench press

28*
34*
22*

22*
25*
17*

Izquierdo et 
al. 2010

Males 16 Total body 
periodized 
+ ballistic 
training

2 Progressed 3  10 
at 80% of

10RM to 3  2-4 at 
90% of RM 

4 1RM bench press
1RM squat

17*
22*

4
16*

Dudley et 
al. 1991

Males 19 leg press
Knee exten-

sion

2 4-5  6-12 4 3RM leg press
3RM knee extension

26*
29*

20*
20*

Herrero et 
al. 2010a 

Males 4 Knee exten-
sion

4 8  8 at 70% of 
1RM

2 Isometric knee exten-
sion

31* 26*

Narici et al. 
1989

Males 8.6 Isokinetic, 
120 deg/
sec

4 6  10 5.7 Isometric 21* 3 wk = 
10

5.7 wk 
= 4

Häkkinen 
and Komi 
1983

Males 16 Squat 3 15 reps at 
80-100% of 1RM

5 reps eccentrically 
at

100-120% of 1RM

8 Isometric squat 30* 19*

Ishida et al. 
1990

Males 8 Calf raise 3 3  15 at 70% of 
1RM

8 Isometric 32* 4 wk = 
20*

8 wk = 
16*

Häkkinen et 
al. 1985a 

Males 24 Squat 3 18-30 reps at 
70-100% of

1RM, 3-5 reps
eccentrically at 

100-120% of 1RM

12 Isometric squat 27* 12*

Häkkinen et 
al. 1985b

Males 24 Squat 3 18-30 reps at 
70-100% of

1RM, 3-5 reps
eccentrically at 

100-120% of 1RM

12 Squat 1RM 30* 15*

Houston et 
al. 1983

Males 10 leg press, 
knee exten-
sion

4 3  10 RM 12 Knee extension, 0-270 
deg/sec

39-60* 4 wk = 
29-52*

12 wk = 
15-29*

andersen et 
al. 2005

Males 12 leg press, 
back squat, 
knee exten-
sion and 
flexion

3 linear periodization
10-12RM progress 

to 4RM

12 Knee extension
eccentric 30 deg/sec
eccentric 240 deg/sec
Concentric 30 deg/sec
Concentric 240 deg/

sec

50*
25*
19*
11*

20*
24*
5
1
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% above pretrained

reference Subjects

Length 
of train-
ing (wk)

Type of train-
ing

Days/
wk Sets  reps 

Length of 
detraining 
(wk) Type of strength test Trained Detrained

Häkkinen et 
al. 1985c

Males 24 Jump train-
ing with 
10-60% of 
1RM squat

3 100-200 jumps per 
session

12 Isometric squat 6.9* 2.6*

lo et al. 
2011 

Males 24 Total body 3 linear periodization 48 1RM chest press
1RM knee extension

32*
71*

2*
30*

Taaffe and 
Marcus 
1997

elderly males 24 Upper and 
lower body

3 3  8 at 75% of 
1RM (+GH) 

12 1RM knee extension 40.4* 10.5*

Häkkinen et 
al. 2000

Middle-aged 
males and 
females

elderly males 
and females

Middle-aged 
males and 
females

elderly males 
and females

24

24

24

24

leg press/
extension

leg press/
extension

leg press/
extension

leg press/
extension

2

2

2

2

3 or 4  8-15 at 
50-80% of 1RM

3 or 4  8-15 at 
50-80% of 1RM

3 or 4  8-15 at 
50-80% of 1RM

3 or 4  8-15 at 
50-80% of 1RM

3 

3 

24 

24

1RM knee extension

1RM knee extension

1RM knee extension

1RM knee extension

27*

29*

29*

23*

27*

29*

23*

19*

Prestes, De 
lima et 
al. 2009

Females 12 linear peri-
odized

Reverse 
linear

3 Progressed 12- to 
14RM to 4- to 
6RM

Progressed 4- to 
6RM to 12- to 
14RM

1 1RM bench press
1RM knee extension

1RM bench press
1RM knee extension

15*
37*

16*
30*

17*
37*

17*
32*

lemmer et 
al. 2000

Young males 
and females

elderly males 
and females

99 Knee exten-
sion

Knee exten-
sion

3

3

5  5-10

5  5-10

31

31

1RM knee extension

1RM knee extension

34*

28*

26*

14*

leMura et 
al. 2000 

Females 16 Total-body 
weightlift-
ing

3 2 wk: 2  8-10 at 
60-70% of 1RM

14 wk: 3  8-10 at 
60-70% of 1RM

6 1RM mean of several 
upper-body exercises

1RM mean of several 
lower-body exercises

29*

38*

19*

24*

Staron et 
al. 1991

Females 20 leg press, 
squat, leg 
extension

2 3  6- to 8RM one 
session, 3  10- 
to 12RM

30-32 1RM squat
1RM knee extension
1RM leg press

67*
70*
70*

45*
105*
61*

Tsolakis et 
al. 2004

Male children 8 Total body 3 3  10RM 8 Isometric elbow flexion 17* 6*

Faigenbaum 
et al. 
1996

Male and 
female chil-
dren

8 Weightlifting 2 4 wk: 2  6- to 
8RM

4 wk: 3  6- to 
8RM

8 6RM knee extension

6RM chest press

53*

41*

17

19*

blimkie et 
al. 1989

Male children 20 Total body 3 3  15 at 70% of 
1RM

8 bench press
leg press
Isometric knee exten-

sion
Isometric elbow flexion
1RM knee extension 

35*
22*
21*

31*
70*

34*
17*
14*

30*
61

* = significantly different from pretrained, +GH = growth hormone supplementation.
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1RM strength of approximately 15% in several 
exercises, although their levels were still above their 
pretraining levels. Older women appear to be more 
susceptible to detraining (Ivey et al. 2000). One 
difference between seniors and younger people is 
that, eventually, seniors experience greater strength 
losses as the detraining increases in duration (see 
box 8.1). In children or adolescents, detraining 
(6-12 weeks) also results in a decrease in strength, 
although strength after detraining is greater than 
pretraining values (Ingle, Sleap, and Tolfrey 2006; 

Tsolakis, Vagenas, and Desssypris 2004). Children’s 
natural growth and increases in strength may par-
tially offset strength decreases due to long periods 
of detraining.

Collectively, the information available on both 
short (two to four weeks) and long periods of 
detraining indicates that strength decreases do 
occur, but the loss is quite variable in magnitude. 
The rate of strength loss may depend in part on the 
length of the training period prior to detraining, 
the type of strength test used (e.g., bench press, 
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eccentric, concentric), and the specific muscle 
group examined. However, age may also affect 
the magnitude of strength losses, especially with 
longer detraining periods.

The vast majority of detraining research used 
normal resistance training, with concentric and 
eccentric actions during each repetition, prior 
to detraining. Some research indicates that per-
forming this type of training prior to detraining 
may result in a slower loss of strength during four 
weeks of detraining than would occur with concen-
tric-only training (Dudley et al. 1991). In this study 
normal resistance training and concentric-only 
training (only lifting and not lowering a weight) 
consisted of three sets of 10 to 12 repetitions at a 
10- to 12RM resistance. Double-volume concentric 
training consisted of six sets of 10 to 12 repetitions 
at the normal resistance training of 10- to 12RM 
resistance. Thus, with double-volume concentric 
training, the number of concentric-only muscle 
actions was equal to the number of concentric and 
eccentric actions performed during the normal 
resistance training. Training consisted of the leg 
press and knee extension exercises performed three 
days per week for 19 weeks. Strength increases 
(3RM) for both exercises were tested with concen-
tric-only and normal weight training. All groups 
improved significantly in concentric-only leg press 
ability (see figure 8.4).

bOx 8.1 reSeArCh

effects of Age on Strength Loss With Detraining
Age does appear to affect strength loss during the detraining period. Both young (20- to 30-year-old) 
and older (65- to 75-year-old) men and women showed a significant increase in 1RM strength of 
34 and 28%, respectively, after nine weeks of training the knee extensors (Lemmer et al. 2000). The 
gains made by the younger subjects were significantly greater than those made by the older subjects. 
During 31 weeks of detraining, the older and younger subjects showed significant decreases in strength 
of 14 and 8%, respectively. The loss shown by the older people was significantly greater than that 
of the younger people. Interestingly, both the older (13%) and younger (6%) people showed the 
majority of strength loss from weeks 12 to 31. The young men, older men, and older women all 
showed significant strength decreases from week 1 to week 12 and from week 12 to week 31 of the 
detraining period. The younger women showed a similar pattern of strength loss, except that the 
loss from weeks 12 through 31 was not significant. The results indicate that both young and old 
people maintain strength better during the first 12 weeks of detraining compared to the later weeks 
of detraining, but that older people in particular lose strength rapidly after 12 weeks of detraining. 
The greater strength loss in older people is in part due to the natural loss of strength with aging.

Lemmer, J.T., Hurlbut, D.E., Martel, G.F., Tracy, B.L., Ivey, F.M., Metter, E.J., Fozard, J.L., Fleg, J.L., and Hurley, B.F. 2000. Age 
and gender responses to strength training and detraining. Medicine & Science in Sports & Exercise 32: 1505-1512.
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tance training, concentric-only training, and double-volume 
concentric training.

* = increase over pretraining; + = greater increase than concen-
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After the detraining period, the normal resis-
tance and double-volume concentric training 
resulted in greater retention of strength than the 
concentric-only training did (see figure 8.4). In 
addition, the normal resistance training resulted in 
a smaller loss of strength than the double-volume 
concentric training did. Knee extension strength 
followed a similar pattern. This information 
indicates that normal resistance training results 
in greater strength retention during detraining 
than concentric-only training does, even when 
the volume of concentric-only training is doubled.

The vast majority of detraining subjects in 
studies trained with only one intensity prior to 
detraining. Some information does, however, 
indicate that training with a higher intensity slows 
strength loss during detraining (see box 8.2). Thus, 
some weight training design considerations can be 
implemented prior to a detraining period to slow 
strength loss during detraining.

reduction of Training Volume
Information has long existed indicating that 
strength could be maintained or even improved 
with a program consisting of reduced training 
frequency and volume of exercise. For example, 
during a six-week detraining period using only 
one set of 1RM and training only one day a week, 
strength is increased (Berger 1962a).

Reducing training frequency has been shown 
to result in no significant change and possibly 

even an increase in strength. Training with various 
jumping and stretch-shortening cycle drills three 
times per week for 16 weeks increased isometric 
leg strength by 28% (Häkkinen et al. 1990). After 
eight weeks of performing the same type of training 
session at a reduced frequency of only once a week, 
isometric strength had decreased to 6% above pre-
training levels. This, however, was a nonsignificant 
decrease, and a great deal of individual variation in 
response to the detraining period occurred.

Training with one set of 7- to 10RM of variable 
resistance knee extensions either two or three times 
per week and then reducing frequency to one or 
two sessions per week for 12 weeks shows no 
significant decrease in isometric strength during 
detraining (Graves et al. 1988). Performing no 
training during detraining shows a significant 
decrease in isometric strength (see table 8.2). 
Variable resistance or isometric training of the 
back extensor musculature shows similar results 
(Tucci et al. 1992). Training at reduced frequen-
cies of one session every two or four weeks for 12 
weeks after training one or three sessions per week 
results in nonsignificant changes in isometric back 
extension strength at seven angles (+1 to –13%); 
no training resulted in significant decreases of iso-
metric back strength (6-14%). Isokinetic training 
of the rotator cuff (internal and external shoulder 
rotation) at frequencies of one or two sessions per 
week for 12 weeks after training at a frequency 
of three sessions per week for 12 weeks showed 

bOx 8.2 PrACTiCAL QueSTion

Does Weight Training intensity Affect Strength Loss During 
Detraining?

After six months of training at 40, 60, or 80% 1RM, older men (mean age approximately 70) 
showed 1RM increases in the chest press of 34, 48, and 75%, respectively, and leg press of 38, 53, 
and 63% 1RM, respectively (Fatouros et al. 2006). Following six months of detraining, these same 
groups showed decreases from posttraining values in the chest press of 98, 50, and 29%, respec-
tively, and in the leg press of 70, 44, and 27%, respectively. Not only did strength gains occur in an 
intensity-dependent manner, but the gains in strength were significantly better maintained after 
the higher-intensity training. Interestingly, higher-intensity training also resulted in significantly 
greater gains in flexibility and significantly better retention of flexibility gains during detraining. 
Unfortunately, although attractive, the application of this comparison to younger people or younger 
athletes is tenuous. However, for older clients and older athletes, this finding indicates that a higher 
intensity, if done safely, will help maintain strength gains during a detraining period.

Fatouros, I.G., Kambas, A., Katrabasas, I., Leontsini, D., Chatzinikolaou, A., Jamurta, A.Z., Douroudos, I., Aggelousis, N., 
and Taxildaris, K. 2006. Resistance training and detraining effects on flexibility performance in the elderly are intensity-de-
pendent. Journal of Strength and Conditioning Research 20: 634-642.

?
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no significant decreases in either concentric or 
eccentric isokinetic peak torque (McCarrick and 
Kemp 2000). Performing no training during the 
detraining period resulted in significant losses of 
both concentric and eccentric peak torque, with 
greater losses in eccentric strength.

A total-body weight training program per-
formed by 59-year-old males two times per week 
for 21 weeks and then three times every two weeks 
for an additional 21 weeks maintained leg press 
strength at the level achieved during the initial 21 
weeks of training (Sallinen et al. 2007). Leg press 
strength significantly increased 20% compared to 
pretraining during the first 21 weeks of training, 
further increased to 25% compared to pretraining 
during the first 10 weeks of training at a reduced 
frequency, and then decreased back to 20% com-
pared to pretraining in the last 10 weeks of training 
at a reduced frequency. Thus, training at a reduced 
frequency for 10 weeks resulted in increased 
strength. However, after that, strength decreased, 
but was still at the strength level achieved during 

the first 21 weeks with a higher training frequency.
Collectively, these studies indicate that reducing 

training frequency to one or two times per week 
can maintain strength levels in a variety of muscle 
groups if training intensity is maintained at a high 
level, but no training at all does result in loss of 
strength during detraining. The need to maintain 
training intensity to maintain strength increases 
during detraining is supported by the results of 
three years of reduced training intensity (Smith et 
al. 2003). Men and women with a mean age of 73 
trained twice per week with a total-body program 
using up to 80% of 1RM for two years and then 
trained for three years at the same frequency, but at 
an intensity of 60 to 70% of 1RM, or performed no 
training at all. Training for three years at a reduced 
intensity resulted in a substantial drop in strength, 
but strength was still greater than pretraining 
values (see table 8.3). Performing no training at 
all resulted in decreases in strength that were not 
significantly greater than pretraining values. Thus, 
training at a reduced intensity, although resulting 

Table 8.2 Changes in Knee extension Strength After 10-18 Weeks of Training  
Followed by 12 Weeks of Detraining

isometric force % above pretraining Training weight % above pretraining

Training/detraining frequency Trained Detrained Trained Detrained

3/2 27* 23* 64* 65*

3/1 20* 20* 59* 59*

2/1 17* 15* 47* 40*+

2-3/0 18* 6*+ 40* —

* = significantly greater than pretraining; + = significantly less than posttraining.

Data from Graves et al. 1988.

Table 8.3 Strength Changes During Two Years of Training Followed by Three Years  
of reduced Training intensity

1rM % above pretraining level after 
two years of training

1rM % above pretraining level after 
three years of detraining

Leg press

Reduced-frequency group 27* 16*

Detrained group 32* 14

Control group –4 –12

Bench press

Reduced-frequency group 53* 26*

Detrained group 50* 4

Control group 6 –9

* = significant difference from pretraining.

Data from Smith et al. 2003.
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in a smaller decrease in strength than no train-
ing at all, did not maintain strength at the levels 
achieved by the previous two years of training at a 
higher intensity. However, in this group of seniors 
decreased strength due to aging probably also 
affected the results as evidenced by the decrease 
in strength shown by the control group.

in-Season Detraining
In-season detraining  refers to losses of perfor-
mance, power, or strength when people stop 
training completely or reduce resistance training 
volume while undertaking other sport-type train-
ing. This type of detraining is important to con-
sider because it occurs in many sports during an 
entire season or a portion of a season. How much 
strength or performance is lost during a season 
depends on several factors, such as how much 
playing time the person receives during the season, 
other types of conditioning drills performed, and 
the strength or power requirements of the sport 
or activity.

The preceding sections make it clear that cessa-
tion of resistance training results in strength loss. 
It is also clear that cessation of resistance training 
eventually results in a decrease of motor perfor-
mance. However, short detraining periods may not 
affect motor performance. For example, plyometric 
training that significantly increased countermove-
ment jump ability (25%) and countermovement 
jump peak power showed no significant change 
during a detraining period of 10 days (Ebben et 
al. 2010). Twenty-four weeks of primarily squat-
type movements using 70 to 100% of 1RM three 
times per week significantly increased vertical 
jump ability 13% (Häkkinen and Komi 1985c). 
With 12 weeks of detraining vertical jump ability 
significantly decreased, but was still 2% above the 
pretraining value. Similarly, 24 weeks of plyometric 
training increased vertical jump ability 17%, and 
after 12 weeks of detraining vertical jump ability 
decreased but was still 10% above the pretraining 
value (Häkkinen and Komi 1985a). During both of 
these studies decreases in squat jump ability (jump 
with no countermovement) during the detraining 
period also occurred.

Two weeks of detraining in strength-trained ath-
letes (powerlifters and American football players) 
resulted in small, nonsignificant increases in ver-
tical jump (2.3%) and squat jump (3.6%) ability 
(Hortobagyi et al. 1993). However, even though 

changes in strength and motor performance may 
be correlated (Terzis et al. 2008), they are distinctly 
different factors. This is indicated by a decrease 
in strength that may occur in a short detraining 
period (four weeks) without a significant decrease 
in a motor performance task, such as shot put abil-
ity (Terzis et al. 2008). This appears to be true in 
older people as well. During a 24-week detraining 
period, levels of performance of motor perfor-
mance tasks and explosive jumping and walking 
actions remain elevated above pretraining levels 
in middle-aged and elderly people even though 
muscle atrophy and strength loss occur (Häkkinen 
et al. 2002).

During in-season training, even if resistance 
training stops, athletes are still performing other 
types of training. Elite downhill, freestyle, and 
speed skiers show some change in strength during 
a season even though performance in these 
sports requires a high level of strength and power 
(Koutedakis et al. 1992). Three months into the 
season, isokinetic knee extension strength at 60 
degrees per second decreased significantly by 6% 
and knee flexion strength nonsignificantly by 7%. 
After seven months knee extension strength at 60 
degrees per second decreased significantly by 14% 
and knee flexion strength by 16%. Isokinetic knee 
flexion and knee extension strength at 180 degrees 
per second after three and seven months of detrain-
ing showed small, nonsignificant decreases, and 
power output during a 30-second maximal cycling 
test (Wingate test) also showed nonsignificant 
changes. Thus, skiers may lose strength at very slow 
velocities, but not intermediate velocities, during a 
season. However, because no loss of power output 
occurs, the effect on performance may be minimal.

A lack of resistance training during the season 
of some ball sports appears to have small effects 
on strength or motor performance. Detraining 
periods during a basketball season have little effect 
on strength or motor performance. A resistance 
training program of five weeks preceding the 
season of a collegiate Division I men’s season sig-
nificantly increased 1RM squat 18% and resulted 
in nonsignificant changes in 1RM bench press, 27 
m sprint time, and vertical jump ability of 4, 2, and 
0%, respectively (Hoffman et al. 1991). Performing 
no resistance training during the 20-week season 
resulted in nonsignificant changes in 1RM bench 
press, 1RM squat, and vertical jump ability (–1 
to +5%), whereas 27 m sprint ability declined 
significantly (3%). Adolescent (14.5 years) male 
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basketball players performing a 10-week plyomet-
ric (jumps and medicine ball throws) program 
two times per week along with normal basketball 
practice showed significant increases in the squat 
jump, countermovement jump, depth jump, and 
seated medicine ball throw of 9 to 16% (Santos 
and Janeira et al 2011). During the next 16 weeks, 
performing no plyometric training while con-
tinuing normal basketball training resulted in no 
significant changes in these same measures (+2-
7%). In a similar project (Santos and Janeira et al. 
2009) male adolescent (14-15 years) basketball 
players performed complex training two times 
per week for 10 weeks. During the next 16 weeks 
of performing normal basketball training but no 
complex training, nonsignificant changes in the 
squat jump, countermovement jump, depth jump, 
and seated medicine ball throw were shown (see 
box 8.3).

Similar results have been shown for tennis 
players and team handball players. Women col-
legiate Division I tennis players performing no 
resistance training during a nine-month season 
showed that playing tennis and participating in 
tennis drills does maintain fitness (Kraemer et al. 
2000; Kraemer, Häkkinen et al. 2003). However, 
although fitness was maintained, no improvement 
in fitness measures or sport-specific performance 

measures, including serve, forehand, and back-
hand ball  velocity, occurred. After performing 
a 12-week total-body weight training program, 
elite male team handball players show significant 
increases of 13% in countermovement jump and 
6% in ball-throwing velocity (Marques and Gonza-
lez-Badillo 2006). During a seven-week detraining 
period in which no weight training was performed, 
countermovement jump showed a nonsignificant 
decrease (–2%); ball-throwing velocity showed a 
significant decrease (–3%).

Collectively, the preceding indicates that, gen-
erally, strength and motor performance can be 
maintained during the course of a season or por-
tion of a season by playing a sport and performing 
associated drills with training, especially if such 
training requires the development of high force 
or power. However, some decrements in strength 
and performance measures may occur.

in-Season resistance Training  
Programs
The goal of an in-season program  is to further 
increase or at least maintain strength, power, and 
motor performance during a competitive season. 
Results of in-season programs, however, can be 
quite variable.

bOx 8.3 PrACTiCAL QueSTion

Does normal Sport Training Maintain  
Motor Performance in-Season?

Whether motor performance gains can be maintained in some sports with normal training is an 
important question. In 14- and 15-year-old male basketball players, normal basketball training 
does maintain motor performance in-season, and performing one weight training session per week 
has little effect (Santos and Janeira 2009). Prior to the season a 10-week weight training program 
was performed. Stopping weight training or performing one weight training session per week for 
16 weeks in-season both generally maintained motor performance. However, there was a gradual 
decrease in motor performance as the 16-week detraining period progressed. For example, after 
four weeks of detraining, nonsignificant increases occurred in the squat jump, countermovement 
jump, and medicine ball throw when weight training was stopped (+7, +3, and +8%, respectively) or 
training volume was reduced (+7, +4, and +3%, respectively). However, after 16 weeks of detraining, 
nonsignificant decreases were generally shown in the squat jump, countermovement jump, and 
medicine ball throw when weight training was stopped (–8, 0, and –3%, respectively) or training 
volume was reduced (–4, +6, and –6%, respectively). Although the changes in motor performance 
were nonsignificant, motor performance levels generally decreased as the season progressed whether 
weight training was stopped completely or performed one time per week.

Santos, E.J.A.M., and Janeira, M.A.A.S. 2009. Effects of reduced training and detraining on upper and lower body explosive 
strength in adolescent male basketball players. Journal of Strength and Conditioning Research 23: 1737-1744.

?
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Rowing in and of itself has high strength and 
aerobic requirements. After 10 weeks of resistance 
training three times per week, rowers demonstrate 
increased strength (see figure 8.5; Bell et al. 1993). 
Six weeks of resistance training at a reduced fre-
quency of either one or two times per week resulted 
in either no significant change or an increase in 
strength. All training sessions consisted of approxi-
mately three sets of each of the six exercises shown 
in figure 8.5 at an intensity of approximately 75% 
of maximal. These results indicate that strength 
can be maintained or increased for a period of 
six weeks in rowers who do not weight train but 
continue rowing.

Two studies, described in the previous section, 
of male adolescent basketball players demonstrate 
the variability in fitness maintenance with an 
in-season program. Adolescent male basketball 
players performing a 10-week plyometric program 
two times per week along with normal basketball 
practice showed significant increases in the squat 
jump, countermovement jump, depth jump, and 
seated medicine ball throw (Santos and Janeira 
2011). During the next 16 weeks, performing no 
plyometric training while continuing normal bas-
ketball training resulted in no significant changes 

in these same measures. However, performing 
one plyometric training session per week during 
the 16-week detraining period showed significant 
increases (8-15%) in three of these four measures. 
Thus, performing no plyometric training main-
tained performance in motor performance mea-
sures; however, performing plyometric training at 
a reduced training volume generally resulted in sig-
nificant increases in motor performance measures.

In a similar project male adolescent basketball 
players showed nonsignificant changes (–5 to 
+8%) in the squat jump, countermovement jump, 
depth jump, and seated medicine ball throw after 
performing complex training two times per week 
for 10 weeks followed by 16 weeks with either no 
complex training or complex training one time per 
week (Santos and Janeiro 2009). No difference was 
shown between performing no or one complex 
training session per week. However, it should be 
noted that the 10-week complex training program 
prior to the detraining period did not significantly 
increase performance in any of the motor perfor-
mance tasks tested.

During a 22-week basketball season in which 
female players performed resistance training 
once or twice a week, vertical jumping ability 

E4758/Fleck/fig8.5/460588/alw/r2 

P
er

ce
nt

ag
e 

of
 c

ha
ng

e

100

80

60

40

20

0
16100

Weeks of training

Inclined squat 1 day
Inclined squat 2 day
Knee extension 1 day
Knee extension 2 day
Knee flexion 1 day
Knee flexion 2 day

P
er

ce
nt

ag
e 

of
 c

ha
ng

e

30

20

10

0
16100

Weeks of training

Bench pull 1 day
Bench pull 2 day
Bench press 1 day
Bench press 2 day
Upright row 1 day
Upright row 2 day

Figure 8.5 Changes in strength during 10 weeks of resistance training three days per week followed by six weeks of 
resistance training one or two days per week in oarswomen.
Data from bell et al. 1993.



Detraining

309

significantly increased by 6% (Häkkinen 1993). 
Maximal isometric leg extension force remained 
unchanged. The in-season training consisted of 
one or two lower-extremity exercises per session 
of three to eight repetitions per set at 30 to 80% of 
maximal. Subjects performed 20 to 30 repetitions 
per training session, and once every two weeks 
they undertook a jump training session consist-
ing of 100 to 150 horizontal and vertical jumps. 
This in-season program maintained strength and 
increased vertical jumping ability.

An in-season program for professional soccer 
players indicates that one session per week, but 
not one session every two weeks, maintains fitness 
during the season (Ronnestad, Nymark, and Raas-
tad 2011). After a 24-week preseason weight train-
ing program, the half squat, 40 m sprint time, and 
squat jump all showed significant improvement 
(19, 2, and 3%, respectively). Countermovement 
jump ability was not significantly affected. Twelve 
weeks of an in-season weight training program that 
consisted of one session per week resulted in no 
significant change in half squat ability and 40 m 
sprint time. Training only one time every two weeks 
resulted in significant performance decreases in 
half squat ability (10%) and 40 m sprint time 
(1%). Squat jump and countermovement jump 
ability was unchanged in-season with both training 
frequencies, indicating that one session per week 
maintains fitness more so than one session every 
two weeks. Fitness maintenance, however, showed 

substantial individual variation with both training 
frequencies.

In-season programs for American football 
players also show variable results. Both college 
linemen and nonlinemen (Schneider et al. 1998) 
performing an in-season weight training program 
twice a week during a 16-week season showed 
either significant decreases or small, nonsignifi-
cant decreases in typical measures of motor per-
formance as well as flexibility and strength (see 
figure 8.6). A total of 68 college football players 
performing a program of reduced training volume 
(i.e., decreased training frequency) showed main-
tenance of strength during a season (Kraemer, 
unpublished data). The subjects performed an 
in-season program (see table 8.4) two times per 
week during the 14-week season; 1RM strength was 
assessed preseason, midseason, and postseason. 
Prior to the season during winter and summer 
resistance training programs, players performed 
resistance training four or five days per week with 
a higher training volume and more exercises per 
session than the in-season program. The entire 
group exhibited no significant decreases in 1RM 
for any of the exercises tested during the season 
(see figure 8.7). A separate evaluation of backs and 
linemen showed similar results.

A comparison of a multiple-set nonlinear 
program and a single-set program (described in 
more detail in chapter 7) performed by female 
tennis players for nine months, including the 
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tennis season, shows some interesting results 
(Kraemer et al. 2000). Both programs were per-
formed two or three times per week for the entire 
nine months depending on the match schedule. 
Generally, the nonlinear program resulted in 
consistent and significant gains in fitness mea-
sures, including serve velocity, throughout the 
period. The single-set program generally resulted 
in no change in fitness measures or a significant 

change during the first three months and then a 
plateau in fitness for the remaining six months. 
The single-set program resulted in no significant 
change in serve ball velocity throughout the nine 
months. The nonlinear program generally resulted 
in greater fitness gains than the single-set program 
did. A similar study (described in more detail in 
chapter 7) compared a two- or three-set nonlinear 
program to a two- or three-set nonvaried program 
(Kraemer, Häkkinen et al. 2003). This comparison 
showed results similar to those of the first study 
on female tennis players except that the differences 
in strength and performance gains between the 
nonlinear and multiple-set programs were much 
closer. However, during the entire season, overall, 
the nonlinear program resulted in greater strength, 
power, and motor performance increases com-
pared to the multiple-set program. The comparison 
also indicated that the nonlinear program resulted 
in significantly greater increases in forehand and 
backhand ball velocity. The results of these two 
studies indicate that fitness gains can be made 
in-season, but the magnitude and whether a gain 
is achieved at all depends on the total volume and 
type of program performed.

Table 8.4 Fourteen-Week in-Season 
Training Program for American College 
Football Players
exercise reps per set

bench press 8, 5, 5, 8

Squat 5, 5, 5, 5

Single-leg knee extension 10, 10

Single-leg knee curl 10, 10

Military press 8, 8, 8

Power clean 8, 8, 8

Note: Two-minute rest periods occurred between sets and exer-
cises. Training frequency was two times per week.
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Collectively, the studies described here indicate 
that in-season programs can maintain or increase 
strength, power, and motor performance during 
a season. It appears that one or two resistance 
training sessions per week can maintain strength 
and power in-season. However, the volume and 
intensity of training as well as the type of program 
can influence whether fitness gains are maintained 
or increased. It is also important to note that if 
the goal of an in-season program is to maintain 
motor performance, the motor performance task 
should be included in the training program. This, 
however, is typically not a concern because the 
motor performance tasks of a sport (tennis serve, 
jumping, sprinting) are typically performed as part 
of playing the game and in various conditioning 
and sport skill drills performed during the season.

Long Detraining Periods
Long detraining periods (i.e., several months or 
years in duration) have received less study than 
shorter detraining periods have. Detraining in this 
context refers to no resistance training at all. In 
older people (mean ages 58 and 70, respectively), 
two and six months of detraining results in a 
decline of strength, but strength remains above 
pretraining levels (Elliott, Sale, and Cable 2002; 
Fatouros et al. 2006). As previously described (see 
box 8.2), in this same population strength losses 
during detraining are affected by the intensity of 
the training preceding detraining; greater losses 
occur after less intense (40% > 60% > 80% of 
1RM) training (Fatouros et al. 2006).

Several case studies give some insight into the 
effect of long-term detraining in younger people 
after long periods of resistance training. Table 8.5 
depicts the effects of seven months of detraining 
and dieting on an elite powerlifter. The results 
suggest that detraining results in a physiologi-
cal shift from a strength profile to an improved 
aerobic profile (Staron, Hagerman, and Hikida 
1981). Three observations reflected this shift: 
the improvement of peak oxygen consumption 
(V

.
O

2peak), increased mitochondrial density, and 
improved oxidative enzyme profile of the muscle 
fibers. These changes occurred without any aerobic 
training stimulus during the seven-month detrain-
ing period. The large weight loss (27.5 kg, or 60.6 
lb) and reduction in body fat during this period 
may have accounted for some of these changes; 
the decrease in muscle fiber area contributed to 
the decrease in thigh girth. These observations 

are consistent with changes normally attributed 
to muscle atrophy.

The loss of muscle fiber area with long periods of 
detraining in previously highly resistance-trained 
athletes is also shown in a case study of a world-
class male shot-putter (Billeter et al. 2003). At the 
end of his competitive career, the shot-putter’s type 
II mean fiber area was substantially greater than 
that of his untrained brother. After three years of 
detraining, type II mean fiber area of the former 
shot-putter had decreased to a value much closer 
to that of his untrained brother. Type I mean fiber 
area increased slightly during the three years of 
detraining and approached that of his untrained 
brother.

A third case study examined two men who per-
formed resistance training for eight weeks and then 
detrained for five months (Thorstensson 1977). 
The initial training period consisted of various 
exercises for the leg extensors and weighted and 
unweighted jumping exercises. After the initial 
training period, one man performed resistance 
training at a reduced volume two or three days per 
week and did not perform any jumping exercises. 

Table 8.5 Physiological Changes After 
Seven Months of Detraining
Variable Trained Detrained

Ht (cm) 170.0 170.0

Wt (kg) 121.5 94.0

% body fat 25.2 14.8

Thigh girth (cm) 82.5 66.5

bP (systolic/diastolic) 146/96 137/76

V
.
O2peak (ml/kg/min) 32.6 49.1

HRmax 200 198

% volume of mitochondria
Type I (slow twitch)
Type II (fast twitch)

3.04
1.76

4.41
2.46

Fiber type
SO (%)
FG (%)
FOG (%)

31.2
53.2
15.6

38.1
43.7
27.2

Cross-sectional area (μm2)
SO
FG
FOG

5,625
8,539
9,618

3,855
5,075
5,835

bP = blood pressure; HR = heart rate; SO = slow oxidative;  
FG = fast glycolytic; FOG = fast oxidative glycolytic. SO fibers are 
smaller than fast-twitch fibers and FOG fibers.

adapted from Journal of Neurological Sciences, Vol. 51, R.S. Staron, F.C. 
Hagerman, and R.S. Hikida, “The effects of detraining on an elite power 
lifter,” pgs. 247-257, Copyright 1981, with permission from elsevier.
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The other man performed no training at all for the 
five-month detraining period. The man training 
at a reduced volume during the detraining period 
showed increases compared to immediately after 
the eight-week training period in 1RM squat 
and isokinetic torque at 60 degrees per second 
and faster, but not at slower velocities. However, 
decreases in isometric leg extension force, vertical 
jump ability, and horizontal jump ability occurred. 
After detraining all measures were still above 
pretraining values. The man not training showed 
decreases in all of the measures; only the level of 
1RM squat ability was still greater than the pre-
training level after the detraining period. Fat-free 
mass continued to increase in the man training at 
a reduced volume and decreased to slightly below 
pretrained levels in the man not training. The ratio 
of type II to type I fiber area decreased in both men 
during the detraining period, but was still above 
pretraining values for both, indicating a greater 
loss of type II fiber area than of type I fiber area. 
Thus, after five months of detraining, virtually all 
increases in strength and muscle mass from an 
eight-week training period are lost if no resistance 
training is performed. However, resistance training 
at a reduced volume for five months can maintain 
or even increase gains in strength and muscle mass 
following an eight-week training program.

Physiological Mechanisms  
of Strength Loss

As with strength gains during training, several 
mechanisms could result in strength and power 
changes during periods of detraining. Knowledge 
of these mechanisms will help the practitioner 
design better in-season programs. One mecha-
nism, atrophy, does occur during detraining. For 
example, three months of training resulted in a 
significant increase of 10% in quadriceps cross-sec-
tional area; after three months of detraining, 
cross-sectional area returned to the pretraining 
value (Andersen et al. 2005).

Electromyographic (EMG) changes during mus-
cular actions after training and detraining indicate 
changes in motor unit firing rate and motor unit 
synchronization. EMG changes have been fol-
lowed during detraining periods ranging from 2 
to 12 weeks. During short periods of detraining, 
decreases and no change in strength and power 
measures have been accompanied by no significant 

changes in EMG activity (Häkkinen et al. 1990; 
Häkkinen and Komi 1985c; Hortobagyi et al. 
1993). However, decreases in EMG activity due to 
short periods of detraining have also been shown 
(Häkkinen and Komi 1986; Häkkinen, Komi, 
and Alen 1985; Narici et al. 1989), and decreased 
EMG activity has shown significant correlations 
to decreases in strength (Andersen et al. 2005; 
Häkkinen, Alen, and Komi 1985; Häkkinen and 
Komi 1985a, 1986). When strength decreased in 
concentric actions, decreased EMG activity was 
shown, and during eccentric actions showing no 
strength loss, no significant change in EMG activity 
was shown (Andersen et al. 2005). Decreased EMG 
activity may occur in some muscles (vastus latera-
lis), but not others (vastus medialis, rectus femoris) 
with detraining (Häkkinen, Alen, and Komi 1985). 
Thus, the initial strength loss, when it does occur 
during the first several weeks of detraining, is due 
to neural mechanisms; further strength loss as the 
detraining duration increases is in part the result 
of muscle atrophy (Häkkinen and Komi 1983).

During periods of detraining, positive adapta-
tions in fiber size that occurred as a result of train-
ing regress toward the untrained or pretrained state 
(see table 8.6). During short periods (two to eight 
weeks) of detraining in men, type I and type II fiber 
area (Häkkinen, Komi, and Alen 1985; Häkkinen, 
Komi, and Tesch 1981; Hather, Tesch et al. 1991; 
Hortobagyi et al. 1993) may decrease compared 
to the posttrained state, but it is still greater than 
the untrained fiber size. However, no change also 
has been reported (Hather et al. 1992; Hortobagyi 
et al. 1993). In older people (65 to 77 years) the 
return to pretraining cross-sectional area type I 
and type II muscle fiber sizes may be more rapid 
than in younger people even when accompanied 
by recombinant hGH therapy (Taaffe and Marcus 
1997). This may be due in part to differences in 
spontaneous activity and lifestyle in younger and 
older people. Interestingly, training resulted in a 
40% increase in strength, of which only 30% was 
lost during detraining despite muscle fiber areas 
returning to pretraining levels, suggesting that 
neural mechanisms account for part of the strength 
retention (Taaffe and Marcus 1997).

Decreases in the ratio of type I to type II fiber 
area have been shown during periods of detraining 
in men (Häkkinen, Komi, and Tesch 1981; Hather 
et al. 1992), which indicates a selective atrophy 
of type II fibers. However, no change compared 



Detraining

313

to the trained state has also been shown (Hather 
et al. 1992). In women, small but nonsignificant 
decreases in type I fiber area accompanied by a 
significant decrease in the combined areas of type 
IIax and IIx fibers has been shown (Staron et al. 
1991). No change in either type I or type II fiber 
area has also been reported during eight weeks of 
detraining; however, this study showed no increase 
in fiber area as a result of the stretch-shortening 

cycle–type (plyometric) training performed prior 
to the detraining period (Häkkinen et al. 1990).

Collectively, this information indicates that type 
II fibers may atrophy to a greater extent than type 
I fibers during short periods of detraining in both 
men and women. This, of course, can only occur 
if the training induced an increase in fiber area.

A case study of a former male world champion 
shot-putter supports the assertion that detraining 

Table 8.6 Fiber Changes With Detraining

reference

Length of 
training 
(wk)

Length of 
detraining 
(wk)

Type of  
training

Type of 
detraining

Fiber atro-
phy (μm2 ) 

Type i/
type ii 
ratio

Fiber  
transformation

Häkkinen, 
Komi, and 
Tesch 1981

16 8 Squat, con-
centric, 1-6 
reps/set at 
100-120% 
of 1RM

No training Type I*
Type II*

Decrease* FT % decrease*

Houston et al. 
1983

10 12 Knee exten-
sion, leg 
press

8RM, 4/wk,
3 sets

No training Type IIx* — None

Staron, Hag-
erman, and 
Hikida 1981

36 28  Powerlifter, 
case study

No training FOG*, FG*, 
SO*

— FG to FOG

Thorstensson 
1977

8 20 2 to 32 to 2 
sessions/
wk, weights 
and jumping

No training Type II*
Type I*

Decrease* FT only

Hather et al. 
1991

19 4 leg press, 
knee exten-
sion

4 or 5 sets, 
2/wk

6-12 reps, 
concentric/
eccentric

Concentric/
concentric

Concentric

No training Type II Decrease* None

Staron et al. 
1991

20 30-32 Squat, knee 
extension, 
leg press

No training Type IIa + 
type IIx*

Decrease* —

andersen and 
aagaard 
2000

12 12 Heavy load, 
lower body

No training Type I and 
type II*

Decrease* Type IIa to type 
IIx

billeter et al. 
2003

15 years 36 Competitive 
shot-putter

Unclear Type II Decrease FT % decrease

1RM = one-repetition maximum; RM = repetition maximum; * = p <.05; FG = fast twitch glycolytic; SO = slow oxidative; FOG = fast oxidative.
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results in the selective atrophy of type II fibers 
(Billeter et al. 2003). After a 15-year competitive 
career, three years of detraining resulted in a 25% 
decrease in type II fiber area and a small increase 
(5%) in type I fiber area. However, opposite of 
what might be expected, at the end of his compet-
itive career 40% of all fibers were type II and 60% 
were type I. After three years of detraining only 
27% of all fibers were type II and 73% were type I. 
However, at the end of his career, as a result of the 
extreme hypertrophy of the type II fibers, 67% of 
the muscle cross-sectional area was type II fibers. 
After detraining the atrophy of the type II fibers 
resulted in 43% of the muscle cross-sectional area 
being type II fibers. Type II and I muscle fiber size 
and the percentage of muscle cross-sectional area 
occupied by type II fibers after detraining were 
similar to values shown in the subject’s untrained 
brother, indicating that during detraining muscle 
fibers return toward the untrained state.

In addition to atrophy and changes in fiber 
type, detraining also affects myosin heavy and 
light chains. Three months of detraining results 
in increased myosin heavy chain IIx content and 
decreased myosin heavy chain IIa content (Ander-
sen and Aagaard 2000). The detraining resulted 
in myosin heavy chain IIx values that were higher 
than before resistance training, or an “overshoot” 
in the myosin heavy chain IIx values compared to 
before training. However, no such effect after three 
months of detraining has been shown in obese 
diabetics (Gjøvaag and Dahl 2009). In a former 
world champion male shot-putter, myosin light 
chains also showed a change with three years of 
detraining from faster to slower isoforms (Kadi et 
al. 2004). Thus, changes in myosin heavy and light 
chains may show a pattern of moving toward the 
slower isoforms with detraining.

The response of the hormonal system to detrain-
ing may vary drastically, and individual hormones 
may respond differently (Kraemer, Dudley et al. 
2001; Kraemer and Ratamess 2005). Generally, 
short detraining periods of several weeks in men 
(Häkkinen et al. 1989, 1985; Häkkinen and Pakar-
inen 1991; Kraemer et al. 2002) and women (Häk-
kinen et al. 1990, 1989) have shown no significant 
changes in a large number of hormones including 
resting growth hormone, testosterone, cortisol, 
adrenocorticotropin, luteinizing hormone, pro-
gesterone, estradiol, follicle-stimulating hormone, 
and sex hormone–binding globulin. With detrain-
ing periods of eight weeks or longer, decreases in 

the testosterone/cortisol ratio that are correlated 
to decreases in strength have been shown (Alen 
et al. 1988; Häkkinen et al. 1985). However, two 
weeks of detraining in trained powerlifters and 
American football players resulted in significant 
increases in resting growth hormone, testosterone, 
and the testosterone/cortisol ratio (Hortobagyi et 
al. 1993). The authors suggested that this might 
be an initial compensatory response to combat 
muscle atrophy. Thus, past training history or the 
duration of resistance training prior to detraining 
and the duration of detraining may affect the hor-
monal response to detraining.

The possible effect of acute training variables on 
the hormonal response to detraining is demon-
strated by a study by Häkkinen and Pakarinen 
(1991). After two weeks of daily training followed 
by a one-week period of reduced training volume, 
no significant changes in testosterone, free tes-
tosterone, cortisol, or the testosterone/cortisol 
ratio occurred. However, when the same training 
volume was performed but divided into two 
training sessions per day for one week followed 
by a one-week period of reduced training volume, 
testosterone and the testosterone/cortisol ratio 
significantly decreased while cortisol significantly 
increased after the one week of reduced training.

Thus, generally, the hormonal response to 
short periods of detraining is minimal. However, 
it probably depends on the volume, intensity, and 
duration of training prior to the detraining period 
as well as the past training history, and shows some 
variation. The long-term hormonal response to 
detraining, on the other hand, is probably related 
to strength and muscle size loss with detraining 
(Kraemer and Ratamess 2005).

During short periods of detraining, fat-free mass 
and percent body fat show small, nonsignificant 
changes (Häkkinen et al. 1990; Häkkinen, Komi, 
and Alen 1985; Häkkinen, Komi, and Tesch 1981; 
Hortobagyi et al. 1993; Izquierdo et al. 2007; 
Prestes, De Lima et al. 2009; Staron et al. 1991) 
including in 58-year-old women (Elliot, Sale, and 
Cable 2002) and 12-year-olds (Ingle, Sleap, and 
Tolfrey 2006). Although muscle cross-sectional 
areas show either nonsignificant (Häkkinen et 
al. 1989) or significant decreases (Andersen et al. 
2005; Narici et al. 1989), the lack of a significant 
change in fat-free mass is probable due to the gross 
nature of this measurement and the short duration 
of the detraining period. However, changes in 
fat-free mass and percent body fat do occur with 
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detraining in the direction that would negatively 
affect performance. For example, after 16 weeks 
of weight training, fat-free mass increased 1.3 kg 
(2.9 lb) (from 48.1 to 50.3 kg [106 to 110.9 lb]) 
and percent fat decreased 2.6% (24.8 to 22.2%) 
in young women. During six weeks of detraining, 
fat-free mass decreased (48.5 kg [107 lb]) and per-
cent fat increased (23%) back toward pretraining 
values (LeMura et al. 2000). None of the changes in 
body composition were significant at any point in 
the training or detraining period, but the changes 
are in the direction that would negatively affect 
performance during the detraining period.

effects of Muscle Action Type
Previously described studies (Dudley et al. 1991; 
Hather et al. 1992) indicate that both normal 
resistance training, which includes an eccentric 
repetition phase, and double-volume concen-
tric-only training result in greater retention of 
training adaptations during a short (four-week) 
detraining period compared to concentric-only 
training (see figure 8.4). In addition, when using 
concentric-only repetitions, detraining may result 
in greater maximal isometric strength losses than 
loses of dynamic 1RM strength over eight weeks 
of detraining (Weir et al. 1997).

In one of these studies (Dudley et al. 1991), 
normal resistance training (concentric and eccen-
tric repetition phases), concentric-only training, 
and double-volume concentric training resulted in 
an increase in the percentage of type IIa fibers and 
a corresponding decrease in type IIx fibers. These 
changes were maintained during the detraining 
period. The normal resistance training and the 
double-volume concentric training resulted in an 
increase in mean fiber area, but only the normal 
resistance training resulted in the maintenance 
of this increase after the detraining period. The 
concentric-only training resulted in no increase 
in mean fiber area. Only the normal resistance 
training resulted in an increased fiber area and 
the maintenance of this increase in both type I 
and II fibers during the detraining period. The 
double-volume concentric training resulted in an 
increased size of only the type II fibers and the 
maintenance of this increase after detraining. The 
concentric-only training resulted in no significant 
size increase of either the type I or type II fibers. 
This could be interpreted to indicate that normal 
resistance training and high-volume training result 

in the greatest maintenance of fiber size during a 
short detraining period.

The number of capillaries per fiber increased 
following all three types of training and remained 
above pretraining values after the detraining 
period. However, only the double-volume con-
centric and concentric-only training resulted in 
an increase of capillaries per cross-sectional area 
as a result of training and the maintenance of cap-
illaries per cross-sectional area during detraining. 
This was due in part to a slightly greater fiber size 
increase following normal resistance training and 
a slightly greater increase in capillaries per fiber 
following double-volume concentric and concen-
tric-only training. This change could be interpreted 
to indicate that concentric-only training may be 
appropriate for athletes needing to maintain aer-
obic fitness.

Detraining effects on Bone
Little is known about the effects of detraining on 
bone even though this has potentially important 
implications, especially if the normal sedentary 
lifestyle of many people is viewed as detraining. 
Bone metabolism, structure, and status are sensi-
tive to loading with weight training and unload-
ing with detraining. The neuromuscular system 
appears to mediate much of what happens in 
bone, and this may be due to the resultant hor-
monal changes that occur with resistance exercise 
training. The time course of changes in bone and 
the influence of various types of resistance train-
ing programs on bone during detraining remain 
unclear. In addition, the length of the detraining 
period may be important, because changes in some 
bone parameters occur at a much slower rate than 
changes in muscle force production.

It is apparent that increased physical activity 
increases bone mineral density (BMD) and that 
detraining results in a loss of BMD in both male 
and female athletes (Nordstrom, Olsson, and 
Nordstrom 2005; Snow et al. 2001). For example, 
the effect of two years of gymnastics training in 
women (18 years old) demonstrates that bone is 
responsive to training and detraining (Snow et al. 
2001). In both years bone mineral density (BMD) 
increased during the eight-month competitive 
season and decreased during the four-month 
off-season, which can be considered a form of 
detraining. During the first and second compet-
itive seasons total-body BMD increased 1.2 and 
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1.6%, respectively, and showed decreases in the 
off-season of 0.3 and 0.4%, respectively. The net 
result was a total gain in total-body BMD of 2.1% 
over the two years. However, not all bones demon-
strated the same pattern of increases and decreases 
in BMD. For example, lumbar spine BMD during 
the two competitive seasons showed increases of 
3.5 and 3.7%, respectively, and decreases of 1.5 and 
1.3% in the off-season, respectively. This resulted 
in an increase in lumbar spine BMD over the 
two years of 4.3%. Femoral neck BMD increased 
2.0 and 2.3%, respectively, during the first and 
second competitive seasons and decreased 1.5 
and 2.1%, respectively, during the first and second 
off-seasons. This resulted in an increase over the 
two-year period of only 0.6%. Thus, the BMD of 
different bones responded in the same manner 
by increasing during the competitive season and 
decreasing during the off-season. However, the 
magnitude of the response varied substantially, 
and at some sites the losses of BMD during the 
off-season canceled out the increases during the 
competitive season resulting in no net gain over 
the two-year period. At other sites the increase in 
BMD during the competitive season was greater 
than the loss during the off-season resulting in a 
net gain in BMD.

Women 30 to 45 years old (Winters and Snow 
2000) who completed a 12-month program of low-
er-body resistance training and maximal unloaded 
and loaded (10-13% of body mass) jumps showed 
dramatic increases in strength and power (13-15% 
above controls) along with increases in bone 
mineral density (1-3% above controls). After six 
months of detraining, BMD, muscle strength, and 
power all decreased significantly toward baseline 
values, whereas those of the control subjects did 
not change. Results indicate the importance of 
maintaining a training program to keep not only 
muscle force performance elevated, but bone min-
eral density as well. Conversely, resistance training 
of the arms in younger women (23.8 ± 5 years) 
resulted in an increase in arm flexion and exten-
sion strength, but no dramatic changes in BMD or 
bone geometry (Heinonen et al. 1996). With eight 
months of detraining, strength decreased, but no 
changes occurred in bone.

Collectively, the preceding studies indicate that 
bone can be affected by detraining, but the effect 
may depend in part on age, inherent normal activ-
ity, and the bone site. Additionally, in many situa-

tions in which unloading or detraining may occur, 
such as space flight or bed rest, resistance training 
may be an important intervention to improve or 
protect against bone mineral loss.

Detraining  
the Bulked-up Athlete

A bulked-up athlete is an athlete who has gained 
substantial amounts of body weight through resis-
tance training and dietary practices. The weight 
gain is related to the increased muscle mass and 
total body weight necessary for successful partic-
ipation in sports such as American football, track 
and field throwing events, and powerlifting. It is 
well known that obesity and a sedentary lifestyle 
contribute to an increased risk of cardiovascular 
disease, and chronic detraining, especially in such 
athletes, may lead to health problems following 
an athletic career.

Many athletes who exercise to increase muscle 
mass and strength do not know how to exercise 
for health and recreation using other types of 
training, such as aerobic or circuit weight training. 
The retired athlete needs to start training again 
with new objectives and to examine dietary habits 
to avoid large weight gains. This is especially true 
for strength- and power-type athletes, because an 
aptitude for these types of athletic events, includ-
ing weightlifting, does not offer protection against 
cardiovascular disease after retirement from com-
petitive sport. However, an aptitude for athletic 
events requiring endurance and the continuation 
of vigorous physical activity after retirement from 
competitive sport does offer protection against 
cardiovascular disease (Kujala et al. 2000).

Comparisons of nonathletes and former 
athletes reveal that athletes have an advantage 
in cardiorespiratory fitness (Fardy et al. 1976). 
This advantage did not exist in a comparison of 
nonathletes and former athletes who engaged in 
strenuous leisure-time activities. However, one 
comparison (Paffenbarger et al. 1984) concluded 
that postcollege physical activity is more important 
than participation in college athletics in avoiding 
coronary artery disease. Endurance athletes in par-
ticular (see box 8.4) have an advantage in terms of 
total life span (Ruiz, Moran et al. 2011). A survey 
of former Finnish world-class athletes concluded 
that they have a longer-than-normal life expec-
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tancy; the authors hypothesized that recreational 
aerobic activity and infrequent smoking after ath-
letic retirement may in part explain the longer life 
expectancy (Fogelholm, Kaprio, and Sarna 1994). 
However, athletes who require substantial body 
weight gains to succeed in their sport careers may 
be at greater risk for cardiovascular diseases. To 
reduce this risk, retired athletes require the proper 
prescription of exercise, along with dietary changes 
and weight control.

Retired strength-trained athletes should feel 
that they can still enjoy resistance training. Peri-
odization of training and the development of new 
training goals are important for facilitating this 
feeling. More than anything, the continuation 
of training is of paramount importance, because 
many athletes drop out of their exercise routines 
during retirement. Healthy detraining of the resis-
tance-trained athlete necessitates new training 
goals such as improving health and fitness by par-
ticipating in aerobic exercise programs to improve 
cardiovascular function, reducing body weight, 
and performing resistance training to maintain 
muscular fitness. In addition, nutritional counsel-
ing may be important to deal with aberrant calorie 
intake behaviors (e.g., American football players 
ingest from 5,000 to 10,000 calories a day) adopted 
over an athletic career to gain body mass. As an 
ex-competitive athlete ages, training goals should 
be consistent with those of the general population: 
to improve health and fitness and reduce risk 
factors for chronic diseases (e.g., cardiovascular 
disease, cancer, diabetes).

Those with a number of risk factors for cardio-
vascular disease have an increased risk of devel-
oping those diseases (see table 8.7). Management 
of these risk factors helps to reduce the risk of 
cardiovascular disease. It is easy to perform a risk 
factor analysis; this procedure has been described 
extensively (American College of Sports Medicine 
2008).

The role of teachers and coaches is to educate 
everyone, including athletes, about lifelong health 
and fitness and to expose people to exercise other 
than heavy resistance training (Kraemer 1983a). 
This adds variation to the total training program 
and also contributes to a healthy transition for ath-
letes whose careers end after high school, college, 
or professional participation in sports. It is up to 
conditioning professionals to help athletes make 
the transition from competitive sports to lifetime 
sports and exercise for health.

Table 8.7 Cardiovascular Disease risk 
Factors 

Controllable risk factors
noncontrollable risk 
factors 

Smoking tobacco
blood lipid level
High lDl cholesterol level
low HDl cholesterol level
High triglyceride level
Hypertension
Physical inactivity
Obesity and overweight
Diabetes mellitus

Heredity (family history)
Male gender
advancing age

bOx 8.4 reSeArCh

effect of Being an Athlete on Life expectancy
Many factors other than participation in sport affect life expectancy. Factors related to lifestyle 
during and after an athletic career also affect life expectancy. For example, smoking, a poor diet, and 
physical inactivity after a competitive career may reduce life expectancy. Genetics also plays a part. 
Following are the life expectancies of former male Finnish world-class athletes (Sarna et al. 1993):

• Nonathletes: 69.9 years

• Endurance sport athletes (long-distance running, cross-country skiing): 75.6 years

• Team sport athletes (soccer, ice hockey, basketball, track and field sprinting): 73.9 years

• Power sports (boxing, wrestling, weightlifting, track and field throwing): 69.9 years

Sarna, S., Sahi, T., Koskenvuo, M., and Kaprio, J. 1993. Increase life expectancy of world-class male athletes. Medicine & 
Science in Sports & Exercise 25: 237-244.
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Summary
Detraining can occur in several situations including 
complete cessation of weight training, decreased 
volume of weight training (e.g., during an in-sea-
son resistance training program), and long periods 
of no weight training or reduced volume of resis-
tance training (e.g., following the completion of 
an athletic career). The exact resistance, volume, 
and frequency of resistance training or the type 
of program needed to maintain training gains in 
a decreased resistance training situation, such as 
in-season, has not been determined. However, to 
maintain strength gains or slow strength losses 
during a detraining period, people should main-
tain the intensity but reduce the volume and fre-
quency of training. In many sports, especially those 
requiring high force or power, performance of and 
normal training for the sport maintain strength 
during the season. Likewise, in-season resistance 
training programs also maintain strength gains.
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After studying this chapter, you should be able to

1. understand the performance differences between men and women,

2. identify sex differences between men and women in upper- and lower-body strength from 
both a relative and absolute perspective,

3. understand sex differences related to hormonal function and responses to resistance 
exercise,

4. identify the key sex differences between men and women in muscle fiber morphology,

5. understand the effects of different resistance training programs for women,

6. understand the different phases of the menstrual cycle and factors related to menstrual 
dysfunction,

7. identify factors related to injury prevention in women and the role of resistance training, 
and

8. develop a resistance training program for women.

Physiological and Performance 
Differences Between Sexes

The sex differences between men and women are 
often obvious. Underscoring these differences is 
a fundamental fact of biology. The impact of tes-
tosterone on muscle cells during growth phases, 
along with the androgenic changes that occur in 
both boys and girls as they grow, lead to differ-
ences in physiological response and performance 
differences related to strength, power, and hyper-
trophy. Even at the highest level of competition 
in weightlifting and powerlifting, when matched 
for body weight classifications, men are stronger 
than women in lifting performance. However, the 
stimulus of resistance training to various aspects 
of physiology and performance is remarkably 
similar in both sexes; only the magnitude of the 
responses differs between them. Understanding 

Women and Resistance Training

9

Women of all ages have realized the benefits 
of resistance exercise and an overall active lifestyle. 
Resistance exercise is common among women, par-
ticularly those who are fitness enthusiasts, soldiers, 
and other tactical professionals (e.g., police officers 
and firefighters). Whether for health and fitness 
benefits or strength, power, and performance (or 
both), resistance training is a necessary component 
of a total conditioning program (see figure 9.1).

This chapter addresses an array of issues related 
to training for women. With few exceptions, 
women can perform almost identical programs as 
men because few major sex differences exist that 
affect resistance training program design. Women 
experience the same physiological acute and 
chronic responses to resistance training as men. In 
fact, from a health perspective, women may benefit 
more from resistance training because of its posi-
tive effects on bone health and osteoporosis risk. 
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these differences, which have been documented 
for decades, is important for designing resistance 
training programs for women.

Physical Activity Participation
As a result of social perceptions, sex stereotyping, 
and misconceptions regarding women and exer-
cise, many women have been hesitant to incor-
porate resistance training into their activities and 
have not been encouraged to do so. The fear of 
“getting big” still prompts many women to avoid 
heavy lifting, believing it is a “guy thing.” Because 
of this fear, many women use resistance training 
programs that are inferior to those used by men, 
even though we now know that the benefits of 
training cannot be achieved without heavy load-
ing. Moreover, women of all ages tend to be less 
physically active than men to this day despite sub-
stantial research evidence supporting the benefits 
of resistance training for women (discussed in the 

Training in Women section). Historically, more 
boys participate in sports than girls, and men have 
typically taken part in more vigorous exercise than 
women have (Barnekow-Bergkvist et al. 1996). In 
schoolchildren, 42% of boys meet the guideline 
of at least one hour of moderate-intensity physical 
activity a day, whereas only 11% of girls meet this 
guideline (Metcalf et al. 2008).

Whether we are making progress in the promo-
tion of physical activity in men and women, and 
in the promotion of resistance training in partic-
ular, is still not clear. Data from the U.S. Centers 
for Disease Control and Prevention (CDC) show 
that only 17.5% of American women and 20% 
of university-age women meet the aerobic and 
strength training recommendations of the CDC. 
Men do not show much more improvement; only 
23% of men and 37% of university-aged men have 
attained the CDC levels of fitness and participation 
in physical activity. One study found that 21% of 
American adults strength train at least two days a 
week, but differences exist based on sex, ethnic-
ity, marital status, level of education, and census 
region. In women, participation is lower as they 
get older, but here again, education level affects 
these percentages (Chevan 2008). Thus, although 
strength training may be more present in the public 
eye given all of the commercial fitness programs 
and infomercials today, participation could be 
much greater. Progress has been made, but exercise 
strength and conditioning professionals still have 
much work to do to increase resistance exercise 
participation in women of all ages.

Childhood levels of physical activity may have 
long-ranging effects on health, neurological devel-
opment, and performance later in life. More active 
children of both sexes display better metabolic 
composite scores (based on insulin resistance, 
triglycerides, blood pressure, and other measures), 
indicating that inactivity at a young age may place 
both sexes at a metabolic health disadvantage 
(Metcalf et al. 2008). Even in athletic populations 
at a young age (9-10 years), boys show greater 
isokinetic strength than girls (Buchanan and 
Vardaxis 2009). Furthermore, unlike boys, girls do 
not tend to show a clear pattern of strength gain 
with age; 12- and 13-year-old girls at times show 
less strength than 9- and 10-year-old girls. This 
disparity in physical activity may be the reason for 
compromised bone density, strength, and physical 
performance in women compared to men, clearly 
indicating the importance of resistance exercise 
for women. Women’s lower levels of exercise 

FiguRe 9.1 Women athletes, fitness enthusiasts, sol-
diers, and other tactical athletes all use advanced resis-
tance training programs to improve strength and power to 
enhance performance and prevent injury.
Courtesy of Dr. William J. Kraemer, Department of Kinesiology, University 
of Connecticut, Storrs, CT.
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participation than men’s appear to have serious 
repercussions for women’s lifelong health.

The rest of this section reviews the differences 
between women and men in a variety of param-
eters including strength, power, and muscle fiber 
makeup. It is important to note that the differences 
in activity levels starting from childhood, but also 
exposure to resistance training and equipment 
(e.g., health clubs, fitness clubs, YMCA/YWCA), 
may play various roles in many of the sex dif-
ferences discussed. Increases in physical exercise 
among women of all ages may decrease the gap 
between men and women in physical performance.

Differences in Muscle Fiber Size, 
Type, and Composition
Prior to describing the sex differences in physical 
performance parameters (strength and power) 
between men and women, it is important to under-
stand any underlying differences in muscle fibers. 
First, although men and women both possess the 
same types of muscle fibers, some of the profiles 
might be different in some comparisons. From one 
person to the next, muscle fiber characteristics can 
vary according to total muscle and muscle fiber 
cross-sectional area, number, type, and recruitment 
patterns. Fiber number and the percentage of type 
II and type I fibers do not appear to differ by sex; 

however, few studies have been done to verify this 
fact, which runs counter to anecdotal observations, 
embryonic cell cycle development, and changes 
with adolescence. Many of the differences that do 
exist in fiber morphology may be due to women 
being less physically active or not participating 
in any progressive resistance training programs 
consistently throughout life.

As might be expected, levels of characteristics 
of trained muscle, such as total muscle cross-sec-
tional area, muscle fiber size, and relative type II/
type I ratios, are lower in women. In a recent study, 
cross-sectional area (CSA) of type I and type II 
fibers were 10.4 and 18.7% smaller, respectively, 
in women than in men (Claflin et al. 2011). Fur-
ther, type II fibers from female subjects generated 
17.8% less force and 19.2% less power than those 
from male subjects, indicating an underlying 
difference in muscle form and function. Overall, 
women have smaller muscle fiber areas than men 
do (see figure 9.2). Given that the absolute size of 
the muscle dictates force and power production, 
these differences in muscle size will be pertinent 
when discussing performance (Patton et al. 1990).

Whether differences exist between men and 
women in the number of fibers in various mus-
cles is still not clear; differences may depend on 
the type of muscle and the type of comparison. 
However, anecdotal data suggest that women 

Men

I IIA IIX

4844 6174 5160

4084 3879

Cross-sectional area (µm2)

3116

Women

E4758/Fleck/fig9.2/460597/alw/r1

FiguRe 9.2 Graphic comparisons of physically fit (non-resistance-trained) women’s and men's cross-sectional area 
muscle fiber sizes (µm2) for the various muscle fiber types. Note the greater cross-sectional area of the men’s fibers 
compared to the women’s fibers and the size relationships among the fibers.
Data from Staron et al. 2000.
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have lower numbers of muscle fibers, especially in 
upper-body musculature. The number of muscle 
fibers in the average woman’s biceps brachii has 
been reported to be less than (Sale et al. 1987) or 
the same as (Miller et al. 1992) the average man’s. 
Female bodybuilders have been reported to have 
the same number of muscle fibers in the biceps 
brachii as male bodybuilders (Alway, Grumbt 
et al. 1989). Women’s tibialis anterior has been 
reported to have fewer muscle fibers than men’s 
(Henriksson-Larsen 1985), whereas women’s 
triceps brachii and vastus lateralis have the same 
number of muscle fibers as men’s (Schantz et al. 
1983, 1981). Thus, depending on the level of train-
ing and muscle comparison made, sex differences 
might exist in the number of muscle fibers in a 
given muscle; women have a lower number. Based 
on maturation characteristics during adolescence, 
women’s upper bodies do have lower numbers 
of muscle fibers than men’s, which is confirmed 
by the differences in upper-body strength perfor-
mances between men and women.

There is no consistent evidence that the per-
centage of type I to type II muscle fibers varies by 
sex because men and women have similar arrays 
of muscle fiber types (Drinkwater 1984; Staron 
et al. 2000). In one investigation, the untrained 
starting point for muscle fiber type in young 
men and women (approximately 21 years) was 
characterized (Staron et al. 2000). Using a biopsy 
analysis (see chapter 3) of the vastus lateralis of 55 
young women and 95 young men, the investiga-
tors conducted a histochemical analysis in which 
muscle fiber types I, Ic, IIc, IIa, IIax, and IIx and 
cross-sectional areas of I, IIa, and IIx fibers were 
measured. Myosin heavy chain content was also 
analyzed. Both men and women demonstrated 
fiber types of about 41% type I, 1% type Ic and IIc, 
31% IIa, 6% IIax, and 20% IIx. No differences in 
the percentages of fiber types were detected.

In the studies that have been done with biopsy 
measurements, women have smaller type II fibers 
than men do. In the investigation mentioned 
earlier, the cross-sectional area of all of the major 
fiber types was larger in men than in women. In 
men, the type IIa muscle fiber was the largest; in 
women, however, the type I fiber tended to be 
the largest, larger than IIa or IIx, indicating a lack 
of use of the type II motor units. Myosin heavy 
chain fiber type characterization followed the 
same pattern. Despite these differences, men and 
women both had a high percentage of IIx fibers, 
which convert to IIa and are not present after a 

heavy resistance training program (see chapter 
3). Women’s type I and II muscle fibers both have 
smaller cross-sectional areas than men’s do (Alway 
et al. 1992; Alway, Grumbt et al. 1989; Miller et al. 
1992; Ryushi et al. 1988; Staron et al. 2000), and 
the type II muscle fibers have a smaller cross-sec-
tional area relative to men than do the type I 
muscle fibers (Alway et al. 1992; Alway, Grumbt 
et al. 1989). For example, female bodybuilders’ 
average type I fiber cross-sectional area is 64% that 
of male bodybuilders, whereas their average type 
II fiber cross-sectional area is 46% that of male 
bodybuilders (Alway et al. 1992). 

Given that women have smaller type II muscle 
fibers than men do, it follows that the total area 
occupied in a muscle by type II muscle fiber types 
is far smaller in women. From the greatest area to 
smallest area of a muscle, the descending order of 
muscle fiber type area in males is type IIa, IIx, and 
I, whereas in females the order is type I, IIa, and IIx. 
This results in a smaller type II/type I muscle fiber 
area ratio in women and may explain their slower 
fatigue rate in some high-intensity types of exercise 
(Kanehisa et al. 1996; Pincivero et al. 2000). For 
example, fatigue rate during 50 consecutive isoki-
netic knee extension actions is significantly less 
(48 vs. 52%) in females than in males (Kanehisa 
et al. 1996). The smaller type II/type I muscle fiber 
area ratio in females than in males may result in 
reduced performance on strength and power tasks 
compared to men.

In summary, women may have lower numbers 
of fibers in some muscles; however, they do possess 
smaller cross-sectional areas in all muscle fibers 
compared to men, and the percentages are almost 
the same in similar group comparisons (e.g., 
untrained men and untrained women). However, 
women do have lower total muscle cross-sectional 
area and a lower type II/type I muscle fiber size 
ratio. These muscle attributes may make it difficult 
to compare men and women directly in terms of 
performance and will certainly result in perfor-
mance differences on an absolute basis. Ultimately, 
sex differences need to be placed into proper con-
text and are based on the groups compared and 
their similarities or lack thereof (e.g., untrained 
women vs. untrained men or trained women vs. 
untrained men).

Sex Absolute Strength Differences
Absolute strength refers to the maximal amount 
of strength or force (i.e., 1RM) generated in a 
movement or exercise without adjusting for height, 
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weight, or body composition. In general, the abso-
lute strength of women is lower than that of men, 
and although some changes appear to be closing 
the sex difference gap, this fact remains true for 
appropriate comparisons. A woman’s average max-
imal mean whole-body strength is 60.0 to 63.5% 
of the average man’s (Laubach 1976; Shephard 
2000a). A woman’s upper-body strength averages 
55% of a man’s, and her lower-body strength 
averages 72% of a man’s (Bishop, Cureton, and 
Collins 1987; Knapik et al. 1980; Laubach 1976; 
Sharp 1994; Wilmore et al. 1978). Strength ranges 
between normally active men and women show 
that men still have greater absolute strength than 
women (see figure 9.3). For example, differences 
are seen in the percentages of men's strength in 
single-joint (e.g., elbow flexion, shoulder exten-
sion, hip extension) and multijoint (e.g., bench 
press, squat, shoulder press) movements in both 
the upper and lower body. Additionally, the use 
of different types of maximal strength tests also 
contributes to these findings. For example, the knee 
extension strength of women (as determined by 
1RM on a machine) (Cureton et al. 1988), maxi-
mal isometric strength (Maughan et al. 1986), and 
concentric isokinetic peak torque at 150 degrees 
per second (Colliander and Tesch 1989) have 
been reported to be 50, 68, and 60% of men’s, 
respectively. Regardless of the measure, women’s 
absolute strength tends to be lower than men’s.

Although training may decrease the differences 
in absolute strength, it does not always do so. For 

example, women’s total-body, lower-body and 
upper-body strength have been reported to be 57.4, 
58.6, and 54.1%, respectively, of men’s (Lemmer et 
al. 2007). After both men and women participated 
in a 24-week resistance training program, women’s 
total-body strength increased to 63.4% of men’s, 
and lower-body strength increased to 67.3% of 
men’s (Lemmer et al. 2007). However, surprisingly, 
upper-body strength in women decreased slightly 
to 53.1% of men’s, which raises questions about 
the training program’s progression and effective-
ness.

The potential disparity in upper-body strength 
gains between women and men, as noted, may be 
due to women’s lower numbers of muscle fibers. In 
another study sex differences in maximal strength 
and large variations in these differences are still 
apparent in young male and female adults after 
24 weeks of weight training three days per week 
(Lemmer et al. 2001) (see table 9.1). However, 
when women perform a total-body periodized 
resistance training program for six months, three 
days per week, dramatic increases in upper-body 
bench press and squat strength (1RMs) and power 
(W) result suggesting the potential importance of 
using a periodized training program (Kraemer, 
Mazzetti et al. 2001). Thus, training may decrease 
the absolute gap in strength between men and 
women somewhat; however, absolute strength 
alone does not account for body size, and there-
fore may not be the best measure of strength when 
comparing men and women.

Relative Strength Differences
Measures of absolute strength may place women 
at a disadvantage compared to men in terms of 
body size, muscle mass, and starting fitness level. 
On average, adult women 20 years of age and older 
are shorter in height than men (162.2 ± 0.16 cm 
[63.9 ± 0.06 in.] compared to 176.3 ± 0.17 cm 
[69.4 ± 0.07 in.) and lighter in body mass (74.7 
± 0.53 kg [164.7 ± 1.17 lb] compared to 88.3 ± 
0.46 kg [194.7 ± 1.0 lb]) (McDowell 2008). Total 
body weight and fat-free mass may explain in part 
the sex differences in absolute strength. To account 
for differences in body size, investigators may use 
relative strength, which refers to absolute strength 
divided by, or expressed relative to, total body 
weight or fat-free mass.

We have known for quite some time that wom-
en’s strength is more equivalent to men’s when 
expressed relative to total body weight or fat-free 
mass. In a classic study, women’s 1RM bench 
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press was 37% that of men’s (Wilmore 1974). If 
expressed relative to total body weight and fat-free 
mass, women’s 1RM bench press was 46 and 55%, 
respectively, that of men’s. Similarly, women’s max-
imal isometric force in a leg press movement was 
73% that of men’s. However, if expressed relative 
to total body weight and fat-free mass, women’s 
isometric leg press strength was 92 and 106%, 
respectively, that of men’s. Similarly, women’s max-
imal absolute isokinetic bench press and leg press 
strength is 50 and 74% that of men’s, respectively 
(Hoffman, Stauffer, and Jackson 1979). When 
adjusted for height and fat-free mass, women’s 
bench press strength is 74% that of men’s, but 
women’s leg press strength is 104% that of men’s. 
Thus, relative measures of strength place women 
about equivalent to men in terms of lower-body 
strength but not upper-body strength.

Relative measures of eccentric to concentric 
strength also reveal differences between men and 
women. Eccentric isokinetic peak torque relative 
to fat-free mass may be more similar between 
the sexes than concentric isokinetic peak torque 
(Colliander and Tesch 1989; Shephard 2000a). 
Women’s concentric isokinetic peak torque relative 
to fat-free mass of the quadriceps and hamstrings 
at 60 degrees per second, 90 degrees per second, 
and 150 degrees per second averaged 81% of men’s 
(see table 9.2). Women’s eccentric isokinetic peak 
torque relative to fat-free mass at the same veloc-
ities averaged 93% of men’s. Interestingly, other 
research has indicated that women’s eccentric 
strength in relation to their concentric strength is 
greater than men’s (Hollander et al. 2007). The 
ratio of concentric to eccentric strength was found 
to be greater using dynamic resistance exercises, 

rather than the isokinetic exercises used in pre-
vious research. Furthermore, the ratios were even 
greater in upper-body exercises than in lower-body 
exercises.

It is possible that women store elastic energy 
to a greater extent than men do (Aura and Komi 
1986) or that women are not able to recruit as 
many of their motor units during concentric 
muscle actions as during eccentric muscle actions 
compared to their male counterparts. More recent 
research has agreed with this earlier explanation, 
and no new theories have been put forward in the 
scientific literature, which has not really provided 
any significant amount of data on this question.

In summary, women’s lower-body eccentric 
strength relative to fat-free mass is almost equal 
to men’s, whereas concentric strength is not. How-
ever, the ratio of eccentric to concentric strength 

TAble 9.1 Changes in 1RM Strength by Sex Before (Pre) and After (Post) Training
Men (n = 21) Women (n = 18)

Pre Post Pre Post

biceps curl 31.2 40.5† 15.0 22.2†

Chest press* 58.3 70.9† 30.7 37.5†

lat pull-down* 62.0 76.7† 31.7 39.5†

Shoulder press* 47.4 57.3† 29.0 31.6†

Triceps push-down* 65.9 88.0† 37.1 46.5†

Knee extension* 97.4 123.4† 58.0 73.2†

leg press 613.4 747.4† 385.6 513.5†

*The increase in strength was significantly influenced by sex.

†The exercise showed a significant increase in strength after 24 weeks of resistance training.

Data from lemmer et al. 2007.

TAble 9.2 Women’s and Men’s  
Quadriceps and Hamstrings eccentric 
and Concentric isokinetic Peak Torque 

Percentage of women’s strength 
to men’s relative to body mass

eccentric Concentric

Quadriceps

60 deg ∙ s–1 90 83

90 deg ∙ s–1 102 81

150 deg ∙ s–1 99 77

Hamstrings

60 deg ∙ s–1 84 84

90 deg ∙ s–1 90 80

150 deg ∙ s–1 92 81
Data from Colliander and Tesch 1989.
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may be greater in women than in men, and the 
measures may vary by modality.

Training may help to reduce or eliminate dif-
ferences in relative strength between men and 
women. For example, a recent study compared 
the relative strength of trained men and women 
both at baseline and after a 12-week nonlinear 
periodized strength training program. In accor-
dance with the earlier research, men were shown 
to have greater relative strength than women 
in upper-body exercises (bench press, shoulder 
press, lateral pull-down), but not in the squat 
exercise (Kell 2011). Interestingly, despite the fact 
that the men and women were already previously 
trained, women still showed less relative strength 
in upper-body exercises. However, after 12 weeks 
of a nonlinear periodized program, differences in 
relative strength in the bench press exercise were 
no longer observed. However, a difference in rel-

ative strength was still seen in the shoulder press 
and lateral pull-down exercises. This suggests that 
optimal strength training programs might be able 
to reduce the difference in relative strength seen 
between men and women, in some upper-body 
exercises.

One difficulty in comparing strength in men 
and women is the underlying differences in 
training status that may inevitably exist even in 
untrained or recreationally trained people. One 
comparison between men and women that may 
reduce this complication would be within the con-
text of highly trained people (see figure 9.4). For 
example, the 2011 world records in powerlifting of 
the International Powerlifting Federation for the 
114 lb (51.7 kg) body weight class for women were 
518.1 lb (235.0 kg) for the squat, 319.7 lb (145.0 
kg) for the bench press, and 446.4 lb (202.5 kg) 
for the deadlift. The men’s world records in the 

FiguRe 9.4 even elite female powerlifters show sex-related differences in relative and maximal strength compared to 
their male counterparts.
Photo courtesy of Dr. Disa l. Hatfield, University of Rhode Island, Kingston, RI.
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114 lb weight class were 662.5 lb (300.5 kg) for 
the squat, 402.3 lb (182.5 kg) for the bench press, 
and 573.2 lb (260 kg) for the deadlift. Thus, wom-
en’s world records for the squat, bench press, and 
deadlift were 78.2, 79.5, and 77.9% those of the 
men. Women naturally carry more body fat than 
men do, and thus a better relative measure may be 
lean body mass. With that said, even highly trained 
women are not as strong as highly strength-trained 
men when adjusted for body weight.

Generally, data indicate that women’s upper-
body strength is less than men’s in absolute terms 
and relative to either total body weight or fat-free 
mass. Women’s absolute lower-body strength is 
less than men’s, but may be equivalent relative to 
fat-free mass. Some of the discrepancies in the pre-
viously cited studies in strength expressed relative 
to fat-free mass may be related to fat-free mass dis-
tribution differences between the sexes. Generally, 
men do have a larger fat-free mass, and the greatest 
regional difference is in the upper body (Janssen 
et al. 2000). When strength is expressed relative to 
fat-free mass, women’s values are over-corrected for 
the lower body and under-corrected for the upper 
body. Thus, upper-body strength relative to fat-free 
mass will not be equivalent between the sexes, but 
lower-body strength relative to fat-free mass will 
be higher in females than in males. Therefore, 
lower-body strength appears comparable with 
relative strength measures, but the upper body 
does not appear as strong in women. It appears 
that relative measures of strength would benefit 
from some indication of the muscle mass in the 
specific area of interest, such as regional fat-free 
mass or muscle cross-sectional area.

Strength Relative to Muscle 
Cross-Sectional Area
Generally, men have a greater skeletal muscle 
mass than women do, and regional differences 
in skeletal muscle mass between the sexes are 
greatest in the upper body (Janssen et al. 2000; 
Nindl et al. 2000). The large variation is in total 
muscle mass, and its distribution in the body may 
account for much of the difference in strength by 
sex. The previous discussion of relative measures 
of strength, including body mass or fat-free body 
mass, is based on the idea that a person who is 
physically larger (more specifically, with more 
muscle mass) would be stronger. In other words, 
these measures are attempts to correct for muscle 

size or muscle cross-sectional area under the 
assumption that strength depends primarily on 
muscle mass. Indeed, strength relative to muscle 
cross-sectional area is significantly correlated to 
maximal strength (Castro et al. 1995; Miller et al. 
1992; Neder et al. 1999) (see figure 9.5). Thus, 
relative strength between the sexes may be best 
expressed relative to muscle cross-sectional area.

Over the years, research has clearly and repeat-
edly demonstrated that normalizing maximal 
strength (using relative equations per total body 
weight, fat-free mass, or muscle size) closes the 
gap between the differences of men and women, 
especially in the lower body (Kanehisa et al. 1994, 
1996). The percentage difference between men and 
women in concentric isokinetic knee extension 
torque (60 degrees per second) is gradually reduced 
when expressed in absolute terms (54% differ-
ence), relative to body weight (30% difference), 
relative to fat-free mass (13% difference), and 
relative to bone-free lean leg mass (7% difference). 
The difference between the sexes is statistically 
significant until peak torque is expressed relative 
to bone-free lean leg mass (Neder et al. 1999). In 
the upper arms (elbow flexor plus elbow extensor 
divided by total muscle cross-sectional area) and 
thighs (knee flexor plus knee extensor divided by 
total muscle cross-sectional area) of both trained 
and untrained people, maximal isometric force 
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FiguRe 9.5 elbow flexor strength is significantly cor-
related to the cross-sectional area of the elbow flexors (r 
= .95) in a group composed of both sexes.
Adapted, by permission, from A.e.J. Miller et al., 1992, “Gender differences 
in strength and muscle fiber characteristics,” European Journal of Applied 
Physiology 66: 254-264. © Springer-Verlag.
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shows a similar pattern when expressed in absolute 
terms, relative to body weight, relative to fat-free 
mass, and relative to muscle cross-sectional area 
(see table 9.3). Women’s 1RM knee extension and 
elbow flexion have been reported to be 80 and 
70%, respectively, of men’s when expressed rela-
tive to fat-free mass (Miller et al. 1992). However, 
when expressed relative to muscle cross-sectional 
area, no significant difference is demonstrated 
between the sexes (Miller et al. 1992). Thus, muscle 
cross-sectional area may account for most of the 
difference in strength between men and women.

Some investigations have demonstrated sex 
differences in strength despite its being expressed 
relative to cross-sectional area. These investigations 
demonstrated significant percent differences in 
muscle cross-sectional area, either in young adults 
(6% greater in men) or competitive bodybuild-
ers (10% greater in men) (Alway, Grumbt et al. 
1989; Kent-Braun, Ng, and Young 2000). Both 
studies showed a significant relationship between 
maximal force and muscle size, but the strength 
differences between the sexes could not be entirely 
accounted for by muscle cross-sectional area alone. 
The differences could be related to lower integrated 
electromyographic activity during maximal vol-
untary muscle actions in women, longer electri-
cal-mechanical delay time, or both (Kanehisa et 
al. 1994). It is possible that the method of deter-
mining muscle cross-sectional area affected the 
results, because these studies used ultrasound to 
determine muscle cross-sectional area. Regardless, 
any difference in maximal force relative to muscle 
size is unlikely to be related to noncontractile 
tissue within a muscle, because no significant dif-
ferences in noncontractile tissue between the sexes 
have been observed. Thus, in some investigations, 
women have displayed lower strength relative to 

muscle cross-sectional area than men. Again, this 
area of research begs for more attention.

Sex Differences in Power Output
Sex differences are also seen in power output, a 
major determinant of success in many sports and 
activities. In terms of the Olympic-type lifts, power 
capability plays a crucial role in performance. The 
untrained woman’s average in the clean high pull is 
54% of the average man’s, whereas after 24 weeks 
of weight training, the average woman’s high pull 
increases to 66% of the average untrained man’s 
(Kraemer et al. 2002). As of 2012, the world records 
for Olympic weightlifting in the 63 kg (138.9 lb) 
weight class for women were 143 kg (315.3 lb) in 
the clean and jerk and 117 kg (257.9 lb) in the 
snatch, whereas for men in the 62 kg (136.7 lb) 
weight class the records were 182 kg (401.2 lb) in 
the clean and jerk and 153 kg (337.3 lb) in the 
snatch. The women’s world records were 79 and 
76% of the men’s in the clean and jerk and snatch 
lift, respectively. Thus, in the competitive world 
of weightlifting, women seem to be achieving a 
higher percentage of men’s performances. How-
ever, a woman’s maximal performance in Olym-
pic-type lifts, although impressive, is less than that 
of her male counterparts in absolute terms as well 
as relative to total body weight.

Power output during jumping tasks appears to 
differ between men and women if not corrected 
for relative fat-free mass. The average woman has 
been reported to have 54 to 79% of the maximal 
vertical jump and 75% of the maximal standing 
long jump of the average man (Colliander and 
Tesch 1990b; Davies, Greenwood, and Jones 1988; 
Maud and Shultz 1986; Mayhew and Salm 1990). 
Even in American Division I volleyball players, 
men have been shown to have a 48% higher 

TAble 9.3 Relationship of Maximal isokinetic Torque at 30 Degrees per Second  
Relative to Body Weight, Lean Body Mass, and Muscle Cross-Sectional Area

Absolute torque Torque/BW Torque/FFM Torque/CSA

elbow 
flexors

Knee 
flexors

elbow 
flexors

Knee 
flexors

elbow 
flexors

Knee 
flexors

elbow 
flexors

Knee 
flexors

Untrained females (% of males) 52 73 68 97 74 105 95 101

Trained females (% of males) 66 79 84 102 92 112 98 98

bW = body weight; FFM = free-fat mass; CSA = cross-sectional area.

Data from Castro et al. 1995.
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vertical jump than women (McCann and Flana-
gan 2010), suggesting that even in highly trained 
athletes a substantial discrepancy is still seen in 
maximal power. The power generated by women 
during the standing long jump per unit of lean 
leg volume is significantly less than that generated 
by men (Davies, Greenwood, and Jones 1988). 
If fat-free mass is accounted for, women’s short-
sprint running and maximal stair-climbing ability 
(Margaria-Kalamen test) are 77% and 84 to 87%, 
respectively, of men’s (Maud and Shultz 1986; 
Mayhew and Salm 1990). However, vertical jump 
ability when expressed relative to fat-free mass 
shows only small (0-5.5%) differences between 
the sexes (Maud and Shultz 1986; Mayhew and 
Salm 1990). Thus, sex differences in power output 
during jumping tasks, as discussed, may be greatly 
diminished with the use of relative corrections of 
the absolute values.

Relative tests of lower-body power output using 
the Wingate cycling test have shown mixed results 
in terms of whether men are more powerful than 
women. Cycling short-sprint ability (30-second 
Wingate test) is not significantly different (2.5% 
difference) between the sexes if expressed rela-
tive to fat-free mass (Maud and Shultz 1986). A 
strong correlation (r = .73) between mean power 
assessed by the Wingate test and overall fat-free 
mass in elite male and female wrestlers has been 
observed (Vardar et al. 2007). These data indi-
cate, as expected, that greater amounts of fat-free 
mass would be associated with enhanced power 
performances and that men, because they have 
greater fat-free mass than women, would have 
greater power. However, the study was not able to 
normalize power by fat-free mass because of the 
small study population. In a much larger subject 
population of 1,585 Division I college athletes, 
men averaged 11.65 (W 3 kg–1) relative peak 
power, whereas women averaged 9.59 (W 3 kg–1) 
(Zupan et al. 2009), showing a large sex difference 
and contradicting the findings of the earlier study 
(Maud and Shultz 1986). Thus, although results 
from Wingate tests have been mixed, men appear 
to have higher lower-body power output than 
women in one large investigation.

Women have lower isokinetic power than men 
except when expressed in terms of relative power. 
Women’s concentric isokinetic knee extension 
power (300 degrees per second) when expressed 
in absolute terms, relative to body weight, relative 
to fat-free mass, and relative to bone-free lean leg 

mass is 62, 34, 18, and 13% lower than men’s, 
respectively (Neder et al. 1999). This difference is 
statistically significant until expressed relative to 
bone-free lean leg mass. Corrections for relative 
muscle size may eliminate sex differences in isoki-
netic power. One factor that may affect isokinetic 
power is how long it takes to reach peak velocity. 
Brown and colleagues (1998) reported that during 
isokinetic knee extension, women require a greater 
portion of the range of motion than men to achieve 
maximal velocity.

The absolute maximal power output also shows 
some subtle sex differences when examined as a 
percentage of 1RM in men and women soccer 
athletes (Thomas et al. 2007). In the bench press 
men showed the highest maximal power output 
at 30% of 1RM, whereas in women the maximal 
power output was no different between 30 and 
50% of 1RM. In the squat jump exercise, maximal 
power occurred at a larger percentage range of 1RM 
for women (30-50% of 1RM squat) than men (30-
40% of 1RM squat). However, in the hang pull 
exercise, no sex differences were seen. A number of 
factors could account for this difference, including 
training status or absolute strength. Regardless, it 
appears that women may produce peak power at a 
higher percentage of 1RM, therefore making power 
output appear relatively lower compared to men 
when using a low percentage of 1RM.

Although these data are not consistent, the 
rationale as to why women may generate less 
power per unit volume of muscle is often raised. 
Nevertheless, the amount of directed research on 
this question is limited. Power at faster velocities 
of movement would be affected if women’s force–
velocity curve were different from men’s. However, 
it appears that the drop-off in force as the concen-
tric velocity of movement increases is similar in 
both sexes (Alway, Sale, and MacDougall 1990; 
Griffin et al. 1993) and that peak velocity during 
knee extension is not different between the sexes 
(Houston, Norman, and Froese 1988). Skeletal 
muscle rate of force development is slower for the 
average woman than for the average man (Komi 
and Karlsson 1978; Ryushi et al. 1988), but that 
is itself a measure of power, not an answer to the 
primary question. As previously described, differ-
ences in the type II/type I fiber area ratio likely 
produce differences in power between the sexes. 
This disparity may also be related to neural dif-
ferences between the sexes that affect muscle fiber 
recruitment, some of which could be attributed 
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to decreased activation through physical activity 
in childhood.

Women appear to produce less power than men 
on a relative basis in Olympic lifts and Wingate 
tests, but not in all jumping or isokinetic tasks. As 
discussed in the earlier section Relative Strength 
Differences, normalizing by fat-free mass tends 
to overcorrect for the lower-body measures. This 
means that relative to total fat-free mass, a nor-
malized measure for lower-body power would be 
higher in females than in males; despite this, dif-
ferences in power were seen in some measures. It is 
apparent, however, that the appropriate correction 
must be made, and the closer the correction is to 
muscle fiber cross-sectional area (which does not 
overcorrect in this manner), the more likely signifi-
cant differences between the sexes will be observed. 
In addition, other factors such as the percentage of 
1RM that power is tested at or the range of motion 
permitted may have a large impact on differences 
seen. Thus, similar to maximal strength, differences 
in muscle size may account for differences in max-
imal power output between the sexes.

Pennation Angle
Muscle fiber pennation angle and length are 
associated with muscle fiber force and velocity 
shortening capabilities. Pennation angle  refers 
to the angle of the muscle fiber’s direction of pull 
relative to the direction of pull of the entire muscle 
or the direction of pull needed to produce move-
ment at a joint (see chapter 3 and figure 3.13). 
Larger pennation angles may permit a greater 
degree of muscle fiber packing, which results in 
a greater force exerted on a tendon for the same 
muscle volume. Ultrasonography revealed larger 
pennation angles in males than in females, but the 
difference varied by muscle group. For example, 
male and female pennation angles were as follows: 
in the tibialis anterior, 9.4 and 8.7 degrees; in the 
lateral gastrocnemius, 14.1 and 11.8 degrees; in the 
medial gastrocnemius, 18.6 and 15.8 degrees; and 
in the soleus, 20.0 and 15.2 degrees, respectively, in 
males and females (Manal, Roberts, and Buchanan 
2008). Unfortunately, statistical significance was 
not reported. These differences also appeared to 
increase as the subjects reached maximal voluntary 
contraction.

Sex differences have also been observed in 
vertical jump performance in volleyball players, 
which have been explained by differences in 
muscle morphology. Muscle architecture of the 

vastus lateralis, gastrocnemius medialis, and 
gastrocnemius lateralis were analyzed at rest by 
ultrasonography. The investigator reported sig-
nificant relationships between the vastus lateralis 
muscle size and jump performance (r = .49-.50), 
and nonlinear relationships between muscle size 
parameters and pennation angles (R2 = .67-.77) 
(Alegre et al. 2009). Again, more study is needed 
for gaining a more definitive understanding of 
the role of muscle fiber pennation angles on sex 
differences in performances.

In terms of muscle fiber length, longer muscle 
fibers have more sarcomeres arranged in series, 
thus permitting greater muscle excursion and con-
traction velocity. Only a few studies have examined 
the effect of sex on this muscle fiber characteristic. 
In the gastrocnemius (medialis and lateralis) and 
soleus muscles, females are reported to have greater 
average muscle fiber length and greater variation 
in fiber length (Chow et al. 2000), whereas males 
have greater pennation angles in these same mus-
cles. Conversely, no significant sex differences 
have been reported in fascicle length of the triceps 
(long head), vastus lateralis, and gastrocnemius 
(medialis) (Abe et al. 1998), although another 
study has reported women to have longer fascicle 
lengths in the vastus lateralis (Kubo et al. 2003). 
Pennation angle in these same muscles, however, 
is greater in males. Muscle thickness also appears 
to be significantly greater in men than in women 
(Kubo et al. 2003).

Significant positive correlations have been 
shown between pennation angle and muscle 
thickness (pennation angle increases as muscle 
thickness increases) (Abe et al. 1998; Ichinose et 
al. 1998). The greater muscle thickness in males 
(Abe et al. 1998; Chow et al. 2000) may account 
for their greater pennation angle. Because relatively 
few studies have examined these characteristics, 
no firm conclusions concerning sex differences in 
muscle fiber length and pennation angles can be 
reached. However, regardless of sex, increases in 
muscle size as a result of resistance training would 
likely result in increases in pennation angle.

Training in Women
The debate as to whether women can benefit 
from resistance training appears to have pretty 
much disappeared in the scientific community. 
More attention has been placed on the type of 
programs that are most effective (Kraemer 1993, 
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2005; Marx et al. 2001; Nichols 2007; Schuenke 
et al. 2012; Staron 1989). At present research has 
demonstrated only positive benefits of a properly 
designed and implemented program for women, 
as for men. Women experience significant strength 
gains, muscle fiber–type conversions (Kraemer 
1993, 2005; Staron 1989), and increases in bone 
mineral density (Nichols 2007) from properly 
designed resistance training programs. Research to 
date indicates that resistance training is generally 
at least as beneficial for women as for men, if not 
more so, because relative gains may be greater as a 
result of a greater window of potential adaptation.

Strength gains
When performing the identical resistance training 
program as men, women generally gain strength 
at the same rate as, or faster than, men (Cureton 
et al. 1988; Lemmer et al. 2000, 2007; Wilmore 
1974; Wilmore et al. 1978). Over the course of a 
24-week (see figure 9.6) and a 16-week (see figure 
9.7) resistance training program, women generally 
gained strength at a rate equal to or greater than 
that of men. Men may demonstrate greater abso-
lute increases in strength than women, but women 
generally demonstrate the same or greater relative 
increases as men. After 24 weeks of resistance train-
ing, both younger (20-30 years) and older (65-75 
years) women were able to improve strength in 
the upper and lower body as measured by 1RM. 
In comparison with men, there was no difference 

in the overall gain in strength in the lower body 
when the results from the leg extension, leg curl, 
and leg press tests were combined. However, 
upper-body strength gains seen in the chest press, 
lateral pull-down, shoulder press, and triceps 
push-down were significantly lower in the women 
than in the men (Lemmer et al. 2007). Despite the 
substantial increases in maximal strength appar-
ent in women with training, the average woman’s 
maximal strength (1RM back squat, bench press, 
clean high pull) is still significantly lower than 
the average untrained man’s after six months of 
resistance training (Kraemer, Mazzetti et al. 2001).

It has been proposed that women’s strength 
gains may plateau after three to five months of 
training and may not progress as quickly as men’s 
after this point (Häkkinen 1993; Häkkinen et al. 
1989). When apparent, such a plateau may be 
related to the type of training program performed. 
Periodized multiple-set programs performed by 
women have not shown plateaus in strength, 
power, and body composition during six to nine 
months of training (Kraemer et al. 2000; Kraemer, 
Mazzetti et al. 2001; Marx et al. 2001), whereas 
nonvaried single-set programs have shown pla-
teaus in strength, power, and body composition 
after three to four months of training (Kraemer et 
al. 2000; Marx et al. 2001). This indicates that, as 
in men, either periodized programs or higher-vol-
ume programs may help women avoid training 
plateaus. Thus, one important chronic training 
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requirement for women as well as men would 
be the use of periodization to optimize intensity, 
volume, and recovery over long-term training 
programs.

Hypertrophy
Some women do not perform heavy resistance 
training because they believe their muscles will 
hypertrophy excessively and that they may look 
less feminine. This type of fear can limit the use of 
heavy weights and thereby limit collateral health 
benefits such as bone and tendon development 
and other connective tissue adaptations, physical 
function, and performance. Heavy loading must be 
included in a training program to recruit the entire 
motor unit pool. Although hypertrophy of type I 
and two major type II (types IIa and IIx) muscle 
fibers can occur in women performing resistance 
training (Staron et al. 1989, 1991), the average 
woman’s muscles do not hypertrophy excessively 
most of the time, apparently because of a low 
number of muscle fibers.

Women do hypertrophy from properly designed 
resistance training programs that use moderate to 
heavy loading (e.g., 10RM and lower RM zones). 
Light weight, however, results in limited changes 
in muscle fiber hypertrophy. This was demon-
strated in a study of untrained women in their 
20s that implemented different loading schemes 
in a lower-body resistance training program that 
used leg press, squat, and knee extension exercises 

(Schuenke et al. 2012). With resistance training 
zones of 6- to 10RM and 20- to 30RM performed 
two days a week for the first week and three days a 
week for the next five weeks, only the 6- to 10RM 
zone produced hypertrophy of the type I and II 
muscle fibers. This showed that even in the early 
phase of training, heavier resistances result in more 
dramatic changes in muscle fiber hypertrophy. The 
lighter resistance training group did not result in 
any changes in muscle fiber hypertrophy. Too often 
in today’s fitness world, light weights and high rep-
etitions are promoted, again playing on women’s 
fears of becoming too muscular. This limits the 
benefits gained from the programs.

Men and women had their isometric and 
dynamic elbow flexor strength and biceps brachii 
cross-sectional area (CSA) measured via MRI 
before and after 12 weeks of progressive, DCER 
training. As a result of resistance training, men 
gained significantly more absolute biceps brachii 
CSA (4.2 ± 0.1 cm2 vs. 2.4 ± 0.1 cm2 in women), 
and they had significantly greater relative gains in 
biceps brachii CSA (20.4 ± 0.6 vs. 17.9 ± 0.5%). 
Although men had greater absolute gains in 1RM 
elbow flexor strength (4.3 ± 0.1 kg [9.5 ± 0.2 lb] 
vs. 3.6 ± 0.1 kg [7.9 ± 0.2 lb]), the women had 
significantly greater relative gains in 1RM strength 
(64.1 ± 2.0 vs. 39.8 ± 1.4%). Similarly, men had 
greater absolute gains in isometric strength but 
significantly lower gains in relative isometric 
strength (9.5 ± 0.6 kg [20.9 ± 1.3 lb] vs. 6.1 ± 0.3 
kg [13.4 ± 0.7 lb] and 22.0 ± 1.1 vs. 15.8 ± 1.1%, 
respectively).

Women generally experience small yet sig-
nificant increases in muscle size as indicated by 
increases in limb circumference in upper-arm 
and thigh muscle musculature after six months 
of weight training (Kraemer et al. 2002; Nindl 
et al. 2000). Starting from an untrained status, 
women see the largest gains in the arms com-
pared to the thighs when using MRI analyses of 
the cross-sectional areas of muscle (Kraemer et 
al. 2004). Although many women worry about 
circumference measurements, the largest increase 
in various body circumferences in women after 10 
weeks (Wilmore 1974), 12 weeks (Boyer 1990), or 
20 weeks (Staron et al. 1991) of resistance training 
was 0.6, 0.4, and 0.6 cm (0.2, 0.16, and 0.2 in.), 
respectively. After a six-month resistance training 
program, a group of female athletes exhibited 
increases of 3.5, 1.1, and 0.9 cm (1.4, 0.4, and 
0.35 in.) (5, 4, and 2%) in shoulder, upper-arm, 
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and thigh circumferences, respectively (Brown and 
Wilmore 1974). Larger-than-average increases in 
fat-free mass and limb circumferences in some 
women are probably related to other factors such 
as genetic disposition, number of muscle fibers, 
or higher circulating concentrations of adrenal 
androgens. With the 10-week program hip, thigh, 
and abdomen circumferences actually decreased 
0.2 to 0.7 cm (0.08 to 0.3 in.). During three dif-
ferent 12-week programs, abdomen circumference 
decreased 0.2 to 1.1 cm (0.08 to 0.4 in) (Boyer 
1990). The finding that resistance training in 
women results in no change or small changes in 
body circumferences is supported by other studies 
(Capen, Bright, and Line 1961; Häkkinen et al. 
1989; Staron et al. 1994; Wells, Jokl, and Bohanen 
1973). Given that muscle takes up less room than 
fat, studies really show women becoming leaner 
rather than larger (i.e., more muscular). Thus, 
women are not at risk of excessive hypertrophy, 
as indicated by limb circumference changes, with 
properly designed progressive heavy resistance 
training programs.

One outcome of large gains in muscle hyper-
trophy can be increased body circumferences. 
However, body circumferences may not change 

because of decreases in adipose tissue in the limb 
or body part, which conceals any circumference 
increase due to increased muscle mass (Mayhew 
and Gross 1974). Because muscle tissue is denser 
than adipose tissue, an increase in muscle mass 
accompanied by a decrease in adipose tissue 
equaling the gain in muscle mass will result in a 
slight decrease in body circumferences. The 10-, 
12-, and 16-week training studies discussed earlier 
all demonstrated decreases in skinfold thickness, 
indicating a decrease in subcutaneous fat. There 
may, however, be regional body differences in 
the ability to lose adipose tissue and gain muscle 
mass (Fleck, Mattie, and Martensen 2006; Nindl 
et al. 2000). For example, after six months of a 
periodized weight training program and endurance 
training, women showed a significant loss in fat 
mass but no change in lean mass in the arms and 
trunk. This resulted in a reduction in arm and trunk 
circumferences.

Using linear periodization over a six-month 
period of training resulted in significantly greater 
increases in the cross-sectional area of the arms 
than of the thighs in women; magnetic resonance 
image analysis (MRI) was used in this study (Krae-
mer et al. 2004) (see figure 9.8). Furthermore, with 
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the use of the 8- to 3RM sequence of loading, more 
of the muscles of the thigh saw individual increases 
in cross-sectional area. Obviously, as a result of 
the lack of prior arm training of any significant 
amount in the non-resistance-trained women, the 
arm musculature made dramatic increases because 
of the larger window of adaptational potential. 
The lack of increases or even small decreases in 
body circumferences are encouraging for women 
who want increased strength and the fit-firm 
look of trained muscle without increased body 
circumferences.

Men and women display similar relative 
changes in hypertrophy with resistance exercise. 
Increased muscle cross-sectional area (determined 
by computerized tomography) after isometric 
training (Davies, Greenwood, and Jones 1988) and 
after dynamic constant external resistance training 
(Cureton et al. 1988; O’Hagan et al. 1995b) show 
the same relative increases in both sexes. After 
eight weeks of resistance training, all fiber types 
in both sexes showed similar gradual increases 
in cross-sectional area, although these were not 
statistically significant (Staron et al. 1994). This 
information indicates that changes in both whole 
muscle and fiber cross-sectional area during an 
initial short-term training period are similar 
between the sexes. When a focused short-term 
(six to eight weeks) resistance training program 
is implemented in untrained men and women, 
dramatic increases are seen with moderate and 
heavy (3- to 11RM) resistance training programs 
in all muscle fiber cross-sectional areas but not 
when using very light weights (>20RM) (Campos 
et al. 2002; Schuenke et al 2012). One difference 
between the sexes is that the transformation of 
myosin heavy chains from type IIx to type IIab 
to type IIa takes place at a faster rate in women 
than in men (Staron et al. 1994). As discussed 
in the previous section, the cross-sectional area 
of type II muscle fibers of untrained women is 
less than that of men (Alway et al. 1992; Alway, 
Grumbt et al. 1989). This difference in untrained 
muscle fiber cross-sectional area between the sexes 
may result in a greater potential for type II fiber 
hypertrophy in women. Such a tendency has been 
shown in women performing weight training for 
the lower body (Staron et al. 1994); they demon-
strated muscle fiber hypertrophy (vastus lateralis) 
of 25, 23, and 11% in types IIa, IIx, and I fibers, 
respectively. Men demonstrated a less dramatic 

difference in fiber type hypertrophy of 19, 20, and 
17% in types IIa, IIx, and I fiber types, respectively, 
after performing the identical resistance training 
program (Staron et al. 1994). However, relative 
increases in type II fiber cross-sectional area in the 
upper body (biceps) appear to be similar between 
the sexes (O’Hagan 1995b). Thus, some differences 
between the sexes may exist in the hypertrophy 
response of muscle fibers to various resistance 
training programs.

Peak Oxygen Consumption

Women’s relative peak oxygen consumption (mL ∙ 
kg–1 . min–1) increases 8% on average as a result of 
8 to 20 weeks of circuit weight training, and men’s 
increases an average of 5% over the same time 
period (Gettman and Pollock 1981). The average 
woman’s cardiorespiratory endurance capabilities 
therefore increase more than those of the average 
man after circuit weight training. The reason wom-
en’s peak oxygen consumption increases more 
than men’s is unclear, but it may be related to the 
average man’s higher cardiorespiratory fitness level 
before beginning a circuit weight training program. 
Surprisingly, despite previous studies showing 
women having a more favorable response to cir-
cuit weight training, recent findings indicate that 
men have higher acute responses in absolute and 
relative oxygen uptake, systolic blood pressure, and 
respiratory exchange ratio when compared with 
women (Ortego et al. 2009). However, the higher 
acute responses are not entirely clear at this time 
and do not necessarily indicate that this difference 
between the sexes affects long-term adaptations.

Women can realize even greater gains in relative 
peak oxygen consumption (V

.
O

2peak) if they per-
form an aerobic circuit weight training program, 
which consists of resistance training exercises 
interspersed with short periods of aerobic training. 
This type of program, when performed using five 
groups of five resistance and callisthenic exercises 
separated by five 3-minute periods of aerobic 
exercise, results in a 22% increase in peak oxygen 
consumption in previously untrained women 
over 12 weeks of training (Mosher et al. 1994). 
Care must be taken not to use it as the only type 
of workout in a training program, though, because 
circuit training has limitations in addressing other 
neuromuscular training goals due to the exclusive 
use of lighter weights. Also, if done too frequently 
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as a type of “extreme metabolic” training without 
recovery days, overreaching syndromes may occur 
(Bergeron et al. 2011).

Body Composition
Body composition changes are a goal of many 
women and men performing resistance training. 
Increases in fat-free mass and decreases in percent 
body fat from short-term (8 to 20 weeks) resistance 
training programs are of the same magnitude in 
both sexes. Men and women performing identical 
short-term weight training programs have both 
shown significant decreases in percent body fat 
with no significant difference shown between the 
sexes (Staron et al. 2000). It has also been reported 
that both sexes show a significant increase in fat-
free mass and no change in percent body fat when 
performing the identical weight training program 
for 24 weeks (Lemmer et al. 2001). In this study 
only men showed a significant reduction in fat 
mass, indicating that women may have a more 
difficult time losing body fat during resistance 
training.

Body composition changes in various regions of 
the body after training may also be an important 
consideration in women (Nindl et al. 2000). After 
six months of performing a periodized weight 
training program and endurance training exercise, 
women showed a 31% loss in fat mass with no 
change in lean mass in the arms. They also showed 
a 5.5% gain in lean mass in the legs, but no change 
in fat mass. These results indicate that women may 
have more difficulty increasing lean mass in the 
upper body than in the lower body. However, other 
data dramatically contradict this assertion. After 
performing several weight training programs for six 
months, untrained women demonstrated upper-
arm muscle cross-sectional area increases from 
approximately 15 to 19% and increases in thigh 
muscle cross-sectional area from approximately 5 
to 9% (Kraemer et al. 2004). This indicates that 
the upper-arm musculature undergoes greater 
hypertrophy than the thigh (again, see figure 9.8).

This conclusion is supported by another report 
of increased lean tissue in the upper but not 
lower bodies of women performing 14 weeks of 
resistance training (Fleck, Mattie, and Martensen 
2006). This suggests the possibility of large gains 
in the upper body in women who may not expose 
their arms to the same intensity of recruitment 
as their lower body musculature in everyday and 
recreational activities. Thus, the need for resistance 
training may even be greater to reduce the dramatic 

loss of muscle in women’s upper bodies that occurs 
with aging (see chapter 11).

Women’s Hormonal Responses 
to Resistance Training

The acute and chronic hormonal responses to 
resistance training affects the anabolic/catabolic 
environment to which muscle tissue is exposed. 
This is true for both sexes and may partly explain 
gains in muscle size and strength from resistance 
training. When interpreting a woman’s hormonal 
response to training, the potential effects of the 
menstrual cycle must be considered, because 
hormone concentrations can fluctuate depending 
on the phase of the menstrual cycle. It must also 
be remembered that a low concentration of a 
hormone does not necessarily mean that the hor-
mone does not have an active role in controlling a 
bodily function or process, such as tissue growth. 
Hormones at low concentrations may still affect a 
bodily function as a result of increased interaction 
with receptors, higher rates of use, or both. The 
possible effect of a low hormone concentration is 
discussed in box 9.1.

Testosterone
At rest, men normally have 10 to 40 times more 
testosterone in circulation than women do (Krae-
mer et al. 1991; Vingren et al. 2010; Wright 1980). 
This may account in part for the larger muscle mass 
of men compared to women because testosterone 
affects the developmental cell cycle, is an acute 
signal to make protein, and interacts with a variety 
of cell-signaling processes including the activation 
of satellite cells and neurons. However, as noted 
in chapter 3, testosterone responses to resistance 
exercise depend on several factors, including the 
amount of muscle mass activated and the manipu-
lation of the acute program variables—specifically, 
intensity and the volume of the exercise protocol 
(Fragala et al. 2011a; Kraemer et al. 1991).

Even though the resting testosterone concen-
trations of women are low compared to those of 
men, small changes in its concentration may affect 
muscle tissue growth. Women’s serum testoster-
one has been reported to increase significantly 
in response to one session of resistance training 
(Cumming et al. 1987; Nindl, Kraemer, Gotshalk 
et al. 2001). However, acute testosterone increases 
in women in response to one training session 
are variable and low compared to those of men 
(see figure 9.9) (Fragala et al. 2011a; Kraemer et 
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al. 1991; Kraemer, Fleck et al. 1993; Nindl, Krae-
mer, Gotshalk et al. 2001). In the study depicted 
in figure 9.9, the testosterone concentration of 
women was not affected by the exercise session of 
three sets of 10RM with one minute rest. In com-
parison, men’s serum testosterone concentrations 
consistently increased in response to the identical 
resistance training session. Although most stud-
ies in women have demonstrated no significant 
increases in testosterone in response to resistance 
exercise, interestingly, some studies have reported 
transient and significant elevations in testosterone 
in response to resistance exercise (Nindl, Kraemer, 
Gotshalk et al. 2001).

Further research is required to determine the 
underlying factors contributing to this difference 
in hormonal response in women and the combi-
nation of acute exercise variables that stimulate 
a change in testosterone response. However, it 
is obvious that despite the lower response to the 
acute resistance exercise stress, women’s androgen 
receptors show a similar response pattern and 
interactions with testosterone as men’s, demon-
strating an active interface with testosterone sig-
naling in women (Vingren et al. 2009).

box 9.1 ReSeARCH

The Anabolic environment for Muscle Hypertrophy in Women
Hormonal responses to resistance training in men and women are varied. One of the most pro-
found differences between the sexes is in the anabolic hormone testosterone. Women have 20 to 
40 times lower concentrations than men of this so-called male hormone. In men, testosterone is 
an important hormone that signals anabolic processes in a host of target cells and tissues includ-
ing skeletal muscle (Vingren et al. 2010). Circulating concentrations of testosterone are known to 
increase significantly in men in response to resistance exercise or, for that matter, exercise stress in 
general. It is important to emphasize here that only activated muscle fibers experience androgen 
receptor upregulation and subsequent testosterone signaling that eventually interacts with the cell’s 
DNA. Thus, the signal for testosterone in response to stress is only realized when a receptor binds 
to the hormone to create the start of a signal cascade. Interestingly, although aerobic exercise can 
increase testosterone in both men and women, the type I motor units used to perform such oxida-
tive submaximal aerobic exercise cause the associated fibers to downregulate the androgen receptor 
and binding, along with subsequent signaling, does not occur. This demonstrates a difference in 
aerobic and resistance exercise in terms of growth stimulus for both sexes.

Women have a dramatically attenuated testosterone response to acute resistance exercise, yet 
interestingly enough, a woman’s androgen receptors upregulate in response to these small changes 
in hormone with acute resistance exercise. Despite lower testosterone levels, women do experience 
increases in muscle cross-sectional area as a result of resistance exercise. Interestingly, research has 
shown that in women, growth hormones and insulin-like growth factor (IGF)-I appear to compen-
sate for the attenuated testosterone response to signal muscle tissue growth and therefore may play 
a more central role in muscle hypertrophy than they do in men.

Vingren, J.L., Kraemer, W.J., Ratamess, N.A., Anderson, J.M., Volek, J.S., and Maresh, C.M. 2010. Testosterone physiology in 
resistance exercise and training: The up-stream regulatory elements. Sports Medicine 40: 1037-1053.
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FiguRe 9.9 Serum testosterone concentrations in men 
and women caused by performing the same resistance 
training session of three sets of eight exercises at 10RM 
with one-minute rests between sets and exercises.

* = significantly different from preexercise value of same sex; + 
= significantly different from female value at the same time point.

Adapted, by permission, from W.J. Kraemer et al., 1991, “endogenous ana-
bolic hormonal and growth factor responses to heavy resistance exercise 
in males and females,” International Journal of Sports Medicine 12: 231.
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Another known factor affecting resistance 
training–induced elevations is the time of day at 
which training occurs. It appears that men expe-
rience greater testosterone spikes when resistance 
training occurs later in the day. This may be due 
to higher resting concentrations at other times of 
the day, which may not allow dramatic spikes in 
circulating or saliva concentrations. This effect in 
the saliva has been observed in a weightlifting com-
petition (Crewther and Christian 2010). Women 
do not appear to experience the same magnitude of 
time-dependent testosterone response to exercise, 
which is likely due to lower resting concentrations 
of testosterone in all biocompartments of the body 
including blood and saliva.

Interestingly, resting serum testosterone con-
centrations are not significantly different between 
untrained and highly competitive women Olym-
pic weightlifters (Stoessel et al. 1991). This again 
attests to the fact that testosterone is a signal hor-
mone and not an accumulating entity that tracks 
gains in strength or tissue mass. Eight weeks of 
resistance training (Staron et al. 1994) and 16 
weeks of power training (Häkkinen et al. 1990) 
have both been reported not to alter resting serum 
testosterone concentrations in women. However, 
other studies have demonstrated that eight weeks 
of resistance training by women does significantly 
increase resting testosterone concentrations as 
well as the immediate postexercise response com-
pared to the exercise response in the untrained 
state. This is most likely the body’s attempt 
to establish a new higher resting homeostatic 
concentration and optimize the acute response 
to exercise (Kraemer, Staron et al. 1998). Nev-
ertheless, a potential confounding factor is that 
none of the aforementioned studies controlled 
for menstrual cycle phase. When menstrual cycle 
phase was controlled (serum obtained in early 
follicular phase), increases in resting testosterone 
concentrations from six months of resistance 
training occurred. As with the aforementioned 
study, this is most likely an attempt to establish 
a higher resting baseline in the trained state 
(Enea et al. 2009; Marx et al. 2001). Additionally, 
training volume did affect the resting testosterone 
concentration response. Women performing a 
multiple-set periodized program demonstrated a 
small but significantly greater increase in resting 
testosterone concentration after three and six 
months of training than did women performing 
a nonvaried single-set program (Kraemer et al. 

1998; Marx et al. 2001). The testosterone response 
of women has also been shown to be related to 
regional body fat distribution. Women having a 
higher degree of upper-body fat show an accen-
tuated response, and the underlying mechanisms 
for this remain speculative (Nindl, Kraemer, 
Gotshalk et al. 2001).

Cortisol
Cortisol plays several regulatory roles in metabo-
lism and has catabolic effects on protein metab-
olism (see chapter 3). Women’s serum cortisol 
concentrations, when menstrual cycle phase is 
controlled, can increase in response to a resistance 
training session (Cumming et al. 1987; Kraemer, 
Fleck et al. 1993; Mulligan et al. 1996); the same 
can occur when menstrual cycle phase is not con-
trolled (Kraemer, Staron et al. 1998). Additionally, 
higher training volumes (one vs. three sets of 
exercises) result in an increased cortisol response 
in women (Kraemer, Fleck et al. 1993; Mulligan et 
al. 1996). Similarly, the cortisol response of men 
also depends in part on training volume.

It appears that an athlete’s level of training 
affects the hormonal response (Nunes et al. 2011) 
that may occur as a result of exercise stress, such 
as high-intensity resistance exercise. Additionally, 
an athlete’s emotional state can also influence 
the magnitude of the cortisol response, regardless 
of sex. Significant cortisol increases have been 
observed in both men and women athletes imme-
diately before a competition and up to one hour 
postcompetition (Crewther et al. 2011; McLellan 
et al. 2011). It has been hypothesized that this 
anticipatory spike in cortisol may actually have 
performance-enhancing effects by heightening 
arousal and creating enough “positive” stress to 
drive athletic performance.

No changes were observed in resting serum 
cortisol concentrations after eight weeks of resis-
tance training (Staron et al. 1994) or 16 weeks of 
power-type resistance training in women (Häkki-
nen et al. 1990) when menstrual cycle phase was 
not controlled. However, resting cortisol concen-
trations have also decreased after eight weeks of 
resistance training when menstrual cycle phase 
was not controlled, and the response immediately 
after a resistance training session is decreased after 
eight weeks of resistance training compared to the 
untrained state. This indicates a reduction in total 
stress from some combination of factors (Kraemer, 
Staron et al. 1998).
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Training volume may be an important factor in 
determining whether resting cortisol concentra-
tions will decrease in response to resistance train-
ing. After six months of a multiple-set periodized 
resistance training program in women (~30 years) 
in which menstrual cycle phase was controlled, 
resting concentrations of cortisol decreased sig-
nificantly, whereas no significant change occurred 
following a six-month single-set program (Marx et 
al. 2001). Reductions in cortisol concentrations at 
rest appear to reduce the total physiological stress. 
However, in resistance-trained men and women the 
glucocorticoid receptor content in muscle was not 
altered by an acute resistance exercise stress using 
six sets of a 10RM squat protocol with two-min-
ute rest periods (Vingren et al. 2009). However, 
women did demonstrate a much higher concen-
tration of glucocorticoid receptors than men at 
all time points, potentially demonstrating a more 
dramatic influence of cortisol in resistance-trained 
women than resistance-trained men for catabolic 
signaling to the muscle cell target. More research 
will be needed to clarify this observed difference. 
The lack of any up- or downregulation of gluco-
corticoid receptors in muscle in response to acute 
exercise stress or over the 70-minute time period 
from rest through recovery indicates a saturation 
of receptors with any catabolic signals to muscle 
from acute cortisol increases are potentially more 
impactful on other cell targets such as immune 
cells (Fragala et al. 20011a; Fragala et al. 2011c). 
Such data again demonstrate the need to look at 
multiple targets for hormonal signaling with resis-
tance exercise stress. Again, during acute exercise 
and recovery phases other cells may see differential 
regulation of their glucocorticoid receptors. With 
six sets of 5RM and three-minute rest periods in 
the squat exercise, men have significantly higher 
B-lymphocyte glucocorticoid receptor content 
before exercise than women do. However, with 
heavy resistance exercise both sexes show signif-
icant decreases in B-lymphocyte glucocorticoid 
receptor content followed by significant increases 
at both one and six hours into recovery (Fragala et 
al. 2011c). Thus, the receptor targets available for 
cortisol to bind with can vary with sex and both 
the type of cells and the time frame when receptors 
are measured.

growth Hormones
As discussed in considerable detail in chapter 3, 
different forms of growth hormone (GH) exist 

from the original 22 kD 191 amino acid poly-
peptide derived from the DNA in the anterior 
pituitary somatotrophs to higher- and lower-mo-
lecular-weight aggregates or combinations of GH 
and binding proteins. Research has demonstrated 
in women that resistance exercise–induced acute 
elevations in growth hormone depend on the 
molecular weight fraction examined as well as the 
type of assay used (Hymer et al. 2001; Kraemer, 
Gordon et al. 1991; Kraemer, Vingren et al. 2009; 
Kraemer, Nindl et al. 2006; Kraemer, Fleck et al. 
1993; Kraemer and Spiering 2006; Kraemer, Staron 
et al. 1998; Mulligan et al. 1996). Unless otherwise 
noted in this section, we will define GH as the 22 
kD form because this has been the primary form 
studied.

Similar to men, women respond to resistance 
training sessions (see figure 9.10) with an increase 
in serum human 22 kD GH. Additionally, the 
GH response to resistance exercise, much like the 
response of other hormones (testosterone and 
cortisol), also depends on the manipulation of 
the acute program variables (Kraemer et al. 2010; 
Kraemer and Spiering 2006). As in men, the acute 
increase in GH in women is responsive to the total 
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FiguRe 9.10 Serum growth hormone (22 kD) concen-
trations as measured by radioimmunoassay in men and 
women performing the same resistance training session of 
three sets of eight exercises and a 10RM with one-minute 
rests between sets and exercises.

* = significantly different from preexercise value of same gender; 
+ = significantly different from female value at the same time 
point.

Adapted, by permission, from W.J. Kraemer et al., 1991, “endogenous ana-
bolic hormonal and growth factor responses to heavy resistance exercise 
in males and females,” International Journal of Sports Medicine 12: 232.
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volume of a session; a significantly higher response 
is observed with sessions of greater volume (one vs. 
three sets of each exercise) compared to sessions of 
lower volume (Kraemer et al. 1991; Kraemer, Fleck 
et al. 1993; Mulligan et al. 1996). Higher-volume 
sessions are especially effective at increasing the 
human GH response in both sexes when short 
rest periods (approximately one minute) are used 
between sets and exercises because the release of 
the 22 kD GH is linked to the low pH and high 
H+ concentrations as reflected by the blood lactate 
concentrations (Kraemer et al. 2010). As men-
tioned in box 9.1, growth hormones may play a 
greater role in signaling muscle tissue hypertrophy 
in women than in men (Kraemer et al. 2010).

Training status may also affect women’s acute 
human growth hormone response. Women with at 
least one year of weight training experience exhib-
ited a longer time period of growth hormone ele-
vation above resting values (resulting in a greater 
magnitude of growth hormone response) com-
pared to women with no regular weight training 
experience (Kraemer, Vingren et al. 2009; Kraemer, 
Nindl et al. 2006; Kraemer and Spiering 2006; 
Taylor et al. 2000). Women’s resting serum human 
growth hormone concentration is unaffected by 
eight weeks (Kraemer, Staron et al. 1998) and six 
months (Marx et al. 2001) of resistance training. 
However, it has been reported that women with at 
least one year of weight training experience had a 
lower resting serum growth hormone concentra-
tion immediately before a resistance training ses-

sion than women with no regular weight training 
experience (Taylor et al. 2000). But this may well 
be due to homeostatic changes in the larger-mo-
lecular-weight forms (Kraemer et al. 2010). In 
other words, several isoforms of growth hormone 
exist, and the decrease could be related to a shift 
in the 22 kD form to aggregate a form(s) that is 
not picked up by the typical GH assay. However, 
to date, the acute growth hormone response and 
the resting chronic response of no change appear 
to be quite similar between the sexes for aggregate 
bioactive GH.

The acute and chronic responses to resistance 
training of various hormones create the anabolic 
environment to which skeletal muscle, bone, and 
other tissues are exposed. The hormonal response 
to resistance training is responsible in part for both 
sexes’ strength and muscle hypertrophy increases 
following resistance training. Although women’s 
testosterone response to resistance training appears 
to be lower than that of their male counterparts, 
the growth hormone response to resistance train-
ing is quite similar between the sexes. Although 
not discussed here, other hormones, such as 
IGF-I, luteinizing hormone, follicle-stimulating 
hormone, and estradiol (see box 9.2) may also be 
responsive to resistance training and thus affect 
women’s long-term adaptations to resistance 
training. Each hormone has specific targets, and 
these targets can be diverse; together they interact 
to optimize the physiological environment for the 
development of cells spanning from those of the 

box 9.2 ReSeARCH

The Role of estradiol in exercise-induced endocrine Responses
Compared to men, women have an attenuated inflammatory response to muscle damage and also 
fatigue more slowly than men do in response to acute exercise stress (Fragala et al. 2011a). These 
differences are generally in part attributed to sex-specific circulating hormone levels—primarily 
estradiol in women and testosterone in men. In women, estradiol functions as an antioxidant 
and membrane stabilizer during exercise, particularly exercise that induces high levels of oxidative 
stress, such as intense aerobic and resistance exercise. The protective role of estradiol appears to be 
a primary factor in mitigating muscle damage due to exercise stress and is evident in the smaller 
inflammatory response seen in women. Even at rest, women have lower levels of circulating creatine 
kinase, one of the most commonly measured markers of muscle damage, in the blood than do 
men. Although estradiol response to resistance exercise must be further researched, the protective 
role of estradiol indicates that it has important implications for women in terms of muscle tissue 
fatigability and recovery from exercise stress.

Fragala, M.S., Kraemer, W.J., Denegar, C.R., Maresh, C.M., Mastro, A.M., and Volek, J.S. 2011. Neuroendocrine-immune 
interactions and responses to exercise. Sports Medicine 41: 621-639.
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immune system to connective tissues (e.g., bone 
and tendon) to skeletal muscle. Thus, signaling 
hormones elevate in response to a stressor, are 
circulated in the blood, and attach to a target cell 
receptor to deliver a signal; they then decrease in 
concentration and the signal ends (Fragala et al. 
2011a; Kraemer et al. 2010).

Menstrual Cycle
The menstrual cycle is an important topic in wom-
en’s health. Understanding the basics is vital for 
exercise conditioning professionals working with 
women because it has physiological relevance to 
a host of issues from nutritional status to perfor-
mance.

Oligomenorrhea and Secondary 
Amenorrhea
Differences in menstrual cycle patterns among 
women can be considerable, and it can therefore 
be difficult to determine what constitutes a reg-
ular, as opposed to an irregular, menstrual cycle 
for a particular woman. Regardless, some women 
engaged in physical training, including resistance 
training, experience variations in their menstrual 
cycles. Irregularities include shortening of the 
luteal (postovulatory) phase to less than 10 days; 
lack of ovulation (release of an egg); oligomen-
orrhea, an irregular menstrual cycle (more than 
36 days between menstrual flows) in women who 
previously had a normal menstrual pattern or a 
cycle; and secondary amenorrhea, the absence 
of menstruation for 180 days or more in women 
who previously menstruated regularly.

Although such irregularities may be seen in 
athletic women, exercise is typically secondary to 
the primary issue of low energy availability (i.e., 
inadequate food or caloric intake) (Ducher et al. 
2011; Loucks, Kiens, and Wright 2011). Menstrual 
disorders in active women are often related to the 
female athlete triad (disordered eating, amenor-
rhea, and osteoporosis) and are more frequently 
seen in sports emphasizing low body mass or 
subjective scoring systems, such as gymnastics and 
figure skating. In fact, energy deficiency in active 
women can be accurately predicted by a psycho-
logical test of the drive for thinness (DeSouza et al. 
2007). Thirty-one percent of women in so-called 
thin-build sports have disordered eating patterns 
as compared to 5.5% of the regular population 
(Byrne and McLean 2002). Primary amenorrhea 

is seen in 1% of the regular population and 22% 
of women participating in cheerleading, diving, 
and gymnastics, all of which are judged subjec-
tively. Secondary amenorrhea, seen in 2 to 5% of 
the regular population, is seen in 69% of women 
engaged in ballet training (Abraham et al. 1982).

Out of 199 Olympic-style weightlifters with 
an average age of 16 years, 25% reported having 
irregular menses; only three of these athletes aged 
13 to 15 had not yet begun to menstruate (Liu, Liu, 
and Qin 1987). The prevalence of oligomenorrhea 
and secondary amenorrhea in women not taking 
oral contraceptives was 20 and 2%, respectively, 
in a group of recreational resistance trainers; 71 
and 14%, respectively, in a group of women who 
had competed in at least one bodybuilding con-
test (which emphasizes very low body mass and 
subjective judging); and 9 and 4% in a group of 
sedentary women (Walberg and Johnston 1991). 
Thirty-three percent of women who competed in 
a bodybuilding contest and did not take oral con-
traceptives reported oligomenorrhea or secondary 
amenorrhea (Elliot and Goldberg 1983). Thus, 
some sports or activities are associated with an 
increased risk of menstrual irregularities.

In distance runners, greater training volume, 
intensity, frequency, and training session duration 
have all been implicated as factors that increase the 
risk of menstrual irregularities (Cameron, Wark, 
and Telford 1992; Gray and Dale 1984; Loucks 
and Horvath 1985). Athletes who train for long 
periods of time, daily or over years, at high inten-
sities appear to be at greater risk of experiencing 
oligomenorrhea and secondary amenorrhea. In 
female recreational resistance trainers who do not 
use oral contraceptives, the incidence of either 
oligomenorrhea or amenorrhea is 22%, whereas it 
is 85% in competitive bodybuilders (Walberg and 
Johnston 1991). Thus, greater resistance training 
intensity or volume seems to result in a greater risk 
of menstrual irregularities likely because of the 
increased energy requirement. Even in eumenor-
rheic athletes (those who menstruate normally), 
anovulation or luteal phase deficiency was seen in 
78% of runners (DeSouza et al. 1998). That said, 
not all athletes performing high-volume, high-in-
tensity training experience menstrual irregularities. 
Also, it is important to note that amenorrhea and 
other menstrual disorders are often the result of 
inadequate caloric intake to meet the demands of 
the athlete rather than the level of physical activity 
alone.
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The incidence of amenorrhea is higher in 
younger than in older women. In runners, 85% 
of those experiencing secondary amenorrhea 
were under 30 years of age (Speroff and Redwine 
1980). Several researchers have also proposed that 
physical training at an early age delays menarche 
and that late menarche is associated with a greater 
chance of experiencing amenorrhea (Gray and 
Dale 1984; Loucks and Horvath 1985; Nattiv et 
al. 1994). A previous pregnancy has been associ-
ated with a decreased risk of amenorrhea (Loucks 
and Horvath 1985). Insufficient caloric intake, 
psychological stress, abrupt changes in body com-
position, and previous menstrual irregularities 
have all been associated with increased risk of 
menstrual irregularities (Lebenstedt, Platte, and 
Pirke 1999; Loucks and Horvath 1985; Nattiv et al. 
1994; Shepard 2000b). All of these factors may be 
associated with hormonal disturbances resulting in 
menstrual irregularities. For example, insufficient 
caloric intake while performing physical training 
may predispose women to hormonal disturbances 
(luteinizing hormone secretion) associated with 
menstrual cycle disturbances (Williams et al. 
1995), whereas sufficient caloric intake may pre-
vent these changes.

Amenorrhea is serious in terms of health con-
sequences (Roupas and Georgopoulos 2011). 
The restoration of energy is the first priority with 
exercise-induced amenorrhea (Kopp-Woodroffe et 
al. 1999). In today’s environment, seeking assis-
tance to manage such conditions has lost much 
of its former, unfounded social stigma. Screening 
for eating disorders should be conducted, and if 
appropriate, psychological treatment should be 
arranged (Nattiv et al. 2007). Increases in weight 
typically restore normal menstrual function and 
alleviate, in part, the decreased bone density often 
seen in this population (Mendelsohn and Warren 
2010).

Premenstrual Symptoms  
and Dysmenorrhea
One of the first adaptations to an exercise program 
is a decrease in normal premenstrual symptoms 
(Prior, Vigna, and McKay 1992), such as breast 
enlargement, appetite cravings, bloating, and 
mood changes. Active, athletic women have fewer 
difficulties with premenstrual symptoms than sed-
entary women do (Prior, Vigna, and McKay 1992). 
If training is decreased, premenstrual symptoms 

may increase, especially if weight gain is concur-
rent with a decrease in training (Prior, Vigna, and 
McKay 1992). Thus, athletes with excessive pre-
menstrual symptoms who are decreasing training 
should not do so abruptly and should try to avoid 
large weight gains.

Dysmenorrhea, or painful menstruation, may 
accompany premenstrual symptoms (Prior, Vigna, 
and McKay 1992). Increased production of the 
hormone prostaglandin is associated with uter-
ine cramping and is thought to be the cause of 
dysmenorrhea (Dawood 1983). Dysmenorrhea 
is reported by 60 to 70% of adult women, and 
increases with chronological and gynecological age 
(Brooks-Gunn and Rubb 1983; Widholm 1979). 
Like other premenstrual symptoms, dysmenorrhea 
occurs less frequently and is less severe in athletes 
than in the general population (Dale, Gerlach, and 
Wilhite 1979; Timonen and Procope 1971). The 
reduced frequency and severity of premenstrual 
and dysmenorrhea symptoms in athletes could be 
caused by differences in hormonal concentrations 
or in pain tolerance. In either case, physical training 
appears to decrease the incidence of premenstrual 
symptoms and dysmenorrhea. Some studies have 
reviewed treatment strategies for athletes with 
dysmenorrhea and other premenstrual symptoms 
(Prior, Vigna, and McKay 1992). Oral contracep-
tives have also been used as a treatment for dys-
menorrhea (Lebrun 1994).

Menstrual Cycle Phase effects  
on Strength and Weight Training
Surprisingly, little information is available on 
the effect of menstrual cycle phase on maximal 
strength, as differences in training cycles, sport 
competition, birth control, and individual differ-
ences among women’s responses make definitive 
findings difficult to determine. Lebrun (1994) 
reported no differences in strength measures 
between the follicular phase (menstrual flow to 
approximately 14 days after menstrual flow) and 
the luteal phase (approximately 14 days after 
the menstrual flow to the beginning of the next 
menstrual flow). However, women vary greatly in 
the effect of menstrual cycle phase on maximal 
strength.

The explanation of why strength or physical 
performance may vary during different phases 
of the menstrual cycle is normally explained by 
hormonal variations. For example, progesterone is 
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supposed to have a catabolic effect on muscle and 
reaches its highest blood concentrations during 
the luteal phase. Cortisol, which also has catabolic 
effects, also reaches higher concentrations during 
the luteal phase than during the follicular phase. 
Testosterone remains at a relatively constant con-
centration throughout the entire menstrual cycle, 
except for an increase during ovulation. Such 
increases in catabolic hormones can be offset by a 
disinhibition of receptors to anabolic hormones. 
Thus, receptors may not interact with catabolic 
hormones even though their concentrations have 
increased.

These hormonal changes that occur during the 
phases of the menstrual cycle have led some to 
suggest that strength training should vary accord-
ing to the menstrual cycle phases. The varying 
hormone concentrations result in conditions for 
muscle growth and repair being better in the fol-
licular compared to the luteal phase (Reis, Frick, 
and Schmidbleicher 1995). Thus, resistance train-
ing intensity or volume may need to be reduced 
during the luteal phase and increased during the 
follicular phase (Reis, Frick, and Schmidbleicher 
1995). Comparing such a training plan to a tradi-
tional resistance training plan over two consecutive 
menstrual cycles (approximately eight weeks) 
has been done (Reis, Frick, and Schmidbleicher 
1995). Normal training consisted of performing 
resistance training every third day throughout the 
menstrual cycle. “Menstrual cycle–triggered train-
ing” consisted of performing training every second 
day during the follicular phase and about once a 
week during the luteal phase. Maximal isometric 
leg strength increased 33% following menstrual 
cycle–triggered training and 13% with the normal 
training. Muscle cross-sectional area increases of 
the quadriceps femoris were equivalent (approx-
imately 4%) between the two groups; however, 
maximal strength per muscle cross-sectional area 
was significantly greater with the menstrual cycle–
triggered training (27 vs. 10%). Significant cor-
relations among hormone, strength, and muscle 
cross-sectional area increases were shown. For 
example, estradiol in the training period correlated 
with increased muscle cross-sectional area (r = 
.85), and changes in progesterone concentrations 
between the first and second luteal phases in the 
training period correlated with maximal strength 
increases (r = .77).

Not all information supports the rationale of the 
menstrual cycle–triggered training plan that hor-

monal conditions during the follicular phase are 
more conducive to muscle tissue growth and repair 
than those during the luteal phase. In untrained 
women a higher acute growth hormone response 
to resistance training is apparent in the luteal phase 
compared to the follicular phase (Kraemer, Fleck 
et al. 1993). Thus, although varying training with 
the phases of the menstrual cycle is an attractive 
hypothesis, more study of this subject is needed.

Performance During the Menstrual 
Cycle and Menstrual Problems
Lebrun (1994) noted little or no difference in 
aerobic and anaerobic performance at various 
times during the menstrual cycle. No differences 
in anaerobic capacity were seen between the mid-
luteal and midfollicular phases with cycle sprints 
(Shaharudin, Ghosh, and Ismail 2011). However, 
decrements in performance during the premen-
strual or menstrual phase have been shown; the 
best performances occur during the immediate 
postmenstrual period and the 15th day of the 
menstrual cycle (Allsen, Parsons, and Bryce 1977; 
Doolittle and Engebretsen 1972; Lebrun 1994). 
Likewise, peak power, anaerobic capacity, and 
fatigue rate (Wingate test) have been shown to 
be negatively affected during the follicular phase 
compared to the luteal phase (Masterson 1999). 
Individual variations in the effects of menstrual 
cycle phase on performance can be substantial; 
some athletes even notice an improvement in 
performance during menstruation (Lebrun 1994).

Reasons for decreased performance during the 
premenstrual or menstrual phase may be associ-
ated with many factors, including self-expectan-
cies, negative attitudes toward menstruation, and 
weight gain. Although the effect of controlling 
premenstrual symptoms and dysmenorrhea with 
oral contraceptives is unclear, some anecdotal and 
retrospective studies have reported increases in 
performance with the use of oral contraceptives 
(Lebrun 1994). The possible detrimental effect 
on athletic performance of premenstrual symp-
toms or dysmenorrhea has led some researchers 
to recommend the use of oral contraceptives or 
progesterone injections to ensure that menses does 
not occur during major competitions (Liu, Liu, and 
Qin 1987). However, Olympic medal–winning 
performances have taken place during all phases 
of the menstrual cycle. The effect of the menstrual 
cycle on performance is therefore unclear and is 
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probably very specific to the individual. Oligomen-
orrhea and amenorrhea, although having poten-
tial long-term health effects such as bone loss, 
should have no effect on performance. However, 
menstrual cycle disturbances accompanied by low 
estradiol and progesterone serum concentrations 
show an attenuated growth hormone response to a 
resistance training session (Nakamura et al. 2011). 
This could affect long-term adaptations to resis-
tance training. Overall, participation in physical 
training and athletic events during menstruation 
or any other phase of the menstrual cycle has no 
detrimental effect on health and should not be 
discouraged.

Bone Density
Changes in bone mass or density relate to two 
major types of bone, cancellous and cortical. 
Cancellous, or trabecular, bone has a high turn-
over rate and responds to changes in hormonal 
concentrations to a greater extent than it does to 
exercise. Cortical bone has a slower turnover rate 
and is influenced more by mechanical strain than 
cancellous bone is (Rico et al. 1994; Young et al. 
1994). In the female athlete triad, with seden-
tary aging, and as a result of medical conditions, 
decreased bone density and mass can occur both 
in the lumbar spine, composed predominantly 
of cancellous bone (Cameron, Wark, and Telford 
1992; Prior, Vigna, and McKay 1992; Tomten et 
al. 1998), and in the axial skeleton or vertebral 
column, composed primarily of cortical bone 
(Nyburgh et al. 1993; Tomten et al 1998). Thus, 
the entire skeleton of amenorrheic women, includ-
ing amenorrheic athletes (Nyburgh et al. 1993), 
can experience a decrease in bone density. Over 
one year, healthy runners with an average luteal 
phase greater than 11 days showed no significant 
change in lumbar cancellous bone mineral density, 
whereas runners with an average luteal phase of 
less than 10 days showed a significant 3.6% lumbar 
cancellous bone mineral density loss (Petit, Prior, 
and Barr 1999). This indicates that variations in 
the menstrual cycle may affect bone density.

With appropriate energy availability, women 
can experience increased bone density with phys-
ical activity (Chilibeck, Sale, and Webber 1995; 
Dalsky et al. 1988; DeCree, Vermeulen, and Ostyn 
1991; Jacobson et al. 1984), including weight train-
ing (Chilibeck, Sale, and Webber 1995). Increased 
bone density with training was shown in women 

aged 20 to 23 (Hawkins et al. 1999) and 40 to 
50 (Dornemann et al. 1997). Significant correla-
tions of fat-free mass, regional lean tissue, and 
strength to bone density support the contention 
that weight training can increase bone density 
(Aloia et al. 1995; Hughes et al. 1995; Nichols 
et al. 1995). However, no significant change in 
bone mineral density with resistance training in 
women 28 years of age (Nindl et al. 2000) and 
54 years of age (Pruit et al. 1992) has also been 
shown. Many factors, including the weight train-
ing program design, duration of training, and 
site at which bone density is measured may affect 
whether bone density changes occur after weight 
training. In a series of case studies of elite women 
powerlifters, middle-aged women’s bone density 
was shown to be dramatically higher than that of 
their age- or sex-matched peers (48-54 years); this 
suggests that long-term weight training using heavy 
weights has dramatic effects on the aging process 
of bone in women (Walters, Jezequel, and Grove 
2012). Well-designed weight training programs 
appear to offer a good possibility of increasing 
bone density in women, or at least slowing bone 
density loss as women age. This is true even after 
menopause (see box 9.3).

Menstrual Cycle Dysfunction  
and Bone Density
Menstrual dysfunction is related to decreased 
bone density and an increased risk of osteoporosis 
(Cameron, Wark, and Telford 1992; Constan-
tini 1994; DeCree, Vermeulen, and Ostyn 1991; 
Nyburgh et al. 1993; Shepard 2000b; Tomten et 
al. 1998). It has been reported that amenorrheic 
athletes have greater bone density than amenor-
rheic nonathletes (Cameron, Wark, and Telford 
1992). The effect of menstrual dysfunction on 
bone density may be dramatic. Women who 
have never had regular menstrual cycles show on 
average a 17% deficit in bone density compared 
to their normally menstruating peers (Shephard 
2000b). The loss of bone mass may occur pre-
dominantly during the first three to four years of 
amenorrhea (Cann et al. 1984). Age at menarche, 
age at menarche with subsequent amenorrhea, 
duration of oligomenorrhea, and duration of men-
strual dysfunction have all been correlated with 
reduced bone density compared to normal values 
(Cameron, Wark, and Telford 1992; Drinkwater, 
Bruemner, and Chestnut 1990; Lloyd et al. 1987; 
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Nyburgh et al. 1993). Young amenorrheic women 
may therefore be losing bone mass at a point in 
their lives when bone mass should be increasing. 
Athletes who were amenorrheic and then regained 
menses for 15 months showed an increase in 
bone density, whereas athletes who did not regain 
menses showed no change or a continued loss of 
bone density (Cameron, Wark, and Telford 1992). 
How readily normal bone density can or may be 
restored in amenorrheic women once a normal 
menstrual cycle resumes is yet to be determined 
(Drinkwater, Bruemner, and Chestnut 1990).

Highly trained women in any activity who do 
not take in sufficient calories to achieve sufficient 
energy levels appear to have a greater-than-normal 
risk for menstrual problems (as previously dis-
cussed) and therefore may also be at risk for oste-
oporosis. Women performing recreational activity, 
including weight training, over two years showed 
a positive effect on total-body bone mineral con-
tent. However, oral contraceptives had a negative 
impact on total-body bone mineral content even 
when exercise was performed (Weaver et al. 2001).

Hormonal Mechanisms  
of Menstrual Cycle Disturbances 
and Bone Density Loss
Bone mass, or density, in healthy women generally 
increases as a result of physical activity. Menstrual 
cycle disturbances are related to factors that stim-
ulate bone resorption (bone loss) and formation. 
Stressors such as physical stress from training, 
psychological stress, inadequate caloric intake, and 

other dietary deficiencies may result in menstrual 
cycle disturbances (Chilibeck, Sale, and Webber 
1995; Prior, Vigna, and McKay 1992). These 
stressors cause an increase in corticotropin-releas-
ing hormone from the hypothalamus (see figure 
9.11), causing a decrease in gonadotropin-releasing 
hormone, which in turn results in a decrease in 
the pituitary hormones, luteinizing hormone and 
follicle-stimulating hormone. The decrease in the 
pituitary hormones may result in menstrual cycle 
disturbance. These disturbances decrease the ovar-
ian hormones progesterone and estrogen, which in 
turn eventually affect osteoclasts and osteoblasts, 
which result in resorption and bone formation, 
respectively. The net result is a decrease in bone 
mass or density.

Decreased concentrations of the ovarian hor-
mones estrogen and progesterone are the hor-
monal factors most frequently associated with 
osteoporosis and bone loss. Some have suggested 
that estrogen may reduce bone resorption but that 
it has little impact on bone formation, resulting 
in a net loss of bone (Cameron, Wark, and Tel-
ford 1992; DeCree, Vermeulen, and Ostyn 1991). 
Receptors for estrogens, androgens, progesterone, 
and corticosteroids have been found in bone 
(Bland 2000; Quaedackers et al. 2001). It is also 
possible that a hormone such as estrogen has an 
indirect effect on bone by acting through another 
hormone (DeCree, Vermeulen, and Ostyn 1991).

Corticotropin released from the anterior pitu-
itary stimulates cortisol release from the adrenal 
cortex; this may result in bone loss and be related 
to menstrual cycle disturbances (DeSouza and 

box 9.3 PRACTiCAL QueSTiOn

Can Strength Training Be Beneficial to Menopausal Women?
With an increasing life span, more females are living longer after menopause. Menopause leads to 
many physiological changes that increase the risk of many diseases, such as diabetes, obesity, and 
hypertension as well changes in body composition. Diet and exercise are recommended to combat 
these changes. Menopause is associated with sarcopenia and osteopenia (Leite et al. 2010). Because 
resistance training has been shown to increase bone and muscle mass as well as strength, it appears 
to be an appropriate treatment for some of the changes that occur during menopause. However, 
despite the potential benefits, studies examining the effects of resistance training on menopausal 
women are lacking. Studies are needed for elucidating the precise molecular and intracellular mech-
anisms that lead to the negative responses of the body during menopause, and to establish a better 
dose–response for the prescription of resistance training for menopausal women.

Leite, R.D., Prestes, J., Pereira, G.B., Shiguemoto, G.E., and Perez, S.E.A. 2010. Menopause: Highlighting the effects. Interna-
tional Journal of Sports Medicine 31: 761-767.
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Metzger 1991; Prior, Vigna, and McKay 1992). 
Increased beta-endorphin may also be associated 
with menstrual cycle disturbances (Cameron, 
Wark, and Telford 1992; DeCree, Vermeulen, 
and Ostyn 1991; Prior, Vigna, and McKay 1992). 
Increases in beta-endorphin have been shown to 
occur in women in response to resistance train-
ing, especially when accompanied by a negative 
caloric balance, and this could be responsible 
in part for menstrual cycle disturbances in these 
women (Walberg-Rankin, Franke, and Gwazdaus-
kas 1992). Many other hormones, such as growth 
hormone, testosterone, estradiol, progesterone, 
corticosteroids, insulin, and calcitonin, are also 
probably involved to varying degrees with men-
strual cycle disturbances and bone loss in active 
women (Bland 2000; Cameron, Wark, and Telford 
1992; Prior, Vigna, and McKay 1992).

Local factors are also involved in bone resorp-
tion and formation. Prostaglandin, which stim-
ulates osteoblasts, is released from bone itself 
and is implicated in the early response of bone 

formation to mechanical loading (Chilibeck, 
Sale, and Webber 1995; Chow 2000). Insulin-like 
growth factor I, which stimulates bone formation, 
is produced by many cells in response to growth 
hormone and may be released from bone itself 
in response to mechanical loading from exercise 
and prostaglandin stimulation (Chow 2000; 
Snow, Rosen, and Robinson 2000). Collectively, 
hormonal responses result in decreased bone 
mass or density in women with menstrual cycle 
disturbances.

Knee injuries
In sports that require jumping and cutting, women 
are four to six times more likely to sustain a seri-
ous knee injury than their male counterparts in 
the same sports (Hewett 2000). The greater knee 
injury rate in women compared to men is likely 
multifactorial. Anatomical, neuromuscular, and 
hormonal differences are all thought to affect knee 
injuries in women.
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One anatomical difference between men and 
women relates to the Q-angle. The Q-angle is the 
angle between a line connecting the anterior supe-
rior iliac crest to the midpoint of the patella and a 
line connecting the midpoint of the patella to the 
tibia tubercle. Women tend to have a wider pelvic 
structure and their lower-extremity alignment 
results in a greater Q-angle than men’s. Research-
ers have reported Q-angle to be both associated 
and not associated with incidence of knee injury 
(Hewett 2000; Lathinghouse and Trimble 2000). 
Women also have smaller femoral notch widths 
relative to the anterior cruciate ligament than men, 
but evidence that this accounts for the increased 
injury rates in women is inconclusive (Hewett 
2000). If the femoral notch theory were valid, no 
conditioning program could reduce the knee injury 
rate in women.

Neuromuscular differences between the sexes 
have also been proposed to explain the differential 
knee injury rate between the sexes. This theory 
hypothesizes that differences in muscle recruit-
ment patterns and longer reaction times or longer 
time to generate maximum force during cutting 
or landing predisposes women to knee injury. 
Some differences in recruitment patterns, such as 
female athletes relying more on their quadriceps 
muscle in response to anterior tibial translation 
as compared to males, have been shown (Huston 
and Wojtys 1996). Likewise, longer reaction times 
and longer times to generate maximal force have 
also been shown in females compared to males 
(Hewett 2000; Huston and Wojtys 1996). Other 
studies have reported no difference between the 
sexes in these measures.

Hormonal variations throughout the menstrual 
cycle have also been theorized to predispose 
women to knee injury (Hewett 2000). The hor-
mones estrogen, progesterone, and relaxin have 
been reported to increase joint laxity, slow muscle 
relaxation, affect tendon and ligament strength, 
and decrease motor skills (Hewett 2000). Joint 
laxity does increase and decrease during the men-
strual cycle (Shultz et al. 2012). Increased knee 
laxity is associated with increased knee valgus 
and external rotation, which are associated with 
an increased risk of injury. These factors could 
predispose women to knee injury at various phases 
within the menstrual cycle. A study examining 
younger women at three different phases of their 
menstrual cycle linked estrogen to a chronic, 

rather than an acute, impact on tendon behavior. 
The scientists suggested that in terms of the prop-
erties of tendons, the menstrual cycle phase does 
not necessarily need to be considered because no 
significant differences were observed in tendon 
properties over the three phases (Burgess, Pearson, 
and Onambélé 2010).

Physical conditioning programs, including plyo-
metrics and weight training, have been shown to 
drastically reduce the knee injury rate in women 
(Hewett 2000). American high school female ath-
letes who participated in a six-week conditioning 
program had a knee injury rate 1.3 times higher 
than that of a control group of high school male 
athletes (Hewett et al. 1999), whereas female ath-
letes who did not participate in the conditioning 
program had a knee injury rate 4.8 times higher 
than that of the male athletes and 3.6 times higher 
than that of the female athletes participating in 
the conditioning program. Those with the worst 
starting scores from the Landing Error Score System 
(LESS), a clinical movement assessment tool used 
for identifying improper movement patterns 
during jump-landing tasks, appear to benefit most 
from such interventions (DiStefano et al. 2009). 
One investigation found that a nine-month inter-
vention was more effective than a three-month 
intervention in terms of long-term retention of 
improvements in movement assessed by LESS 
(Padua et al. 2012). These studies do not address 
the mechanism by which injury rate is reduced. 
However, they do demonstrate that physical condi-
tioning programs can reduce the knee injury rates 
in women (see box 9.4).

general needs Analysis
The needs analysis for a woman in a particular 
sport or activity or for general strength and fitness 
is conducted using the outline presented in chap-
ter 5. What it takes to be successful in a particular 
sport or activity is generally dictated by the sport or 
activity and not by the sex of the participant. The 
training program for the particular sport is based 
on the requirements for successful participation in 
that sport and the athlete’s individual weaknesses, 
training history, and injury history. So the process 
of designing a resistance training program for a 
sport or activity is essentially the same for both 
sexes. The absolute strength differences between 
the sexes make it apparent that the key difference 
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between programs for men and those for women 
is the total amount of resistance used for particular 
exercises.

The higher incidence of knee injuries in women 
should be considered in the program design. A 
preseason conditioning program, including low-
er-body plyometrics and weight training, can be 
performed to help decrease the knee injury rate 
in at-risk sports. Continuing an in-season con-
ditioning program may also be advisable so that 
any physiological adaptations with potentially 
positive effects on the incidence of knee injury are 
maintained throughout the season.

Women’s generally smaller upper-body muscle 
mass and reduced upper-body performance com-
pared to men may limit their performance in sports 
or activities that require upper-body strength and 
power. The training program for such sports or 
activities therefore may need to stress upper-body 
exercises to increase total upper-body strength and 
power. This can be accomplished in several ways. 
If the program is relatively low in total training 
volume, one or two upper-body exercises may be 
added to the program. Perhaps the most effective 
way to address this need is to lengthen the presea-
son weight training program to provide additional 
time for physiological adaptations.

Women’s weaker upper-body musculature can 
also cause difficulties in the performance of struc-
tural exercises, such as power cleans and squats. 
In these types of exercises, women may find it 
very difficult or impossible to support with their 
upper bodies the resistances their lower bodies 
can tolerate. Practitioners should not allow lifters 
to use incorrect technique, in any exercise includ-
ing structural exercises, for the purpose of lifting 
slightly greater resistances; doing so can cause 
serious injury. Instead, the program should stress 
exercises to strengthen the upper-body muscula-
ture over time.

All women, including those interested in 
improving health and appearance, benefit from 
heavier weights that increase bone density. Incor-
porating loads of over 80% of the person’s 1RM 
once every one to two weeks is appropriate for all 
ages (even elderly women as discussed in chap-
ter 11). Unless contraindicated, exercises should 
emphasize loading at the spine, hip, and wrist and 
with structural exercises such as the squat. Heavy 
weights with fewer repetitions should stimulate 
bone growth and improve both performance and 
functional health. Jumping exercises may also 
improve bone density as a result of the ground 
reaction forces on the body, which is encouraging 

box 9.4 PRACTiCAL QueSTiOn

Can Strength Training Reduce the Risk of Knee injury?
When quadriceps strength is significantly greater than the strength of the hamstrings, both the 
hamstrings and anterior cruciate ligament (ACL) become more susceptible to injury because they 
are responsible for preventing anterior translation of the tibia on the femur. If the quadriceps 
can produce more anterior translation than the hamstrings and ACL can tolerate, injury is likely. 
Therefore, increasing the strength of the hamstrings in relation to the quadriceps could theoretically 
reduce the risk of ACL injury in women.

Six weeks of emphasizing hamstring-strengthening exercises in the strength training regimen 
of 12 NCAA Division I female soccer players showed a possible reduction of knee injury risk. In 
addition to other strength and conditioning exercises, the straight-leg deadlift, good morning, trunk 
hyperextension, resistance machine single-leg curl, resisted sled walking, and exercise ball leg curl 
were performed twice per week. All of these exercises involve the hamstring muscle group. Over 
the six weeks of training the functional ratio increased from 0.96 to 1.08 (Holcomb et al. 2007). 
Functional ratio was calculated as eccentric hamstring isokinetic torque divided by concentric quad-
riceps isokinetic torque. This ratio when greater than 1.0 indicates a decrease in the risk of anterior 
cruciate ligament injury (Li et al. 1996). Therefore, strength training may be beneficial in reducing 
ACL injuries, which are particularly common in females.

Holcomb, W.R., Rubley, M.D., Lee, H.J., and Guadagnoli, M.A. 2007. Effect of hamstring-emphasized resistance training on 
hamstrings: Quadriceps strength ratios. Journal of Strength and Conditioning Research 21: 41-47.

Li, R.C., Maffulli, N., Hsu, T.C., and Chan, K.M. 1996. Isokinetic strength of the quadriceps and hamstrings and functional 
ability of anterior cruciate deficient knees in recreation athletes. British Journal of Sports Medicine 30: 161-164.
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due to the benefits of plyometric training for the 
prevention of knee injuries.

Summary
Although women’s absolute strength is less than 
men’s, the difference is greatly reduced or non-
existent if expressed relative to fat-free mass or 
muscle cross-sectional area. Women’s lower-body 
strength relative to fat-free mass is more equivalent 
to men’s than is their upper-body strength because 
of a greater relative distribution of women’s fat-
free mass in the lower body. Women’s adaptations 
to resistance training programs are generally of 
the same magnitude or even slightly greater than 
men’s for some variables. This emphasizes that, in 
general, resistance training programs for women 
do not need to be different from those for men, 
except that the absolute resistance used by women 
will be less. A focus on the use of more upper-body 
exercises to stimulate and maximize the use of all 
available motor units might be one important 
aspect to optimize upper-body development. In 
addition, the use of periodized training seems 
paramount to ensure long-term resistance training 
adherence and adaptational effectiveness.

In most cases, physical activity has beneficial 
impacts on the menstrual cycle and premenstrual 
syndrome in women. Menstrual irregularities such 
as amenorrhea may be more prevalent in women 
performing strenuous activity than in the normal 
population, particularly in sports emphasizing 
lean body mass and subjective scoring systems. 
These menstrual irregularities typically indicate 
an energy imbalance and may be associated with 
the female athlete triad of amenorrhea, disordered 
eating, and osteoporosis. In the case of disordered 
eating, screening for eating disorders and psycho-
logical follow-up, if necessary, is essential. Once 
energy level is restored, menstrual anomalies typ-
ically disappear and bone density often improves, 
although the person should be monitored for 
long-term health issues.

Resistance training can result in many of the 
fitness characteristics desired by many women 
including a fit appearance and increased strength 
and power for daily life, occupational demands, 
and sport activities. Often, the slender and fit 
appearance women seek through cardiorespiratory 
training alone is only possible when cardiorespi-
ratory training is paired with resistance exercise. 
However, excessive cardiorespiratory exercise can 

lead to compatibility issues in muscular develop-
ment and performance (see chapter 4). Women 
should not be afraid to use heavier resistances and 
plyometric exercises in their training programs. 
They should also avoid becoming victims of mar-
keting ploys and adopting unfounded fears that 
are detrimental to optimal training results for all 
women.
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After studying this chapter, you should be able to

1. outline training adaptations in preadolescents and adolescents,

2. discuss acute and chronic injuries due to training in preadolescents and adolescents,

3. describe the steps in developing a safe, effective weight training program for preado-
lescents and adolescents,

4. describe resistance training program differences in children of varying ages,

5. develop a periodized resistance training program for preadolescents and adolescents, and

6. describe equipment modifications that may be needed when children perform resistance 
training, including appropriate resistance increases during the program.

growth spurt) and females (prior to first menstru-
ation)? What type of weight training program is 
appropriate for a pubescent, and how should this 
program differ from a prepubescent program? 
How can resistance training be safely adapted for 
youth? All of these questions have answers based 
on research. However, some misconceptions and 
misunderstandings still exist.

When evaluating information concerning inju-
ries, such as skeletal muscle injuries, one needs to 
consider the difference between resistance training 
and the sports of Olympic weightlifting, powerlift-
ing, and bodybuilding. Resistance training does 
not have to involve the use of maximal (1RM) 
or near-maximal resistances. On the other hand, 
competitive Olympic weightlifting and powerlift-
ing, by their very nature, involve lifting maximal 
resistances, and bodybuilding emphasizes the 
development of hypertrophy, which, in children, 
is typically less than that shown by adults.

As with all physical activity, injuries as a result 
of resistance training will occur. However, the risk 
to children of injury from weight training may not 
be as dramatic as perceived (Caine, DiFiori, and 
Maffulli 2006; Hamil 1994; Meyer et al. 2009; 
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The popularity of resistance training among 
prepubescents and adolescents has increased 
dramatically. The acceptance of youth resistance 
training by qualified professional organizations 
is becoming universal. The following organiza-
tions have produced statements indicating that 
youth resistance training is both effective and safe 
when properly supervised: American Academy 
of Pediatrics (2008), American College of Sports 
Medicine (2008), American Orthopedic Society 
for Sports Medicine (1988), Australian Strength 
and Conditioning Association (2007), British 
Association of Exercise and Sport Sciences (2004), 
Canadian Society for Exercise Physiology (2008), 
International Federation of Sports Medicine 
(1998), International Olympic Committee (2008), 
National Association for Sport and Physical Educa-
tion (2008), National Strength and Conditioning 
Association (2009), and South African Sports 
Medicine Association (2001).

Despite these statements, youth resistance train-
ing still raises some important issues and concerns. 
Can resistance training harm a child’s skeletal 
system? What type of weight training program is 
appropriate for prepubescent males (prior to the 
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Meyer et al. 2010). Paradoxically, many of the 
competitive sporting activities children participate 
in carry much greater risk of injury than resistance 
training. It is now apparent that the benefits from 
a properly designed and supervised resistance 
training program for children outweigh the risks 
(Miller, Cheathman, and Patel 2010).

Training Adaptations
Statements or position stands from the organi-
zations listed earlier indicate that children can 
benefit from participation in a properly prescribed 
and supervised resistance training program. The 
major benefits include the following:

• Increased muscular strength, power, and 
local muscular endurance (i.e., the ability 
of a muscle or muscles to perform multiple 
repetitions against a given resistance)

• Decreased cardiovascular risk

• Improved performance in sports and rec-
reation

• Increased resistance to sport-related injuries

In addition, resistance training of youths 
improves psychological well-being and helps 
promote and develop lifelong exercise habits. To 
confer these benefits, however, resistance training 
programs for youth must be properly designed 
and progressed, stress correct exercise technique, 
and be competently supervised. All of these areas 
are paramount for safe and effective programs. 
Although greater understanding has diminished 
the unrealistic fears about youth and resistance 
training, further research is needed concerning all 
aspects of youth resistance training.

Strength Gains
Research clearly demonstrates that resistance 
training confers significant strength increases in 
children (see table 10.1) (National Strength and 
Conditioning Association 2009). Meta-analyses 
demonstrate that boys younger than 13 years and 
older than 16 years as well as girls younger than 11 
years and older than 14 years (Payne et al. 1997) 
and boys and girls under the ages of 12 and 13, 
respectively, demonstrate significant strength gains 
following resistance training (Falk and Tenen-
baum 1996). Additionally, strength gains due to 
resistance training increase with maturity in both 
prepubertal and postpubertal children (see box 

10.1). Strength gains as great as 74% have been 
shown after eight weeks of progressive resistance 
training (Faigenbaum et al. 1993), although more 
typically gains of approximately 30% are found 
after short-term resistance training programs (8 
to 20 weeks) in children (National Strength and 
Conditioning Association 2009). Relative (percent 
improvement) strength gains in prepubescents 
are equal to or greater than those shown by ado-
lescents (National Strength and Conditioning 
Association 2009). Adolescents’ absolute strength 
gains are greater than prepubescents’ gains and 
generally less than adults’ gains, and there is no 
clear evidence that strength gains between pre-
adolescent girls and boys are different (National 
Strength and Conditioning Association 2009). 
It is important to note that many studies report 
that no injuries occurred in preadolescents or 
adolescents from performing resistance training 
(National Strength and Conditioning Association 
2009; Sgro et al. 2009).

Some early weight training studies reporting 
no strength gains in children resulted in the belief 
that strength or muscle size gains above normal 
growth would not occur in children performing 
weight training as a result of an immature hor-
monal system (Legwold 1982; Vrijens 1978). In 
untrained subjects, resting testosterone and growth 
hormone levels increase from age 11 to age 18 in 
boys, but not in girls (Ramos et al. 1998). Despite 
this sex difference, a significant positive correlation 
(r = .64, boys; r = .46, girls) in both sexes is found 
between testosterone concentration and absolute 
muscle strength. This indicates that hormonal 
changes are in part responsible for increased 
strength from age 11 to age 18 in both sexes. 
Increases in the resting blood concentrations of 
hormones (testosterone, growth hormone) indic-
ative of a more anabolic environment can occur as 
a result of resistance training in prepubertal (11-13 
years) and pubertal (14-16 years) boys (Tsolakis et 
al. 2000). Additionally, insulin sensitivity increases 
in adolescent (15 years) males and females with 
short-term (12-20 weeks) resistance training 
(Shaibi et al. 2006; Van Der Heijden et al. 2010). 
Thus, although more research is definitely needed, 
changes in resting hormonal concentrations may 
in part explain increased strength from resistance 
training in prepubertal and pubertal boys and girls.

Training history may also play a part in hor-
monal changes, and therefore strength and hyper-
trophy increases, over time in young people. Male 
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Table 10.1 Representative Strength Training Studies in Prepubescent Children

Reference
Age or 
grade Sex

Training 
mode Testing mode

Duration 
(wk) Training description 

Frequency 
(per wk)

Control 
group

Strength 
increase

Nielson et al. 
1980 

7-19 F Isometric Isometric 5 24 maximal actions 3 Yes Yes

blanksby and 
Gregory 1981 

10-14 M and F Weights Isometric 3 2  8- to 12RM 3 Yes Yes

baumgartner and 
Wood 1984

Grades 3-6 M and F Calisthenics Calisthenics 12 1  to fatigue 3 Yes Yes

Pfeiffer and Fran-
cis 1986

8-11 M Weights Isokinetic 8 3  10 at 50, 75,  
and 100% of 10RM

3 Yes Yes

Sewall and 
Micheli 1986

10-11 M and F Weight 
machines

Isometric 9 3  10-12 at 50%, 80%, 
and 100% 10-to 12RM 

3 Yes Yes

Weltman et al. 
1986

6-11 M Isokinetic Isokinetic 14 3  30 sec 3 Yes Yes

Docherty et al. 
1987

12.6 M Isokinetic 4-6 2  20 sec 3 No No

Rains et al. 
1987

8.3 M Hydraulic 
concentric

Hydraulic 
concentric

14 Max number of reps  
in 30 sec

3 Yes Yes

Sailors and berg 
1987

12.6 M Free weights Free weights 8 3  5 at 65, 80,  
and 100% of 5RM

3 Yes Yes

Siegal, Camai-
one, and Man-
fredi . 1988 

8.4 M and F Weights,  
calisthenics

Isometric, 
calisthenics

12 30-45 sec exercise,  
15 sec rest 

3 Yes Yes

Ramsay et al. 
1990

 9-11 M Free weights 
and 
machines

Weights, 
isokinetic, 
isometric

20 3  10- to 12RM,  
1  to fatigue

3 Yes Yes

Fukunaga, 
Funato, and 
Ikegawa 1992

Grades 1, 
3, and 5

M and F Isometric Isometric, 
isokinetic

12 3  10 sec max  
isometric action,  
2 times/day

3 Yes Yes

Faigenbaum et 
al. 1993

10.8 M and F Weights Weights 8 3  10-15 2 Yes Yes

Ozmun, Mikesky, 
and Surburg 
1994

9.8-11.6 M and F Free weights Free weights 
and isoki-
netic

8 3  7- to 10RM 3 Yes Yes

Falk and Mor 
1996

6-8 M Calisthenics 
and weight 
exercises

body weight 
exercises

12 3  1-15 2 Yes Yes

Faigenbaum et 
al. 1996

7-12 M and F DCeR 
machines

DCeR 
machines

8 4 wk: 1  10 and 2  6
4 wk: 3  6

2 Yes Yes

Faigenbaum et 
al. 2001

8.1 M and F DCeR 
machines 

DCeR 
machines

8 1  6- to 8RM 2 Yes No

Faigenbaum et 
al. 2001

8.1 M and F DCeR 
machines

DCeR 
machines

8 1  13- to 15RM 2 Yes Yes

Faigenbaum et 
al. 2002

12.3 M and F Machines Machines 8 1  15 2 Yes Yes

Pikosky et al. 
2002

8.6 M and F DCeR DCeR 
machines

6 1 or 2  10- to 15RM 2 No Yes

Faigenbaum et 
al. 2007

13.9 M 9 2 No Yes

Naylor, Watts et 
al. 2008 

12 M and F Machines Machines 8 2  8 at 75-90% of 1RM 5 Yes Yes

McGuigan et al. 
2009

9.7 M and F Machines and 
free weights

Machines 8 3  3- to 12RM 3 No Yes

DCeR = dynamic constant external resistance.

adapted, by permission, from a. Faigenbaum, 1993, “Strength training: a guide for teachers and coaches,” National Strength and Conditioning Association Journal 15(5): 20-29.
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Olympic weightlifters 14 to 17 years old with less 
than two years of training experience did not show 
an acute increase in serum testosterone after a 
training session; however, lifters with more than 
two years of training experience did (Kraemer et al. 
1992). This indicates that past training experience 
affects the response to training.

Similar to women, prepubescent children do 
not show an increase in serum testosterone con-
centration after an exercise bout (see figure 10.1). 
Yet both women and prepubescent children clearly 
can experience strength increases from resistance 
training. Neural factors and other hormonal 
changes are in part responsible for increased 
strength and hypertrophy in women (see chapter 
9) and may also play a role in strength increases 
in prepubescent boys and girls (National Strength 
and Conditioning Association 2009). Although the 
exact mechanisms resulting in strength increases in 
prepubescent and pubescent girls and boys are not 
completely elucidated, resistance training clearly 
increases strength in both.

Muscle Hypertrophy
Weight training in adults brings about strength 
increases in part as a result of neural adaptations 
and hypertrophy. However, the majority of evi-
dence indicates that strength gains in prepubes-
cents are related much more to neural mechanisms 
than to hypertrophy (Blimkie 1993; National 
Strength and Conditioning Association 2009).
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FiGuRe 10.1 Serum testosterone levels before and after 
an exercise bout in pubescent children. Pubertal stages 1 
through 5 refer to the maturity of the subject: 1 = immature 
and 5 = fully mature.
adapted, by permission, from T.D. Fahey et al., 1989, “Pubertal stage 
difference in hormonal and hematological responses to maximal exercise 
in males,” Journal of Applied Physiology 46: 825.

bOx 10.1 ReSeARCH

Puberty and Maximal Strength Gains
It is generally believed, and some research supports this belief, that during puberty maximal strength 
significantly increases. However, this does not mean that resistance training of postpubertal children 
results in greater strength gains than training of prepubertal children. A meta-analysis indicates 
that the maturity of both prepubertal and postpubertal children significantly affects strength gains 
as a result of weight training (Behringer et al. 2010). However, there is no significant increase in 
strength gains due to resistance training during puberty compared to prepuberty or postpuberty. 
This meta-analysis also concluded that longer-duration studies and increased training frequency 
significantly affect strength gains. The conclusion that longer-duration studies result in greater 
strength gains indirectly supports the belief that hypertrophy contributes to strength gains in youth. 
Although the conclusion that increased frequency (e.g., two or three sessions per week) is optimal 
for strength gains, the meta-analysis also showed that strength increases are related to the increased 
number of sets performed.

Behringer, M., Heede, A., Yue, Z., and Mester, J. 2010. Effects of resistance training in children and adolescents: A meta-anal-
ysis. Pediatrics 125: 999-1000.

Some early studies showed increases in muscle 
size with resistance training (Fukunaga, Funato, 
and Ikegawa 1992), but the majority of early 
studies ranging in length from 8 to 20 weeks did 
not show an increase in the muscle size of pread-
olescents with resistance training (Blimkie 1993; 
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National Strength and Conditioning Association 
2009; Ramsay et al. 1990). Many of these studies 
used skinfolds to determine body composition, 
which may not be sensitive enough to detect small 
yet significant changes in fat-free mass. More recent 
studies using predominantly dual-energy X-ray 
absorptiometry (DEXA) have shown small, but 
significant, increases in lean body mass in pread-
olescents and adolescents. Training of boys and 
girls 8 to 10 years old for 8 to 24 weeks resulted 
in significant increases of lean body mass at 8, 
16, and 24 weeks ranging from 5 to 11% (Sgro et 
al. 2009). Training boys and girls aged 9.7 years 
(McGuigan et al. 2009) and 12 years (Naylor, Watts 
et al. 2008) for eight weeks resulted in significant 
increases in lean body mass of 5 and 2%, respec-
tively. In adolescents (15 years) increases in lean 
body mass of 4 and 7.4% over 12 and 16 weeks 
of training, respectively, have been shown (Shaibi 
et al. 2006; Van Der Heijden et al. 2010). All of 
these studies trained overweight or obese preado-
lescents and adolescents. There is, however, good 
reason to believe that if lean body mass increased 
in these subjects, it would in youngsters who are 
not overweight as well. It is also important to note 
that the increase in lean body mass (see box 10.2) 
can be greater than that due to normal growth in 
a group of nonexercising children (Naylor, Watts 
et al. 2008).

Although hypertrophy does occur in younger 
people, neural adaptations are also very important 

for increases in strength with training, especially 
when minimal or no significant hypertrophy 
occurs. Many other adaptations in the muscle, 
nerve, and connective tissue of children may still 
be occurring, such as changes in muscle protein 
(i.e., myosin isoforms), recruitment patterns, and 
connective tissue, all of which could contribute to 
improved strength and sport performance, as well 
as injury prevention.

In males, starting at puberty, the influence of 
testosterone on muscle size and strength is dra-
matic without any training. Figure 10.2 presents 
a group of physiological variables that ultimately 
contribute to the ability to exhibit strength. Dra-
matic progress in each of the variables is observed 
during adolescence, indicating that strength 
increases with physiological age as a result of 
normal growth. Younger boys sometimes envy the 
better-defined, larger muscles of older boys (16- 
and 17-year-olds) and may believe that by merely 
lifting weights they can have their muscle size and 
physique in a few months. Although small muscle 
mass gains beyond normal growth are possible 
in younger children, muscle hypertrophy should 
not be a major goal of their training programs. 
Only after a child has entered adolescence is it 
realistic to expect gains in muscle mass similar to 
those of adults. However, because of differences 
in maturation rates among children, care must be 
taken to evaluate this goal individually, especially 
in younger boys and girls.

bOx 10.2 PRACTiCAl QueSTion

To Cause Muscle Hypertrophy, Does the Resistance  
Training Program need to Be unique?

Weight training programs do not need to be unique to bring about significant hypertrophy in chil-
dren. For example, overweight children (pretraining BMI of 32.5) performing eight weeks of circuit 
training with 10 machine exercises for two circuits of eight repetitions per exercise, beginning with 
70% of 1RM and progressing to 90% of 1RM, with one minute of rest between exercises showed 
a significant increase in total lean body mass of 2% (Naylor, Watts et al. 2008). This increase was 
significantly greater than the change shown in a group of nonexercising children. The children 
performing weight training showed a nonsignificant decrease in fat mass. The combination of an 
increase in total lean body mass and decrease in fat mass resulted in a significant decrease of percent 
body fat of 1% (49.6 to 48.5%). Programs used in other studies showing a significant increase in 
lean body mass are also not unique from a program design perspective.

Naylor, N.H., Watts, K., Sharpe, J.A., Jones, T.W., Davis, E.A., Thompson, A., George, K., Ramsay, J.M., O’Driscoll, G., and 
Green, D.J. 2008. Resistance training and diastolic myocardial tissue velocities in obese children. Medicine & Science in Sports 
& Exercise 40: 2027-2032.

?
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Motor Performance
Similar to strength, motor performance will 
improve with a child's age (see box 10.3). However, 
resistance training can also improve motor perfor-
mance in prepubescent children and adolescents. 
Resistance training with free weights or weight 
training machines and plyometric training have 
all been reported to increase motor performance 
(National Strength and Conditioning Association 
2009). Additionally, resistance training alone in 
preadolescents and adolescents has been shown 
to increase short sprint ability, vertical jump 
ability, medicine ball throwing ability, and agil-
ity (Channell and Barfield 2008; Christou et al. 
2006; DiStefano et al. 2010; Gabbett, Johns, and 
Riemann 2008; McGuigan et al. 2009; Santos et 
al. 2012; Sgro et al. 2009; Wong, Chamari, and 
Wisloff 2010). For example, in 48 boys and girls 
(aged 9.7 years), countermovement jump height 
increased 8% after eight weeks of nonlinear resis-
tance training (McGuigan et al. 2009). However, 
14-year-old male soccer players who performed 
resistance training using linear periodization for 12 
weeks experienced significant increases of 6, 2, and 
5% in countermovement jump, 30 m sprint, and 
ball-kicking velocity, respectively (Wong, Chamari, 
and Wisloff 2010). In all cases these increases were 
significantly greater than those of soccer players 
performing only soccer-specific training.

Plyometric training  also has  been shown to 
increase motor performance in preadolescents 
and adolescents (Bishop et al. 2009; Kotzamanidis 
2006; Meylan and Malatesta 2009). Eleven-year-
old boys after 10 weeks of plyometric training 
significantly increased 30 m sprint and counter-
movement jump ability 3 and 34%, respectively 
(Kotzamanidis 2006). Thirteen-year-old boy and 
girl soccer players significantly increased counter-
movement jump, 10 m sprint, and performance 
in an agility test 8, 2, and 10%, respectively, after 
performing an in-season eight-week plyometric 
program (Meylan and Malatesta 2009). In both 
of these studies the performance increase was 
significantly greater than that of children not per-
forming plyometric training. Plyometric training 
also increases start ability in 13-year-old swimmers 
(Bishop et al. 2009).

A combination of both traditional resistance 
training and plyometric training also increases 
motor performance. Complex training of 15-year-
olds that involves resistance training, plyometric 
jump drills, and medicine ball throwing drills 
significantly increases vertical jump, squat jump, 
and medicine ball throwing ability (Santos and 
Janeira 2008). Although not all reports show 
significant increases in motor performance with 
resistance or plyometric training, it is clear that 
both can significantly increase general as well as 
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FiGuRe 10.2 Theoretical model of strength development factors in males.
adapted, by permission, from W.J. Kraemer et al., 1993, “Resistance training and youth,” Pediatric Exercise Science 1(4): 336-350.
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sport-specific motor performance in preadoles-
cents and adolescents.

Bone Development
Resistance training can have a favorable effect 
on bone mineral density in prepubescents and 
adolescents of both sexes (National Strength and 
Conditioning Association 2009; Naughton et al. 
2000). Moreover, weight training has no detri-
mental effect on linear growth in children and 
adolescents (National Strength and Conditioning 
Association 2009; Malina 2006). However, not all 
studies report an effect on bone mineral density in 
children. It has been hypothesized that mechani-
cal loading of bone has a threshold that must be 
met to have a positive effect on factors related to 
bone health, such as bone mineral density (Twisk 
2001). Thus, studies that report no effect on bone 
mineral density as a result of resistance training 
may not have reached the threshold of mechanical 
loading needed to affect bone mineral density. The 
mechanical loading caused by resistance train-
ing is a result of exercise choice, sets, repetitions 
per set, resistance used, and training duration. 

Unfortunately, the minimal mechanical loading 
necessary to bring about changes in bone health 
is not known.

Increased bone density from resistance train-
ing may be one of the primary mediating factors 
involved in empirical observations that resistance 
training prevents injury in young athletes (Hejna 
et al. 1982). Prepubescence and adolescence may 
be an opportune time to increase bone mineral 
density and periosteal expansion of cortical bone 
(compact bone) through physical activity (Bass 
2000; Khan et al. 2000; National Strength and 
Conditioning Association 2009). This is an import-
ant consideration for long-term bone health, 
because training increases in bone health are 
lost over time when physical activity is decreased 
(National Strength and Conditioning Association 
2009). Athletes who increase bone mineral density 
in adolescence appear to suffer less bone loss in 
later years despite reduced physical activity (Khan 
et al. 2000; Nordstrom, Olsson, and Nordstrom 
2005). Thus, any increase in bone mineral density 
above normal growth during the prepubertal and 
adolescent years may help prevent osteoporosis 
later in life.

bOx 10.3 ReSeARCH

Motor Performance improvements as a Child's Age increases
Changes in mean motor performance of adolescent soccer players indicate that sprint performance 
improves in the early teenage years, whereas vertical jump performance improves at a more constant 
rate throughout the teenage years (Williams, Oliver, and Faulkner 2010). It is important to note that 
this information is longitudinal, and not cross-sectional, which makes it more reliable in terms 
of improvement from year to year. Even though mean changes can be calculated, large individual 
variations in motor performance test improvements do exist. The total percentage of improvement 
in the 10 m sprint, 30 m sprint, and vertical jump from under 12 years to under 16 years was 11, 
15, and 28%, respectively (see table 10.2).

Table 10.2 Motor Performance Changes From 12 to 16 Years of Age 

Age (years)
Mean 10 m 
sprint (sec)

10 m sprint 
% improve-
ment from 
previous 
year

Mean 30 m 
sprint (sec)

30 m sprint 
% improve-
ment from 
previous 
year

Vertical 
jump (cm)

Vertical 
jump % 
improvement 
from previ-
ous year

Under 12 1.98 — 5.04 — 44.9 —

Under 13 1.97 0 4.97 1 47.9 4

Under 14 1.89 4 4.71 5 50.5 5

Under 15 1.79 5 4.46 5 53.1 6

Under 16 1.77 1 4.29 4 57.3 8
Data from Williams, Oliver, and Faulkner 2010.
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Detraining
The examination of detraining in adolescents 
and prepubescents is complicated by the fact 
that natural growth processes result in increased 
strength and hypertrophy even without resistance 
training. Moreover, few studies have examined 
detraining in children. However, as in adults, 
detraining in children results in strength loss so 
that strength regresses toward untrained control 
values (National Strength and Conditioning Asso-
ciation 2009). For example, complete detraining 
(performance of no resistance training) for eight 
weeks in children who previously completed 20 
weeks of weight training results in strength loss: 
After the detraining period no significant strength 
differences between the previously weight-trained 
children and untrained children exist (Blimkie 
1993). How quickly strength loss occurs with 
complete detraining may vary by muscle group 
(Faigenbaum et al. 1996). During an eight-week 
detraining period children (mean age 10.8 years) 
showed a decrease of 28% in leg extension strength 
and 19% in bench press strength. Leg extension 
strength after the detraining period was not sig-
nificantly different from that of a control group 
of children who performed no weight training, 
whereas bench press strength was still significantly 
greater than that of the control group.

Motor performance losses during detraining 
may be minimal in short detraining periods 
(Santos et al. 2012). Boys (mean age 13.3 years) 
after weight training for eight weeks showed 
improvements in 1 and 3 kg (2.2 and 6.6 lb) med-
icine ball throwing ability (approximately 10%), 
countermovement vertical jump and standing long 
jump ability (approximately 4%), and 20 m sprint 
ability (11.5%). All of these motor performance 
tasks showed small but not significant decreases 
in a 12-week detraining period when no structured 
training was performed.

Although disagreement exists, a training fre-
quency of one or two sessions per week appears 
to maintain strength and power gains in prepu-
bescents and adolescents during short periods of 
detraining (DeRenne et al. 1996; National Strength 
and Conditioning Association 2009). Thus, 
although information is limited, the response of 
children to complete detraining and reduced-vol-
ume detraining appears to be similar to that of 
adults (see chapter 8). Strength and power gains 
achieved with plyometric training in prepubes-
cents (Diallo et al. 2001) and adolescents (Santos 

and Janeira 2009) as well as in adolescents after 
complex training (Santos and Janeira 2011) are 
maintained (8 or 16 weeks) by normal soccer and 
basketball training without additional resistance 
training. So, also similar to adults, children’s par-
ticipation in sport training maintains strength and 
power gains for some period of time.

Because of natural growth, the advantage in 
strength gains that children achieve from weight 
training is only maintained with continued train-
ing. Cessation of training for a three-month period 
equalizes strength between children in a training 
group who detrained and those who did not per-
form any weight training (Blimkie 1992, 1993).

injury Concerns
The chance of injury in children performing resis-
tance training is less than 1%, which is lower than 
in many other sports, such as American football, 
basketball, and soccer (National Strength and 
Conditioning Association 2009). Resistance and 
plyometric training or a combination of both 
appear to help prevent sport-related injuries in 
adolescent athletes, and it is possible this is also 
true in prepubescent athletes (Hejna et al. 1982; 
National Strength and Conditioning Association 
2009). For example, high school male and female 
athletes who performed resistance training had an 
injury rate of 26% compared to 72% in athletes 
who did not perform resistance training (Hejna 
et al. 1982). Additionally, the rehabilitation time 
required for those who were injured was only two 
days for the athletes performing resistance training 
compared to 4.8 days for athletes who did not 
perform resistance training. Preseason resistance 
and plyometric training also appear to reduce the 
risk of knee injury in young female athletes, a risk 
that is much higher than in their male counterparts 
(National Strength and Conditioning Association 
2009). Female adolescent athletes performing 
resistance training had an injury rate of 14% 
compared to 33% in those who did not perform 
resistance training; they also had fewer knee and 
ankle injuries (Heidt et al. 2000). Overall, stronger 
athletes may be less susceptible to certain types of 
injury (Moskwa and Nicholas 1989). Thus, one 
goal of a resistance training program for child 
athletes should be to prepare them physically for 
their sport or activity.

Despite the possible positive effects of resistance 
training on injury prevention, the possibility of 
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acute and chronic injuries to children is a valid 
concern (Dalton 1992; Markiewitz and Andrish 
1992; National Strength and Conditioning Asso-
ciation 2009; Naughton et al. 2000). A resistance 
training program for children should not focus 
primarily on lifting maximal or near-maximal 
resistances because this is when many injuries 
occur. Children’s resistance training programs 
should focus on proper exercise technique because 
many injuries in resistance exercise are related to 
improper technique. In fact, many weight training 
injuries in children are related to poorly designed 
equipment, equipment that does not fit children, 
use of excessive resistance, unsupervised access to 
the equipment, or lack of qualified adult super-
vision.

Like adults, children need time to adapt to 
the stress of resistance training; thus, training 
progression should be gradual. Children who 
find training difficult or do not enjoy resistance 
training at a particular age should not be forced 
to participate. Interest, growth, physical maturity, 
psychological maturity, and understanding all 
influence children’s views of exercise training and 

their adoption of proper safety precautions. All of 
these factors need to be considered on an individ-
ual basis to ensure a safe and effective resistance 
training program.

Acute injuries
Acute injury refers to a single trauma that causes 
an injury. Acute injuries do occur in children per-
forming weight training; however, skeletal system 
injuries, such as growth cartilage damage and bone 
fractures, are rarely caused by weight training.

Accidental Injury
Accidental injuries account for 77% of all injuries 
sustained by 8- to 13-year-old children during 
a weight training session (see figure 10.3). Two-
thirds of these injuries are to the hands and 
feet; common descriptions of the cause of injury 
include “dropping” and “pinching” (Meyer et al. 
2009). This high percentage of accidental injury in 
8- to 13-year-old children decreases with age (8-13 
> 14-18 > 19-22 = 23-30 years). Thus, stressing 
weight room safety when training children is an 
important aspect of the training program.

Fleck/E4758/Fig 10.3/460615/TB/R1
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FiGuRe 10.3 Percentage of injuries to various body parts in children and adults.
adapted, by permission, from G.D. Meyer et al., 2009, “Use versus adult ‘weightlifting’ injuries presenting to United States emergency rooms: accidental 
versus non-accidental injury mechanisms,” Journal of Strength and Conditioning Research 23: 2054-2060.
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Muscle Strains and Sprains
Muscle strains and sprains are common injuries 
in all age groups (Meyer et al. 2009). Strains and 
sprains account for 18, 44, 60, and 66% of all 
injuries in 8- to 13-, 14- to 18-, 19- to 22-, and 
23- to 30-year-olds (Meyer et al. 2009). The risk 
of sprains and strains significantly increases with 
increasing age. Strains and sprains can be the result 
of not warming up properly before a training 
session. Trainees should perform several sets of 
exercise before beginning the actual training sets of 
a workout. Other common causes of muscle strain 
or sprain are attempting to lift too much weight 
for a given number of repetitions and improper 
exercise technique. Children should understand 
that the suggested number of repetitions is merely 
a guideline, and that they can perform fewer rep-
etitions than prescribed in the training program. 
The incidence of this type of injury, as with all 
injury types, can be reduced by taking proper safety 
precautions.

Growth Cartilage Damage
Growth cartilage damage is historically a tradi-
tional concern for children performing weight 
training. Growth cartilage  is located at three 
sites: the epiphyseal plates, or growth plates, at 
the end of long bones; the epiphysis, or cartilage 
on the joint surface; and the apophyseal inser-
tion, or tendon insertion (see figure 10.4). The 

long bones of the body grow in length from the 
epiphyseal plates. Damage to the epiphyseal plates, 
but not to the other types of growth cartilage, can 
decrease linear bone growth. Normally, because 
of hormonal changes, the epiphyseal plates ossify 
after puberty. Once this happens, the growth of 
long bones, and therefore increased height, is no 
longer possible.

The epiphyseal plate is weakest during phases of 
rapid growth during pubescence (Caine, DiFiori, 
and Maffulli 2006). Additionally, bone mineral-
ization may lag behind linear growth making the 
bone more susceptible to injury (Caine, DiFiori, 
and Maffuli 2006). The cartilage of the epiphysis 
acts as a shock absorber between the bones that 
form a joint. Damage to this cartilage may lead 
to a rough articular surface and subsequent pain 
during joint movement. The growth cartilage at 
apophyseal insertions of major tendons ensures a 
solid connection between the tendon and bone. 
Damage to apophyseal insertions may cause pain 
and also increase the chance of separation between 
the tendon and bone, resulting in an avulsion 
fracture. It has also been proposed that during 
the growth spurt muscle tendon tightness around 
joints increases resulting in a decrease in flexibil-
ity. If excessive muscular stress occurs because the 
growth cartilage is weak during the growth spurt, 
injury to the growth cartilage may occur (Caine 
et al. 2005). This injury mechanism, however, is 
controversial.

Epiphyseal Plate Fractures
The epiphyseal plate is prone to fractures in 
children because it is not yet ossified. Thus, it 
is not surprising that epiphyseal plate fractures 
in preadolescent and adolescent weight trainees 
have occurred (Caine, DiFiori, and Maffuli 2006; 
National Strength and Conditioning Association 
2009). However, this type of injury is rare. The 
majority of epiphyseal plate fracture cases result 
from lifting near-maximal resistances, improper 
exercise technique, or lack of qualified supervision 
(National Strength and Conditioning Association 
2009). Two appropriate precautions for prepubes-
cent and adolescent resistance training programs 
are (1) to discourage maximal or near-maximal 
lifts (1RM), especially in unsupervised settings, 
and (2) because improper form is a contributing 
factor to many injuries, to emphasize appropriate 
increases in resistance and proper technique in all 
exercises to young resistance trainees.

Fleck/E4758/Fig 10.4/460616/TB/R1

Epiphyseal plate

Epiphyseal plate

Epiphysis
(articular cartilage)

Apophyseal
insertion

FiGuRe 10.4 Types of growth cartilage.



Children and Resistance Training

359

Fractures
Because the metaphysis, or shaft, of the long bones 
is more elastic in children and adolescents than 
in adults, green stick fractures, which occur from 
a bending of the shaft, occur more readily in chil-
dren and adolescents (Naughton et al. 2000). Peak 
fracture incidence in boys occurs between the ages 
of 12 and 14 and precedes the age of peak height 
increase, or the growth spurt (Blimkie 1993). The 
increased fracture rate appears to be caused by a 
lag in cortical bone thickness and mineralization 
in relation to linear growth (Blimkie 1993). There-
fore, controlling the resistance that boys between 
the ages of 12 and 14 use during weight training 
may be important. The same line of reasoning 
may apply to girls between the ages of 10 and 13.

Lumbar Problems
Acute trauma can cause lumbar spine problems 
in adults as well as prepubescents and adoles-
cents. Low back problems, whether from acute 
or chronic injuries, are the most frequent type of 
injury reported by high school athletes performing 
weight training (National Strength and Condition-
ing Association 2009). Low back injury accounts 
for 50% of all injuries in adolescent powerlifters 
(National Strength and Conditioning Association 
2009). These problems may be caused by lifting 
maximal or near-maximal resistances or attempt-
ing to perform too many repetitions with a given 
resistance (see figure 10.5). In many cases back 
pain is associated with improper form, especially 
in exercises such as the squat and deadlift. When 
performing these exercises, as well as others, train-
ees should use proper exercise technique, which 
involves maintaining as upright a position as 
possible to minimize the stress on the low back.

Chronic injuries
The terms chronic injury and overuse injury refer 
to injury caused by repeated microtraumas. Shin 
splints and stress fractures are examples of these 
injuries. Using improper exercise technique over 
long periods of time can result in overuse injuries 
(e.g., improper bench press technique can cause 
shoulder problems and pain).

Growth Cartilage Damage
Repeated physical stress can cause damage to 
all three growth cartilage sites. As an example, 
repeated mechanical stresses to the shoulder and 

elbow from baseball pitching as well as other 
throwing or hitting motions, such as in the sports 
of volleyball and tennis, result in inflammation 
and irritated ossification centers in the elbow 
and epiphyseal plate of the humerus. This causes 
pain with shoulder and elbow movement and is 
a probable cause of shoulder and elbow pain in 
prepubescent and adolescent baseball pitchers 
(Barnett 1985; Caine, DiFiori, and Maffulli 2006; 
Lyman et al. 2001).

The growth cartilage on the articular surface of 
prepubescent joints, especially at the ankle, knee, 
and elbow, may be more prone to injury than that 
of adult joints. Repeated microtrauma from pitch-
ing appears to be responsible in part for elbow and 
shoulder pain in young (9- to 12-year-old) pitch-
ers (Lyman et al. 2001) and ankle pain in young 
runners (Conale and Belding 1980). In many 
cases joint pain in adolescents and  prepubescents 

FiGuRe 10.5 Incorrect technique, such as rounding the 
low back in the deadlift, which places undue stress on the 
low back, can result in injury.
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is caused by osteochondritis  (inflammation of 
growth cartilage) or osteochondritis dissecans (a 
condition in which a piece of bone or cartilage, 
or both, inside a joint loses blood supply and 
dies, often resulting in separation of a portion of 
the joint surface from the bone). Tiny avulsions 
of the growth cartilage at the site of the patellar 
tendon insertion onto bone may be related to 
the pain associated with Osgood-Schlatter dis-
ease (Caine, DiFiori, and Maffulli 2006; Micheli 
1983). Although damage to growth cartilage is a 
concern, incidences of this type of injury as a result 
of weight training appear to be very rare (Blimkie 
1993; Caine, DiFiori, and Maffulli 2006; National 
Strength and Conditioning Association 2009).

Lumbar Problems

As in adults, lumbar spine problems may be one 
of the most common types of injury in adolescents 
and prepubescents performing weight training. 
Lumbar problems constituted 50% of the total 
number of injuries reported in adolescent pow-
erlifters who presumably trained with maximal 
or near-maximal resistances (Brady, Cahill, and 
Bodnar 1982). Although this report involved 
adolescents, the potential for similar injuries in 
prepubescents needs to be recognized. Adolescents 
may be at a greater risk than adults for spondyli-
tis (inflammation of one or more vertebrae) and 
stress-related pain. The incidence of this abnor-
mality in adolescents is 47% percent, whereas in 
adults it is only 5% (Micheli and Wood 1995).

Lordosis  is an anterior bending of the spine, 
usually accompanied by flexion of the pelvis. Many 
children during the growth spurt have a tendency 
to develop lordosis of the lumbar spine. Several 
factors contribute to lordosis, including enhanced 
growth in the anterior portion of the vertebral 
bodies and tight hamstrings that cause the hips to 
assume a flexed position (Micheli 1983). Lordosis 
may contribute to low back pain. However, low 
back soft-tissue injuries are also often associated 
with low back pain in adolescents (Blimkie 1993).

Although many factors may result in lower back 
pain, insufficient strength and muscular endur-
ance, as well as instability, are associated with low 
back pain in adolescents (National Strength and 
Conditioning Association 2009). Back pain from 
resistance training may be minimized by perform-
ing exercises that strengthen the abdominal and 
low back musculature. Strengthening these areas 

will help maintain proper exercise technique, thus 
reducing the stress on the lumbar area.

Program Considerations
The development of a prepubescent or adolescent 
resistance training program should follow the 
same steps as that of an adult program. Although a 
medical examination before beginning a resistance 
training program is not mandatory for apparently 
healthy children, it is recommended for youth 
with signs or symptoms suggestive of a disease or 
with a known disease (Miller, Cheathman, and 
Patel 2010; National Strength and Conditioning 
Association 2009). The following questions need 
to be considered before a child begins a resistance 
training program:

• Is the child psychologically and physically 
ready to participate in a resistance exercise 
training program?

• What type of resistance training program 
should the child follow?

• Does the child understand the proper lifting 
techniques for each exercise in the program?

• Do spotters understand the safety spotting 
techniques for each exercise in the program?

• Does the child understand the safety con-
cerns for each piece of equipment used in 
the program?

• Does the resistance training equipment fit 
the child properly?

• Does the child’s exercise training program 
include aerobic and flexibility training to 
address total fitness needs?

• Does the child participate in other sports or 
activities in addition to resistance training?

These last two questions need to be considered 
in the context of the total training stress to which 
the child is exposed. For example, in young base-
ball pitchers weight training during the season 
is associated with elbow but not shoulder pain 
(Lyman et al. 2001). However, the total number of 
pitches thrown and pitching arm fatigue are also 
associated with elbow and shoulder pain. This 
does not necessarily indicate that young pitchers 
should not perform weight training during the 
season, but that the total training stress placed on 
children may be associated with some types of 
injuries. As with all resistance training programs, 
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individual differences need to be considered in 
the program design.

Developmental Differences
Developmental differences in children of the 
same age need to be considered when developing 
a resistance training program. Preadolescents and 
adolescents of the same age differ from each other 
physically and psychologically. Some children 
are tall for their chronological age and others are 
short, some are fast sprinters and others are slow, 
and some become upset when they make a poor 
play in a game whereas others seem unconcerned. 
Physical and psychological differences are the 
result of differences in genetics and growth rates. 
Adults must realize that children are not miniature 
adults. Understanding some of the basic principles 
of growth and development will help adults have 
more realistic expectations of children. This under-
standing will also help when developing goals 
and exercise progressions for resistance training 
programs.

There are many aspects of children’s growth 
and development besides height. These include 
body mass gains, fitness gains, genetic potential, 
nutrition, and sleep patterns. Also included in 
discussions of children’s development is matura-
tion, which has been defined as progress toward 
adulthood. Maturation of children involves the 
following areas:

• Physical size

• Bone maturity

• Reproductive maturity

• Psychological maturity

Each of these areas can be evaluated clinically, 
generally by the family physician. Physicians rec-
ognize that each person has a chronological age as 
well as a physiological age for each of the preceding 
areas. Because physiological age determines the 
functional capabilities and performance of the 
person, it is an important factor to consider when 
developing a resistance training program.

When strength increases occur relative to the 
growth spurt is not entirely clear. Both prepubes-
cent males and females may show peak strength 
gains, as a result of normal growth, in the year fol-
lowing the growth spurt, or peak increase in height 
(De Ste Croix, Deighan, and Armstrong 2003). 
In prepubescent males the velocity of strength 

gain appears to peak following the growth spurt 
(Naughton et al. 2000), whereas many girls peak 
in strength before or during the growth spurt. In 
either case, generally, girls experience the growth 
spurt and so peak strength increase prior to boys. 
Whatever the developmental stage at which peak 
strength gain occurs, it is consistently greater in 
boys than in girls. The possible difference in the 
magnitude of strength gains should be considered 
when developing training goals for boys and girls 
and during the needs analysis.

needs Analysis  
and individualization
The needs of each child, like those of adults, are 
unique. Prepubescents and adolescents need 
to develop their total health and fitness, which 
involves cardiorespiratory fitness, flexibility, body 
composition, and motor skills as well as strength 
and power. A resistance training program should 
not be so time consuming as to ignore these other 
aspects of total fitness or interfere with a child’s 
play time. Prepubescents as well as many adoles-
cents should not be expected to perform adult 
training programs or those of successful adult 
athletes. To ensure compliance with the training 
program, adults should allow children to set their 
own goals and monitor their physical and psy-
chological tolerance of the program. Children’s 
comments such as, “I don’t want to do this,” “This 
program is too hard,” “Some of these exercises are 
hurting me,” “I am just too tired after a workout,” 
or “What other exercises can I learn?” may indi-
cate that the program needs to be evaluated and 
appropriate alterations made.

Most of the dangers of resistance training 
are related to inappropriate exercise demands 
being placed on the prepubescent or adolescent. 
Although general guidelines can be offered and 
should be followed, sensitivity to the special 
needs that arise in each child is necessary. The 
program must be designed for each child’s needs, 
and proper exercise techniques and safety consid-
erations must be employed. A properly designed 
and supervised resistance training program pro-
vides many positive physical and psychological 
benefits. Perhaps the most important outcome is 
the behavioral development of an active lifestyle 
in the prepubescent or adolescent. Good exercise 
behaviors contribute to better health and well-be-
ing over a lifetime.
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With the increasing popularity of youth sports, 
from American football and gymnastics to soccer 
and T-ball, children need better physical prepara-
tion to prevent sport-related injuries. The American 
College of Sports Medicine (1993) estimated that 
over 50% of the overuse injuries diagnosed in 
adolescents are preventable. A total fitness training 
program that includes resistance training to pre-
pare the child for the stresses of sport competition, 
along with preparticipation screening and regular 
visits to sports medicine health professionals, has 
great potential to reduce the number of athletic 
and overuse injuries.

Another consideration for all children is upper-
body strength. The recent decline in upper-body 
strength in boys and girls (Hass, Feigenbaum, and 
Franklin 2001) represents a significant weakness 
in prepubescent and adolescent fitness profiles. 
Upper-body strength limits many sport-specific 
tasks even at the recreational level. The general lack 
of upper-body strength in many prepubescent and 
pubescent children indicates the need for exercises 
for the upper body in resistance training programs 
for these groups.

The general goals of all youth resistance training 
programs could include the following:

• Conditioning of all fitness components 
(aerobic, flexibility, strength)

• Generally balanced choice of exercises 
for upper- and lower-body development 
(although as the child ages, some sport-spe-
cific exercises may be added)

• Balanced choice of exercises for the agonists 
and antagonists of all major joint move-
ments to promote muscle balance

• Increased strength and power of specific 
muscle groups

• Increased local muscular endurance of spe-
cific muscle groups

• Increased motor performance (increased 
ability to jump, run, or throw)

• Increased total body weight (age depen-
dent)

• Increased muscle hypertrophy (age depen-
dent)

• Decreased body fat

Some goals of resistance training programs, such 
as muscle hypertrophy, change with the age of a 

child. The training goals may also change depend-
ing on the sports or other activities in which a child 
is participating. Individualization of the program 
should take place based on the child’s progress, 
desire to train, other sports or activities, current or 
previous injuries, how long resistance training has 
been performed, as well as other factors. Individ-
ualized, proper program progression is necessary 
for bringing about the physiological adaptations 
needed for continued fitness gains.

Program Progression
Regardless of the type of program progression 
used for youth resistance training (i.e., resistance 
increases, training volume increases, exercise 
choice), it should occur slowly. Slow progression 
helps to ensure safety, allows time to adapt to train-
ing stress, develops exercise tolerance, and aids in 
the mastery of exercise technique. The progression 
in exercise choice, resistance, volume, or other 
factors used for one child may be too advanced 
for another child of the same age or training expe-
rience. Thus, program progression should always 
occur on an individual basis.

Age Group Progression
Although resistance training has been performed 
safely by very young children (National Strength 
and Conditioning Association 2009), this does 
not mean that all children should or must perform 
resistance training at a young age. Physiological 
and psychological maturity vary greatly in youth 
of the same age; therefore, the progression guide-
lines presented in table 10.3 need to be adapted 
to accommodate individual needs and training 
situations. Regardless of the age of the child, the 
training program should be conducted in an 
atmosphere conducive to both the child’s safety 
and enjoyment. The training environment should 
present appropriate information in the form of 
posters, goal charts, and pictures that reflect the 
goals and expectations of the resistance training 
program.

Resistance, or intensity,  
Progression
Training intensity, or the resistance used when 
performing an exercise, should be progressed in 
small increments of 5 to 10% (National Strength 
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and Conditioning Association 2009). With free 
weights this is not difficult because small weight 
plates are readily available. However, the resistance 
increments on some weight training machines are 
too large to allow smooth resistance progression 
as the child becomes stronger. Many machines’ 
weight stacks increase in increments of 10 to 20 
lb (4.5 to 9.1 kg). If a child can bench press 30 lb 
(13.6 kg), a weight stack increment of 10 lb (4.5 
kg) represents a 30% increase in resistance, which 
is too large for a safe and smooth progression in 
resistance. This problem is remedied on some 
machines by built-in small resistance increases. 
On other machines this can be remedied by using 
weights, usually 2.5 lb (1.1 kg) and 5 lb (2.3 kg), 
that are specially designed to be easily added and 
removed from the machine’s weight stack. On 
machines designed for children, the initial resis-
tance and increases in resistance are appropriate. 
Use of such small increases in resistance will not 
hinder strength gains (see Small Increment Tech-
nique in chapter 6).

On some adult machines the starting resistance 
is too great for a prepubescent to perform even 
one repetition. In this case the child will have to 
perform an alternate exercise for the same muscle 
group using either a free weight, body-weight, or 
partner-resisted exercise until he is strong enough 
to perform the desired number of repetitions 
using the machine. For example, if the child 
cannot perform a machine leg press because the 
starting resistance is too great, he could perform 
body-weight squats and then squats holding light 
dumbbells in each hand until he is strong enough 

to perform the leg press at the starting resistance 
on the machine.

Plyometrics
Plyometrics, or exercises that emphasize training 
of the stretch-shortening cycle, (see chapter 7), 
can be included in preadolescent and adolescent 
programs. This type of training is a safe and effec-
tive conditioning that increases functional ability 
and reduces sport-specific injuries in preadoles-
cents and adolescents (National Strength and 
Conditioning Association 2009). Conveniently, 
children regularly perform plyometric actions 
when at play. Examples of these actions include 
hopscotch, skipping, jumping, and jumping rope 
(see figure 10.6).  Thus, it is not surprising that 
plyometric training is a safe training method for 
children if training volume is controlled. Injuries 
have, however, been reported with excessive plyo-
metric training, such as exertional rhabdomyolysis 
in a 12-year-old boy after performing more than 
250 squat jumps in a physical education class 
(Clarkson 2006).

A literature review concludes that plyometric 
training is effective in 5- to 14-year-olds as a means 
to increase sprinting, jumping, kicking distance, 
balance, and agility (Johnson, Salzberg, and Ste-
venson 2012). Guidelines for an effective program 
include two sessions per week, 50 to 60 foot con-
tacts per session, and a duration of at least eight 
weeks (Johnson, Salzberg, and Stevenson 2012). 
As with all types of resistance training for children, 
plyometrics training volume and intensity must be 

Table 10.3 Basic Guidelines for Resistance exercise Progression for Children
Age (yr) Considerations

5-7 Introduce child to basic exercises with little or no resistance; develop the concept of a training ses-
sion; teach exercise techniques; progress from body-weight calisthenics, partner exercises, and 
lightly resisted exercises; keep volume low.

8-10 Gradually increase the number of exercises; practice exercise technique for all lifts; start gradual 
progress of loading the exercises; keep exercises simple; increase volume slowly; carefully monitor 
tolerance to exercise stress.

11-13 Teach all basic exercise techniques; continue progressive loading of each exercise; emphasize exer-
cise technique; introduce more advanced exercises with little or no resistance.

14-15 Progress to more advanced resistance exercise programs; add sport-specific components; emphasize 
exercise techniques; increase volume gradually.

16 or older entry level into adult programs after all background experience has been gained.

If a child at a particular age level has no previous weight training experience, progression must start at previous levels and move to 
more advanced levels as exercise tolerance, exercise technique, and understanding permit.

adapted, by permission, from W.J. Kraemer and S.J. Fleck, 2005, Strength training for young athletes (Champaign, Il: Human Kinetics), 13.
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controlled and progressed slowly for this to be a 
safe and effective training methodology.

Strength and Power Progression
Strength and power can be progressed throughout 
a program by increasing the training volume and 
intensity, or by varying the exercises used. Initially, 
low-volume and low-intensity programs do cause 
fitness gains. A well-organized and well-supervised 
basic training program for children can be as short 
as 20 minutes per training session. During the 
initial training period a frequency of two sessions 
per week in children (8-11 years old) does bring 
about significant strength gains and changes 
in body composition (Faigenbaum et al. 1993, 
1999). Also, during the initial training period 
higher numbers of repetitions (13 to 15) per set 
may produce greater gains in strength and local 
muscular endurance than lower numbers (6 to 
8) of repetitions per set (Faigenbaum et al. 1999, 
2001). Like adults, children can realize significant 
changes in strength and body composition from 
low-volume, single-set programs. Thus, a program 
for children may be composed initially of one 
set of approximately 10 to 15 repetitions per set 
with at least one exercise for all the major muscle 
groups of the body (see box 10.4). As with adults, 
sets do not need to be carried to failure to produce 
significant fitness gains; this reduces total training 
stress while also promoting the learning of proper 
exercise technique. As a child gets older, more 

FiGuRe 10.6 Many childhood activities include plyomet-
ric-type actions.
Zuma Press/Icon SMI

bOx 10.4 PRACTiCAl QueSTion

What Are Recommendations for a Beginning Resistance  
Training Program for Adolescents?

Weight training program recommendations for a beginning adolescent lifter include the following 
(Miller, Cheathman, and Patel 2010):

• Primary training goal: increase strength

• Number of sets: one to three

• Repetitions per set: 10-15, depending on previous weight training experience

• Resistance: one that allows the performance of the desired number of repetitions per set

• Training frequency: two or three sessions per week on nonconsecutive days

• Exercises: involve all the major muscle groups—chin-up, bench press, lat pull-down, leg 
press, knee flexion, knee extension, abdominal crunch, biceps curl, triceps extension, calf 
raise, rowing, stability or ball exercises

Miller, M.G., Cheathman, C.C., and Patel, N.D. 2010. Resistance training for adolescents. Pediatric Clinics of North America 
57:671-682.

?
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advanced programs that resemble adult programs 
can be introduced gradually.

A suggested progression for youth programs 
with the goal of increasing maximal strength is 
presented in table 10.4. The suggestions include 
typical resistance training exercises (concentric and 
eccentric repetition phases) and progressions for 
the major acute training program variables. The 
definition of novice, intermediate, and advanced 
refers to children with less than 3 months of 
resistance training experience, 3 to 12 months of 
resistance training experience, and more than 12 
months of resistance training experience, respec-
tively.

Performance of variations of the Olympic 
weightlifting movements and plyometrics is 
safe for children (Faigenbaum et al. 2010, 2007; 
National Strength and Conditioning Association 
2009). Performance of these types of exercises is 
part of the progression of increasing power (see 
table 10.5). Different from the suggestions for 
increasing strength, power training predominantly 
involves multijoint exercises, generally uses lower 

percentages of 1RM to allow fast velocities of 
movement and fewer repetitions per set so that 
fatigue does not affect exercise technique or result 
in significant slowing of the movement velocity. 
Sets of power training exercises should not be 
carried to failure because this may increase the 
risk of injury as well as cause significant slowing 
of the movement velocity. As with all types of pro-
gram progression, sufficient time must be allowed 
to learn proper exercise technique when power 
exercises are performed, and increases in training 
volume or intensity should be made slowly.

Periodization
Periodization, which is discussed in more detail in 
chapter 7, is a popular way of varying the training 
volume and intensity of workouts in adult athletes 
and fitness enthusiasts. The effects of periodization 
on prepubescents and adolescents have received 
less study than the effects on adults. However, 
as in adults, periodization in children optimizes 
long-term training gains and helps reduce bore-
dom and the risk of overuse injuries (Miller, 

Table 10.4 Guidelines for Strength Development
novice intermediate Advanced 

Muscle action eccentric and concentric eccentric and concentric eccentric and concentric 

exercise choice Single-joint and multijoint Single-joint and multijoint Single-joint and multijoint

Intensity 50-70% of 1RM 60-80% of 1RM 70-85% of 1RM 

Volume 1 or 2 sets  10-15 reps 2 or 3 sets  8-12 reps >3 sets  6-10 reps 

Rest intervals 1 min 1-2 min 2-3 min 

Velocity Moderate Moderate Moderate

Frequency per week 2 or 3 2 or 3 3 or 4
adapted, by permission, from National Strength and Conditioning association, 2009, “Youth resistance training: Updated position statement paper from 
the National Strength and Conditioning association,” Journal of Strength and Conditioning Research 23: S60-S79.

Table 10.5 Guidelines for Power Development 
novice intermediate Advanced 

Muscle action eccentric and concentric eccentric and concentric eccentric and concentric 

exercise choice Multijoint Multijoint Multijoint

Intensity 30-60% of 1RM 30-60% of 1RM velocity
60-70% of 1RM strength 

30-60% of 1RM velocity
70->80% of 1RM strength

Volume 1 or 2 sets  3-6 reps 2 or 3 sets  3-6 reps >3 sets  1-6 reps 

Rest intervals 1 min 1-2 min 2-3 min 

Velocity Moderate/fast Fast Fast 

Frequency per week 2 2 or 3 3 or 4 

adapted, by permission, from National Strength and Conditioning association, 2009, “Youth resistance training: Updated position statement paper from 
the National Strength and Conditioning association,” Journal of Strength and Conditioning Research 23: S60-S79.
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Cheathman, and Patel 2010; National Strength and 
Conditioning Association 2009). Both linear and 
nonlinear periodization have been used to train 
prepubescents and adolescents (Faigenbaum et al. 
2007; Foschini et al. 2010; McGuigan et al. 2009; 
Sgro et al. 2009; Stone, O’Bryant, and Garhammer 
1981; Szymanski et al. 2004). Both of these types of 
periodization can be varied by doing the following:

• Increasing the resistance for an exercise by 
increasing the percentage of 1RM or the 
resistance used for an RM or RM training 
zone

• Varying the RM training zone or percentage 
of 1RM used

• Varying the number of sets per exercise

• Varying the exercises for the same muscle 
groups

• Including power-type exercises

Programs can also be varied based on the lifting 
experience of children (see tables 10.3, 10.4, and 
10.5). As with any type of training progression, 
children’s tolerance of the program needs to be 
carefully monitored.

Copying elite Athlete Programs
Prepubescents, pubescents, and young adoles-
cents should not perform programs designed 
for collegiate or professional athletes, whether 
those programs are periodized or not. The ability 
of older athletes to improve strength and power 
using advanced programs is in part a result of their 
years of resistance training experience. Often, elite 
programs involve training intensities and volumes 
that are inappropriate for children and may result 
in injury. Forcing youths to perform programs 
designed for mature, gifted athletes can result in 
overuse or acute injuries.

exercise Tolerance
Regardless of the type of resistance training pro-
gram, the importance of the child’s ability to tol-
erate the exercise stress cannot be overemphasized. 
For a program to work optimally, parents, teachers, 
and coaches need to hear from the prepubescents 
and adolescents performing the program con-
cerning how they are tolerating it. Adults should 
encourage discussion and feedback of the chil-
dren’s concerns and fears. Most important, adults 
must take steps to address the concerns children 

express. Trainers need to use common sense in 
providing exercise variation, active recovery peri-
ods, total rest from training, and individualized 
training programs for children. They must also be 
careful not to fall into the trap of believing that 
more training is always better.

The general guidelines for program design 
offered in this chapter are only suggestions. No 
single optimal program exists. Prepubescents and 
adolescents should start with a program that is 
individually tolerable but becomes more advanced 
as they grow older. Dramatic changes in the tol-
erance of resistance training programs can reflect 
the increased maturity of the trainee. Trainers 
should be careful, however, not to overestimate 
the child’s ability to tolerate the total amount 
of physical activity being performed, which may 
include resistance training, aerobic training, and 
sport participation. It is better to start the child 
out conservatively than to overestimate exercise 
tolerance and reduce the child’s enjoyment of 
participation. Using the proper resistance training 
principles, the program designer can create a pro-
gram that reflects the child’s developmental stage 
and particular needs. All adults associated with a 
program must remember that they are not the ones 
for whom the program is developed; their job is 
to provide a positive environment that protects 
and serves the children participating. Children 
should be free to participate or not participate in 
any exercise or sport program.

Sample Sessions
Two sample sessions are outlined in this section. 
One involves the use of no weight training equip-
ment, and the second requires resistance training 
equipment in the form of free weights or typical 
weight training machines. Both sessions are meant 
to provide a total-body workout and can be modi-
fied to provide exercise variation and increases or 
decreases in the difficulty of an exercise, and to use 
available equipment. Additionally, these sessions 
can be modified based on past lifting experience. 
All weight training sessions should be preceded by 
a warm-up and followed by a cool-down (Miller, 
Cheathman, and Patel 2010; National Strength and 
Conditioning Association 2009).

Workouts using little equipment
This workout session uses either the child’s body 
weight, self-resistance using one muscle group 
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against another muscle group, resistance provided 
by another child, or another child’s body weight as 
resistance (see table 10.6). It can be performed as 
a circuit, moving from one exercise to the next, or 
in a set–repetition manner, performing all sets of 
an exercise with a rest between sets before moving 
on to the next exercise. The resistance used in all 
of the exercises can be increased or decreased in 
some manner. For example, the difficulty of push-
ups can be decreased by doing knee push-ups 
and increased by placing the feet on a chair. The 
self-resistance and partner-resisted exercises are 
meant to be performed in a dynamic manner; each 
concentric and eccentric repetition phase should 
take approximately 5 seconds to complete for a 
total of 10 seconds per repetition. Exercises can also 
be modified. For example, self-resisted arm curls 
could be replaced by partner-resisted arm curls 
using a towel. The goal is to provide some form 
of resistance training for all of the major muscle 
groups using little or no equipment.

Session using equipment
This session can be performed with a variety 
of either free weights or typical weight training 
machine exercises using either a circuit or a 
set–repetition protocol. The session as outlined 
emphasizes strength and is designed for a novice 
child lifter (see table 10.7). If adult-size machines 
are used, trainers should make sure that each child 
is properly fitted to the machine to ensure proper 
exercise technique. Initially, the resistance used 
for each exercise should be such that the trainee 
can perform at least the minimum recommended 
number of repetitions with correct technique. 
When the maximum recommended number 
of repetitions can be performed, the resistance 

is increased so that the trainee can perform the 
minimum number of repetitions per set. Chil-
dren should perform all exercises in a controlled 
manner to prevent injury, learn proper exercise 
technique, and know how to prevent damage to 
equipment. Trainers should continually stress the 
importance of correct exercise and spotting tech-
niques for all exercises.

equipment Modification  
and organizational Difficulties

Children require more individualized help than 
adults. Moreover, trainers often encounter organi-
zational problems with children that are not pres-
ent with adults (e.g., adult machines may need to 
be modified with pads or blocks to fit the smaller 
bodies of children). If dumbbells or barbells are 
used, lighter weights may be needed to provide 
an alternate exercise when a machine does not fit 
or cannot provide the proper resistance for some 
children in a group. Trainers must also be aware of 

Table 10.7 Resistance Training  
Workout for Children using equipment
exercise Sets  repetitions

Squat or leg press 1-3  10-15RM zone 

bench press 1-3  10-15RM zone

Knee curl 1-3  10-15RM zone

arm curl 1-3  10-15RM zone

Knee extension 1-3  10-15RM zone

Overhead press 1-3  10-15RM zone

Crunch 1-3  15-20RM zone

back extension 1-3  10-15RM zone

Table 10.6 Resistance Training Workout for Children using Body Weight  
and Self-Resistance 
exercise Sets  repetitions

Push-up 1-3  10-20

bent-leg sit-up 1-3  15-20

Parallel squat 1-3  10-20

Self-resistance arm curl using opposite arm as resis-
tance

1-3  10 actions 6 sec in duration

Toe raise 1-3  20-30

Partner-resisted lateral arm raise 1-10 reps of 10 sec duration

lying-back extension 1-3  10-15
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the fact that equipment may need to be modified 
as the child grows. Typically, exercise machines 
made for adults require more modifications than 
free weight exercises. If machines designed for 
children are available, equipment fit is much less 
of a problem (see figure 10.7). Proper equipment 
fit may need to be checked as frequently as every 
month, especially during the growth spurt of the 
child.

The organizational problems created by having 
to accommodate children need not be difficult to 
solve. Two solutions are to mark needed modifi-
cations or machine adjustments on each child’s 
workout card to keep track, or to teach children 
to make their own equipment modifications or 
machine adjustments. However, adults need to 
carefully check that equipment modifications 
and adjustments are done properly. Although 
effective, these solutions may be impractical with 
a large group of children. With timed workouts 
(specific exercise periods and rest periods), the 
time needed for equipment modifications and 

adjustments must be considered, especially when 
many children are training and modifications or 
adjustments are needed on an individual basis.

Program designers may want to perform the 
training session to find out how long a particular 
equipment modification or adjustment takes. Rest 
period alterations, if needed, can then be made 
to account for the time needed for equipment 
modifications. Although one-minute rest periods 
in a particular training session may be preferred, 
organizational problems such as equipment mod-
ifications or adjustments may make this impossi-
ble. In such cases, the safety of the children and 
correct exercise technique are the priorities rather 
than maintaining the desired rest period. Orga-
nizational problems must be resolved without 
sacrificing safety, correct exercise technique, or the 
effectiveness of the training session.

The most important equipment consideration 
when training children is whether the resistance 
training equipment fits each child properly. With 
free weights, body-weight exercises, or partner- 

FiGuRe 10.7 Some companies make resistance training machines designed to fit young children; they have small 
resistance increases to allow proper progression: (a) a leg press and (b) a chest press.
Courtesy of Strive Inc., McMurray, Pa.

a b
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resisted exercises, fit is typically not a concern. With 
resistance training weight machines, however, fit 
can be critical. Although several companies now 
manufacture machines specifically for children, 
most resistance training machines are designed 
to fit adults (see figure 10.7). Most prepubescents 
lack the height and arm and leg length to properly 
fit many adult resistance training machines. If 
the machine does not fit the child properly, cor-
rect technique and full exercise range of motion 
are impossible. A critical danger of an ill-fitting 
machine is that a body part such as a foot or an arm 
may slip off its point of contact, resulting in injury.

Another common fit problem is a bench for 
machine or free weight exercises that is too wide 
to allow free movement of the shoulder during 
the exercise. When children perform exercises 
with inappropriate technique because of ill-fitting 
equipment, their joints and musculature can be 
exposed to undue stress, resulting in an injury.

Children should not use equipment that cannot 
be safely adapted to fit properly. Simple alterations 
of some machines, such as additional seat pads, 
can allow a trainee to use the machine safely. How-
ever, just adjusting the seat is often not enough. 
Although the seat adjustment may be appropriate, 
adjustments may also be needed to allow proper 
positioning of the arms or legs on the contact 
points of the machine. In addition, raising the seat 
may make it impossible for the child’s feet to reach 
the floor, compromising balance. Placing blocks 
under the feet can help in such cases.

Altering a piece of equipment to fit one child 
does not guarantee that the equipment will fit 
another child. Proper fit must be checked before 
the equipment is used by each child. Care must be 
taken to ensure that additional padding or blocks 
do not slide during the exercise, which could result 
in injury. Sliding can be avoided in some alter-
ations by attaching nonskid material to the top 
and bottom of blocks and the backs of additional 
pads. The safety of the lifter must always be the top 
priority when making any equipment adjustments.

Program Philosophy
Formal programs, such as those in schools and 
health clubs, should express their philosophies 
openly and clearly. Signs, wall charts, and hand-
outs can reflect a positive attitude about weight 
training to prepubescents and adolescents. This is 

especially important when both adults and chil-
dren are training in the same facility. The program 
philosophy can be promoted in the following 
ways:

• Posting age-related instructions for chil-
dren next to the adult instructions. This 
can include both program and exercise 
instructions.

• Using posters and pictures that depict pre-
pubescents and adolescents of both sexes 
using proper resistance training techniques.

• Using charts, contests, and awards to pro-
mote the principles on which prepubescents 
and adolescents need to concentrate (e.g., 
for training consistency, exercise technique, 
total conditioning and fitness, progress in 
other aspects of total fitness (i.e., flexibility, 
endurance), and preparation goals before 
and within a sports season)

The environment, exercise programs, and 
awards should all reflect the program philosophy. 
Because prepubescents and adolescents learn and 
retain information in different ways than adults do, 
the weight training program should communicate 
the expectations and philosophy in all forms of 
communication, including oral, written, audio, 
video, and pictorial media. All forms of commu-
nication need to be clear and appropriate for pre-
pubescents and adolescents so that intimidation, 
confusion, or misunderstanding does not occur in 
any aspect of the program.

Summary
Resistance training for prepubescents and ado-
lescents has gained acceptance and popularity 
because strength, power, and hypertrophy increases 
can occur, bone development may be enhanced, 
and injuries may be prevented in other sport activ-
ities with developmentally appropriate programs. 
Program designers should consider the develop-
mental and physical differences among children, 
exercise tolerance, and safety issues to minimize 
acute and chronic injuries and maximize the ben-
efits of participation.
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After studying this chapter, you should be able to

1. distinguish between modifiable and non-modifiable factors as they relate to the senior 
population,

2. describe the hormonal changes of aging men and women with respect to gonadopause 
and menopause and the overall implications relative to the senior population,

3. list the changes in body composition associated with aging and the individual, plus 
cumulative impacts,

4. explain the phenomenon of muscular strength and power loss seen, and the causes 
within the senior population,

5. list the key adaptations to resistance training for the senior population, and

6. identify the most important aspects of designing a resistance training program for seniors.

physical capabilities. Although age, genotype, and 
sex are considered nonmodifiable factors, exercise 
is a key modifiable determinant of physiological 
function (Kraemer and Spiering 2006). Resistance 
training can influence physiological function, from 
the cells to whole-body physical performance, and 
therefore confers a remarkable number of bene-
fits for seniors, even those with chronic illnesses. 
Ultimately, proper training can improve health, 
improve functional abilities (ability to perform 
tasks of daily living), and lead to a better quality 
of life. Improvement in the level of normal life or 
spontaneous physical activity may be one of the 
most important outcomes from resistance training. 
Resistance training is one of the most effective and 
least costly ways to preserve independent living 
in a wide segment of the population (Rogers and 
Evans 1993).

Those who design programs for senior popula-
tions need to understand the physiological changes 
that occur with age. Endocrine secretions of such 
hormones as testosterone, growth hormone, 
and estrogen decrease with age. We begin this 
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With increased age, seniors experience many 
changes in their bodies, including decreases in hor-
monal secretions, muscle atrophy, and decreases 
in bone density. The changes occurring with aging 
can have dramatic effects as a result of loss of 
function and independence. An optimal resistance 
training program can reduce physiological decre-
ments, improve function, and enhance physical 
capabilities. For people of any age, the health of 
systems, tissues, and cells improves only when 
they are used. For skeletal muscle this means that 
training-related changes and adaptations occur in 
only those motor units that are used in an exer-
cise. Interestingly, other systems also benefit from 
motor unit recruitment (e.g., reduced cardiovas-
cular strain with increased peripheral strength). 
Seniors of all ages can benefit from and are capable 
of performing properly designed resistance train-
ing programs, including men and women of very 
advanced ages (see figure 11.1).

A person’s age is just one factor within a larger 
context of variables, such as nutrition and level of 
physical activity, that can be modified to enhance 
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 chapter  by describing the hormonal changes with 
resistance exercise. The second section describes 
changes in body composition that tend to occur 
with age including increases in fat mass and 
decreases in the quality of muscle and connective 
tissues. All of these changes can influence physical 
performance with age. Next, we discuss age-related 
performance changes and how resistance training 
adaptations can enhance performance and body 
composition. Finally, we present some basic prin-
ciples for resistance training program design in the 
senior population.

Hormonal Changes With Age 
and Resistance Training

It is well established that, with age, the endocrine 
glands’ ability to secrete hormones decreases. Like 
any of the body’s structures, endocrine glands also 
go through a cellular aging process. Resistance 
exercise and training may offset the magnitude 

of decreases in the endocrine system’s structure 
and function. This appears to be mediated by the 
stimulation of endocrine glands with resistance 
exercise, which results in their synthesizing and 
secreting the hormones needed for metabolic 
homeostasis (during exercise) and for anabolic 
signaling (during recovery).

Despite exercise training, as we age the endo-
crine system loses its ability to secrete hormones 
in response to exercise; however, without exercise 
training this process can be more dramatic as a 
result of disuse. Compromised glandular function 
results in reductions in resting concentrations of 
hormones, including anabolic hormones. The 
concept of a compromised endocrine system is 
supported by early studies of testosterone and 
growth hormone, in which a reduced responsive-
ness to resistance exercise stimuli in older adults 
was observed (Chakravati and Collins 1976; Häk-
kinen and Pakarinen 1993; Hammond et al. 1974; 
Vermeulen, Rubens, and Verdonck 1972). Figure 
11.2 presents an overview of the hormonal changes 

FiguRe 11.1 People at even very advanced ages can benefit from performing resistance exercises.
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to resistance exercise with aging. In addition, 
increases in catabolic hormones and inflamma-
tory cytokines can occur increasing the amount of 
protein breakdown and inflammation in the body 
with age (Roubenoff 2003). In combination, such 
changes are a concern for seniors because of the 
compromised ability to positively signal protein 
synthesis and fight inflammatory processes. A 
resistance training program can help to offset the 
magnitude of these changes with aging.

Anabolic hormones such as growth hormone 
can be stimulated to increase, both during and 
after resistance exercise, which helps to signal 
various physiological mechanisms and mediate 
muscle tissue remodeling and growth. This section 
addresses the changes in various hormones with 
age and how they interact with and can be mod-
ulated by resistance exercise.

Testosterone
Testosterone is a key hormonal signal in both men 
and women for various physiological functions, 
cellular growth, and homeostasis (see chapter 
3). Acute increases stimulate signals to a variety 
of target tissues, such as muscle and bone. The 
amount of testosterone, or any hormone, in the 
blood is related to the molar amounts that are 
released, degraded, or taken out of circulation by 
binding to target receptors. Binding proteins elon-
gate the half-life of a hormone circulating in the 
blood. Circulatory changes are sensitive to each of 
these phenomena. Elevations in the blood mean 
that production has exceeded breakdown and the 
amount of target tissue binding that occurs, both 
of which lower the hormone’s blood concentra-
tion. Increases in resting hormonal concentrations 
within the normal physiological ranges typically 
dictate small regulatory alterations in normal 
homeostatic function. As with any hormone, 
testosterone is a signal messenger to the nuclei 
of the cell to produce a specific genetic response. 
Therefore, changes in resting hormonal concentra-
tions represent a partial regulation of the feedback 
systems for a given hormone. Most investigations 
examine hormones such as testosterone in the 
fasting state, and thus the interactions with nutri-
ents at the level of the cell are missing. Therefore, 
the interpretation of testosterone responses and 
adaptations from most studies must be put into 
the context of a fasted state without the available 
influences of nutrients (e.g., amino acids) to 
modulate the hormonal response patterns and the 
amount of receptor binding (Vingren et al. 2010).

The resting concentrations of testosterone and 
the magnitude of its response to an acute bout 
of resistance exercise appear to diminish with 
age, especially in men. In general, it has been 
demonstrated that in older untrained men (62-70 
years) the blood increase in both free and total 
testosterone concentration and the magnitude of 
increase are much lower than in younger men (≤32 
years) in response to a resistance exercise stress, 
such as five or six sets of squats or leg presses with 
10RM resistances with two to three minutes of rest 
between sets and exercises, or four sets of 10RM in 
a squat exercise with two minutes of rest between 
sets and exercises (Häkkinen and Pakarinen 1995; 
Häkkinen, Pakarinen et al. 2000; Kraemer, Häkki-
nen et al. 1998, 1999). However, with resistance 
training, enhancement of the  magnitude of the 
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 exercise-induced response in older men has been 
shown, although not to the level of younger men. 
Also, with short-term training, resting concentra-
tions are not affected (Izquierdo et al. 2001; Krae-
mer, Häkkinen et al. 1999). The lack of a change in 
resting concentrations is true regardless of whether 
cardiorespiratory exercise was also performed con-
currently with the training program (Ahtiainen et 
al. 2009; Bell et al. 2000).

A hormone that is not bound to a binding 
protein, called a free hormone, can bind with a 
receptor. The amount of a free hormone is dictated 
by the total amount of hormone in circulation. In 
only 10 weeks of periodized training, resting free 
testosterone increases in 30-year-old men, but as 
discussed earlier, not in 62-year-old men (Kraemer, 
Häkkinen et al. 1999). After a six-month training 
program, during which both middle-aged (42 
years) and older (70 years) men increased strength, 
no changes in exercise-induced or resting free tes-
tosterone were shown (Häkkinen, Pakarinen et al. 
2000). Thus, whether training increases the acute 
response of testosterone in older men is unclear, 
but resting concentrations appear not to change 
with training.

Although increases in acute total testoster-
one have been repeatedly shown to occur in 
untrained younger men (~30 years) in response 
to exercise and training (Häkkinen and Pakarinen 
1995), when this response capability might end 
as men age is unclear. Middle-aged men up to 
50 years of age have shown an increase in total 
testosterone in response to an exercise challenge 
(Häkkinen and Pakarinen 1995). However, other 
studies have not observed any changes in resting 
or exercise-induced testosterone concentrations 
with up to six months of resistance training in 
middle-aged (~40 years) men despite increases 
in strength (Häkkinen, Pakarinen et al. 2000). In 
a case study, a 51-year-old male competitive lifter 
with 35 years of training experience had lower 
resting serum testosterone concentrations than 
young controls did, but a similar acute increase 
as a result of resistance exercise (Fry, Kraemer et 
al. 1995). Thus, the overwhelming amount of evi-
dence indicates that testicular function diminishes 
with age compromising metabolic synthesis and 
testosterone release into the blood, yet at what age 
this so-called gonadopause (i.e., reduction in the 
production of the male hormone, testosterone) in 
men starts appears to be related to multiple factors 
including genetics, prior training history, and diet. 

When gonadopause occurs needs further research.
It is well known that women have 20 to 40 times 

lower testosterone concentrations than men have. 
In women, testosterone secretions originate from 
the adrenal cortex and to a lesser extent from the 
ovaries. No increases have been demonstrated with 
acute resistance exercise in women 30 years of 
age and older. However, in younger women (~22 
years) significant increases in total testosterone 
and free testosterone have been observed following 
a protocol of six sets of the squat at 10RM with 
two minutes of rest between sets, albeit at very 
low absolute concentrations compared to men, 
as noted earlier (Nindl, Kraemer, Gotshalk et al. 
2001). Thus, younger women appear to have a 
greater acute testosterone response to resistance 
exercise than older women, and younger women 
with resistance exercise stimulate greater produc-
tion of binding proteins (Vingren et al. 2010).

Recent evidence shows that trained women 
have a very rapid androgen receptor binding cycle 
for testosterone and can therefore rapidly use the 
testosterone produced (Vingren et al. 2009). As in 
men, age may be the predominant factor in women 
that determines whether they show an increase 
in resting testosterone with exercise training. No 
changes were observed after a six-month resistance 
training protocol during which both middle-aged 
(42 years) and older (70 years) women showed 
improvements in strength (Häkkinen, Pakarinen et 
al. 2000). As in men, this lack of change holds true 
regardless of whether cardiorespiratory exercise is 
performed concurrently with resistance exercise 
(Ahtiainen et al. 2009; Bell et al. 2000).

Such a lack of change in anabolic signaling by 
testosterone significantly diminishes the body’s 
response in a variety of physiological targets (e.g., 
skeletal muscle, satellite cells, and motor neu-
rons). Thus, aging can decrease concentrations 
of both resting and exercise-induced testosterone 
responses to a resistance exercise protocol. How-
ever, the small improvements in signaling seem 
to benefit the adaptational changes in tissues 
necessary to slow the aging process and the rate 
of decline with aging of cellular structure and 
function.

Cortisol
During the aging process complex interactions 
occur among inflammatory processes, the immune 
system, and the adrenal cortex. Exercise stress 
results in an acute inflammatory process related to 
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the repair and remodeling of tissue, most prom-
inently in skeletal muscle tissue. These inflam-
matory processes as one ages result in part from 
other cellular aging and immune function changes, 
which create a dramatic challenge to physiological 
well-being. Cortisol, a stress hormone, has multi-
ple roles (see chapter 3) from acting as an anti-in-
flammatory agent to protecting glycogen stores in 
the body. Increased cortisol concentrations result 
in other changes that have earned it a reputation 
as a catabolic hormone, or a hormone involved 
in the degradation or breakdown of proteins. A 
wide array of catabolic influences are attributed 
to cortisol including inhibiting anabolic signals of 
testosterone at the gene level in the nuclei, inacti-
vating the immune cells needed for the repair of 
damaged tissues, blocking downstream signaling 
systems for protein synthesis (e.g., mTOR), and 
promoting protein breakdown to spare the use 
of glycogen. Resistance training has been used to 
reduce the resting concentrations of cortisol and 
in some cases reduce the response to stressors such 
as exercise and environmental and psychological 
stress.

Obviously, with any intense exercise stressor, 
such as aerobic exercise greater than 70% of max-
imal oxygen consumption or a lifting protocol 
involving major muscle groups and multiple sets, 
cortisol increases in the blood. Several studies have 
shown some changes in blood cortisol response 
with resistance exercise training leading to an 
improvement in the so-called testosterone–cortisol 
ratio in older men but not in women (Häkkinen 
and Pakarinen 1994; Izquierdo et al. 2001). It has 
been shown that with short-term resistance exer-
cise training, resting cortisol concentrations in the 
blood are reduced in older men (62 years). Also, 
although increases occur in response to resistance 
exercise stress, even after training, the magnitude 
of the response is diminished, meaning that the 
stress response has been reduced (Kraemer, Häk-
kinen et al. 1999). However, a great deal of study 
is needed to better understand the interactions of 
both testosterone and cortisol with the anabolic 
and catabolic signaling pathway responses that 
occur in the body especially with aging (Crewther 
et al. 2011).

growth Hormones
Growth hormone has caught the aging public’s 
eye because of the many extraordinary claims for 
its use in antiaging therapies. It was estimated in 

2005 that the use of recombinant human growth 
hormone for antiaging therapy in America hovered 
around approximately 25,000 adults, and this 
may be even higher today (Perls, Reisman, and 
Olshansky 2005). Many of the purported benefits 
of growth hormone administration are speculative 
and have little support in the literature because 
increases in lean tissue in some cases may be the 
result of increased water retention alone (Kraemer 
et al. 2010). In fact, exogenous growth hormone 
administration has been shown not to cause any 
greater increase in muscle mass than resistance 
training in elderly subjects receiving no growth 
hormone (Thorner 2009). Given the risks and 
potentially limited benefits of exogenous growth 
hormone use, optimizing resistance training pro-
grams to make endocrine glands more effective in 
both the production and secretion of hormones 
may be the best treatment option to reduce the 
effects of aging (Thorner 2009).

As previously discussed, natural endogenous 
GH has over 100 variants apart from the classic 
191 amino acid 22 kD monomer produced by 
the DNA machinery in the anterior pituitary 
(see chapter 3). It is thought that many of these 
variants, especially the higher-molecular-weight 
aggregates, have important anabolic functions 
because their concentrations are 10 to 100 times 
higher than those of the 22 kD form. To date, 
responses of bioactive growth hormone have not 
been investigated in seniors, but it is thought that 
even these higher-molecular-weight bioactive 
growth hormone variants are diminished by age 
(unpublished data from Dr. Kraemer’s laboratory). 
The actions of growth hormone(s) are complex. 
Moreover, all of the data on growth hormone in 
older people have been studied examining only 
the 22 kD isoform that is measured by immuno-
assays (assays using antibodies) and not any of the 
bioactive isoforms measured by other biochemical 
assays (Kraemer et al. 2010). Thus, all of the growth 
hormone responses and adaptations discussed in 
this chapter are based on studies that have only 
been able to examine the response of this primary 
hormone that is produced by DNA machinery in 
the anterior pituitary somatrophs (i.e., classic 191 
amino acid sequence) 22 kD isoform.

The acute responses of growth hormone to 
resistance exercise clearly differ with age. Growth 
hormone was shown to increase in response to 
acute 10RM resistance exercise in younger men, 
but not in older men or women (Häkkinen and 
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Pakarinen 1995). In a 10RM protocol with four 
sets, when older and younger men were matched 
for activity levels, both groups showed increased 
acute postexercise growth hormone levels, but 
these increases were significantly higher in the 
younger (30 years) group than in the older (62 
years) group (Kraemer, Häkkinen et al. 1998, 
1999). However, with 8 to 10 weeks of training, 
limited acute changes were observed in older 
men suggesting that longer-term training may be 
needed (e.g., over six months) for alterations to 
occur. In addition, other growth hormone variants 
could be changing on a much faster time line but 
not be represented by the adaptations seen in the 
22 kD isoform. More research is needed to better 
understand the complexity of the anterior pituitary 
gland’s responses. However, it does appear that if 
total work is increased, or if the glycolytic response 
is greater in a lifting protocol, a higher acute 22 
kD growth hormone response will occur. Thus, the 
higher growth hormone values seen when compar-
ing the younger and older men or women are typ-
ically due to higher work or metabolic capacity in 
the younger people. Even with isometric exercise, 
when comparing younger (26.5 years) and older 
(70 years) men, higher growth hormone responses 
are produced by the younger men because younger 
men can produce more force and greater amounts 
of total work (Häkkinen, Pakarinen et al. 1998).

In women, as in men, few changes occur in 
resting concentrations of growth hormone with 
training, and those that do occur are not as great 
in older women as they are in younger women 
(Häkkinen, Pakarinen 2000). However, the ability 
to increase growth hormone concentrations after 
a resistance exercise bout can be enhanced with 
training in older people, yet typically not to the 
extent that it can be in younger people (Häkkinen, 
Pakarinen 2001). Thus, it appears that the hypo-
thalamic-pituitary-axis undergoes an aging process 
limiting its ability to produce growth hormone(s).

insulin and insulin-Like growth 
Factor i
In both younger and older people, increases in 
body fat can compromise insulin sensitivity (Dela 
and Kjaer 2006). Resistance exercise improves 
insulin sensitivity in older people with diabetes 
or compromised insulin sensitivity (Strasser and 
Schobersberger 2011). Insulin in the fasted state 

displays an acute decrease with resistance exercise 
(Kraemer, Häkkinen et al. 1998). Six months 
of training has been shown to improve insulin 
sensitivity in older people (65-74 years) who are 
insulin resistant as a result of physical inactivity 
and obesity (Ryan et al. 2004). Resistance training 
in the 7- to 9RM zone over 26 weeks also decreased 
glycosylated hemoglobin (HbA1c) levels in 39- to 
70-year-old diabetic men and women (Sigal et al. 
2007). These benefits to insulin resistance and 
blood sugar control are especially important 
because most people with pathological conditions 
such as diabetes can perform resistance training.

With age, resting concentrations of insulin-like 
growth factor I (IGF-I) decrease. IGF-I was higher 
in younger men at all time points (pre- and post-
training, acute and at rest) over the course of a 
10-week training program. Additionally, only the 
younger men displayed an increase in IGF-I bind-
ing protein-3 after training (Kraemer, Häkkinen et 
al. 1999). Like younger people, frail elderly people 
show increases in IGF-I staining in muscle after 
chronic resistance training related to increased 
type II muscle hypertrophy (Singh et al. 1999). 
Older men (67-80 years) performing only two 
sets of 12RM and four sets of 5RM demonstrated 
increases in blood total and free IGF-I immediately 
after and six hours after a workout, yet no changes 
were observed in the binding proteins (Bermon et 
al. 1999). With training, resting IGF-I and binding 
proteins showed no significant changes, indicat-
ing that the acute response of IGF-I may be more 
important in the adaptations related to IGF-I and 
that acute signaling to nuclear DNA is the key to 
endocrine function.

Older women (~68 years) with low bone 
mineral density performed a resistance training 
program. Before training, concentrations of IGF-I, 
along with the binding proteins, were all signifi-
cantly lower than those in an age-matched group 
of healthy women. Resistance training increased 
the resting IGF-I concentrations, but no changes 
took place in the binding proteins. The authors 
theorized that in women with low bone mineral 
density, the stimulation of IGF-I with training may 
contribute to improved physiological function 
(Parkhouse et al. 2000). It has also been shown 
that no change in resting IGF-I after 21 weeks of 
training in women 64 years of age occurs despite 
increased strength, power, and muscle size (Häk-
kinen, Pakarinen et al. 2001).
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estrogen
Just as testosterone production decreases in men 
with age, women undergo a decline in the sex hor-
mone estrogen with age. This decrease in estrogen 
is characteristic of what is commonly referred to 
as menopause, a period that coincides with the 
ceasing of the menstrual cycle. This decrease in 
estrogen level contributes to the loss of strength, 
muscle mass, and bone mineral density associated 
with old age in women (Bemben et al. 2000; Leite 
et al. 2010). Resistance exercise, particularly of a 
high intensity (~80% of 1RM), has been shown to 
preserve bone mineral density in postmenopausal 
women (Bemben et al. 2000; Bocalini et al. 2009; 
Leite 2010). Additionally, resistance exercise has 
been shown to increase strength (Prestes, Shigue-
moto et al. 2009) and muscle mass (Leite et al. 
2010; Orsatti et al. 2008) in postmenopausal 
women. Resistance training that is periodized and 
uses heavier resistances seems to be important to 
optimize the end points of estrogen’s target tissues 
in women.

implications of endocrine Changes 
With Age
Chronic performance of a resistance training 
program cannot maintain endocrine function, 
particularly resting endocrine concentrations, 
entirely. The acute responses to resistance exercise 
workouts may be lower in older men and women; 
however, both men and women typically display 
improved postexercise responses with training. The 
hormones of the body are important for muscle 
regeneration after mechanical damage in both 
younger and older people (Bamman et al. 2001). 
The changes in acute responses to resistance exer-
cise facilitate endocrine secretions when they are 
most needed (directly after mechanical stimulus 
to muscle, tissue, and bone) and may therefore 
contribute to the strength and muscle fiber changes 
in seniors.

Again, it is important to remember that resis-
tance training programs train not only skeletal 
muscle but also the other systems, tissues, and, 
specific to this section, endocrine glands. The 
structure and function of these glands can only be 
maintained in the fight against aging and disuse by 
challenging their functional abilities, just as skele-
tal muscle is challenged. The implementation and 
optimal design of a resistance training program 

(i.e., individualized, periodized, and properly pro-
gressed) are vital for creating an effective exercise 
stimulus while limiting any potential for injury or 
such syndromes as overreaching and overtraining.

An appreciation of the acute hormonal responses 
to exercise helps in understanding the adaptations 
of muscle, bone, and other tissues. Understanding 
the hormonal responses to training in seniors also 
aids in understanding body composition changes, 
the topic of the next section.

Body Composition  
Changes in Seniors

Body composition describes the percentage of fat 
mass and various components of fat-free mass, 
including muscle, bone, tissue, and organs, of the 
body. With age, all components of body composi-
tion tend to change. This section is a review of the 
effects of body composition change on resting met-
abolic rate and includes a discussion of the changes 
in bone, tissue, and muscle with aging. Resistance 
training’s effects on metabolic rate, muscle, bone, 
and tendon can help people maintain function 
during aging. The overall performance conse-
quences and implications of age-related changes 
in muscle and body composition are addressed 
later in this chapter.

Decreased Metabolic Rate  
With Age and Resistance exercise
One factor that may influence body composition 
in seniors is resting metabolic rate (RMR), or the 
amount of energy expended during complete rest 
for vital physiological functions such as heart rate 
and breathing. Resting metabolic rates are lower in 
older (>60 years) men and women than in younger 
(20-35 years) men and women even when adjust-
ing for fat-free mass, fat mass, and smoking history 
(Frisard et al. 2007; Krems et al. 2005; Woolf et 
al 2008). Interestingly, one investigation found 
that women who lived to at least 95 years of age 
had unexpectedly very low resting metabolic rates 
when compared to middle-aged women (Rizzo et 
al. 2005). This may have been less an indication 
of age and more an indication of the very old 
women’s overall health. Resting metabolic rate in 
a longitudinal investigation decreased each decade 
by 5% in men and 4% in women (Luhrmann et al. 
2009). Longitudinal data also show the decrease 
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with age over the course of five years in those over 
73 years of age (Rothenberg, Bosaeus, and Steen 
2003); the decrease is more rapid in men between 
70 and 80 years of age than in men between 40 
and 50 years (Ruggiero et al. 2008).

One factor that appears to coincide with 
decreased metabolic rate is increased fat depo-
sition. When tracking the same people over the 
course of eight years in a German population, 
height, waist-to-hip ratio, fat-free mass, and energy 
expenditure decreased while body mass index and 
fat mass increased (Luhrmann et al. 2009). As 
fewer calories are burned at rest as a result of the 
decrease in metabolic rate, aging may predispose 
people to increased fat mass (see box 11.1). As 
discussed later, resting metabolic rate is correlated 
to fat-free mass (Sparti et al. 1997), and resistance 
training can increase or slow the decrease in fat-free 

mass. Thus, resistance training can be an important 
lifestyle intervention to offset some of the decrease 
in resting metabolic rate with aging.

One factor correlated to metabolic rate that 
resistance training can address is the amount of 
lean tissue mass. Resting metabolic rate is influ-
enced by a number of factors, including muscle 
mass and lean tissue. Decreases in metabolic rate 
often coincide with decreased amounts of muscle 
tissue, which also influences the decreases in the 
mass of other tissues and organs and their specific 
metabolic rates (St-Onge and Gallagher 2010). 
By one estimate (Gallagher et al. 1998), skeletal 
muscle accounts for between 18 and 25% of rest-
ing energy expenditure. Although muscle mass 
may not account for all of the changes in energy 
expenditure, resistance training can help to opti-
mize metabolic rate in the elderly.

Box 11.1 ReSeARCH

Resistance Training and Age-Related Obesity
One might ask the question, Is obesity related only to age, and what might resistance training do to 
help? Obesity appears to increase with normal aging, from 18% in young adults to a peak of 31% 
in middle age. At the age range of 45 to 65 years, obesity affects 9% of Asian Americans, 30% of 
white Americans, 35% of Hispanic Americans, and 41% of black Americans. Although the increase 
in obesity up to age 65 appears to support an association between age and obesity, obesity actually 
falls to 24.7% after age 65 (Mendez 2010). The rationale for this is not entirely clear, but may be 
related to decreased life expectancy in those with obesity, resulting in a greater proportion of thinner 
people surviving long enough to be surveyed after age 65. In nonsmokers who are morbidly obese, 
life expectancy drops from 81 years to between 68 and 76 years in white men and from 75 years to 
between 59 and 74 years in black men (Finkelstein et al 2010). The decrease in obesity above 65 
years could also be a function of malnutrition in seniors.

The prevalence of obesity at any age warrants action. In conjunction with nutritional interven-
tions and cardiorespiratory exercise, resistance training may help to address the increase in body 
fat. Resistance training for 26 weeks increased total energy expenditure in older adults (61-77 years) 
and contributed to greater oxidation of lipids (Hunter et al. 2000). The increased total energy 
expenditure and spontaneous activity in seniors may have been related to increased aerobic ability 
caused by resistance training (Jubrias et al. 2001). With six months of resistance training, muscle 
oxidative ability increased 57%, muscle size increased 10%, and mitochondrial volume density 
increased 31%. Thus, along with other treatments, resistance training can help control total-body 
fat mass in seniors.

Finkelstein, E.A., Brown, D.S., Wrage, L.A., Allaire, B.T., and Thomas, J.H. 2010. Individual and aggregate years-of-life-lost 
associated with overweight and obesity. Obesity 18: 333-339.

Hunter, G.R., Wetzstein, C.J., Fields, D.A., Brown, A., and Bamman, M.M. 2000. Resistance training increases total energy 
expenditure and free-living physical activity in older adults. Journal of Applied Physiology 89: 977-984.

Jubrias, S.A., Esselman, P.C., Price, L.B., Cress, M.E., and Conley, K.E. 2001. Large energetic adaptations of elderly muscle to 
resistance and endurance training. Journal of Applied Physiology 90: 1663-1670.

Mendez, E. 2010. In U.S., obesity peaks in middle age. Gallup, Inc. www.gallup.com/poll/142736/obesity-peaks-middle-age.
aspx.
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Interestingly, resistance training for 24 weeks 
increased resting metabolic rate by 9% in both 
young and older men, although, surprisingly, 
this was not observed in younger or older women 
(Lemmer et al. 2001). Most likely the lack of met-
abolic response in women was due to the ineffec-
tiveness of the training program used in the study 
to increase lean tissue mass. A low-volume training 
protocol was used (i.e., one set for the upper body 
and one or two sets for the lower body), and the 
subjects used self-selected resistances with pneu-
matic resistance training equipment. Although the 
program improved strength, apparently through 
neurological mechanisms, it did not stimulate 
enough muscle protein accretion to increase lean 
tissue significantly in women (see chapter 9).

Bone Density Changes With Age 
and Resistance exercise
As previously described, the process of menopause 
is associated with decreases in bone density in 
women, although osteoporosis is a serious issue 
in both sexes. In addition to hip fractures, wrist 

and rib fractures are a major concern in the elderly. 
Only about half of seniors are able to regain 
independence following a hip fracture (Morrison, 
Chassin, and Siu 1998). Following hip fracture, 
one-year mortality rates are between 15 and 24% 
(LaVelle 2003; Wolinsky, Fitzgerald, and Stump 
1997). Although hip fractures are often associated 
with a fall, surprisingly, the fracture is often the 
cause of the fall. In the elderly, about 90% of hip 
fracture falls occur from a simple standing position 
(Baumgaertner and Higgins 2002). Thus, proactive 
action must be taken to maintain healthy bone 
density before fracture occurs, which is often the 
first overt sign of osteoporosis. Fracture is not the 
only concern for joints in seniors, however (see 
box 11.2).

Resistance training increases bone density at 
a rate of 1 to 3% each year in seniors, whereas 
those who do not perform resistance exercise lose 
about 1 to 3% in bone density in the same time 
period (Frost 1997; Kohrt, Ehsani, and Birge 1997; 
Layne and Nelson 1999; Lohman 2004; Marcus 
2002; Nelson 1994; Ryan et al. 2004; Smith et 
al. 1984; Vincent and Braith 2002; Warburton 

Box 11.2 ReSeARCH

What Are the Benefits of Resistance exercise for Joint Pain?
Osteoarthritis (OA) is one of the most common diseases of old age and is frequently encountered 
by practitioners who work with seniors. It is characterized by loss of cartilage at a joint and a 
subsequent overcompensation of bone growth to repair the damage. This growth exacerbates the 
cartilage loss issue, causing a painful, joint-wide problem (Fransen et al. 2009). OA is a very specific 
joint ailment with the effects specific to the joint affected (e.g., hip, knee, shoulder), the anatomical 
location within that joint (medial, lateral, anterior, posterior, combination), and the condition’s 
grade of severity (grade 1 is the mildest; grade 4 is the most severe). Resistance exercise is beneficial 
for older people with OA because it results in increased strength, improved function, and decreased 
pain (Latham and Liu 2010).

Many people avoid exercise when joint pain is present, but exercise can improve clinical outcomes. 
A recent meta-analysis examined the effect of resistance training interventions on osteoarthritis, 
rheumatoid arthritis, and fibromyalgia in people with an average age of over 50 years (Kelley et al. 
2011). The meta-analysis found significant improvements in pain and physical function with a low 
rate of adverse events across studies. The improvements were also clinically important, similar to 
those expected from analgesic agents such as acetaminophen and NSAIDS. Thus, resistance exercise 
interventions can be an important therapeutic aid for joint pain in seniors.

Fransen, M., McConnell, S., Hernandez-Molina, G., and Reichenbach, S. 2009. Exercise for osteoarthritis of the hip. Cochrane 
Database of Systematic Reviews: CD007912.

Latham, N., and Liu, C. J. 2010. Strength training in older adults: The benefits for osteoarthritis. Clinics in Geriatric Medicine 
26: 445-459.

Kelley, G.A., Kelley, K.S., Hootman, J.M., and Jones, D.L. 2011. Effects of community deliverable exercise on pain and physical 
function in adults with arthritis and other rheumatic diseases: A meta-analysis. Arthritis Care & Research 63: 79-93.
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and Bredin 2006). Resistance exercise increases 
markers of bone formation (Vincent and Braith 
2002) and decreases markers of bone resorption 
(Whipple et al. 2004) resulting in increased bone 
formation. Although resistance training can benefit 
bone, appropriate resistance training prescription 
is important. Bone adapts and responds to the 
strain applied to it, including the strain that mus-
cles place on bone during resistance exercise. This 
underlines the importance of using a resistance 
heavy enough to produce adaptations. An exercise 
must place strain on a particular bone to promote 
adaptations (Frost 1997; Winters-Stone and Snow 
2006).

It is important to note that muscular strength 
and lean body mass are the best predictors of bone 
mineral density (Blain et al. 2001; Cussler et al. 
2003; Egan, Reilly et al. 2006; Witzke and Snow 
1999). Although runners engage in an activity that 
exerts a strain on the bones of the lower body, they 
tend to have lower bone density than those who are 
sedentary (Bilanin, Blanchard, and Russek-Cohen 
1989; Hetland, Haarbo, and Christiansen 1993; 
Hind, Truscott, and Evans 2006; MacDougall 1992; 
MacKelvie et al. 2000), which can be addressed 
with resistance exercise (Smith et al. 1984; Hind, 
Truscott, and Evans 2006).

A resistance training program in older women 
(45-65 years) demonstrated no changes in bone 
density (dual-energy X-ray absorptiometry) after 
a linear periodized 24-week program despite 
increases in muscular strength. This indicates that a 
longer period of training may be necessary to affect 
bone density (Humphries et al. 2000). Although a 
linear periodization program of moderate to high 
intensity for 24 weeks produced similar changes 
in muscle strength in older men and women, men 
appeared to be capable of higher absolute training 
intensities and therefore stimulated increases in 
spinal bone density, whereas the older women 
saw no changes. This indicates that training inten-
sity plays an important role in bone adaptations 
(Conroy and Earle 2000). Older women have 
shown significant increases in femoral and lumbar 
spine bone density when using higher-intensity 
resistance training programs (e.g., 80% of 1RM for 
8-10 repetitions), but a year or more of training 
may be required to show bone density increases 
(Guadalupe-Grau et al. 2009). In addition, resis-
tance training also resulted in an improvement in 
balance, total level of physical activity, and muscle 
mass. It has also been shown that one year of 

jumping and bounding exercise performed two 
times per week increased proximal femur and 
tibial shaft bone mineral density in women from 
50 to 57 years of age less than five years after the 
onset of menopause (Cheng et al. 2002). Thus, 
resistance training of the proper prescription over 
longer training periods does have a positive effect 
on bone density as well as most of the major risk 
factors for an osteoporotic fracture.

Tendon Changes With Age  
and Resistance exercise
Tendons are the connective tissues that attach 
muscle to bone and are responsible for muscular 
force transmission to the skeleton. The muscle–
tendon complex (MTC) (see chapter 4) describes 
the relationship between the muscle and tendon. 
Muscle–tendon stiffness is defined as the amount 
of force necessary to lengthen a tendon to a spe-
cific length. If a greater amount of force is needed 
to lengthen a tendon to a specific length, the 
MTC is stiffer. The interactions of changes in the 
muscle architecture and the tendon’s mechanical 
properties change with age. Increases in muscle 
force production and the tendon’s mechanical 
properties can occur as a result of several months 
of resistance training. A muscle fiber’s fascicle 
length and tendon stiffness were shown to increase 
by 10 and 64%, respectively, with just 14 weeks 
of resistance training (Narici, Maffulli, and Maga-
naris 2008). However, resistance training had no 
effect on relative length–tension properties of the 
muscle suggesting that increased tendon stiffness 
and increased fascicle length neutralized each 
other’s effects.

Because tendons are in a parallel series with 
muscle, their mechanical properties, such as stiff-
ness, affect the efficiency of force transmission 
and the force-length-velocity relationship of the 
functional unit. The patella tendon in aged people 
(74.3 ± 3.5 years) increased in stiffness in response 
to 14 weeks of resistance training in comparison 
to sedentary controls (67.1 ± 2 years). The training 
routine consisted of leg press and leg extension 
exercises for two sets of 10 repetitions at 80% of 
5RM, three times per week (Reeves, Maganaris, 
and Narici 2003). These authors concluded that 
increases in tendon stiffness may reduce tendon 
injury and increase functional task completion 
times. Although optimal training protocols for 
tendon strength and stiffness have not been com-
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pletely elucidated, it appears that resistance train-
ing may reduce tendon injury, improve tendon 
stiffness, and thereby improve total force transfer 
in seniors.

Tendinopathy, the often asymptomatic degen-
eration of tendon, is best treated with an eccentric 
exercise program (Alfredson et al. 1998). For exam-
ple, three sets of 10 repetitions of eccentric exercise 
have been employed at the Achilles (Ohberg, 
Lorentzen, and Alfredson 2004), patella (Jonsson 
et al. 2006), and rotator cuff tendons (Young et al. 
2005); clinical success (e.g., no pain with activity 
and more normal tendon structure) was higher in 
young people. Although resistance exercise may 
help in the treatment of tendinopathy, the effect 
of eccentric training in elderly populations has not 
been examined. Additionally, the optimal eccentric 
program to affect tendons has not been elucidated.

Loss of Muscle With Age
It is well established that the properties of muscle 
change with increasing age. A plethora of investi-
gations have shown a reduction in muscle mass 
as people age (Berger and Doherty 2010; Boirie 
2009; Evans and Campbell 1993; Frontera et al. 
1991; Häkkinen and Häkkinen 1991; Häkkinen, 
Kallinen, and Komi 1994; Janssen et al. 2000; 
Pillard et al 2011). This age-associated reduction 
in muscle mass historically had been termed 
sarcopenia (Berger and Doherty 2010; Evans and 
Campbell 1993), although as of today there is no 
real universal definition. It is generally considered 
to be related to a loss of muscle mass and low 
muscle strength or function. In addition, reduced 
tissue quality has also been considered a compo-
nent of sarcopenia (e.g., fat replacing muscle fibers 
as in the white, marbled sections of red meat), as 
has fibrosis, increased inflammatory responses, 
obesity, reduced anabolic signaling, and degrada-
tion of the neuromuscular junction. Thus, many 
factors act in a type of constellation of catabolic 
influences in the aging of muscle. Loss of muscle 
mass, one component of that constellation, is a 
natural result of aging and muscle cell apoptosis 
(i.e., programmed cell death).

Using computerized EMG single motor unit 
analyses, Doherty and colleagues (1993) estimated 
a 47% reduction in the number of motor units in 
older people (60-81 years). For women in their 
70s, the quadriceps cross-sectional area of muscle 
is 77% that of women in their 20s (Young, Stokes, 
and Crowe 1984). The decline in muscle mass 

appears to be due to the reduction in the cross-sec-
tional area of the individual muscle fibers, the loss 
of individual muscle fibers, or both (Frontera et 
al. 1988; Larsson 1982; Lexell et al. 1983; Lexell, 
Taylor, and Sjostrom 1988). Although research 
on the phenomenon of sarcopenia continues, the 
aforementioned characteristics of sarcopenia are 
generally assumed.

Loss of muscle mass begins to be apparent by 
age 30 years but is most pronounced starting at 
age 50 (Faulkner et al. 2008; Janssen et al. 2000; 
Faulkner et al 2008). This effect on muscle mass is 
independent of muscle location (upper versus vs. 
lower extremities) and function (extension versus 
vs. flexion) (Frontera et al. 1991). However, greater 
decreases in lower-body compared to upper-body 
muscle mass have also been noted (Janssen et al. 
2000). It is important to note that muscle fibers 
that are lost are subsequently replaced with fat or 
fibrous connective tissue (Taaffe et al. 2009). Not 
only is there a decrease in cross-sectional area of 
muscles, but there is also an increase of intramus-
cular fat, which is most pronounced in women 
(Imamura et al. 1983). Seniors have a twofold 
increase in non-contractile tissue in muscle com-
pared to younger people (Kent-Braun, Ng, and 
Young 2000). Thus, in addition to muscle mass 
loss, other factors resulting in changes in muscle 
are also occurring.

In general, loss of motor units appears to affect 
fibers that have fallen into disuse. There appears 
to be a preferential loss of type II muscle fibers 
with aging, which would negatively affect power 
capabilities (Goodpaster et al. 2006; Korhonen et 
al 2006). The number of muscle fibers in the mid-
section of the vastus lateralis of autopsy specimens 
is lower by about 23% in elderly men (age 70-73) 
compared to young men (age 19-37) (Lexell et 
al. 1983). The decline is more marked in type II 
muscle fibers, which fall from an average of 60% in 
sedentary young men to below 30% of total fibers 
after the age of 80 (Larsson 1983). This preferential 
loss of type II muscle fibers causes a compression 
of the motor units and fibers, especially type II 
fibers, available to be recruited. The compression 
of motor units can have negative consequences 
on strength and power. Whether due to disuse or 
aging, the preferential loss of type II motor units 
and fibers may impair strength, power, speed, and 
functional abilities.

A host of potential mechanisms that may be 
involved in the loss of muscle fibers are still being 
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uncovered as some begin to take a more global 
view of sarcopenia as a type of syndrome. The 
loss of muscle fibers with aging may be a result of 
muscle cell death, termed apoptosis, or a loss of 
contact with the nervous system, termed dener-
vation (Häkkinen, Kallinen, and Komi 1994). In 
some cases, muscle fibers may regain contact with 
the nervous system, termed re-innervation, as a 
result of maintained or increased activity. Dener-
vation of motor units occurs with age; therefore, 
the number of muscle fibers can be reduced by half 
in older age due to the death of alpha motor units 
and their associated muscle fibers (Doherty et al. 
1993). The loss of muscle fibers compromises the 
individual motor unit’s ability to produce force 
and affects the basic metabolic functions of the 
entire muscle, such as a reduced caloric resting 
metabolic rate due to reduced muscle mass. Figure 
11.3 presents an overview of the basic muscle fiber 
changes with aging. Although hypertrophy of 
existing fibers is possible with resistance exercise, 
motor unit loss is irreversible.

Changes in Physical  
Performance With Age

The changes in body composition with age and 
the loss of skeletal muscle and especially type 
II motor units can have wide-ranging effects on 
strength and power performances. In this section, 
we will characterize the changes in performance 
that occur with age.

Patterns of Strength Loss  
With Age
A recent study of anthropometric predictors of 
physical performance in older men and women 
found that relative strength was the most import-
ant predictor of physical performance in men, but 
that body mass index (BMI) was a more import-
ant predictor for women (Fragala et al., 2012). 
Although loss of muscle strength may not always 
be the most substantial contributor to a reduc-
tion in physical performance, strength remains 
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an important factor in maintaining functional 
abilities (Brill et al. 2000; Berger and Doherty 
2010). Muscle weakness can advance to the stage at 
which an elderly person cannot perform common 
activities of daily living,  such as getting out of 
a chair, sweeping the floor, lifting grocery bags, 
using the toilet, or taking out the trash. Reduced 
functional ability increases the chance of nurs-
ing home placement. Conversely, with greater 
muscle strength, increased levels of spontaneous 
activity have been seen in both healthy, free-living 
older people and very old, frail men and women. 
Strength training can enhance muscle strength in 
seniors (see figure 11.4)

Under normal conditions, strength appears to 
peak between the ages of 20 and 30, after which it 
remains relatively stable or slightly decreases over 
the next 20 years (Häkkinen, Kallinen, and Komi 
1994; Faulkner et al 2008). In the sixth decade of 
life, a more dramatic decrease occurs in both men 
and women that is most dramatic after age 70, with 
this decrease perhaps more pronounced in women. 
More specifically, in subjects in the seventh and 

eighth decades of life, the average loss of strength 
due to age is between 20 and 40%, whereas reports 
of even greater strength losses (50% or more) have 
been made for those in the ninth decade of life and 
beyond (Berger and Doherty 2010).

Knee-extensor strength of a group of healthy 
80-year-old men and women studied in the Copen-
hagen City Heart Study (Danneskoild-Samsoe et 
al. 1984) was found to be 30% lower than that 
reported in a previous population study (Anians-
son and Gustavsson 1981) of 70-year-old men 
and women. In a comparison of middle-aged 
men (42 years) and older men (65 years), it has 
been demonstrated that the older men had a 
14% reduction in 1RM squat, a 24% reduction 
in maximal isometric force, a 13% reduction in 
the quadriceps femoris muscle mass, and a lower 
concentration of free testosterone (Izquierdo et 
al. 2001). Cross-sectional as well as longitudinal 
data indicate that muscle strength declines by 
approximately 15% per decade in the sixth and 
seventh decades and about 30% thereafter (Dan-
neskoild-Samsoe et al. 1984; Harries and Bassey 

FiguRe 11.4 Strength training for seniors is important to offset losses in muscular force production with aging.
Photo courtesy of Dr. Robert Newton, Edith Cowan University, Perth, Australia.
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1990; Larsson 1978; Murray et al. 1985). The loss 
of motor units appears to be most problematic for 
women as they pass the age of 60 years because 
their absolute starting point for muscle tissue mass 
is lower than that of men (Carmeli, Coleman, and 
Reznick 2002; Roubenoff 2001; Vandervoot and 
Symons 2001).

Conflicting reports concerning the magnitude 
of strength loss do exist. This may be due in part 
to the use of cross-sectional and longitudinal data. 
Cross-sectional studies may seriously underes-
timate the magnitude of strength loss with age 
(Bassey and Har ries 1993). For example, the 
cross-sectional data (Bassey and Harries 1993) 
show a 2% loss of grip strength per year in the 
elderly. However, when people were followed lon-
gitudinally, the loss of hand grip strength was 3% 
per year for men and nearly 5% per year for women 
over a four-year period (Bassey and Harries 1993). 
Additionally, longitudinal rates of leg strength loss 
per decade are about 60% of estimates of strength 
loss from cross-sectional data (Hughes et al. 2001).

Long-term involvement with strength training 
appears to offset the magnitude of strength loss 
and enhances the actual absolute strength capa-
bilities of an individual, but declines do occur 
even in competitive weightlifters (Faulkner et al. 
2008; Kraemer 1992a; Meltzer 1994; Faulkner et 
al 2008). Interestingly, the aging curve of fitness 
parameters of “master athletes” indicates that the 
rate of decline of peak oxygen consumption with 
aging was not different from that of sedentary 
people, but that strength losses are not linear and 
exhibit plateaus at various ages (Wiswell et al. 
2001). Master athletes involved in weight events 
and weightlifting for decades of their lives into 
their sixth and seventh decades of life had better 
strength and power performances than untrained 
men 10 to 20 years younger (Ojanen, Rauhala, 
and Häkkinen 2007). Thus, physiological age and 
chronological age may not be the same when train-
ing is performed throughout a lifetime. However, it 
is important to note that the maintenance of higher 
physiological and functional abilities appears to be 
mediated only with the maintenance of training, 
because strength and aerobic abilities will decline 
faster in untrained individuals or when people stop 
training or working out.

Figure 11.5 depicts a general theoretical aging 
curve for muscle strength in trained and untrained 
people. However, the magnitude of strength 
decrease varies by gender, sex, and individual 

muscles and muscle groups. For example, the 
decline in the isokinetic strength of knee extensors 
and knee flexors averages about 14% and 16%, 
respectively, in both sexes (Hughes et al. 2001). 
However, women demonstrated slower rates of 
decline in elbow extensor and flexor strength 
(about 2% per decade) than men (about 12% per 
decade). The strength loss in the lower extremities 
has been shown to be greater than that of the upper 
extremities in both sexes (Häkkinen, Kallinen, and 
Komi 1994; Lynch et al. 1999). Concentric and 
eccentric peak torque per cross-sectional area of 
both the arm and leg musculature declines with 
age, but differences do exist between muscle groups 
and muscle action types (Lynch et al. 1999). Thus, 
strength will decrease with age, but the decrease 
is lessened with continued training and varies by 
muscle group and sex.

Causes of Decreased Strength 
With Age
The loss of motor units, even in healthy, active 
people, appears to be a primary factor underlying 
the age-associated reductions in strength (Doherty 
et al. 1993). In addition, a loss of force per 
cross-sectional area as a result of some unknown 
intrinsic factor in contractile proteins may occur 
with age (Frontera, Suh et al. 2000). The strength 
decline with aging may also be related to different 
factors in different various muscle groups. For 
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example, it has been demonstrated that for leg 
tasks, factors other than lean tissue are involved in 
the force production loss, whereas in the arm flex-
ors, the loss of lean tissue explains the functional 
decline in strength (Landers et al. 2001)

In effect, a number of factors potentially con-
tribute to the loss of muscle strength and power. 
How these factors interact with each other and 
what exact mechanisms predominate under certain 
conditions or at certain ages remain speculative 
(see box 11.3). The following are some of the 
primary factors associated with muscle weakness 

with aging (Berger and Doherty 2010; Fiatarone 
and Evans 1993; Kraemer 1992b; Berger and 
Doherty 2010):

• Natural musculoskeletal changes that can 
come with aging

• Accumulation of chronic diseases

• Medications needed to treat diseases

• Disuse atrophy

• Undernourishment

• Reductions in hormonal secretions

Box 11.3 ReSeARCH

Malnutrition in Seniors
While obesity receives significant attention, undernutrition also is a significant issue, particularly in 
seniors who are socially isolated, socioeconomically disadvantaged, or disabled (Lee and Berthelot 
2010). In contrast to developing countries, where malnutrition is typically seen in infants (de Onis et 
al. 2004), in the United States between 2,000 and 3,000 American seniors die of malnutrition each 
year (Heron 2009). Food insecurity affects 11.4% of American seniors over age 60 years or approx-
imately 5 million adults (Ziliak, Gundersen, and Haist et al. 2008), and with between 10 and 60% 
of older hospitalized adults suffering from malnutrition (Chen et al. 2007). The U.S. Centers for 
Disease Control in estimated that in the United States malnutrition affects about 1 person in every 
100,000 Americans. By age 65, that number increases to about 1.4 people, then steadily increases 
in a highly variable manner due to inherent genetics to 20.9 people out of every 100,000 people at 
about 75 years of age. The causes for this undernutrition are not concrete completely understood at 
this time, but physiological (disease, decreased metabolism), psychological (depression and other 
cognitive disorders), social (no one to cook and eat with), economic, and behavioral (sedentary 
lifestyle) factors are potential contributors. A host of factors, endocrine changes, altered physical 
activity levels, changes in the nervous system, and muscle atrophy, result in decreased power and 
strength with age (Porter, Vandervoort, and Lexell 1995). However, malnutrition also appears to 
play an important role in this age-related loss of strength and power via the reduction in protein 
and total caloric intake needed for optimal maintenance of tissues.

Practitioners should consider working with dietetic staff to assess clients’ nutrition. Additionally, 
reaching out to isolated (community dwelling or homebound), socioeconomically disadvantaged 
seniors may make the greatest difference. Practitioners can help by volunteering for senior care pro-
grams, meal delivery programs, charitable and religious organizations, and other services; starting 
senior health and fitness programs remembering that the problem is not always one of education 
but of means; and checking on neighbors, retired colleagues, relatives, and those in local or religious 
communities. In summary, although proper nutrition may appear to be the biggest concern, other 
social interventions may be the best approach for addressing malnutrition in the elderly.

Chen, C.C-H., Bai, Y.Y., Hang, G.H., Tang, S.T. 2007. Revisiting the concept of malnutrition in older people. Journal of Clinical 
Nursing 16: 2015-2026.

de Onis, M., Blössner, M., Borghi, E., Morris, R., Frongillo, E.A. 2004. Methodology for estimating regional and global trends 
of child malnutrition. International Journal of Epidemiology 33: 1260-70.

Heron, M., Hoyert, D., Murphy, S., Xu, J., Kochanek, K., and Tejada-Vera, B. 2009. Deaths: Final data for 2006. National Vital 
Statistics Reports 57: 33-37.

Porter, M.M., Vandervoort, A.A., Lexell, J. 1995. Aging of human muscle: Structure, function and adaptability. Scandinavian 
Journal of Medicine and Science in Sports 5: 129-42.

Ziliak, J.P., Gundersen, C., and Haist, M.P. 2008. The causes, consequences, and future of senior hunger in America. Meals 
on Wheels Association of America Foundation Technical Report.
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• Nervous system changes

• Changes in bone density

• Loss of muscle fibers

Although it is unclear whether older people 
can activate their muscles maximally (i.e., recruit 
all muscle fibers maximally), twitch interpolation 
data indicate that both old and young people 
can do so (Korhonen et al. 2006; Phillips et al. 
1992; Korhonen et al. 2006). However, it has 
also been concluded that older people are able 
to fully activate their muscles, but activation for 
dynamic activities may differ from activation for 
isometric muscle actions (Brown, McCartney, and 
Sale 1990). The extent to which central voluntary 
neural drive decreases with increasing age remains 
speculative. If aging does result in an inability to 
activate muscle, the factors primarily responsible 
may be peripheral neuromuscular mechanisms 
(e.g., neuromuscular junctions) (Häkkinen, 
Kallinen, and Komi 1994) rather than decreased 
neural ability to recruit motor units.

Patterns of Muscular Power Loss 
With Age
The decreased ability to produce force rapidly and 
relax rapidly, or decreased power production, may 
be one of the primary factors contributing to a loss 
of functional abilities and to injury from falls in 
older adults. Muscle power and its trainability in 
seniors have not received a great deal of study, but 
many everyday activities, such as walking, climbing 
stairs, and lifting objects, require rapid force devel-
opment or a certain degree of power. Leg-extensor 
power in elderly men (88.5 ± 6 years) and women 
(86.5 ± 6 years) has been significantly correlated 
with chair-rising speed, stair-climbing speed and 
power, and walking speed (Bassey et al. 1992). 
Correlations between power and functional ability 
were greater in women than in men, but for both 
men and women power was important for the per-
formance of daily activities. The ability of muscles 
to produce muscular force rapidly may also serve 
as a protective mechanism when falling, a major 
public health problem that is one of the top causes 
of injury in seniors and is associated with increased 
mortality risk (Wolinsky and Fitzgerald 1994).

Research also shows that muscle power is the 
major indicator of functional ability and disability 
for seniors (Keysor and Jette 2001; Latham et al. 
2004). Furthermore, muscle power at ~40% of 

1RM is more strongly related to functional per-
formance than maximal strength (Doherty 1993).

Figures 11.6 and 11.7 depict the difference in 
rate of force development between older and 
younger people in bilateral (two limbs working 
together) and unilateral (single-limb) strength. 
Power production, especially in explosive move-
ments, diminishes dramatically with age and to a 
greater extent than maximal strength does (Häk-
kinen, Kraemer, and Newton 1997; Paasuke et al. 
2000). It has been estimated from cross-sectional 
studies that lower-limb power capabilities may be 
lost at a rate of 3.5% a year from the age of 65 to 
84 years (Young and Skelton 1994). In women, 
cross-sectional data indicate a loss of maximal 
voluntary contraction and speed of contraction 
by the age of 40 years, while speed of relaxation is 
decreased by the age of 50 (Paasuke et al. 2000). 
The time needed to produce maximal isometric 
force early in the force–time curve (0 to 200 
msec) was significantly longer in older women 
(70 years) than in middle-aged women (50 years) 
and younger women (30 years) (Häkkinen and 
Häkkinen 1991). Research has also shown that 
peak anaerobic power in master endurance and 
power athletes, when expressed in W ∙ kg body 
mass–1, decreased linearly as a function of age 
at a rate of about 1% a year (Grassi et al. 1991). 
This means that a 75-year-old has only 50% of 
the anaerobic power of a 20-year-old. For this 
reason, and because of the importance of power 
capabilities for health, improvement in muscular 
power should be a primary training goal in older 
populations.

Causes of Decreased Power  
With Age
Akin to strength losses, power losses may be 
related to muscle atrophy, muscle mass loss, loss 
of type II muscle fibers, and decreases in the rate 
of voluntary activation. However, other factors 
related to the quality of muscle may preferentially 
affect power. The contraction speed of the actin 
and myosin is reduced up to 25% in older adults 
(Hook, Sriramoju, and Larsson 2001; Larsson et al. 
1997). Myosin heavy chains (MHC) shift to slower 
types with aging, which could affect the speed 
of myosin and actin cross-bridge cycling during 
muscle actions (Sugiura et al. 1992). This may be 
improved by weight training, because seniors (~65 
years old) have a similar change in MHC transfor-
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FiguRe 11.6 Unilateral force development in 100 ms for men 30 and 70 years old: (a) average force; (b) explosive force.
Figure 11.6a With kind permission from Springer Science+Business Media: European Journal of Applied Physiology, “Neuromuscular performance in voluntary 
bilateral and unilateral contraction and during electrical stimulation in men at different ages,” 1995; 518-527, K. Häkkinen et al., figure 3b.

Figure 11.6b Adapted from Electromyography Clinical Neurophysiology Vol. 37: K. Häkkinen, W.J. Kraemer, and R. Newton, 1991, “Muscled activation and 
force production during bilateral and unilateral concentric and isometric contractions of the knee extensors in men and women at different ages,” pgs. 
131-142, copyright 1991, with permission from Elsevier.
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FiguRe 11.7 Bilateral force development curves for men and women at 50 and 70 years old.
Figure 11.7a With kind permission from Springer Science+Business Media: European Journal of Applied Physiology, “Muscle cross-sectional area, force 
production and relaxation characteristics in women at different ages,” 1991, 62: 410-414, K. Häkkinen and A. Häkkinen, figure 6.

Figure 11.7b, c Adapted, by permission, from K. Häkkinen, W.J. Kraemer, and M. Kallinen et al., 1996, “Bilateral and unilateral neuromuscular function 
and muscle cross-sectional area in middle-aged and elderly men and women,” Journal of Gerontology and Biological Science 51A: B21-B29. Copyright © 
The Gerontological Society of America.
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mation (MHC IIb to MHC IIa) as younger people 
do with training (Sharman et al. 2001). The loss of 
type II muscle fibers with aging also means a loss 
of fast MHC proteins (Fry, Allemeier, and Staron 
1994). Myosin ATPase activity also decreases with 
aging (Syrovy and Gutmann 1970). Thus, the loss 
of both the quantity and quality of proteins in the 
contractile units of muscle provides a structural 
biochemical basis for the loss of both strength and 
power with aging.

Another factor affecting power loss may involve 
the elastic property of connective tissue. When 
comparing the aging effects of people 18 to 73 
years, Bosco and Komi (1980) noted a reduction in 
countermovement vertical jump heights with age 
(Bosco and Komi, 1980). Performing depth jumps 
from various heights so that the stretch-shortening 
cycle could be used resulted in greater decreases 
in vertical jump ability with aging. This indicates 
that the effects of aging on the elastic contractile 
components (e.g., non-contractile protein and 
connective tissue) in the muscle reduce inherent 
power.

Resistance Training  
Adaptations in Seniors

Because sarcopenia (and all of the factors associ-
ated with strength and power loss) is generally a 
universal characteristic of advancing age, strategies 
for preserving or increasing muscle mass in the 
elderly should be implemented. Considerations 
for training programs for seniors are discussed in 
the following sections.

Strength and Hypertrophy
Approaches to resistance exercise in seniors are 
often gentle and mild with the belief that seniors 
are frail or weak. While reasonable precautions 
and proper medical screening are important, 
seniors should not be approached in a paternalistic 
manner. Master male powerlifters over the age of 
65 years weighing about 181 lb (82.1 kg) in drug-
free competitions with no equipment aids (e.g., 
super suits) have squatted in excess of 330 lb (150 
kg); and those over the age of 70 years have bench 
pressed over 250 lb (113.45 kg). Similarly, master 
female powerlifters who are women over the age 
of 50 years and in the 198 lb (90+ kg) weight class 
have benched in excess of 200 lbs (90.72 kg) and 
have squatted over 315 lbs (142.9 kg). These older 

lifters demonstrate that seniors can maintain sub-
stantial strength with training, and this conclusion 
is supported by research.

Even in extremely old seniors, men and women 
(87-96 years) and women (mean age 92 years) who 
resistance trained for eight weeks showed training 
adaptations (Fiatarone et al. 1990; Serra-Rexach 
et al. 2011). These studies demonstrated that the 
capacity for muscle strength improvement and 
muscle size increases (determined by CAT scans) 
is preserved even in the very old. For example, very 
old women showed a 17% increase in 6-7RM leg 
press ability and a significant reduction in falls 
(Serra-Rexach et al. 2011). Substantial strength 
gains (up to a 200% increase in 1RM) and muscle 
hypertrophy (CAT scans and muscle biopsy) were 
also demonstrated in a group of sedentary older 
men (60-72 years) using a higher-intensity resis-
tance training regimen (three sets of eight repeti-
tions at 80% of 1RM, three days per week for 12 
weeks) (Frontera et al. 1988). Increased strength 
and hypertrophy were again observed in 49- to 
74-year-old women following a 21-week resistance 
training program with six to eight exercises at each 
biweekly session (Sallinen 2006).

Young men (30 years) and older men (62 years) 
trained for 10 weeks, three days per week, using 
a nonlinear periodization training protocol, and 
who were matched for similar activity profiles 
before training, had significant gains in muscu-
lar size and strength (Kraemer, Häkkinen, et al. 
1999). In that study, increases in strength and MRI 
cross-sectional area of the thigh were observed, 
but the younger men demonstrated significantly 
higher absolute values both pre- and post-training. 
This indicated a more robust response to resistance 
training in the younger men most likely due to 
more dynamic physiological systems (e.g., endo-
crine system; see the preceding discussion).

In people over 70 years, six months of resistance 
exercise (three days per week) resulted in strength 
increases of 15% in the leg press, 25% in the 
bench press, and 30% in the bench pull, and, in a 
6% increase in maximal workload (Strasser et al. 
2009). In this study, subjects performed sets to voli-
tional failure. However, this may not be advisable 
in older people because of increased joint stress 
and strain as well as higher cardiovascular pressure 
overloads as a result of Valsalva maneuvers at the 
end of each set. Nevertheless, both strength and 
hypertrophy can increase in seniors with heavy 
resistance exercise training.
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In obtaining muscle biopsies, it has been shown 
that, in seniors, both type I and type II muscle 
fibers can increase in cross-sectional area, and total 
muscle size in seniors can increase in cross-sec-
tional area with resistance training. Increases in 
fiber size with resistance training (biopsies and 
MRI analyses of individual muscles) in older men 
and women have been confirmed by a wide variety 
of studies from 12 to 36 weeks in length (Camp-
bell et al. 1999; Charette et al. 1999; Häkkinen, 
Pakarinen et al. 2001; Hunter et al. 2001; Lemmer 
et al. 2001). Younger people compared to older 
individuals of similar training backgrounds typi-
cally have larger muscle fibers and intact muscles 
than the older people at the start of any resistance 
training program (Aagaard et al. 2010). Although 
there were obvious differences in the magnitude 
of increase in fiber size as a result of age, both 
men and women demonstrate increases in type II 
muscle fibers with heavy resistance training. The 
changes that occur with training depend on the 
program design. It appears that a key program 
design variable for producing hypertrophy of the 
entire muscle in older people is the intensity and 
volume of the resistance exercise protocols used 
(e.g., use of multiple sets at 70-80% of 1RM or 
use of 3- to 5RM zones as part of the periodized 
training program).

Analysis of muscle fiber types indicates that 
seniors maintain the ability to increase the size of 
type II muscle fibers if the intensity results in the 
recruitment of the motor units containing these 
fibers. It has been suggested that in men between 
76 and 80 years of age who maintain physical 
activity, a compensatory hypertrophy of solely the 
type I muscle fibers is an adaptation for the inev-
itable age-related loss of motor units (Aniansson, 
Grimby, and Hedberg 1992). The percentages of 
type I and II muscle fibers do not change between 
the ages of 76 to 80, but there is a significant reduc-
tion of type IIx fibers. This could be interpreted 
as a loss of muscle fibers, but it is more likely a 
transition from type IIx to type IIa muscle fibers 
as a result of physical activity (Hikida et al. 2000). 
Following resistance training, the type I, type IIa, 
and type IIx fibers of seniors were all hypertrophied 
(Hikida et al. 2000). Yet the percentage of type 
IIx fibers are reduced as they transition to type IIa 
fibers because of the repeated recruitment with 
heavy resistance training exercise resulting in a 
shift to type IIa fiber type. Myosin heavy chains 
reflect this same transitional change with training 

in the elderly as they do in younger people (see 
chapter 3). These observations have been sup-
ported by other studies (Häkkinen, Kraemer et al. 
2001; Sharman et al. 2001). A statistical trend (p 
= .07) for the cytoplasm-to-myonucleus ratio to 
increase with resistance training has been shown 
in seniors (Hikida et al. 2000). As pointed out 
in chapter 3, the number of nuclei must increase 
as the muscle hypertrophies to maintain nuclear 
domains because this is a limiting factor in the size 
increases of muscle fibers and has been feared to 
be less in seniors.

Although many resistance training studies have 
examined short-term adaptations in seniors, only 
a few have examined strength and body composi-
tion changes during training periods of 52 weeks 
or more. A study of 39 healthy women (59 ± 0.9 
years) who were randomized to either a control 
group or a progressive resistance training group 
(three sets of eight reps, 80% of 1RM, upper- and 
lower-body exercises) that trained twice weekly for 
12 months demonstrated that strength continually 
improved in the training group, with no evidence 
of plateauing during the 12 months of training 
(Morganti et al. 1995). In the lat pull-down, knee 
extension, and leg press, the greatest changes in 
strength were observed in the first three months of 
the study. However, smaller but statistically signif-
icant increases were seen in the second six-month 
period of the study. This indicates that seniors may 
experience a reduction in the rate of strength gains 
over long-term training similar to that found in 
younger people.

In a group of older men (65-77 years) an 
initial 24 weeks of resistance training produced 
increases in strength and muscle fiber size, and 
with 12 weeks of detraining followed by 8 weeks 
of retraining, maximal strength was regained to 
post-24-week levels. However, muscle fiber size 
did not significantly change (Taaffe and Marcus 
1997). The regaining of strength was attributed 
to neural mechanisms. For muscle fibers, a longer 
time course of retraining may well be needed to 
recover from a long detraining period. In this 
case, importantly, three months of detraining was 
too long to maintain the gains in myonuclei that 
should have occurred with the initial training 
period (Bruusgaard et al. 2010). Such maintenance 
of the number of myonuclei while the muscle 
fibers atrophy has been suggested as one important 
reason for the rapid retraining of muscle fiber size 
(see chapter 3).
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Power and Training
Resistance exercise can help to develop muscular 
power in seniors and is recommended as a low-cost 
intervention that may reduce fall risk in the elderly 
(Caserotti, Aagaard, and Puggaard 2008). Power 
training is not only beneficial to elderly men and 
women but is also safe and well-tolerated (Case-
rotti et al 2008). High-velocity resistance training 
in the elderly (mean age of 77 years) significantly 
improved muscle power, particularly during the 
leg press exercise using a relatively high percent-
age of body mass (60-70%). The large power 
improvements were accompanied by a significant 
improvement in walking ability, but only small, 
non-significant improvements in chair rise time 
and balance (Earles, Judge, and Gunnarsson 2001). 
Thus, the success of translating a training program 
to functional movements may vary depending on 
the movements.

Twelve weeks of training at 80% of 1RM with 
two sets of eight repetitions and a third set to 
volitional fatigue did show power increases, but 
they were not specific to the 80% of 1RM resis-
tance used in training (Campbell et al. 1999). 
Knee extension power significantly increased at 
20%, 40%, and 60% of 1RM, but not at 80% of 
1RM. While arm pull power increased significantly 
only at 20% of 1RM in older women (~64 years), 
a 21-week strength training program showed sig-
nificant increases in maximal strength and rate of 
force development, showing that, with training, 
power capabilities are possible in elderly women 
(Häkkinen, Pakarinen et al. 2001). Older adults 
improved power over a 16-week training period 
because of improvements in both strength and 
concentric velocity, whereas young men and 
women saw improvements in power because of 
increased strength alone (Patrella et al. 2007). 
Thus, power increases in older people can occur, 
but they may be different from muscle group to 
muscle group and may not show specificity to the 
training load or velocity of movement.

Power development in seniors may depend 
upon the duration and type of resistance training 
program used. Ten weeks of using a nonlinear peri-
odization training program resulted in significant 
improvements in 1RM strength in both older (61 ± 
4 years) and younger (29 ± 5 years) men, but power 
did not improve in the older men (Häkkinen, 
Newton et al. 1998) despite similar percentage 
changes in thigh cross-sectional area and strength 
as in the younger men. Strength (1RM), jump 

performance, and walking speed increased in both 
older (63-78 years) and middle-aged (37-44 years) 
men and women when explosive power exercises 
were used in conjunction with biweekly resistance 
training over a training period of 24 weeks (Häk-
kinen and Alen 2003).

In a 12-week biweekly pneumatic resistance 
training program using 80% of 1RM as a resis-
tance for three sets of five exercises, both older 
(56-66 years) and younger (21-30 years) men and 
women had similar increases in power at 40% and 
60% of 1RM, respectively, but men responded 
with significantly greater absolute gains at these 
percentages (Jozsi et al. 1999). The increase in leg 
extensor power at 80% of the 1RM was similar in 
all groups. The men increased to a significantly 
greater extent than women in all exercises except 
for the two-legged leg press. However, pneumatic 
resistance was used in this study, which allowed 
high-velocity repetitions without any deceleration 
phase at the end of repetitions in all exercises 
thereby promoting power development (Jozsi et 
al. 1999).

Power training (i.e., training the velocity compo-
nent of the power equation) is more effective than 
strength training (i.e., training the maximal force 
component of the power equation) at increas-
ing power because of the specificity of training 
and thus may be more beneficial in enhancing 
physical function in older people (Caserotti et al 
2008; Porter 2006, Caserotti et al. 2008). The use 
of high-velocity, low-intensity movements over 
an appropriate time period may improve power, 
thereby helping to enhance the function of the 
neuromuscular system and optimize functional 
abilities. It may also have secondary effects on 
other physiological systems, such as connective 
tissue. Table 11.1 presents an overview of some of 
the responses of older adults to resistance exercise 
training.

Neural Adaptations
Even in the elderly, the size principle of motor 
unit recruitment is maintained (Fling, Knight, and 
Kamen et al. 2009). For many years it has been 
known that neural adaptations with resistance 
training act as one of the primary mechanisms 
mediating improvements in strength over the 
first several weeks. This was demonstrated in 
very old, frail men and women who performed a 
high-intensity resistance training program (80% 
of 1RM for 10 weeks), resulting in significant 
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increases in strength without any significant 
increases in muscle size. Additionally, the increase 
in strength was associated with an increase in gait 
speed, stair-climbing power, balance, and overall 

spontaneous activity (Fiatarone et al. 1994). In a 
classic study examining 72-year-old men using a 
training program consisting of two sets of 10 rep-
etitions at 66% of the 1RM for maximal voluntary 

TABlE 11.1 Basic Resistance Training Adaptations in Older Adults (60 years and 
older)
experimental variable Response

Muscle strength (1RM) Increased

Muscle power (W) Increased

Muscle fiber size Increased (both major types)

Isokinetic peak torque
60 deg ∙ sec–1

240 deg ∙ s–1

Increased
Increased but less than 60 degrees 

Isometric peak torque (Nm) Increased

local muscle endurance Increased

Cross-sectional thigh muscle size Increased

Regional bone mineral density Increased

Total bone mineral density (men) No change

Pain levels Decreased

Intra-abdominal and subcutaneous fat Decreased

Percent fat Decreased

Daily tasks Improved

Gastrointestinal motility Improved

Flexibility Increased

Resting metabolic rate Increased

Balance Increased

Walking ability Increased

Functional performance
rising from chair, stairs

Increased

Risk factors for falling Reduced

Back strength Increased

Peak oxygen consumption Increased

Blood pressure/CV demand Decreased

Capillary density May increase

Blood lipid profiles May improve

Insulin resistance Reduced

Submaximal aerobic capacity Increased

Psychological factors Positive effects

Neural factors
Integrated EMG
Twitch half relaxation time
Rate of force development

Enhanced
Increased
Increased
No change or increased
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 contractions of the elbow flexors, three days per 
week for eight weeks, increases were observed in 
strength but not in the size of the muscle (Moritani 
and DeVries 1980). Thus, longer training dura-
tions may be needed to elicit muscle size gains in 
seniors. The roles of intensity, volume, and dura-
tion of training for different various age groups 
of seniors needs further investigation. However, 
higher intensities, greater variations in training to 
allow recovery, and large muscle group exercises 
over longer training periods will most likely be 
needed to optimize muscle hypertrophy.

With short-term training and higher intensities, 
training may well be needed to see gains in both 
strength and muscle size, yet trying to realize the 
same magnitude of training adaptations as younger 
people appears improbable. Matching for activity 
levels and using the same relative intensity and 
varied resistance training program for 10 weeks 
(Häkkinen, Newton, et al. 1998), both younger 
and older men increased the average maximal 
integrated electromyography (IEMGs) of the vastus 
lateralis, and muscle size (MRI analysis) increased 
in both younger (~30 years) and older men (~62 
years). However, isometric rate of force production 
was not changed in the older men, indicating 
challenges to power development with short- term 
training. Integrated EMG of the vastus lateralis has 
also been shown to increase dramatically over a 
six-month heavy resistance training period for 
middle-aged and older men and women (40 and 
70 years), which mirrored increases in strength 
(Häkkinen, Pakarinen et al. 2000). Thus, as in 
younger people, neural factors appear to contribute 
considerably to the improvements in strength in 
the early phases of training in both middle-aged 
and older adults.

Protein Synthesis
Research efforts concerning protein synthesis 
and metabolism in seniors as a result of training 
and protein intake (see box 11.4) are ongoing. 
Nitrogen balance measured before and after 12 
weeks of high-intensity resistance training (three 
sets of eight repetitions, 80% of 1RM, upper- and 
lower-body exercises) in a group of older men and 
women showed that resistance training increases 
nitrogen retention (Campbell et al. 1995). In 
addition, constant infusion of 13C-leucine revealed 
that the training resulted in a significant increase 
in the rate of whole-body protein synthesis. In 

another study it was observed that older (63-66 
years) people compared to younger (24 years) 
people had a lower rate of muscle protein synthesis 
as determined by measuring the in vivo incorpo-
ration rate of intravenously infused 13C-leucine 
into mixed-muscle protein before and after a 
short- term two-week resistance training program 
(two to four sets of 4 to 10 repetitions at 60 to 
90% of 1RM, five days per week). However, the 
resistance training resulted in a significant increase 
in muscle protein synthesis in both the younger 
and the older people (Yarasheski, Zachwieja, and 
Bier 1993). Thus, protein synthesis does increase 
with training in seniors.

Muscle Damage With Resistance 
Training
Muscle tissue damage and breakdown followed 
by repair and remodeling are part of the skele-
tal muscle tissue rebuilding process. In order to 
examine muscle fibers’ ultrastructure damage, 
researchers had both young (20-30 years) and 
older (65-75 years) men participate in a pneumatic 
knee extensor training program three days a week 
for nine weeks (Roth et al. 1999). Only one limb 
was trained; the other acted as a control. Five sets 
of knee extensors of 5 to 20 repetitions for a total 
55 repetitions were performed with each repetition 
requiring maximal effort. Biopsies were obtained 
from the thighs of both limbs, and muscle damage 
was quantified using electron microscopy to 
determine structural damage. Strength increased 
in both groups for the trained limb at about 27%. 
Before-training analysis of the muscle in both 
thighs demonstrated no more than 3% damage 
to the fibers in both younger and older men. 
After training, this doubled to about 6% to 7% 
in the trained thighs of the younger and older 
men, respectively. Using this type of pneumatic 
resistance training protocol, the myofibrillar 
damage was higher in the trained thigh than in the 
control thigh but showed no differences between 
the younger and older men. In contrast to the 
findings in men, results in a follow-up study with 
women, using a similar experimental approach, 
showed that older women exhibited higher levels 
of muscle damage than younger women did (Roth 
et al. 2000).

Markers of oxidative damage to DNA in younger 
and older men and women showed significantly 
greater oxidative damage in the older people 
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following an eccentric work bout. Additionally, 
older men demonstrated higher levels of oxidative 
damage than older women (Fano et al. 2001). In 
older women, it was shown that that resistance 
training did provide some type of protective mech-
anism, reducing the amount of muscle damage 
from an eccentric work bout after training. Muscle 
tissue damage in older women after training 
showed no significant difference when compared 
to younger untrained women, indicating that train-
ing can offset the increased damage due to aging 
(Ploutz-Snyder, Giamis, and Rosenbaum 2001). 
Additionally, over the course of a six-month time 
period, resistance exercise between 50 and 80% of 

1RM reduced exercise-induced oxidative stress and 
homocysteine concentrations in older adults who 
were overweight and obese (Vincent et al. 2006).

Resistance training does result in muscle 
damage in older people. However, the damage 
appears to be similar to that observed in younger 
people, and as in younger people, it may be needed 
for adaptation to occur. However, extreme damage 
and soreness are obviously counterproductive in 
allowing for normal recovery and repair. Training 
programs for seniors, like any training programs, 
should therefore be carefully monitored. More-
over, program designers should keep in mind that 
older muscle tissue still exhibits the development 

Box 11.4 PRACTiCAL QueSTiON

What is the Minimal Amount of Protein Needed by Seniors?
Inadequate energy intake may reduce the body’s ability to remodel tissues and is one of the major 
factors in the decrease of muscle mass with age. In addition a lack of sufficient protein inhibits the 
amount of protein accretion and muscle fiber hypertrophy that can occur with resistance training. 
Although many have voiced concerns that higher protein intake could have negative renal conse-
quences, research has demonstrated that, with the exception of specific medical conditions, there 
are no contraindications for higher protein intake in seniors (Wolfe, Miller, and Miller et al. 2008). 
In fact, given their increased needs for immune function and healing, it appears normally active 
seniors require up to 1 g ∙ kg–1 . day–1 regardless of training status. With whole-body resistance train-
ing they may need even more protein to allow for adequate nitrogen availability for muscle fiber 
size increases with whole-body programs (Chernoff 2004; Evans 2001). Thus, when training and 
hypertrophy are factored in, adequate protein intake may exceed the recommended daily allowance 
of 0.8 g ∙ kg–1 · day–1 (Campbell and Evans 1996; Campbell et al. 2001).

Subjects who consumed a supplement containing protein, carbohydrate, vitamins, minerals, and 
fat (accounting for an additional 8 kilocalories and 0.33 grams of protein per kilogram of ideal body 
mass per day) during a 12-week resistance training study showed a greater increase in muscle tissue 
than those who did not receive supplementation (Meredith et al. 1992). It has also been shown that 
protein supplementation before and after a workout (nutrient timing) optimizes protein synthesis 
for both younger and older people (Esmarck et al. 2001). Whether through supplementation or 
diet, adequate protein intake is an important factor in health and for optimal adaptations of the 
neuromuscular system when seniors perform resistance training.
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Campbell, W.W., Trappe, T.A., Wolfe, R.R., and Evans, W.J. 2001. The recommended dietary allowance for protein may not 
be adequate for older people to maintain skeletal muscle. Journal of Gerontology: Biological Medical Sciences 56: M373-M380.

Campbell, W.W., and Evans, W.J. 1996. Protein requirements of elderly people. European Journal of Clinical Nutrition 50 
(Suppl): S180-S183.

Chernoff, R. 2004. Protein and older adults. Journal of the American College of Nutrition 23: 627S-630S.

Evans, W.J. 2004. Protein nutrition, exercise and aging. Journal of the American College of Nutrition 23: 601S-609S.

Esmarck, B., Andersen, J.L., Olsen, S., Richter, E.A., Mizuno, M., and Kjaer M. 2001. Timing of postexercise protein intake 
is important for muscle hypertrophy with resistance training in elderly humans. Journal of Physiology 535 (Pt. 1): 301-311.

Meredith, C.N., Frontera, W.R., O’Reilly, K.P., and Evans, W.J. 1992. Body composition in elderly men: Effect of dietary 
modification during strength training. Journal of the American Geriatric Society 40: 155-162.

Wolfe, R.R., Miller, S.L., and Miller, K.B. 2008. Optimal protein intake in the elderly. Clinical Nutrition 27: 675-684.

?



Designing Resistance Training Programs

394

of protective mechanisms to combat damage due 
to physical activity, including heavy resistance 
training.

Developing a Resistance  
Training Program for Seniors

The fundamentals and principles of resistance 
training program design are the same no matter 
what the trainee’s age (see chapter 5). Because of 
variations in the functional capacity of many older 
people, the best program is one that is individu-
alized to meet the needs and medical concerns of 
each person. At present, periodized training has 
been used in several situations when training older 
adults (Hunter, Wetzstein et al. 2001; Newton et al. 
1995). As with any untrained population, in the 
early phases of training, advanced program design 
is not required to produce positive results. When 
the older adult’s long-term resistance training goal 
is progression toward higher levels of muscular 
strength and hypertrophy, evidence supports the 
use of variation in the resistance training program. 
It is important to emphasize that progression 
should be introduced at a gradual pace to avoid 
acute injury and to allow time for adaptation. The 
program design needs to consider the medical 
aspects of older adults, such as cardiovascular 
problems and arthritis. Some seniors may require 
a period of time for basic conditioning before they 
start to actually train with more intense programs.

Performance evaluation
Prior to exercise prescription, to determine training 
progress and individualize the program of an older 
person, the trainer should evaluate strength (on 
the equipment used in training, if possible), body 
composition, functional ability (e.g., the person’s 
ability to lift a chair, get out of chair, etc.), muscle 
size, nutrition, and pre-existing medical condi-
tions. The American College of Sports Medicine 
(ASCM) recommends that when implementing a 
strength training program, trainers should consult 
a physician prior to strength training to deter-
mine if any other testing for people in category 
III is needed (see discussion in more detail later). 
Strength testing and resistance exercise workouts 
using as much as 75% of the 1RM have been 
shown to have resulted in fewer cardiopulmonary 
symptoms than graded treadmill exercise tests in 
cardiac patients with good left ventricular function 

(Faigenbaum et al. 1990). In addition, 1RM testing 
has been shown to be a safe and effective means 
of evaluating the elderly provided they are ade-
quately familiar with the protocol (Shaw, McCully, 
and Posner 1995). It is important to note that the 
resistance training injury risk in seniors is low; it 
is greatest during testing (particularly above 80% 
of 1RM) (Porter 2006). In some cases submaximal 
testing can be used in seniors to predict their 1RM 
for training monitoring purposes.

One important cautionary note concerning 
strength testing and study interpretation is that 
adequate familiarization with strength testing is 
necessary for gaining accurate information. Older 
(66 ± 5 years) and younger (23 ± 4 years) people 
were tested repetitively for knee extension 1RM 
strength (a relatively simple single-joint exercise). 
Older women required eight or nine sessions to 
gain a stable and reliable baseline strength measure 
compared to the three or four sessions required by 
the younger women despite both groups having 
had the same experience with lifting (Ploutz-Sny-
der and Giamis 2001). Thus, strength assessment 
does have a potential age-related need for greater 
numbers of familiarization sessions with maximal 
strength testing. Without adequate familiarization, 
some of the dramatically high percentage gains 
in strength in older individuals may be due to 
learning effects as to how to perform the exercise 
with heavier loads.

Proper exercise technique is vital to the safe 
implementation of a resistance training program. 
Many have the mistaken belief that machines are 
safer than free weights. However, with machines, 
people often push longer and strain harder with 
a repetition, even when technique fails, causing 
strains or pulls in muscles. However, this issue can 
be minimized with the use of most free weight 
exercises because of the need for balance and con-
trol in multiple planes of motion, which prevents 
continuation of an exercise if the proper technique 
is not used. Thus, technique training and super-
vision can be important in a resistance training 
program for both machines and free weights and 
are sometimes lost in the process of implementing 
a program for the elderly.

Needs Analysis
People respond differently to a given resistance 
training program based on their current training 
status, past training experience, and response to 
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the training stress. The process of developing a 
strength training program in older adults consists 
of pretesting, setting individualized goals, design-
ing a program, and developing evaluation meth-
ods. Competent supervision is also important for 
optimizing strength and conditioning programs 
(e.g., in the United States, the National Strength 
and Conditioning Association’s [NSCA] Certified 
Strength and Conditioning Specialist [CSCS] certi-
fication) (see figure 11.8). There is now also a Spe-
cial Population NSCA certification that includes 
the training of the elderly to the identification of 
minimal competence which is considered prudent 
for those working with this population. In older 
adults, resistance training should be part of a life-
long fitness lifestyle, so continual re evaluations of 

program goals and program designs are necessary 
for optimal results and adherence.

The American College of Sports Medicine 
(ACSM 2001) has advised that people who start 
an exercise program be classified into one of three 
risk categories:

• Apparently healthy, less than one coronary 
risk factor (hypertension, smoking) or car-
diopulmonary or metabolic disease.

• At higher risk, more than two coronary risk 
factors or cardiopulmonary or metabolic 
disease symptoms.

• Previously diagnosed with diseases such as 
cardiovascular, pulmonary, or metabolic 
disease.

FiguRe 11.8 Proper supervision optimizes the safety and potentially the training outcomes of resistance training pro-
grams for seniors. Minimal competencies with proper certifications are helpful in determining effective personal trainers 
for the senior population.
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As noted by the American College of Sports 
Medicine concerning coronary vascular disease 
(CVD) and coronary heart disease (CHD), as well 
as other risks, “Consultation with a medical pro-
fessional and diagnostic exercise testing should be 
performed as medically indicated based on signs 
and symptoms of disease and according to clinical 
practice guidelines” (ACSM 2011, p. 1348). Also:

Effective strategies to reduce the musculo-
skeletal and CVD risks of exercise include 
screening for and educating about prodro-
mal signs and symptoms of cardiovascular 
disease in novice and habitual exercisers, 
consultation with a health professional and 
diagnostic exercise testing as medically indi-
cated, and attention to several elements of 
the exercise prescription including warming 
up, cooling down, a gradual progression of 
exercise volume and intensity, and proper 
training technique. The supervision of an 
experienced fitness professional can enhance 
adherence to exercise and likely reduces the 
risk of exercise in those with elevated risk 
of adverse CHD events. Adults, especially 
novice exercisers and persons with health 
conditions or disabilities, likely can benefit 
from consultation with a well-trained fitness 
professional. (ACSM American College of 
Sports Medicine 2011, p. 1349)

Frequency
A major concern for older adults is proper progres-
sion to avoid injury or acute overuse. We might 
speculate that the muscles of older adults require 
longer periods of time to recover between exercise 
sessions. Therefore, workouts for seniors should 
be varied in intensity and volume to ensure recov-
ery, especially after workouts in which significant 
muscle damage has occurred because of heavy 
resistances or high volumes. Care is needed not 
to “overshoot” the physiological ability to repair 
tissues after a workout. As in all age groups, proper 
nutritional intake and rest are needed for recovery.

Resistance training on two to three days per 
week has been recommended, yet three days a week 
offers a wider range of options for program design. 
If the number of sets is equated, two weekly train-
ing sessions may be as efficient as three in older 
people (Wieser and Haber 2007). Some research 
has shown resistance training program periodiza-
tion to be beneficial for older adults (Hunter et al. 

2001; Newton et al. 1995). The frequency at which 
each type of program emphasis is performed is also 
important. In a given week, at least one session 
that includes high resistance (80% of 1RM) (dis-
cussed later in the section on Resistance, or Load) 
should be used. Given the importance of power 
production to functional abilities, it is likely that 
high-speed power training should be performed 
a minimum of once each week, although many 
investigations have used power training twice per 
week. Training emphasizing hypertrophy, about 
10- to 12RM, would be useful to incorporate about 
once per week to stimulate endocrine secretions 
for hypertrophy.

In addition to these primary modes of training, 
one systematic review suggests that balance train-
ing is best conducted frequently, or about three 
days a week for 10 minutes, although this was not 
examined in the elderly (DiStefano et al. 2009). 
This implies that balance training might be import-
ant to incorporate into each training session.

Choice of Exercise
With any type of equipment, care needs to be 
taken to help the person attain proper range of 
motion and safely control the resistance through-
out the full range of motion. Older adults may 
need to supplement resistance exercise training 
with mobility training to achieve their full range 
of motion. In the absence of physical limitations, 
however, the exercise choice may not differ from 
that of any other person with the exception of 
decreased volume.

With the goal of maintaining appropriately low 
volume in seniors, it is important to focus primar-
ily on all major muscle groups over the course of 
a given week. Depending upon familiarity and 
skill level, two to four compound, large-muscle-
group exercises may be used: double-leg push 
(squat) or pull (deadlift); horizontal push (bench 
press) or pull (seated row); single-leg functional 
movements (stair climbing, step-ups with grocery 
bags); or power exercises (plyometrics) with two 
to four supplemental small-muscle-group exercises 
(abdominal, rotator cuff or scapula, balance). The 
squat, seated row, and similar multijoint or com-
pound movements have all been used with success 
to increase bone mineral density in sedentary, 
post-menopausal women between 45 and 65 years 
of age (Houtkooper 2007). Therefore, inclusion 
of these exercises in programs for older women 
seems warranted.
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As described earlier, upper-body exercise and 
exercises that stimulate muscles attached at pri-
mary bone sites of concern may be important 
for increasing spinal bone density and so should 
also be included in a program. As the program 
progresses, the progression of exercises should 
activate as much of the skeletal muscle mass as 
possible to facilitate adaptation. In addition, 
although heavy weight may not be appropriate 
for twisting and turning movements, exercises that 
incorporate these types of movements may help 
to develop functional abilities better than linear 
movements alone.

The exercise equipment used must fit the indi-
vidual and her functional capacity; some machines 
are too large, have too much initial resistance, 
or have inappropriate load increments for some 
seniors. Free weights, isokinetic machines, pneu-
matic machines, and stack plate machines have all 
been commonly used. Isokinetics, pneumatics, or 
hydraulics may allow for easier initiations of the 
exercise movement and for a smoother resistance 
progression than normal machines. Programs 
have used all types of resistance tools: food cans 
of different sizes, rubber tubing, water-filled milk 
cartons, and more recently, functional devices such 
as medicine and stability balls. Although exercises 
with these devices may be novel and fun, it is 
important that they be used as part of a larger set of 
equipment, be properly tested with the person to 
ensure that they provide the adequate resistance to 
produce adaptations, and can be performed safely.

Functional resistance training, is a term often 
used, but it can be confusing as its origin came out 
of the occupational and physical therapy profes-
sions. It referred to the use of everyday activities, 
such as going up stairs and lifting groceries off the 
ground, helping to improve a senior’s ability to 
perform activities of daily living while not using 
conventional resistance exercises in a weight room. 
However, weight training exercises do translate to 
improving such everyday functional task demands, 
and resistance exercises can be more carefully 
progressed and loaded than the everyday tasks. 
Research shows that stair-climbing ability at var-
ious speeds can improve with resistance exercise 
(Holsgqaard-Larsen et al. 2011) as can steadiness 
(which tends to decrease with age because of the 
increased coactivation of antagonistic muscles 
and increased variability in the discharge rate of 
motor units). Four weeks of weight training of the 
hand muscles (first dorsal interosseus) resulted 

in improved steadiness of both concentric and 
eccentric actions, especially during eccentric 
actions (Laidlaw et al. 1999). Functional training 
should mimic functional abilities as closely as pos-
sible, such as performing stair-climbing exercises 
to improve stair-climbing ability, walking with 
loaded bags to simulate grocery carrying, or squat 
movements to aid in independence in rising from 
a seated position or the toilet.

The inclusion of balance training in resistance 
exercise protocols is an effective means of reduc-
ing falls in seniors (Granacher et al. 2011). It is 
important to note, however, that between 30 and 
50% of falls in older community-dwelling individ-
uals are caused by slips and trips (Gabell, Simons, 
and Nayak 1985; Lord et al. 1993; Gabell et al. 
1985). Balancing on an unstable surface in a static 
standing posture has little functional carryover to 
most challenges encountered by seniors. Research 
indicates that rather than traditional techniques, 
it may be more beneficial to train seniors with 
challenges in equilibrium (perturbation-based 
training), such as a gentle push from behind by 
a practitioner (Granacher et al. 2011), particularly 
while seniors engage in simultaneous cognitive 
challenges.

In many cases, resistance exercise protocols 
used in balance comparison investigations do not 
include appropriate exercise selection. Dynamic 
balance tasks (step-ups, reverse or walking lunges, 
loaded or unloaded, with or without support), 
may be more appropriate in terms of both safety 
and functionality for seniors. In the absence of 
contraindications, properly selected free weight 
and power exercises can be used by seniors and 
are excellent for developing stability and balance, 
but more research that uses such movements is 
required. It is also important to remember that 
functional resistance training is an important 
adjunct to, and tool within, a broader practice of 
resistance exercise, but not a replacement for it.

Order of Exercise
In general, exercise order for seniors is the same 
as for any age. Following a warm-up, large-mus-
cle-group exercises are typically placed at the 
beginning of the workout. This minimizes fatigue 
and enables people to use higher intensities or 
greater resistances in these exercises. Optimal 
stimulation of large-muscle groups in the lower 
extremities (e.g., with the leg press) and the upper 
body (e.g., with the bench press or seated row) 
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should be a top priority in programs for older 
adults. Large-muscle-group exercises are followed 
by smaller-muscle-group exercises and cool-down 
activities. For total-body workouts, exercises may 
be rotated between the upper and lower body, and 
between opposing muscle groups.

Resistance, or Load
The most common percentage range examined is 
50 to 85% of 1RM or a 6- to 12RM zone (12RM 
or heavier has been used in most effective inves-
tigations). Lighter resistances (30% and heavier) 
are recommended for high-velocity power move-
ments. The starting level of strength fitness may be 
minimal in the frail elderly, with a maximal force 
capability of only a few pounds (~1.3 kg). In some 
cases, trainers and program designers should use 
care in choosing the proper equipment to allow 
manipulations of resistance in increments of less 
than 1 lb (0.5 kg). On the other hand, even frail 
men and women can safely perform and adapt to 
resistance exercise at 80% of 1RM (Fiatarone et al. 
1994; Fiatarone and Evans 1993). It is important to 
note that, although low, the risk of injury is greater 
above 80% of 1RM relative to lower-intensity 
exercise (20% or 50% of 1RM) training in healthy 
older men and women (Porter 2006).

Loads closer to 80% are important for optimiz-
ing training adaptations, including bone adap-
tation. Using light elastic cords for training has 
been shown to be ineffective in achieving the same 
magnitude of adaptation as using free weights, in 
terms of muscle strength and muscle fiber train-
ing-related adaptations, even in younger men and 
women (Hostler, Schwirian et al. 2001). This is 
supported, in older people (68 years), who showed 
no beneficial effects in the measured training out-
comes from using light hand weights (Engelles et 
al. 1998). In addition, older adults showed greater 
maintenance of hypertrophy gains during detrain-
ing when heavier resistances were used in training 
compared to lighter resistances (Bickel, Cross, 
and Bamman et al. 2011). Thus, heavier loading is 
important for optimal activation of muscle tissue 
and resulting adaptations to resistance exercise. 
However, this does not imply that moderate resis-
tances do not result in significant fitness gains in 
middle-aged or elderly people, but the magnitude 
of adaptations are simply less. Significant increases 
in strength and muscle cross-sectional area in 
females 45 years old have been shown following 

training using three sets at approximately 50% of 
1RM (Takarada and Ishii 2002).

Care must be taken not to overemphasize any 
one training zone (i.e., %RM or RM target zone) to 
the exclusion of others. Nevertheless, most inves-
tigations that have had unsuccessful outcomes in 
terms of bone density, strength, power, endocrine 
responses, and hypertrophy used loads heavier 
than 70% of the 1RM or less than 11RM (with the 
exception of power days). It is also important to 
remember, as discussed in the section that follows, 
that controlling volume is just as important for 
preventing injury as resistance.

Some data indicate that the application of the 
intensity must be carefully controlled so as not to 
initiate an overtraining syndrome in older adults. 
Heavy resistances need not be used in every train-
ing session because training three days per week 
with either 80% 1RM every session, or training 
with 80%, 65%, and 59% of 1RM one session 
per week, both resulted in significant and similar 
increases in strength and fat-free mass in senior 
(61-77 years old) men and women (Hunter et al. 
2001). The group training with varied resistances 
showed a significant decrease in the difficulty of a 
carrying task compared to the group training with 
only 80% of 1RM. These results indicate that heavy 
resistances may only be necessary during one out 
of three training sessions per week to bring about 
optimal strength increases, and that varying resis-
tance is effective with seniors. One investigation 
found that training with lighter resistances (50-60% 
of the 1RM) may result in greater increases in the 
1RM in older women (Hunter and Treuth 1995). 
From these results, paired with the results of Hunter 
and colleagues (2001), one might conclude that 
a nonlinear periodized approach using both low 
and high resistances would be optimal for seniors.

Repetitions
At heavier loads, fewer repetitions can be per-
formed. Improvements in local muscular endur-
ance (which are enhanced by circuit weight train-
ing and high-repetition, short-rest, moderate-load 
programs in younger populations) may lead to an 
enhanced ability to perform submaximal work and 
recreational activities. Caution is important when 
such protocols are employed; although many fear 
high intensity with seniors, excessive repetition 
volume with lighter resistances can also cause 
problems as can inadequate rest between sets and 
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exercises. No matter how many repetitions are per-
formed, a set needs to end when there is a break 
in proper exercise technique.

Repetition number must also be carefully con-
sidered for safety reasons given the high prevalence 
of cardiovascular problems and risks in older 
adults. Performing a set to concentric failure results 
in higher blood pressures and heart rates compared 
to a set not performed to failure (see chapter 3). 
In addition, performing sets to concentric failure 
using resistances in the 70 to 90% of 1RM range 
results in blood pressures that are slightly higher 
than those resulting from sets to failure below and 
above this range. The highest blood pressures and 
heart rates normally occur in the last few repeti-
tions of a set. Therefore, it is recommended that 
older adults should not perform sets to concen-
tric failure, especially those with cardiovascular 
problems or risks and especially in the 70 to 90% 
of 1RM range. This recommendation is perhaps 
most important when beginning a program. Per-
formance of a Valsalva maneuver (i.e., suppressing 
one’s breath), which is typical in sets to failure, 
increases blood pressure and should also be dis-
couraged in this population.

Lifting Velocity
Moderate, volitional lifting velocities have been 
recommended for strength and hypertrophy train-
ing. When power is a training goal, light loads 
with faster lifting velocities have been recom-
mended. The use of proper equipment for power 
training (e.g., pneumatic resistance) and exercises 
(Olympic-style movements such as hang pulls and 
plyometric medicine ball exercises) is also vital for 
power development.

Number of Sets
The recommended minimal initial starting 
point consists of at least one set per exercise. 
Progression may ensue from one to three sets 
over time (depending on the number of exercises 
performed). It is important to note that tolerance 
of three sets has been shown by even the frail 
elderly. The number of sets is related to the exercise 
volume. Initially, some seniors can only tolerate a 
low exercise volume and single-set programs are 
the simplest starting point. Using the principle 
of progressive resistance training, the volume can 
be increased by increasing the number of sets or 
repetitions per set to help the person tolerate the 

use of a higher volume of exercise. Programs for 
older adults usually do not involve more than 
three sets of a given exercise. If the muscle group 
needs more stimulation, another exercise for that 
muscle group can be added to the program (e.g., 
seated rows or lat pull-downs). In addition, many 
programs for older adults should use a warm-up 
set at a much lighter resistance than the RM target 
zone or the resistance to be used for the working 
sets. This warm-up set allows the person to get a 
feel for the exercise movement and notice anything 
out of the ordinary (e.g., joint pain or muscle pain) 
before using the heavier training resistance.

Rest Between Sets and Exercises
The rest between sets and exercises dictates the 
metabolic intensity of a resistance training work-
out. In older people, tolerance of anaerobic acidic 
conditions (i.e., low pH) is less than in younger 
people (e.g., Wingate anaerobic testing) (see 
figure 11.9). Typically, rest periods of 2-3 minutes 
between sets and exercises can be used. The person 
should be carefully monitored for any symptoms 
(e.g., nausea, dizziness), and the program should 
be immediately changed if symptoms occur. Tol-
erance of the workout is paramount for optimal 
training. Rest periods that are too short can also 
produce a drastic reduction in the load used in suc-
cessive sets if recovery is not sufficient before the 
next set or exercise is initiated. Short rest intervals 
are used to enhance local muscular endurance and 
improve acid-base status, which has been shown 
to be compromised with aging.

Because the activation of muscle tissue is related 
to the resistance and the total amount of work per-
formed, rest period lengths should be consistent 
with the program goals. Shorter rest periods can be 
used with circuit programs. The rest periods should 
be longer if heavier resistances are being used and 
can be shortened as exercise tolerance increases. 
The amount of rest may also be dictated by the 
medical or physical condition of the individual. 
In some older adults (e.g., those with type 1 dia-
betes), gains in strength are the major goal, so care 
must be taken to properly control the length of 
rest between sets and exercises so as not to create 
severe or intolerable metabolic stress. Tolerance of 
the workout in the context of progression toward 
specific goals is the key to optimizing workout 
quality, and rest period length plays a crucial role 
in this program design process.
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Summary
Resistance training can be safely and successfully 
implemented in older populations. Even the frail 
and very sick elderly can gain benefits that will pos-
itively affect their quality of life. Muscle strength 
and power carries over into the enhancement of 
everyday activities and quality of life, positively 
affecting a long list of physiological characteristics, 
especially in muscle, bone, and connective tissue. 
Some of the findings in this chapter challenge 
common beliefs that power training and tradi-
tional resistance training are inappropriate for 
elderly people. Traditional resistance training and 
power training for this population are effective as 
long as the program is properly designed, properly 
supervised, and appropriately accounts for indi-
vidual characteristics, such as clinical conditions 
and social, psychological, and economic consid-
erations. Resistance training for seniors is well on 
its way to being an accepted modality for fighting 

the aging processes and improving physiological 
function and performance in this population.
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Glossary

absolute strength—The maximal amount of 
strength or force (i.e., 1RM) generated in a move-
ment or exercise without adjusting for height, 
weight, or body composition.

accentuated eccentric training—Training that 
involves performing a complete repetition but 
with more resistance used in the eccentric phase 
than in the concentric phase. Also called negative 
accentuated training.

activities of daily living—Activities people can 
reasonably expect to encounter as part of daily 
life, such as getting out of a chair, sweeping the 
floor, using the toilet, or taking out the trash.

acute injury—An injury that is the result of a 
single trauma.

acute program variables—A group of variables 
that can be used to describe a resistance exercise 
session including the number of sets, number of 
repetitions per set, exercises, rest between sets, rest 
between exercises, and repetition speed.

aerobic—A term used for ATP production that 
requires oxygen.

aerobic conditioning—Exercise used to improve 
maximal or peak oxygen consumption and the 
associated cardiovascular functions that support 
endurance performances.

all or none law—The law that states that when a 
motor unit is activated by the nervous system, all 
of the associated muscle fibers contract.

alternating muscle group order—Performing 
exercises for the same muscle group in succession; 
a synonymous term is stacking exercise order.

anaerobic—A term used for ATP production that 
does not require oxygen.

apophyseal insertion—The place where a tendon 
attaches to bone.

apoptosis—An inherent program in every cell that 
involves a set of signal pathways leading to cell 
death; some call it the body’s biological clock.

autocrine system—Referring to  a hormone 
released from a cell to interact with the same cell.

avulsion fracture—The separation of a tendon 
from the bone; in many cases a small piece of 
bone is still attached to the tendon.

ballistic resistance training—Exercises in which 
a high rate of force development is needed and 
in which the mass being accelerated, such as 
body mass or external weight, can be projected 
into the air.

ballistic stretching—A fast dynamic move-
ment  through the entire range of motion that 
ends in a stretch.

bilateral deficit—The difference between the sum 
of the force developed by either the arms or legs 
independently and both limbs simultaneously.

bioenergetics—The study of the biochemistry that 
concerns energy flow through living systems.

body composition—The percentage of fat mass 
and various components of fat-free mass (includ-
ing muscle, bone, tissue, and organs) in the body.

body-part exercise—Exercise that predominantly 
involves movement at one joint or muscle group; 
synonymous terms are single-joint exercise and 
single-muscle-group exercise.

bulked-up athlete—An athlete who, through resis-
tance training and dietary practices, has gained 
substantial amounts of body weight during an 
athletic career.

cardiorespiratory endurance fitness—The ability 
of the heart, lungs, and blood vessels to deliver 
oxygen to exercising muscles and tissues, as well 
as the ability of those muscles and tissues to use 
that oxygen.

choice of exercise—One of the acute program 
variables; involves the choice of what exercises 
to perform.

chronic injury—An injury that is the result of 
repeated microtraumas.



Glossary

404

classic strength and power periodization—Train-
ing that follows a general trend of decreasing 
volume and increasing intensity as training pro-
gresses; synonymous terms are linear periodization 
and stepwise periodization.

compatibility of exercise—Whether two types of 
exercise positively or negatively affect adaptations 
to either type.

compensatory acceleration—Lifting the resistance 
in an exercise as fast as possible throughout the 
range of motion to optimize force and power.

complex training—Performing a strength exercise, 
such as the squat, and then after a short rest 
period performing a power-type exercise, such as 
the vertical jump. The training goal is to increase 
maximal power output. A synonymous term is 
contrast loading.

concentric muscle action—The shortening of a 
muscle while it is generating force.

concurrent training—Performing two or more 
exercise types, such as strength and endurance, 
during a training cycle.

connective tissue sheath—Tissue that encloses a 
muscle fiber.

contraction specificity—The fact that strength 
and power increases due to training are greatest 
when determined using the type of muscle action 
performed during training.

contrast loading—Performing a strength exercise, 
such as the squat, and then after a short rest 
period performing a power-type exercise, such as 
the vertical jump. The training goal is to increase 
maximal power output. A synonymous term is 
complex training.

core musculature—The axial skeleton and all 
muscles, ligaments, and other soft tissues with 
an attachment originating on the axial skeleton 
whether or not this tissue terminates on the axial 
or appendicular (arm or leg) skeleton.

cortisol—A steroid hormone that is secreted from 
the adrenal cortex.

daily nonlinear periodization—Training in which 
intensity and volume are varied by using several 
RM or near-RM training zones that are changed 
in successive training sessions.

deceleration phase—Slowing in the last part of 
the concentric phase of a repetition even though 
there is an attempt to increase or maintain move-
ment speed.

delayed-onset muscle soreness (DOMS)—Pain 
and discomfort after an exercise bout that is 
typically most severe approximately one to two 
days after the exercise bout.

detraining—A process that occurs when training 
is reduced or ceases completely; performance 
is affected because of diminished physiological 
capacity.

dynamic constant external resistance (DCER)—
Exercise in which the weight or resistance used is 
held constant; a synonymous term is isoinertial.

dynamic stretching—Flexibility exercise involving 
motion during the stretch that results in move-
ment through the entire range of motion of the 
joint(s) involved.

dysmenorrhea—Painful menstruation.

eccentric muscle action—The controlled length-
ening of a muscle while it is generating force.

eccentric training—Training with only the eccen-
tric, or muscle lengthening, phase of a repetition, 
or performing the eccentric phase with greater 
than the normal one-repetition maximum (1RM).

energy source specificity—The concept that phys-
ical training causes adaptations of the metabolic 
systems predominantly used to supply the energy 
needed by muscles to perform a given physical 
activity.

epiphyseal plates—Growth plates at the end of 
long bones.

epiphysis—Cartilage on the joint surface.

exercise specificity—The concept that adaptations 
are related to the specific demands imposed by 
the exercise protocol.

flexibility training—Exercise designed to improve 
absolute range of movement in a joint or series 
of joints.

flexible daily nonlinear periodization—A form 
of daily nonlinear periodization that involves 
changing the training zone based on the readiness 
of the trainee to perform in a specific training 
zone.

force–time curve—A curve that depicts the 
amount of force that can be produced in a given 
time period.

force–velocity curve—A curve that depicts max-
imal force capabilities with changes in velocity.

free hormone—A hormone not bound to a bind-
ing protein in the circulation.



Glossary

405

full range of motion—The greatest range of 
motion possible dictated by the exercise position 
and the joints involved.

functional abilities—Abilities meant to replicate 
or closely simulate actual physical movements 
encountered as part of daily life, athletic compe-
tition, or occupation.

functional capacity—The maximal level of exer-
cise intensity at which no abnormal symptoms 
or responses are present.

functional training—Training to increase perfor-
mance in some type of functional task, such as 
activities of daily living or tests related to athletic 
performance.

Golgi tendon organ—A proprioceptive receptor 
found in tendons that monitors force develop-
ment.

gonadopause—A reduction in the production of 
the male hormone testosterone that occurs with 
aging.

growth cartilage—A connective tissue located at 
the growth plate of bone, the epiphysis, or the 
apophyseal insertion.

growth hormone—A polypeptide hormone 
secreted from the anterior pituitary gland.

heart rate training zone—A quantified heart rate 
range used for determining the intensity of an 
exercise.

hormone—A molecule secreted from a gland into 
the blood, which transports it to a target cell 
where it binds to a receptor delivering a signal 
to the cell.

hyperplasia—An increase in cell number.

hypertrophy—An increase in cell size.

hysteresis—The amount of heat energy lost by 
the muscle–tendon complex during the recoil 
from a stretch.

implement training—Training using a variety of 
objects as the resistance to be lifted or moved, 
such as a weighted baseball bat, water-filled 
dumbbells, water-filled barrels, kettlebells, or 
a tire.

isoinertial—Exercise in which the weight or resis-
tance used is held constant; a synonymous term 
is dynamic constant external resistance.

isokinetic—Exercise in which the velocity of move-
ment is held constant.

isometric muscle action—A muscle action in 
which the muscle does not change in length while 
generating force.

isometric training—Training that involves muscle 
actions in which no change in muscle length 
occurs.

isotonic—Actions in which muscles exert a con-
stant tension; do not typically occur because the 
force generated by a muscle changes throughout 
an exercise movement.

in-season detraining—Losses of performance or 
strength that occur when people stop completely 
or reduce resistance training volume while under-
taking other sport-type training.

in-season program—Resistance training under-
taken during the competitive portion of the year 
to further increase or at least maintain strength, 
power, and motor performance during the com-
petitive season.

insulin—A peptide hormone secreted by the 
pancreas.

insulin-like growth factors—Peptide hormones 
that are released from various cells and tissues 
(e.g., muscle, liver).

insulin resistance—A diminished capability of 
cells (e.g., skeletal muscle) to respond to the 
action of insulin in transporting glucose from 
the bloodstream into cells.

intensity (of training)—A measure of training 
difficulty; for weight training, a percentage of 
the heaviest weight for one complete repetition 
(1RM) is used to determine intensity.

interval training—An exercise training protocol 
that involves alternating between exercise and 
rest phases of different durations or times, called 
an exercise(work)-to-rest ratio.

joint-angle specificity—The concept that strength 
gains made by training at a particular joint angle 
are greatest at that joint angle and decrease the 
farther from the training joint angle strength is 
measured.

length–tension (force) curve—The curve that 
depicts the relationship between the length of 
a muscle or sarcomere and force production 
capability.

linear periodization—Training that follows a 
general trend of decreasing volume and increas-
ing intensity as training progresses; synonymous 
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terms are classic strength and power periodization 
and stepwise periodization.

long detraining period—A period of detraining 
that lasts months or years.

long stretch-shortening cycle—A plyometric-type 
action in which the ground contact time is greater 
than 250 ms, such as a countermovement jump 
and a block jump in volleyball.

lordosis—An anterior bending of the spine, usu-
ally accompanied by flexion of the pelvis.

maximal strength—The maximal force possible 
in an exercise or generated by a muscle at a spe-
cific velocity of movement for an exercise. 1RM 
is often used as a measure of maximal strength.

maximal voluntary muscle action—Volun-
tarily developing the maximal force a muscle's 
present fatigue level will allow; thus, both lifting 
the maximal resistance possible for one repeti-
tion and the last repetition in a set to failure are 
maximal voluntary muscle actions even though 
the muscle can develop more force when not 
fatigued.

menopause—A stage in middle-aged women that 
coincides with the end of their reproductive abil-
ity; characterized by a decrease in estrogen and 
the ceasing of the menstrual cycle.

motor unit—The alpha motor neuron and its 
associated muscle fibers.

multijoint exercise—Exercise involving movement 
at more than one joint; synonymous terms are 
structural exercise and multi-muscle-group exercise.

multi-muscle-group exercise—Exercise involving 
the use of more than one muscle group; synon-
ymous terms are structural exercise and multijoint 
exercise.

multiple-set system—A system in which trainees 
perform more than one set of the same exercise 
during a training session.

muscle action specificity—The concept 
that increases in muscle strength due to training 
are greatest when measured using the type of 
muscle action performed during training.

muscle biopsy—A medical procedure in which a 
needle is use to remove a small sample of skeletal 
muscle.

muscle group specificity—Increases in strength, 
hypertrophy, or local muscular endurance, or any 
other training outcome that occur only in the 
muscles undergoing training.

muscle spindle—A receptor found in the belly of 
the muscle that monitors the stretch and length 
of the muscle.

muscle–tendon complex—The interaction of 
the muscle and the tendon when activity is per-
formed.

myonuclear domain—The area of a muscle fiber 
controlled by one nucleus.

myosin ATPase staining method—A histochemi-
cal assay used to characterize muscle fiber types.

needs analysis—An evaluation of the metabolic 
demands of a training program; the biomechan-
ics of the movements needed to be successful in 
the program; and the injury profile of the trainee, 
sport, or activity.

negative accentuated training—See accentuated 
eccentric training.

negative training—Training that involves perform-
ing the eccentric portion of repetitions with more 
than the 1RM for a complete repetition.

neuromuscular junction—The interface between 
an alpha motor neuron and skeletal muscle.

nonlinear periodization—Training in which 
intensity and volume are varied by using several 
RM or near-RM training zones that are changed 
frequently (e.g., in successive training sessions 
or weekly).

oligomenorrhea—An irregular menstrual cycle 
(more than 36 days between menstrual flows) in 
women who previously had a normal menstrual 
pattern or cycle.

osteochondritis—Inflammation of growth car-
tilage.

osteochondritis dissecans—A condition in which 
a piece of bone or cartilage (or both) at a joint 
loses blood supply and dies.

paired set training—Training that involves 
performing sets of an exercise for an agonist 
immediately followed by sets of an exercise for 
an antagonist in an alternating fashion.

paracrine system—Referring to a hormone that 
is released from a cell and binds to the receptor 
of another cell.

pennation angle—The angle at which a muscle 
fiber attaches to its tendon in relation to the 
direction of pull of the tendon.

periodization—Planned variation in training with 
the goal of optimizing training outcomes and 
avoiding training plateaus.
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perturbation-based training—A form of balance 
training that emphasizes perturbations to the 
trainee’s center of mass that the trainee must 
respond to and try to maintain their balance.

plyometrics—Power-type training involving the 
stretch-shortening cycle and typically thought 
of as performing body weight jumping-type 
exercises and throwing medicine balls.

postactivation potentiation—The increased per-
formance or power output shortly after perform-
ing a strength exercise; typically attributed to a 
neural accommodation resulting in an increased 
ability to recruit muscle fibers or the inhibition 
of neural protective mechanisms.

postexercise hypotension—The decrease in either 
systolic or diastolic blood pressure immediately 
after an exercise bout.

power—The rate of performing work calculated as 
force times distance divided by time.

pre-exhaustion—Performing a small-muscle-
group exercise prior to performing a large-muscle-
group exercise involving the muscle group used in 
the small-muscle-group exercise to cause fatigue 
in the muscle group used in both exercises.

prehabilitation—An exercise program intended 
to prevent injury.

primary exercises—Exercises that train the prime 
movers in a particular movement and usually 
involve major muscle group exercises.

program design—A systematic process that uses 
a sound understanding of the basic principles 
of resistance training to meet the needs of each 
trainee.

progression—The process of making changes in 
an exercise program over time to cause desired 
training outcomes.

progressive overload—Continually increasing 
the stress placed on the body as force, power, or 
endurance increases with training.

progressive resistance—Similar to progressive 
overload, except that it applies specifically to 
weight training; the most common method to 
increase the stress of training is to increase the 
resistance lifted for a specific number of repeti-
tions.

proprioceptive neuromuscular facilitation 
(PNF)—A set of stretching techniques that uses 
various stretch-contract-relax protocols.

proprioceptors—Specialized receptors that sense 
the length, force, and movement of tendons and 
skeletal muscle.

pyramid system—A system that involves perform-
ing several sets of the same exercise beginning 
with light resistances and high numbers of rep-
etitions per set and progressing toward several 
repetitions per set with heavy resistances followed 
by increasing numbers of repetitions per set with 
progressively lighter resistances; a synonymous 
term is triangle system.

Q-angle—The angle between a line connecting the 
anterior superior iliac crest and the midpoint of 
the patella and a line connecting the midpoint 
of the patella and the tibia tubercle.

rate of force development—The amount of 
change per unit of time in strength.

relative strength—Absolute strength divided by 
or expressed relative to total body weight or fat-
free mass.

repetition—One complete motion of an exercise 
typically including both a concentric and an 
eccentric muscle action.

repetition maximum (RM)—The resistance that 
allows a specific number of repetitions but not 
more than that number of repetitions in an 
exercise.

repetition maximum target zone (RM target 
zone)—A resistance that typically allows  a 
three-repetition range to be performed (3- to 
5RM, 8- to 10RM).

repetition maximum training zone (RM training 
zone)—A training zone that results in momen-
tary failure when the highest number of repeti-
tions in a training zone per set of an exercise is 
performed, such as performing six repetitions per 
set at a 4- to 6RM training zone.

repetition speed—The velocity at which a move-
ment occurs in an exercise.

resting metabolic rate (RMR)—The amount of 
energy expended at rest.

rest periods—Recovery time allowed between sets 
and exercises in a training session.

reverse linear periodization—Training that pro-
gresses from low volume and high intensity to 
high volume and low intensity, or in the opposite 
pattern to linear periodization.

sarcomere—The smallest contractile segment of 
a skeletal muscle.
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sarcopenia—The age-associated reduction in 
muscle mass.

satellite cells—Small cells with no cytoplasm 
that are found in skeletal muscle between the 
basement membrane and the sarcolemma, or 
cell membrane, of the muscle fiber.

secondary amenorrhea—The absence of men-
struation for 180 days or more in women who 
previously menstruated regularly.

set—A specific number of repetitions of an exercise 
performed in succession, typically with no rest 
between repetitions.

short stretch-shortening cycle—A plyometric-type 
action having a ground contact time of less than 
250 ms (e.g., a drop jump in which an attempt 
is made to minimize ground contact time, and 
sprinting).

single-joint exercise—An exercise that involves 
movement at predominantly one joint; synony-
mous terms are body-part exercise and single-mus-
cle-group exercise.

single-muscle-group exercise—An exercise that 
predominantly involves only one muscle group; 
synonymous terms are single-joint exercise and 
body-part exercises.

single-set system—A system that involves per-
forming only one set of each exercise during a 
training session.

size principle—A principle that states that the 
recruitment of motor units is based on external 
force demands and size (e.g., number of fibers, 
size of muscle fibers); motor units are recruited 
from low-electrical-threshold-activated to 
high-electrical-threshold-activated motor units.

skeletal muscle fiber—The individual cells that 
make up an intact skeletal muscle.

sliding filament theory—The theory that muscle 
contraction results from actin filaments interact-
ing and sliding over stationary myosin filaments 
to produce force.

slow-movement stretching—Dynamic move-
ments of body parts in a slow and controlled 
manner (e.g., neck rotations).

specificity—The concept that training-related 
gains will be specific to the exact conditions used 
in the exercise program.

spotting—A safety measure performed by those 
other than the lifter to ensure the safety of the 
lifter.

stacking exercise order—Performing exercises for 
the same muscle group in succession; a synony-
mous term is alternating muscle group order.

static stretching—Flexibility exercise that requires 
the person to voluntarily relax the muscle while 
elongating it, and then holding the muscle in a 
stretched position at a point of slight muscular 
discomfort.

stepwise periodization—Training that follows a 
general trend of decreasing volume and increas-
ing intensity as training progresses; synonymous 
terms are classic strength and power periodization 
and linear periodization.

stretch-shortening cycle—A sequence of muscle 
actions consisting of an eccentric action, a brief 
isometric action, and a concentric action per-
formed in rapid succession.

structural exercise—Exercise that involves move-
ment at multiple joints and involves multiple 
muscle groups; synonymous terms are multijoint 
exercise and multi-muscle-group exercise.

tendon hysteresis—See hysteresis.

tendon stiffness—The relationship between the 
forces applied to the muscle–tendon complex 
and the change in the length of the unit.

testing specificity—The concept that increases 
in muscle strength or power due to training are 
highest when tested using an exercise or muscle 
action performed during training.

testosterone—A steroid hormone released from 
the testes in men and at much lower concen-
tration from the ovaries and adrenal cortex in 
women.

total conditioning program—A program that 
combines a variety of exercise protocols to 
improve physical or sport fitness or health (or 
both); typically addresses strength, power, local 
muscular endurance, cardiorespiratory endur-
ance, and flexibility.

training volume—A measure of the total amount 
of work performed during training.

transfer specificity—The degree to which the 
exercise program results in changes in the per-
formance of a specific activity or sport.

triangle system—A system that involves perform-
ing several sets of the same exercise beginning 
with light resistances and high numbers of repeti-
tions per set and progressing toward only several 
repetitions per set with heavy resistances followed 
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by increasing numbers of repetitions per set with 
progressively lighter resistances; a synonymous 
term is pyramid system.

type I (slow-twitch) muscle fibers—Muscle fibers 
that are characterized by higher levels of oxidative 
characteristics, or endurance capability, and lower 
force production capabilities; they are typically 
smaller than type II muscle fibers.

type II (fast-twitch) muscle fibers—Muscle fibers 
that are characterized by lower levels of oxidative 
characteristics, or endurance ability, and higher 
force production capabilities; they are typically 
larger than type I muscle fibers.

unstable surface training—Training that involves 
performing exercises on an unstable surface, such 
as a Swiss ball, inflatable disc, or wobble board.

Valsalva maneuver—Holding one’s breath while 
attempting to exhale with a closed glottis.

variable resistance—Equipment having a lever arm, 
cam, or pulley arrangement that varies the resis-
tance throughout the exercise’s range of motion.

variable variable resistance—A type of variable 
resistance equipment allowing adjustments to 
or changes in the resistance curve of an exercise.

velocity specificity—The concept that strength or 
power gains are greatest when measured at or 
close to the velocity of movement used during 
training.

velocity spectrum training—Training that 
involves performing several sets of an exercise 
at several velocities; typically refers to isokinetic 
training.

vibration training—The application of vibration 
to a body part or the whole body while perform-
ing resistance training; the most popular type of 
whole-body vibration occurs while standing on 
an oscillating platform.

window of adaptation—The potential for 
improvement or positive changes in a given per-
formance or physiological variable; the closer to 
the genetic potential a trainee is, the smaller the 
possibility of further gain will be.
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eccentric training
 about  45
 accentuated  45f, 45
 accentuated DCER training  

46-47
 accentuated isokinetic training  

46-47
 body composition changes due 

to  49-50
 concentric isokinetic resistance 

versus  58-59
 DCER concentric-only compared 

to eccentric-only  46
 DCER training results  45-46
 defined  404
 excessive soreness considerations  

52
 goal of the program consider-

ations  52
 isokinetic concentric-only com-

pared to eccentric-only  46
 isometric resistance versus  56-57
 motivational considerations  

51-52
 motor performance  49
 negative training  241-242, 242f
 optimal  48-49
 postexercise soreness  50-51
 summary of strength changes due 

to  48
 using resistances greater than 

normal 1RM  47-48
elastic band technique  252-253
electromyogram (EMG)  105
endocrine system  119t
energy source specificity  9-10, 404
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102-103
MTC (muscle-tendon complex)  176
mTOR (mammalian target of 

rapamyocin)  88, 164
multi-joint/multi-muscle-group 

exercises  188, 406
multiple motor unit summation 

and  97
multiple-set system  217-218, 406
multi-poundage system  221
muscle action  2-3, 3f, 9
muscle action specificity  9, 406
muscle biopsy  75, 76f, 406
muscle bound concept  175
muscle group specificity  9, 406
muscle hypertrophy. See hypertro-

phy
muscle memory  91, 92
muscles  2-3, 3f. See also skeletal 

muscle fibers
muscle spindles  100f, 100-101, 406
muscle strains and sprains  358
muscle-tendon complex (MTC)  

176, 380-381, 406
MVIC (maximal voluntary isometric 

contraction)  17t
MVMA (maximal voluntary muscle 

actions)  4-5, 18, 52, 406
myelinated nerve fibers  94, 96
myelin sheath  94
myonuclear domain  74, 406
myonuclei  91-93
myosin adenosine triphosphatase 

(mATPase)  88
myosin ATPase  73, 75
myosin ATPase staining method  

75, 406
myosin filaments  78. See also sliding 

filament theory
myosin heavy chain (MHC)  88, 89, 

314, 386

N
Na+ (sodium)  95-96
National Electronic Injury Surveil-

lance System  11

needs analysis
 about  181-183
 biomechanical analysis  183-185
 defined  406
 energy sources to be trained  185, 

186
 magnitude of improvement 

needed  186-187
 muscle action to be trained  185
 primary sites of injury  185-186
 process elements  181, 182f, 183
negative accentuated training  45, 

406
negative training  241-242, 242t, 

406. See also eccentric training
nervous system adaptations
 basic interactions and relation-

ships among components  
101, 102f

 due to vibration training  240
 force-time curve  108f, 108
 force-velocity curve  108-109, 

109f
 inhibitory mechanisms  106-107
 muscle tissue activation  102-103
 neural changes and long-term 

training  107-108, 108f
 neural drive and force production  

105-106
 neuromuscular junction changes  

103-104, 104f
 resistance training’s impact on  

101-102
 seniors and resistance training  

390-392
 time course of neural changes  

104-105
neural drive and force production  

105-106
neural protective mechanisms  106-

107, 285
neuromuscular junction  94f, 94-95, 

95f, 103-104, 104f, 406
neurotransmitters  94
nodes of Ranvier  94, 96
nonlinear periodization
 about  263, 267, 267t
 body composition changes due 

to  269
 comparative studies of flexible 

daily  276-277, 277f
 defined  406
 linear periodization versus  272-

273, 273-275t, 276
 nonvaried programs versus  270, 

270-271t, 272
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nonvaried periodization
 linear periodization versus  268-

270
 nonlinear periodization versus  

270, 270-271t, 272

O
OA (osteoarthritis)  379
obesity, age-related  378
older adults. See seniors and resis-

tance training
oligomenorrhea  339-340, 406
order of recruitment  97, 98f, 98-99, 

99
Osgood-Schlatter disease  360
osteoarthritis (OA)  379
osteochondritis  360, 406
osteochondritis dissecans  360, 406
osteoporosis  379
overtraining syndrome  129, 186, 

207, 398
Oxford system  220t, 222
oxidative energy system  68-70
oxygen debt  70

P
paired set training  223, 406
PAP (postactivation potentiation)  

97, 189-190, 253-255, 407
paracrine system  115, 406. See also 

hormonal system
partial repetition technique  230-

231
pathological hypertrophy  134
peak oxygen consumption (VO2peak)
 chronic adaptations during exer-

cise  148-149
 defined  69
 women and resistance training 

and  333-334
pennation angle  84f, 84-85, 329, 

406
periodization
 about  258
 children and resistance training  

365-366
 DCER and  33
 defined  406
 goals of  258
 guidelines for  260, 261t
 linear. See linear periodization
 men versus women in strength 

gains from training  330-331
 nervous system adaptations pos-

sible with  103
 nonlinear. See nonlinear period-

ization

 nonvaried. See nonvaried period-
ization

 resistance training and  10
 strength gains from training  53, 

260
 training plateaus without  258-

259t
peripheral heart action system  219, 

219t
perturbation-based training  397, 

407
phosphofructokinase (PFK)  73
physiological adaptations
 about  63-65
 bioenergetics. See bioenergetics
 body composition changes. See 

body composition
 cardiovascular. See cardiovascular 

adaptations
 connective tissue  131-134
 due to vibration training  237, 

237t
 hormonal system  115-118
 nervous system. See nervous 

system adaptations
 seniors and resistance training  

371
 skeletal muscle fibers. See skeletal 

muscle fibers
 summary  149-150
 window of adaptation  64
physiological hypertrophy  134
plyometrics
 compared to other types of 

strength training  293-294
 compatibility with other training 

types  292
 concurrent strength training 

effects  291
 defined  286, 407
 designing a jumping program  

290
 effects on body composition  292
 effects on strength  291-292
 efficacy of stretch-shortening 

cycle training  289
 height of depth jumps and drop 

jumps  289-290
 injury potential  292-293
 long and short stretch-shortening 

cycle training exercises  288-
289

 muscle length and  287-288
 program design for children  363-

364
 rest periods  294
 stored elastic energy and  287

 stretch-shortening cycle described  
286-287

 training for longer-duration sport 
activities and  294

 training volume measurement  
289

 weighted lower-body plyometric 
exercises  290-291

PNF (proprioceptive neuromuscular 
facilitation)  170, 407

postactivation potentiation (PAP)  
97, 189-190, 253-255, 407

posterior left ventricular wall thick-
ness (PWTd)  138-139

postexercise hypotension  146-147, 
407

postexercise soreness. See delayed- 
onset muscle soreness

potassium (K+)  95-96
power  3-4, 407
power development
 ballistic resistance training and  

280-282, 281f
 conflicts with principle of train-

ing specificity  282
 correlations between measures of 

power and performance  278-
279

 deceleration phase of a repetition  
283-285

 factors related to success of power 
training programs  279-280

 force-velocity curve  279, 279f
 fundamental power equation  

279
 guidelines for training for power  

286
 intensity of exercise and  6
 neural protective mechanisms  

285
 patterns of muscular power loss 

with age  386, 387f
 quality of training repetitions 

and  285f, 285-286
 rate of force development and  

283f, 283
 seniors and resistance training  

390
 sex differences in power output  

327-329, 328
 velocity-specific adaptations  282
power periodization. See linear 

periodization
preadolescents. See children and 

resistance training
pre-exhaustion training methods  

190-191, 407
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prehabilitation  185, 407
premenstrual symptoms  340
pressor response  145-146
primary exercises  188, 407
priority system  191, 223-224
progesterone  340-341, 343
program design
 about  179, 407
 acute program variables. See 

acute program variables
 for children. See program design 

for children
 for older adults. See program 

design for seniors
 needs analysis. See needs analysis
 plyometrics for children  363-364
 setting program goals  209-212
 summary  212
 supervision’s importance in  181
 training potential considerations  

206-208, 207f
program design for children
 age group progression  362, 363t
 copying elite athlete programs  

366
 developmental differences con-

siderations  361
 equipment modification  367-

369
 exercise tolerance  366
 goals of programs  362
 needs analysis and individualiza-

tion  361-362
 periodization  365-366
 plyometrics  363-364
 program philosophy  369
 questions to consider about a 

program  360
 recommendations for adoles-

cents  364
 resistance progression  362-363
 strength and power progression  

364-365, 365t
 workouts using equipment  367t, 

367
 workouts using little equipment  

366-367, 367t
program design for seniors
 choice of exercise  396-397
 considerations for  394
 frequency  396
 lifting velocity  399
 needs analysis  394-396
 number of sets  399
 order of exercise  397-398
 performance evaluation  394
 repetitions  398-399

 resistance/load  398
 rest periods  399
 risk categories  395-396
program goals, setting
 common goals  209
 desired outcome consideration 

and  209
 focus on testable variables  209
 individualization  211-212, 212f
 maintenance of goals  209-210
 prioritization of goals  211
 unrealistic goals and  210-211
progression  180, 407
Progression models in resistance train-

ing for healthy adults  53
progressive overload  10-11, 407
progressive resistance  10, 407
proprioception
 about  99-100
 Golgi tendon organs  100f, 101
 muscle spindles  100f, 100-101
proprioceptive neuromuscular facil-

itation (PNF)  170, 407
proprioceptors  100, 407
prostaglandin  340, 344
protein kinase B (Akt)  164
protein synthesis  86-87
PWTd (posterior left ventricular wall 

thickness)  138-139
pyramid system  221, 221f, 407
pyruvate  67

Q
Q-angle  345, 407
quadriceps cross-sectional area 

(CSA)
 after detraining  312
 decline with age  381
 isometric training and  20, 295

R
range of motion  13
rate of force development (RFD)  

283f, 283, 407
ratings of perceived exertion (RPE)  

189
recharging of actin active sites  80
re-innervation  382
relative strength  323-326, 407
relaxin  345
repetition  3, 407
repetition maximum (RM)
 about  3
 defined  407
 program design and  197-199, 

198f, 199f
repetition maximum target zone  

407

repetition maximum training zone  
3, 4, 11, 226, 407

repetition speed  202-203, 407
repetitions-per-set continuum  198, 

198f, 201
repetition training zone  3, 4, 6, 11, 

166, 226, 263, 267
repolarization  96
resistance training
 about  1
 basic definitions  2-4
 cardiovascular system and. See 

cardiovascular adaptations
 children and. See children and 

resistance training
 effects on motor performance  32
 energy source specificity  9-10
 goals for  1-2
 injury and. See injury and resis-

tance training
 intensity and  5t, 5-7, 6f, 10
 maximal voluntary muscle 

actions  4-5
 men and. See men and resistance 

training
 muscle action specificity and  9
 muscle group specificity and  9
 nervous system and. See nervous 

system adaptations
 periodization  10
 physiological adaptations to. See 

physiological adaptations
 progressive overload  10-11
 rest periods  7-9, 8f
 safety aspects  11-14
 seniors and. See seniors and resis-

tance training
 skeletal system and. See skeletal 

muscle fibers
 strategies for using. See advanced 

training strategies; program 
design

 strength gains for adults  4-5
 summary  14
 systems and techniques. See sys-

tems and techniques
 training volume  7, 10
 velocity specificity  9
 women and. See women and 

resistance training
resting membrane potential  95-96
resting metabolic rate (RMR)  377-

379, 407
rest-pause technique  249-251
rest periods
 about  7-9, 8f, 194-197, 239-240
 defined  407
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rest periods (continued)
 lactic acid system response to  

196-197
 in plyometrics  294
 resistance training  7-9, 8f
 vibration training and  239-240
reverse linear periodization  277t, 

277-278, 407
RFD (rate of force development)  

283, 283f, 407
rhabdo  248-249
RM (repetition maximum)
 about  3
 defined  407
 program design and  197-199, 

198f, 199f
RM training zone  3, 4, 11, 226, 407
rock climbing and isometric strength  

22
RPE (ratings of perceived exertion)  

189

S
safety
 breathing  12f, 12-13
 DCER considerations  34
 equipment maintenance  14
 full range of motion and  13
 Gshoes  13
 injury rate for resistance training  

11
 proper exercise technique and  13
 spotting  12
 supervision’s importance  11-12
 training belts  13-14
 training shoes  13
 variable resistance training  37
saltatory conduction  96
sarcomere  78-80, 79f, 407
sarcopenia  381-382, 408
sarcoplasmic reticulum  80
satellite cells  74, 91, 408
Schwann cells  94
secondary amenorrhea  339, 340, 408
seniors and resistance training
 adaptations overview  391t
 age-related obesity  378
 aging and sensitivity to NMJ 

remodeling  104
 benefits for joint pain  379
 body composition changes with 

age  378-381
 bone density changes with age  

379-380
 causes of decreased power with 

age  386, 388

 causes of decreased strength with 
age  384-386

 hormonal changes due to age and  
372-377, 373f

 implications of endocrine 
changes with age  377

 loss of muscle due to age  380-
381

 malnutrition in seniors  385
 muscle damage with resistance 

training  392-394
 neural adaptations  390-392
 patterns of muscular power loss 

with age  386, 387f
 patterns of strength loss with age  

382-384, 384f
 physiological adaptations possi-

ble  371
 power and training adaptations  

390
 program design. See program 

design for seniors
 protein amounts needed by 

seniors  393
 protein synthesis and  392
 resistance training effects on 

muscle morphology  87-88
 resting metabolic rate changes 

with age  377-379
 strength and hypertrophy adap-

tations  388-389
 strength gains from periodized 

programs  260
 strength gains from training  4
 summary  400
 tendons changes due to age  380-

381
set  3, 408
sets to failure technique  52, 226-

228
setting program goals. See program 

goals, setting
shoes, training  13
short stretch-shortening cycle  288-

289, 408
single-joint/single-muscle-group 

exercises  188, 408
single-set systems  216-217, 408
size principle
 all or none law  97
 defined  408
 motor unit recruitment and  

96-97
 multiple motor unit summation 

and  97

 order of recruitment  97, 98f, 
98-99

 postactivation potentiation and  
97

 wave summation and twitch  
97-98

skeletal muscle fibers
 capillary supply  90-91
 conduction of impulses  95-96
 defined  408
 functional abilities  77t, 77
 growth hormone and  124
 hyperplasia  85-86
 hypertrophy  82-85
 information obtained by muscle 

biopsy  75, 76f
 length-tension (force) curve  

81-82, 82f
 mitochondrial density  91
 motor unit  93f, 93-94
 motor unit activation and the size 

principle  96-99
 muscle fiber type transition  88f, 

88-90
 myoglobin content  90
 myonuclei  91-93
 neuromuscular junction  94f, 

94-95, 95f
 phases of muscle action  80-81, 

81f
 proprioception  99-101
 protein synthesis and  86-87
 satellite cells  91
 satellite cells and myonuclei  74, 

91
 sliding filament theory  78-80, 

79f
 structural changes in muscle  

87-88
 type I and type II characteristics  

75f, 75, 77t
 type I and type II classification 

system  75t, 77
 type I and type II conversion to 

other types  78
 type I and type II subtypes  77t
sliding filament theory  78-80, 79f, 

408
sling training  246-247, 247f
slow-movement stretching  168, 408
small increment technique  233
sodium (Na+)  95-96
specificity
 about  183-184
 contraction  39, 404
 defined  408
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 energy source  9-10, 404
 exercise  63, 404
 joint-angle  13, 20-22, 21f, 405
 muscle action  9, 406
 muscle group  9, 406
 testing  9, 55
 training  54, 282
 transfer of  184-185
 velocity  9, 40, 42-43, 43f
split-body system  225
spotting  12, 408
sprint speed  167-168
stacking exercise order  223, 408
staircase principle  212
static stretching  168-170, 171, 173, 

408
stepwise periodization  260, 408. See 

also linear periodization
steric blocking model  80
sticking point of an exercise  234-

235
stiffness, MTC  176
stored elastic energy  287
strength gains from training
 for adults  4-5
 for children  350, 351t, 352f, 352
 considerations for  267-268
 due to eccentric training  45-48
 due to isokinetic training  37, 38t, 

39
 influence of hormones on  131
 magnitude of gains from isomet-

ric training  17-18
 menstrual cycle phase effects on  

340-341
 men versus women  330-331
 periodization and  260, 330-331
 for seniors  4, 260
 testing specificity and  55
 training specificity and  54
 training volume and  7
strength loss
 due to cessation of resistance 

training  299, 300-301t, 302f
 due to long periods of detraining  

299
 due to prior intensity  304
 due to type of training  303f, 303-

304
 physiological mechanisms of  

312-315, 313t
 rate of due to detraining  302-303
 related to age  299, 302, 303, 

382-386, 384f

strength training
 comparison of training types  

54-60
 concentric versus eccentric resis-

tance  58-59
 DCER. See dynamic constant 

external resistance training
 eccentric. See eccentric training
 efficacy of training programs 

factor  54-55
 factors to consider when looking 

at different types  15
 goals for athletes  15
 guidelines for progressing  53
 isokinetic. See isokinetic training
 isometric. See isometric training
 multiple- versus single-set pro-

grams  53
 periodization of weight training. 

See periodization
 plyometrics and  291-292
 program design. See program 

design
 recommendations for healthy 

adults  52-53
 research on gains from  15-16
 research on training with sets to 

failure  52
 specificity of training and strength 

gains issue  54
 study design difficulties  54
 summary  61
 training volume and training 

duration issue  54
 variable resistance. See variable 

resistance training
stretching and flexibility
 about  168
 chronic stretching  173-174
 concept of being muscle bound  

175
 dynamic and ballistic stretching  

170
 flexibility and injury  174
 flexibility development  170-171
 muscle-tendon complex and  176
 PNF stretching  170
 resistance training and changes 

in flexibility  174-175
 slow-movement stretching  168
 sprint performance and  173
 static stretching  168-170
 warm-ups and  171-173
stretch-shortening cycle  408
stretch-shortening cycle training. See 

plyometrics

strip sets  220-221
stroke volume
 acute responses to resistance 

training  144-145
 cardiovascular adaptations  136-

137
 chronic adaptations during exer-

cise  148
structural exercises  188, 408
submaximal isometric muscle 

actions  18
super-overload system  242-243
supersetting systems  224-225
super slow systems  231-232
systems and techniques
 blitz system  226
 body-part system  225-226
 burn technique  228-229
 chain technique  251-253, 252f
 cheating technique  226
 circuit system  218-220, 219t, 

220t
 complex training  253-255
 double progressive system  222t, 

222-223
 drop sets  220-221
 elastic band technique  252-253
 exercise order systems  223-226
 express circuits  217
 extreme fitness programs  248-

249
 flushing  223
 forced repetition technique  229-

230
 functional isometrics  234f, 234-

235
 functional training  247-248
 heavy-to-light system  221f, 222
 implement training  235f, 235, 

236f, 237
 knowledge needed for correct use  

216
 light-to-heavy system  221f, 221-

222
 multiple-set systems  217-223
 negative training  241-242, 242t
 non-individualized programs use 

considerations  215-216
 partial repetition technique  230-

231
 priority system  223-224
 rest-pause technique  249-251
 sets to failure technique  226-228
 single-set systems  216-217
 sling training  246-247, 247f
 small increment technique  233
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systems and techniques (continued)
 split-body system  225
 summary  255
 super-overload system  242-243
 supersetting systems  224-225
 super slow systems  231-232
 triangle system  221f, 221
 unstable surface training  243-

246
 vascular occlusion  232-233
 vibration training  237-241

T
tendinopathy  381
tendon hysteresis  408
tendons  380-381
tendon stiffness  408
testing specificity  9, 55, 408
testosterone
 adrenal androgens in women  

121
 androgen receptors and  121
 defined  408
 extended training time’s influ-

ence on  122
 factors influencing concentra-

tions of  120, 122
 function of  118-120
 nutritional status and  122
 training response in men  120
 training response in seniors  120, 

373-374, 374
 training response in women  334-

336, 335f, 341
 training status and  121-122
 training volume and  121
testosterone-to-cortisol (T/C) ratios  

130-131
tetanus  98, 106
total conditioning program
 about  151-152
 cardiorespiratory training basics  

165-168
 compatibility of programs. See 

compatibility of exercise pro-
grams

 continuous aerobic training pro-
gram  165-167

 defined  408
 interval training  167-168
 need for individualization  165
 stretching and flexibility. See 

stretching and flexibility
 summary  176-177
training belts  13-14

training frequency
 determining the optimal for 

DCER  30t, 30-31, 31t
 for isometric training  19
 program design and  190, 194-

197, 203-205
 recommendations for DCER  

31-32
 studies’ design limitations  31
 term use  25
 training volume versus  30
training gloves  13
training shoes  13
training specificity  54, 282
training volume
 defined  408
 measuring for plyometrics  289
 periodization plans and  10
 resistance training  7, 10
 testosterone and  121
 training frequency versus  30
training zone, heart rate  166-167, 

405
transfer specificity  184, 185, 408
triangle system  221f, 221, 408
triset system  219, 220t
tropomyosin  80
troponin  80
22kD Gh  123-125, 337f, 337-338, 

375
twitch  97-98, 98f
Type I and II muscle fiber
 ability to be converted to other 

types  78
 changes due to eccentric training  

49-50
 characteristics  75, 75f, 77t
 classification system  75t, 77
 compatibility of exercise pro-

grams and  161-163, 162t
 defined  409
 detraining effects on  312-314, 

313t, 315
 differences in muscle fibers 

between the sexes  321f, 321-
322

 functional abilities associated 
with  77t, 77

 isometric training and  20, 21f
 muscle fiber type transition  88f, 

88-90
 selectively increasing  83f, 83-84
 seniors and resistance training  

389

 sex differences in hypertrophy  
333

 sex differences in power output  
328-329

 subtypes  78

U
unmyelinated nerve fibers  94, 96
unstable surface training
 about  243f, 243-244
 core musculature impacts  244, 

245
 defined  409
 EMG activity changes due to  244-

245
 guidelines for  246
 injury reduction and  245
 performance increases due to  

244, 245
U.S. Centers for Disease Control and 

Prevention (CDC)  320
U.S. Consumer Product Safety Com-

mission  11

V
Valsalva maneuver  12, 23-24, 142, 

144, 145, 409
variable resistance  409
variable resistance training
 about  34
 body composition changes due 

to  37
 cam equipment’s limitations  35
 DCER versus  57
 isokinetic versus  60f, 60-61
 isometric versus  56
 motor performance  36-37
 number of sets and repetitions 

needed for gains  35
 safety considerations  37
 strength changes  35
 types of strength curves  34f, 34-35
 variable variable resistance  

35-36, 36f
variable variable resistance  409
variable variable resistance training  

35-36, 36f
vascular occlusion  232-233
velocity specificity
 defined  409
 isokinetic training and  40, 42-43, 

43f
 resistance training and  9
velocity spectrum training  39, 39t, 

409
vertical vibration platform  237
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vibration training
 consistency of the equipment 

and  241
 defined  409
 described  238
 effects of the training  238-239, 

240
 flexibility increases and  240-241
 frequency recommendations  239
 neural adaptations  240
 physiological  mechanisms 

involved  237, 238t
 response to dampening of vibra-

tion  240
 response to rest periods  239-240
 site-specific application effective-

ness  239
 types of  237
VO2max (maximal oxygen con-

sumption)  69
VO2peak (maximal aerobic power)  

69
VO2peak (peak oxygen consump-

tion)
 chronic adaptations during exer-

cise  148-149
 defined  69
 women and resistance training 

and  333-334

W
warm-ups and stretching  171-173
wave summation and twitch  97-98, 

98f
weight training  1
whole-body vibration platforms. See 

vibration training
window of adaptation  64, 207-208, 

208t, 409
Wingate test  154, 328
women and resistance training
 body composition changes due 

to  334
 bone mineral density affects  342-

344, 344f, 376
 differences in muscle fibers between 

the sexes  321f, 321-322
 general needs analysis  345-347
 hormonal response  334-339, 

335f, 337f, 374, 376, 377
 hypertrophy  331-333, 332f, 335
 knee injuries  344-345, 346
 long-ranging effects of childhood 

levels of physical activity  320
 menopause and  343, 377, 379
 menstrual cycle and. See men-

strual cycle
 participation in physical activity  

319-320

 peak oxygen consumption  333-
334

 pennation angle and  329
 program design. See program 

design
 response to circuit systems  218-

219
 sex absolute strength differences  

322-323, 323f
 sex differences in hypertrophy  

333
 sex differences in power output  

327-329, 328
 sex relative strength differences  

323-326
 strength changes due to DCER  

33-34
 strength changes due to variable 

resistance training  35
 strength gains from training  

330f, 330-331
 strength relative to muscle 

cross-sectional area  326f, 
326-327, 327t

 summary  347
 training’s effects on relative 

strength differences  325-326
work  3, 4, 7
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