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It is well defended and accepted that control of the spine 
and pelvis depends on the contribution of active, passive 
and control systems (Panjabi 1992). In this interpretation 
of spine physiology, ideal control relies on the appropri-
ate passive support, supplemented with muscle forces 
that are coordinated by the nervous system. Conversely, 
changes in any of these systems can lead to less than 
optimal control and this has formed the basis of a range 
of rehabilitation strategies that aim to restore control and 
reduce pain and disability or the potential for further 
pain or injury. Although the theoretical underpinning is 
relatively straightforward, there is variable evidence for 
the many assumptions that underlie the understanding of 
‘spine control’ and the way in which it may be modified 
with pain and/or injury or the manner in which aspects 
of spine control may be a precursor to development of 
pain and/or injury. An area of considerable variation in 
opinion is how this model can be applied to clinical 
practice for the treatment of people with low back and 
pelvic pain.

Low back and pelvic pain is a major issue facing the 
modern world. The economic burden of musculoskeletal 
pain is second only to cardiovascular disease (Australian 
Bureau of Statistics 2001) and of that burden, spinal com-
plaints contribute the greatest percentage due to long-term 
disability. Low back pain (LBP) is the most common 
chronic pain in Australia (Blyth et al. 2001), and the most 
common work-related condition in Western society. Recur-
rence and persistence of symptoms are major issues in LBP 
and are associated with the majority of its health care and 
social costs. Persistent LBP is increasing and its prevalence 
has doubled in the last 14 years (Freburger et al. 2009). 
Although clinical guidelines promote the view that acute 
LBP has a favourable prognosis with most people recov-
ered in 6 weeks (Koes et al. 2001), systematic reviews of 
prospective trials suggest that 73% of people experience at 
least one recurrence in 12 months of an acute episode, and 
pain and disability have only recovered by 58% at one 
month (Pengel et al. 2003). Further recovery is slow 
(Pengel et al. 2003; Henschke et al. 2009). Identification 
of modifiable factors associated with LBP is a key objective 
in the international research agenda. However, reviews of 
risk factors provide less than encouraging results (Linton 
2000; Pincus et al. 2002). Even factors that have been 
purported to have the strongest relationship to outcome, 
such as psychosocial aspects of distress (Pincus et al. 
2002) and job satisfaction (Linton 2000), can only account 
for a small proportion of the variability (Linton 2000; 
Young Casey et al. 2008). There is no evidence for an 
association between biological factors such as trunk 
muscle strength or endurance, or range of motion and LBP 
outcome (Hamberg-van Reenen et al. 2007). However, in 
clinical practice and many fields of research, it has been 
proposed that ‘spine control’ is related to low back and 
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models and consideration of systems engineering aimed 
at understanding the mechanisms by which the spine is 
controlled to meet the demands of everyday activities. A 
key issue is that different models rely on different assump-
tions and lead to different conclusions about the optimal 
mechanisms for spine control and about the consequences 
of changes in control for the health of the system and, 
therefore, lead to different extrapolations from science to 
clinical practice. The first part of this book (Chapters 2–4) 
takes a look at the state-of-the-art research in terms of 
modelling and novel experimental approaches that aim to 
provide insight into the mechanisms for control of this 
complex system.

MOTOR CONTROL

Motor control is a term that can be used to refer to all 
aspects of control of movement. This can extend from the 
motivation within the frontal and other regions of the 
brain related to the decision to move, the sensory inputs 
to the system that provide information of the body seg-
ments’ current location and movement, the various levels 
of the nervous system that integrate inputs and plan 
outputs (from simple spinal cord mechanisms to complex 
supraspinal integration and decision making), the motor 
output to the muscles (the effector organs of the system), 
and down to the mechanical properties of the tissues 
(including muscle mechanics and passive tissues that 
influence joint mechanics) that influence the manner in 
which motor commands to muscles relate to movement.

There are many views of how consideration of motor 
control can be applied to the issue of spine control, and 
how the nervous system meets the challenge to control the 
spine and pelvis when considered in the context of the 
entire human body function. Drawing on the develop-
ments in modelling of spine biomechanics highlighted in 
Chapters 2–4, this view of spine control involves not only 
control of the spine movement and position that is specific 
to the demands of the task, but also the contribution of 
the spine to other physiological functions such as breath-
ing and maintaining whole body equilibrium, to name 
but a few functions that the nervous system must consider 
concurrently.

Perhaps the most debated aspect of motor control, as it 
relates to spine control, is how and why motor control is 
altered in people with pain and injury. Fundamental ques-
tions remain unresolved. Are there issues in motor control 
that can predispose an individual to development of pain 
and/or injury? Does motor control adapt in response to 
pain and injury or is this a factor in the persistence and 
recurrence of pain? Which aspects of motor control are the 
most critical for low back and pelvic pain, if at all? Which 
aspects of motor control, if any, should be addressed in 
patients with low back and pelvic pain? Part 2 of this book 

pelvic pain and investigation of this promising notion is 
worthy of a concerted research effort.

There are considerable promising data of changes in 
spine control as a potential candidate factor underpinning 
the development and persistence of low back and pelvic 
pain from cross-sectional studies (Hodges and Richardson 
1996; MacDonald et al. 2009) and some longitudinal 
studies (Cholewicki et al. 2005). Positive outcomes from 
clinical trials, that have been summarized and subjected 
to meta-analyses in a number of systematic reviews (Fer-
reira et al. 2006; Macedo et al. 2009), provide additional 
strength to the argument that consideration of ‘spine 
control’ in the management of low back and pelvic pain 
is worthwhile and promising.

The counter argument is that biological aspects are less 
important than psychosocial aspects of pain, and that 
compromised spine control may be present but neither 
sufficient nor necessary for the perpetuation of pain. Criti-
cism of the biological model of pain has come from a 
number of sources. For instance, the lack of a one-to-one 
relationship between indications of structural damage on 
diagnostic imaging and pain is commonly used as an argu-
ment against the importance of mechanical injury in its 
origin. However, such argumentation could be used simi-
larly to deny the relation between smoking and lung 
cancer; not every person with lung cancer is or was a 
smoker, nor does every smoker develop lung cancer. A 
probabilistic model is more appropriate here and struc-
tural abnormalities are strong risk factors for LBP.

Current evidence suggests we cannot reject the contribu-
tion of biological issues to development and persistence 
of pain. The quality of ‘spine control’ which determines 
the nature and magnitude of loading on spinal structures 
is likely to be a key factor in this equation. However, 
within the consideration of spine control there are differ-
ent interpretations and opinions. There are differing opin-
ions regarding the most appropriate theoretical models to 
understand the systems; this extends to biomechanical/
engineering models, neurophysiological models of control 
of motor output and sensory input, and clinical models 
extrapolating from research and clinical practice to formu-
late effective treatments for back pain. This book aims to 
provide a state-of-the-art review of the current understand-
ing of these issues, the areas where opinions converge and 
diverge, and a road map for consideration of how to 
resolve the critical questions in the field.

MODELS OF SPINE CONTROL AND 
EXPERIMENTAL APPROACHES

There are fundamental differences in how people define 
and model spine control leading to different interpreta-
tions of what is optimal. Although early models relied on 
static methods, more recent approaches propose dynamic 
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perpetuates misunderstanding of the scope of some phe-
nomena (e.g. Levin 2002; Lederman 2010). In some ways 
it may be considered that the indirect debate and criticism 
within the field is its own worst enemy.

We have reached a critical point in time at which it is 
necessary to consider where the divergence and conver-
gence of opinions lie in order to move the field forward. 
Points of convergence require clarification and where 
divergence remains, studies must be planned to test the 
relative merits of the different ideas. It is possible that one 
hypothesis is correct, that several are correct (but it 
depends on the individual patient as to which alternative 
approach applies to them) or the research may lead to 
generation of new hypotheses.

A major aim of this book is to present the arguments 
and consider the areas for divergence and convergence in 
opinions. The state-of-the-art evidence on efficacy of exer-
cise interventions for low back and pelvic pain is outlined 
in Part 4 (Chapter 15), whereas the foundations for dif-
ferent clinical ideas is presented throughout Chapters 
2–14 with references to research and the justification for 
the extrapolations that have been made from basic science 
to clinical practice.

CONVERGENCE AND DIVERGENCE 
OF OPINIONS IN ‘SPINE CONTROL’

The chapters that make up Part 5 (Chapters 16–20) forge 
new territory in the debate regarding spine control and its 
relevance for low back and pelvic pain. These chapters are 
prepared by collaboration between key players in each 
area of consideration in the book, and draw the line 
between the convergence and divergence of viewpoints. 
These five chapters help resolve some of the misunder-
standing within the field and provide a unique insight into 
what is known, what is unknown and what are the priori-
ties for the future. Key issues that are addressed include:
1. Biomechanical modelling and engineering 

approaches provide considerable promise to 
understand the relevance of spine control to low 
back and pelvic pain. But can this information be 
used to understand the individual patient and design 
treatment? Chapter 16 considers this and other areas 
of convergence and divergence of opinion in 
modelling of spinal control.

2. Multiple groups are working on the challenge to 
subgroup individuals with low back and pelvic pain 
for the targeting of interventions (Chapter 17). 
Although this approach is logical, different 
approaches exist, it cannot a priori be assumed that 
subgrouping improves outcomes, and there are many 
pitfalls and challenges for the development of 
clinical methods and the subsequent validation of 
these approaches.

(Chapters 5–11) tackles these fundamental issues to 
provide a comprehensive view of the current state of 
knowledge.

PROPRIOCEPTIVE SYSTEMS

Although sensation is a critical element of motor control, 
there are issues related to sensory function that require 
specific consideration. Deficits in proprioception have 
been described for many conditions related to pain and 
injury in the musculoskeletal system. From deficits in the 
acuity to detect input (Lee et al. 2010), to changes in the 
organization of cortical areas associated with sensory func-
tion (Flor et al. 1997). A glaring issue in the low back and 
pelvic pain literature is why do some studies report differ-
ences in sensory function between patients with low back 
pain and healthy control subjects, whereas others do not? 
This could be explained by many reasons: differences 
between patient subgroups, differences between specific 
parameters of sensory function that have been studied,  
or other methodological issues (e.g. sample size and 
reliability/validity of measures). Resolution of this issue 
and other issues (such as the question of which sources of 
sensory information are used in the control of the spine, 
and how this is used) requires deeper understanding of 
sensory function as it relates to the spine and pelvis. Any 
extrapolation from research to clinical practice necessitates 
an understanding of the state-of-the-art of this field. This 
discussion forms the basis of Part 3 (Chapters 12–14).

SPINAL CONTROL AS A BASIS FOR 
DESIGN OF CLINICAL TREATMENTS 
FOR LOW BACK AND PELVIC PAIN

Perhaps the biggest point of apparent divergence of 
opinion arises when the findings of research and the 
observations from clinical practice are translated into 
clinical interventions for the management of low back and 
pelvic pain. Many clinical programs have been proposed. 
On the surface, these approaches have often been viewed 
as divergent and the unique aspects of each are often 
emphasized to amplify points of difference. But how dif-
ferent are they really? Do they share a common founda-
tion with some specific distinctions based on different 
interpretations of the literature and clinical observations? 
Or are they diametrically opposed, mutually exclusive and 
incapable of being amalgamated into a single broader 
approach? The debate has often been fuelled by presenta-
tion of simplified/reductionist views of an approach to a 
single element (e.g. activation of deep abdominal muscles 
in a lying position) rather than presentation of an entire 
concept, and work that misinterprets the literature and 
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clinical observations can be extrapolated to effective 
clinical interventions. Chapter 20 makes a major 
contribution by highlighting where the views 
converge and diverge and presents a road map for 
how to progress knowledge in this sometimes-
contentious issue.

Finally, Part 6 of the book (Chapter 21) highlights all that 
has been gained from identification of the state-of-the-art 
of understanding across the field of spine control and 
discusses ways that this has been applied to the design and 
implementation of treatment for people with low back 
and pelvic pain. The result is a multifaceted approach to 
optimization of motor control that considers individual 
differences within a multi-dimensional framework that 
includes consideration of the bio-psycho-social model  
of pain.

3. Whether differences in motor control between 
patients and healthy controls are a cause or 
consequence of low back and pelvic pain requires 
consideration (Chapter 18). This is not a trivial 
question to resolve as it requires complex 
experimental methods, and the fact that changes in 
motor control could be either, neither or both cause 
and consequence.

4. If and how sensory function is affected in low back 
pain and injury, if this is relevant for development or 
persistence of symptoms, and how this could be 
addressed in low back and pelvic pain is far from 
resolved. This issue is debated in Chapter 19.

5. An issue of considerable discussion in the literature 
and a topic of surprising convergence of 
fundamental concepts – but also considerable 
divergence of opinions – is how experimental and 
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THE RATIONALE FOR  
THE SYSTEMS APPROACH

The prevalent method for studying clinical conditions is 
based on a reductionist approach in which the problem is 
broken down into smaller and smaller parts to isolate ele-
ments of the condition. This type of approach is well 
suited for containable diseases such as local infection, but 
less helpful when the problem is multi-factorial and more 
dispersed. Reductionism becomes less helpful when the 
process of dividing a problem into its parts leads to a loss 
of important information necessary to solve the problem 
(Ahn et al. 2006). The loss of information stems from the 
omission of the interaction effect between these smaller 

parts and how these interactions affect the behaviour of 
the system as a whole. For instance, predicting the behav-
iour of a new aeroplane design would be impossible by 
designing the parts of the system in isolation and not 
considering how these individuals parts would interact 
with one another.

Starting in the twentieth century, it became apparent 
that society and modern technology was becoming 
increasingly more complex, and as a result, a new approach 
was required to analyze and resolve problems. Out of 
necessity, the branch of science known as systems science 
emerged. With a systems approach, it was now possible to 
study complex systems in a way that not only included 
their parts, but also how these parts interacted to affect the 
behaviour of the entire system. Over time, the application 
of systems science spawned the field of systems medicine, 
and with this, expanded medicine beyond the realm of 
reductionism. Systems medicine is defined as the applica-
tion of the systems approach to the prevention of, under-
standing and modulation of, and recovery from 
developmental disorders and pathological processes in 
human health (Clermont et al. 2009). It adopts principles 
of systems science to focus on uniquely human attributes, 
such as genetics, environment and behaviour (Federoff 
and Gostin 2009). Benefits of the systems approach 
include individualized, multi-dimensional treatment that 
is both time- and space-sensitive, and which can explore 
synergistic effects (Ahn et al. 2006).

Depending on the nature of the clinical condition, both 
reductionist and systems approaches can be advantageous. 
Which approach is better suited for studying low back 
pain (LBP)? One of the landmark hypotheses in spine 
research is Panjabi’s proposed stability-based model of 
spine dysfunction leading to chronic pain (Panjabi, 1992a, 
1992b). As he stated, the behaviour of the spine system is 
affected by the interaction between various subsystems: 

Chapter 2 | |
Spine systems science: a primer on the  
systems approach
N. Peter Reeves and Jacek Cholewicki
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the concept of stability, and in the process have developed 
more rigorous definitions (Reeves and Cholewicki 2003). 
Using concepts from systems science, we will describe 
what stability is and how it is achieved.

What is stability?

Stability of a system, whether it is stationary or moving, is 
tested by applying a small perturbation and observing the 
new behaviour. If the new behaviour is approximately the 
same as the old, the system is stable. If the new behaviour 
becomes indistinguishable from the old behaviour, the 
system is asymptotically stable. Finally, if the new behav-
iour differs significantly from the old behaviour, the 
system is unstable.

Using a ball on a hill as an example (Fig. 2.1a), there is 
no size of perturbation that can be applied that will keep 
the ball in the original undisturbed position; hence this 
system is unstable. Whereas a ball in a valley (Fig. 2.1b), 
following a perturbation, will oscillate and settle in the 
undisturbed position – assuming that there is some fric-
tion in the system.

This definition of stability is generic and applicable to 
any system. It is important to point out that stability is 
context dependent, which may explain some of the confu-
sion when applying it in the context of the spine system 
(Reeves et al. 2007b). For instance, are we interested in 
mechanical stability of the spine, such as controlling the 
displacement of individual vertebrae following a perturba-
tion, or are we interested in performing tasks without 
injuring spinal tissue or experiencing pain? At this point, 
it is much easier to address mechanical stability of the 
spine, but the same framework could be applied to address 
injury and pain. For this chapter, we will primarily focus 
on mechanical stability.

the passive subsystem representing the spinal column, the 
active subsystem representing the spinal muscles, and the 
control subsystem representing the neural elements. He 
suggested that impairment in one or more subsystems can 
be accommodated by the other systems, but only up to a 
certain level. Inability to adequately compensate leads to 
chronic dysfunction and pain. This hypothesis has gained 
popularity and has led to a paradigm shift in LBP treat-
ment. Unfortunately, this hypothesis has not been rigor-
ously tested. This is partly because the reductionist 
approach we currently employ cannot be used to test  
such a hypothesis. To do so requires a systems approach 
since the focus of the problem is not on isolated subsys-
tems, but instead on the interactions between these 
subsystems.

Although systems medicine uses the general principles 
of the systems approach to study clinical conditions, it 
typically does not adopt mathematical systems theory, 
which represents the formal end of the approach. This 
theory is useful in framing the problem and developing 
models to study general properties of systems such as 
stability, performance, robustness and goal-directedness. 
Model validity is always a concern with this type of 
approach. But if models can be developed that accurately 
reflect the spine system, significant insight can be gained. 
Moreover, given the interdisciplinary nature of systems 
science, this type of framework could help integrate data 
from the spine research community thus leveraging our 
expertise and resources.

The goal of this chapter is to serve as a primer to 
develop a common understanding regarding the systems 
approach. Given that all systems must be stable to fulfil 
their intended goal, the first part of the chapter will  
use systems theory to address the questions: what is sta-
bility, and how is it achieved? Other characteristics of 
systems such as performance and robustness will also  
be described. Later in the chapter, we will use a stick- 
balancing task to describe concepts of control, which  
will then be used to elucidate possible spine system 
impairments. Finally, we will present a possible roadmap, 
which can be used to integrate future spine research 
efforts in the community.

SPINE (IN)STABILITY:  
AN UNSTABLE TERM

As a community, we have the right to develop our own set 
of definitions that we deem ‘useful’. However, if these defi-
nitions lead to confusion and unnecessary debate, or are 
not stable with time, then the community may deem them 
‘not useful’. A case can be made that the term spine (in)
stability has not been enlightening, as illustrated by the 
lack of consensus about its definition (Nachemson 1985, 
Reeves et al. 2007a). Other disciplines have struggled with 

Figure 2.1 (A) Unstable and (B) stable ball position. 

A

B
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significantly more complex. Multiple feedback signals 
come from sensory receptors that convey information 
about the state of the entire system (Fig. 2.2b). These 
signals are processed by the feedback controller (CNS), 
which in turn, generates many control signals to be 
applied to the different segmental levels. Unlike the feed-
back gain represented by k in the simple system, the con-
troller consists of a sophisticated network of neural 
connections, which applies the logic for transferring 
sensory information into control input.

There are a number of feedback pathways for the spine 
system: intrinsic properties of the joint and muscles, which 
apply resistive forces to the spine instantaneously; reflexes, 
which apply their control input after short, medium and 
long delays following a disturbance; and voluntary correc-
tions, which also take time to respond. It is important to 
note that delays in feedback control can destabilize the 
system. The longer the delay the more problematical it is. 
This will be discussed in more detail later.

Performance

Once the stability of a system is established, the interest 
shifts to its performance. Performance reflects how closely 
and rapidly the disturbed position of the system tends to 
the undisturbed position. Accuracy and speed are impor-
tant attributes of any control system. Following a perturba-
tion, a system performing well will have behaviour that 
resembles the undisturbed behaviour, indicating that the 
error between a disturbed and undisturbed system is 
minimal. For asymptotically stable systems, a system per-
forming well will also converge to the undisturbed posi-
tion in a short time interval.

How is stability achieved?

Given that the spine has similar characteristics to an 
inverted pendulum, it can be shown to be unstable; there-
fore some form of control must be applied to ensure that 
it is behaving in a stable manner. The principal approach 
for stabilizing any system is feedback control. With feed-
back control, information concerning the output of the 
system is fed back and used to modify the input (Fig. 
2.2a,b). Using systems terminology, the isolated system is 
called the plant, which represents the osteoligamentous 
spine. The logic by which the control input is generated 
from the output is the controller, which represents a feed-
back controller. The plant (osteoligamentous spine) 
together with the controller (feedback control) is the 
overall system (spine system). A simple example of a feed-
back control spine system is shown in Figure 2.2a.

In Figure 2.2a, the control input to the plant is propor-
tional to its output. This is indicated by the feedback gain 
denoted by k. Feedback can be positive or negative. If posi-
tive, the system is unstable since the force applied to the 
system is in the same direction as the displacement (i.e. 
ball on top of the hill). For stability, negative feedback is 
used so that the force is applied in the opposite direction 
to the displacement (i.e. ball in the valley). Therefore, the 
goal of feedback control for the inherently unstable spine 
is to give it stable behaviour. To do this, the controller’s 
negative feedback must be larger than the positive feed-
back of the unstable spine. Stated differently, the overall 
system (spine and feedback controller) must have negative 
feedback.

Figure 2.2a shows the simplest form of feedback control 
for the spine system. In reality, the spine system is 

Figure 2.2 (A) Simple and (B) complex examples of feedback control of the spine. Reproduced from, Reeves, P.N., Narenda, K.S., 

Cholewicki, J., 2007b. Spine stability: the six blind men and the elephant. Clinical Biomechanics 22, 266–274, with permission from Elsevier.
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feedback control. We use position-related feedback, 
referred to as stiffness, and velocity-related feedback, 
referred to as damping, to control and stabilize a system 
with mass. This is an important observation that has sig-
nificant ramifications for how we study the spine system.

To demonstrate our limited view of the spine system, 
we recently performed two PubMed searches using the 
following terms: (i) ‘stiffness’ AND ‘spine’ AND ‘stability’ 
and (ii) ‘damping’ AND ‘spine’ AND ‘stability’. Searches 
(i) and (ii) yielded 234 and 5 hits respectively. If you 
exchange ‘stability’ with ‘instability’ you will obtain similar 
results. This exercise shows that we have an incomplete 
picture of the spine system. We need to expand our defini-
tion of stability from the current static representation to 
include dynamics. This transition will be essential if we 
plan to investigate control aspects of LBP (Reeves and 
Cholewicki 2010).

Another necessary condition for stability is controllabil-
ity. Now let us consider the task of balancing two sticks, 
one set in series (Fig. 2.4a) and another in parallel (Fig. 
2.4b). In these examples, all sticks are identical, having the 
same mass and length. Which of these two conditions can 
be controlled? It is not obvious, but only the sticks in 
series can be controlled. Even though we cannot apply 

Robustness

From a practical standpoint, the issue of spine stability is 
probably not a major concern. The overall spine system 
appears to be stable. What is more pertinent is the  
question, is the spine robust? For instance, is the spine 
sufficiently robust to recover from both small and large 
disturbances? Or is a person’s control of the spine robust 
enough to accommodate various types of impairment? 
Robustness reflects the level of tolerance a system has to 
disturbances or changes in the system properties. For 
example, some individuals may be less tolerant to degen-
erative disc disease or whole body vibration than others.

Lessons from balancing a stick
There are many subtle nuances of control that can be 
explained with the example of balancing a stick in your 
hand (Reeves et al. 2011). Because the stick has inverted 
pendulum characteristics (like the spine), it is unstable 
and requires some form of feedback control to keep it 
upright.

We can test stability of the upright stick by basically 
doing nothing. If you keep your hand in the same posi-
tion, the stick will eventually fall over. Therefore, to stabi-
lize the stick, you need to move your hand in a controlled 
fashion in order to keep the centre-of-pressure (COP) 
acting on the hand under the centre-of-mass (COM) of the 
stick. Although it may not be obvious, how you move your 
hand is based on feedback control.

As discussed earlier, feedback control uses information 
about the state of the system to apply control. For stick 
balancing, this means you must track the stick and use this 
information to determine where to move your hand. 
Therefore, if you cannot track the stick, say for instance 
you close your eyes, than it becomes impossible to keep 
the stick upright. Or stated in a more general sense, if we 
cannot track the state of the system, we cannot stabilize it.

When we apply feedback control, there is a minimum 
amount of information that must be obtained to stabilize 
the system. For instance, it is obvious that we use our 
visual system to track the position of the stick, but what 
is less obvious is the fact that we must also track the veloc-
ity of the stick. To demonstrate, we will present two stick-
balancing scenarios (Fig. 2.3a,b). In the first scenario, the 
stick is positioned to the right of the hand and is stationary 
(velocity = 0). In this situation, you would want to move 
your hand to the right to bring the COM under the COP. 
In the second scenario, the stick is in the same position, 
but is moving to the left. It is unclear in this case which 
direction to move the hand and it depends on the velocity 
of the stick. If the stick is moving slowly, you would want 
to move your hand to the right. But if the stick is moving 
really fast, to catch the stick would require moving your 
hand to the left. This simple experiment shows that two 
independent sets of data, referred to as states, are used for 

Figure 2.3 (A) Stick is positioned to the right of the hand 
with zero velocity. (B) Stick is positioned to the right of the 
hand, but is moving to the left. Reproduced from Reeves, N.P., 

Cholewicki, J., 2010. Expanding our view of the spine system. 

European Spine Journal 1, with kind permission of Springer Science 

and Business Media.
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independently changed. Consequently, if one stick is 
bumped or has a different starting position, there is no 
possible way to bring both sticks to the upright position. 
If, however, one stick is slightly longer than the other, it 
now becomes possible to control both sticks. This is 
because the sticks will have different natural frequencies, 
meaning they will tend to move at different speeds, which 
then allows for independent control over the states of the 
system. One point to note: the closer in lengths the two 

control directly to the top stick, by moving the hand, we 
can change the states of the bottom stick, which in turn 
can change the states of the top stick. What is important 
is that movement of the hand will change the position and 
velocity of the bottom stick in a way that is different than 
the upper stick. This means we have independent control 
over the two sticks. Thus, we can use the system’s states to 
generate feedback control to bring both sticks upright, 
whereas the states of the two sticks in parallel cannot be 

Figure 2.4 (A) Inverted pendulums in series are controllable and hence can be stabilized. (B) Identical inverted pendulums in 
parallel are not controllable and cannot be stabilized. Reproduced from Reeves, N.P., Narenda, K.S., Cholewicki, J., 2011, Spine stability: 

lessons from balancing a stick. Clinical Biomechanics 26, 325–330, with permission from Elsevier.
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are limited to controlling slower moving systems. And as 
demonstrated with a fast moving stick, once the dynamics 
of the plant are outside the bandwidth of the controller, 
the system will become unstable.

IMPAIRMENT IN FEEDBACK 
CONTROL OF THE SPINE

Using lessons from balancing a stick, we can now discuss 
the issue of impairment in feedback control of the spine. 
As shown in Figure 2.5, there are a number of sources for 
impairment. In terms of the controller, these include poor 
proprioception, faulty control logic, longer delays and 
decreased resolution in the regulation of muscle force. In 
addition, degenerative changes to the osteoligamentous 
spine (plant) can also be considered as impairments in 
feedback control (Reeves et al. 2007a, 2007b).

Controller-related impairment
If we cannot track the spine precisely, the information 
used by the CNS will contain noise, which in turn means 
control applied to the spine will not be precise. Do people 
with LBP have impaired proprioception? It is unclear from 
the literature. Some studies report impairment in trunk 
proprioception with LBP (Field et al. 1997; Gill and  
Callaghan, 1998; Brumagne et al. 2000; Leinonen et al. 
2002, 2003; O’Sullivan et al. 2003), while others find no 
such impairment (Lam et al. 1999; Koumantakis et al. 
2002; Descarreaux et al. 2005; Åsell et al. 2006; Silfies 
et al. 2007). This could represent heterogeneity in study 

sticks are, the faster and more forceful control must be to 
stabilize the system. Also in the case of the sticks in series, 
we would need fast and forceful control. Can a human 
balance two sticks? Most likely not. The dynamics of the 
plant (two sticks) are such that it may require more power 
than a human controller can apply. This is an issue of force 
saturation. Also, timing of control becomes an issue. The 
human controller may not be able to respond fast enough.

Next, we would like to spend some time discussing 
performance issues. Recall that how we move our hand to 
keep the stick upright is determined by the position and 
velocity of the stick. This also implies that the force applied 
to the stick through the hand will be proportional to the 
size and rate of stick movement. Consequently, any 
impairment in control that causes larger and faster stick 
movement also requires more stabilizing force. This can 
be demonstrated by balancing the stick and focusing 
either at the top or near the bottom of the stick. You 
should notice that focusing higher on the stick makes it 
easier to balance. You should also notice that focusing 
lower on the stick results in larger and faster stick move-
ments, which in turn, requires more effort to stabilize the 
stick. What is causing this impairment? It stems from dif-
ferences in visual resolution. For a given angular displace-
ment, more linear displacement occurs at higher focal 
points than lower focal points. Therefore, you are more 
sensitive to displacement of the stick when you focus at a 
higher point on the stick. When you can track the stick 
more precisely, less noise enters the system, and the preci-
sion of hand positioning improves, which in turn reduces 
effort to balance the stick.

We will next discuss the issue of delays in feedback 
control. Using a weight attached with elastic bands to a 
stick, you can balance the stick with the weight in different 
positions. Which is easier to balance, a stick with the 
weight at the top or near the bottom? You should find it 
harder to balance as the weight moves closer to the hand, 
and in fact, balancing will become impossible at some 
critical height. As you move the weight closer to the hand, 
you should notice that the stick will have larger and faster 
oscillations. With the mass near the bottom of the stick, 
the stick will tend to fall faster, reflecting a higher natural 
frequency of the system. Conversely, with the mass at the 
top of the stick, it will take longer to fall, reflecting a lower 
natural frequency.

So what causes the stick to become unstable? Force satu-
ration may be a culprit. It is possible that the large and 
fast movements of the stick require stabilizing forces that 
are greater than your arm and shoulder muscles can gener-
ate. But in this case, instability most likely stems from 
delays in feedback control. Because your controller has 
inherent delays, as the stick (plant) moves faster, the CNS 
(controller) does not have enough time to register the 
states of the system, process this information and then 
send commands to move the hand. Controllers with 
longer delays respond slower, which in turn means they 

Figure 2.5 Sources for impairment in feedback control of 
the spine. 
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force variability, there is some evidence to suggest that 
people with LBP also experience muscle wasting (Hides 
et al. 1994), which does not appear to resolve following 
pain recovery (Hides et al. 1996). This could be problem-
atical by limiting the force capacity of the paraspinal 
muscles. This is the issue of force saturation. If a distur-
bance requires a large restorative force to control the spine, 
it is possible in a person with muscle wasting that the 
required force exceeds their capacity. The problem becomes 
what size perturbations the person can withstand. This is 
an issue of spine robustness.

Plant-related impairment
Based on the static notion of stability that was predomi-
nant in the past, in vitro work assessing properties of the 
spine was focussed on flexibility (Panjabi et al. 1984; 
Crisco et al. 1992; Oxland et al. 1992; Mimura et al. 1994; 
Oxland et al. 1996; Yingling et al. 1997; Fujiwara et al. 
2000b; Krismer et al. 2000; Tanaka et al. 2001), or its 
reciprocal, stiffness (Schmidt et al. 1998; Haughton et al. 
1999; Brown et al. 2002; Stokes et al. 2002) (as noted 
already, stiffness, which represents position-dependent 
feedback, by itself does not ensure stability in the dynamic 
sense). There is considerable evidence that stiffness of a 
spine is decreased following disc injury (Panjabi et al. 
1984; Crisco et al. 1992; Oxland et al. 1992; Schmidt 
et al. 1998) and in degenerative disc disease (DDD) 
(Haughton et al. 1999; Fujiwara et al. 2000a; Krismer 
et al. 2000; Tanaka et al. 2001). The effects of DDD may 
produce mixed results depending on the specific types and 
grade of degenerative changes. In terms of degeneration 
severity, the most advanced stage of DDD characterized  
by disc space collapse, has been shown to decrease spine 
motion (Fujiwara et al. 2000a), suggesting the spine 
becomes stiffer (Fujiwara et al. 2000b). These findings 
support the notion that the severely degenerate spine 
regains some of its stabilizing potential (Kirkaldy-Willis 
and Farfan 1982), which may explain why LBP prevalence 
grows steadily with age, peaks at 60, and then declines 
rapidly (Andersson 1999; Loney and Stratford 1999).

In terms of damping properties of the spine, informa-
tion in the literature is sparse. Most of the work has inves-
tigated the response of the disc to various loading rates in 
compression (Yingling et al. 1997; Race et al. 2000; 
Nuckley et al. 2005; Elias et al. 2006; Kemper et al. 2007). 
These studies found that ‘compressive stiffness’ in the 
spine increased with higher strain rates, which suggests 
that a damping component exists. Surprisingly, the use of 
such improper nomenclature is common throughout the 
literature, illustrating a lack of understanding of the char-
acterization of dynamic systems. Only recently has in vitro 
testing quantified damping of a lumbar spine segment in 
the axial direction (Izambert et al. 2003) and more 
recently in the sagittal plane (Crisco et al. 2007). To our 
knowledge, there are no studies investigating the effects of 

populations (O’Sullivan et al. 2003), meaning some sub-
jects in some proprioception studies have impairment 
while subjects in other studies do not.

Another source of impairment may stem from faulty 
control logic. For instance, when balancing the stick, there 
are a number of possible control strategies that belong to 
a stable set of solutions. For instance, you can balance the 
stick with short, fast hand movements, or you could use 
larger, slower hand movements. If the goal is to improve 
the performance, meaning keeping the stick more upright 
closer to the equilibrium position, you may choose short, 
fast hand movements. If you are required to balance the 
stick for longer periods and fatigue may be an issue, you 
may choose a less aggressive control strategy, using larger, 
slower hand movements. We suspect that goals may be 
different between people with and without LBP, which in 
turn leads to different control strategies. This may explain 
some of the muscle recruitment differences between 
healthy and LBP populations (van Dieën et al. 2003b; 
Reeves et al. 2006a). Furthermore, there is growing belief 
that people with LBP may have non-optimal control, 
which predisposes them to future injury (Brumagne et al. 
2008; Hodges et al. 2009). It appears that people with LBP 
have less variety in control strategies and it is believed that 
this lack of flexibility in applying the appropriate control 
strategy leads to impaired spine performance (Hodges and 
Cholewicki 2007).

Delays may also be relevant to LBP. There are a number 
of studies that have linked longer trunk muscles’ latencies 
to LBP (Magnusson et al. 1996; Wilder et al. 1996; Rade-
bold et al. 2000, 2001; Reeves et al. 2005; Thomas et al. 
2007), although there is also a study showing no link 
between pain and trunk muscle responses (Hjortskov et al. 
2005). Again, this could be an LBP heterogeneity issue or 
a reflection of experimental nuances. There is also some 
evidence to suggest that delays may be predisposing to LBP 
(Cholewicki et al. 2005), although it could be specific to 
the study group, which was composed of varsity athletes. 
As shown with stick balancing, delays become more prob-
lematical when the dynamics are faster. Therefore, it is 
possible that the competitive arena could accentuate the 
problems of delays in this specific population. But it is also 
possible that other groups could also be vulnerable if their 
control systems are too slow (e.g. nurses during patient 
transfers).

Aside from proprioception, noise can also originate 
from force variability in muscle activation. It is well estab-
lished that force variability increases with activation (Sher-
wood et al. 1988; Hamilton et al. 2004), including trunk 
muscles activation (Sparto et al. 1997; Reeves et al. 2008). 
There is some speculation that increased coactivation asso-
ciated with LBP (Marras et al. 2001; van Dieën et al. 
2003a) impairs postural performance. We have shown that 
over-activation of trunk muscles affects postural control 
during a seated balancing task (Reeves et al. 2006b), 
which supports this hypothesis. In addition to muscle 
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now be assessed to determine if they are clinically relevant 
in isolation or in combination. Moreover, we can also 
assess how the different subsystems of the spine interact 
and adapt to accommodate different types of impairments. 
Such knowledge is necessary to target various impairments 
through specific and individualized rehabilitation pro-
grammes. These are key features of the systems approach 
mentioned in the introduction.

FINAL REMARKS

The spine is extremely complex. Two approaches can be 
applied to deal with complexity: the reductionist approach 
and the systems approach. Reductionism has been used in 
the past to study various subsystems of the spine and 
helped us understand how those individual parts func-
tion. Using a systems approach, it will now be possible to 
integrate these data, leveraging the expertise and resources 
of the research community, to understand how various 
parts of the system interact to affect the behaviour of the 
entire spine system. With this type of approach, it will be 
possible to address some long-standing research ques-
tions, such as Panjabi’s stability-based model of spine dys-
function leading to chronic pain. Benefits of the systems 
approach include a new framework for identification of 
impairment, which in turn can be used to target rehabilita-
tion. The first step in this effort is to present the concepts 
inherent to systems science, so that a common under-
standing can be formed within the spine community – the 
purpose of our chapter.
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disc injury or DDD on the spine’s damping properties. 
Given that fluid flow is likely altered in a degenerated disc, 
it is also likely that the viscous properties of a spine with 
DDD would be different from a healthy spine.

THE SYSTEMS APPROACH  
APPLIED TO LBP

Currently in our lab, we are developing methods to inte-
grate data obtained from in vitro testing of human cadav-
eric spines and in vivo testing of live subjects’ control of 
the spine. With in vitro testing, we will define the plant for 
the spine system by assessing its stiffness and damping. 
With in vivo testing, we will define the controller for the 
spine system, which includes aspects such as feedback 
gains, delays and noise. The basic methods for defining the 
plant and the controller are the same. We apply perturba-
tions to the system of interest and record the response of 
the system. Because we have knowledge of the input and 
output signals, we can identify parameters of the system. 
With the right type of perturbations, we can define the 
system completely – meaning we can predict the response 
of the system to any type of disturbance. This is what makes 
systems science so powerful. We now have the ability to 
manipulate elements of the system to assess their effect on 
the overall systems behaviour. For instance, we could 
change the osteoligamentous spine to reflect degenerative 
changes and determine if the controller is still capable of 
stabilizing the spine. We began performing some simula-
tions like this and found that some individuals have more 
robust control than others. In some, degenerative changes 
make no difference in the performance of the spine, while 
in others the system is significantly affected (although not 
unstable in the true sense). With these models of the spine 
system, we can also simulate degraded control. We recently 
investigated the effects of delays of postural control using 
a dynamic model and found that longer delays associated 
with LBP impaired spine performance, leading to more 
trunk displacement and trunk muscle effort (Reeves et al. 
2009). The idea with this type of approach is that possible 
sources of impairment documented in the literature can 
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Nomenclature
Θ = angular position vector in the inertial coordinate 
system
W = angular velocity vector in the body coordinate system
G(Θ) = moment vector arising from gravity
J1 = moment of inertia matrix about the centre of 
rotation
Ninput = net muscular torque about L5–S1 in the body 
coordinate system
NR = resistance torque about L5–S1 in the body 
coordinate system
WW = skew symmetric matrix corresponding to W
B = transformation matrix between the body and inertial 
coordinate systems

∂
∂

L
Θ

T

 = matrix of moment arm of muscles (3 × 48)

F = vector of muscle forces (48 × 1)
K = stiffness matrix of the linearized system (3 × 3)
V = viscosity matrix of the linearized system(3 × 3)
A = linearized system state matrix (6 × 6)
Np = perturbation torque
PCSA = muscle physiological cross-sectional area
σmax = maximum muscle stress
am = muscle activation level of each muscle (m = 1 to 48)
fmax = maximum muscle force
l = muscle length
�l  = muscle velocity
q = is the constant of proportionality
f(l) = force – length relationship of muscle
f l( )�  = force – velocity relationship of muscle
fp(l) = passive force relationship of muscle

Abbreviations	for	muscle	fascicle	names

EO = external oblique
IL = iliocostalis lumborum
IO = internal oblique
LD = latissimus dorsi
LT = longissimus thoracis
PL = pars lumborum
PS = psoas
QL = quadratus lumborum
RA = rectus abdominus

The role of motor control in the development of low back 
pain is the subject of much speculation and intense 
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pelvis to the spine and generating the torque for purpose-
ful flexion/extension movement. The spinal motion 
against constant resistance to simulate trunk performance 
against iso-resistive dynamometers (Zeinali-Davarani 
et al. 2007, 2008) is modelled; also asymmetrical move-
ments are modelled (Shahvarpour et al. 2008; Zeinali-
Davarani et al. 2008). The equation of motions and the 
details of the Hill-based muscle model with a non-linear 
spindle model (representing the stretch reflex feedbacks) 
and the stability analysis are presented in the Appendix. 
For full details of the model, earlier publications can be 
consulted (Zeinali-Davarani et al. 2008, 2011). Figure 3.1 
gives an overall description of the control strategy. There 
are both an inverse-dynamic model and a stability-based 
optimization algorithm in the feed-forward control, which 
predicts the set of muscle activations needed to realize the 
desired movement trajectory of the spine. The activation 
values based on the current muscle length, velocity and 
moment arm (based on an anatomical-geometrical model 
of the musculoskeletal system) drive the forward dynamic 
model of the spine while the equations of motions are 
integrated forward to provide the future states of the 
system. These sensed/estimated states are fed back to the 
spindle model and any deviation between the desired 
length and actual length of muscle will generate appropri-
ate afeedback that is added to feed-forward activation. Hence, 
any inaccuracy in modelling or external perturbation will 
be rejected to maintain the desired trajectory. The gain and 
time delay of the feedback system were parametrically 
studied and it was concluded that the higher time delays 
would require a lower gain to maintain the stability of the 
system (Franklin and Granata 2007). We have shown that 
co-activation of muscles close to upright position must be 
augmented to satisfy the stability condition in addition to 
equilibrium conditions (Fig. 3.2). Hence, intrinsic imped-
ance of muscle mechanics besides neural strategy (increase 
the co-activation) provides the system with instantaneous 
impedance to ensure stability (Bergmark 1989; Dariush 
et al. 1998; Granata and Orishimo 2001; Van Dieen et al. 
2003). The added predicted compression and shear forces 
due to higher co-activation justifies the existing theory that 
the observed co-activation of low back pain patients 
should be considered a compensation mechanism which 
must be addressed by proper rehabilitation, since the 
higher rate of fatigue and higher risk of disc degeneration 
accompanying co-activation are undesirable (Brown and 
Potvin 2005; El-Rich and Shirazi-Adl 2005). Hence, we call 
this a maladaptation which must be considered in reha-
bilitation protocols. While we have modelled the reflex 
loops by simple muscle spindle model, the more advanced 
approach calls for identifying the synergistic automatic 
response to the sudden loading or postural perturbations 
(Ting 2007).

This study also confirmed the earlier prediction that we 
may have two biomechanical phenomena when model-
ling spinal injury: one is the structural instability which 

research both in experimental and theoretical fields 
(Thorstensson et al. 1985). The neuromusculoskeletal 
system of the spine represents a mechanically redundant 
system with ostensibly an over-actuated motor system and 
endowed with multiple sensory mechanisms (to estimate 
the state of the skeletal and actuators in the system). 
However perhaps at closer scrutiny it may have just about 
the right number of muscles (i.e. nothing to spare as 
redundant), given the system’s requirement of providing 
both structural stability and tremendous flexibility in an 
unpredictable and changing environment (Hodges and 
Richardson 1996; Hodges 1999; Cholewicki et al. 2000; 
Stokes et al. 2000, 2006; Cholewicki and VanVliet 2002; 
Shirazi-Adl 2006; Arjmand et al. 2008). The additional 
degree of freedom in our linkage system, theoretically 
allows us to maintain a given spinal posture with many 
different configurations of intersegmental motions. 
However, certain invariant features emerge as coordinative 
structure with remarkable consistency. According to Pro-
fessor Panjabi’s classic description of interactions of active 
motor, passive osteoligamentous and neural control 
subsystems, any overload or overuse of the mechanical 
system (by large forces at low repetitions or low forces at 
high repetition) or inappropriate neural command may 
cause strain and sprain of many elements of the spine that 
are endowed by nociceptors (Panjabi 2003, 2006). Given 
the time and load history dependency of all three sub-
systems, the prolonged loading affects their functional 
responses in the short term and cellular responses over 
longer timescales. The former is characterized by recover-
able fatigue of muscles, excitation/inhibition of sensory 
and reflexive autonomic responses and creep/stress relaxa-
tion of discs or ligaments. The latter may lead to nutrition-
ally mediated degenerative processes of the disc that could 
alter mechanical responses, which could lead to various 
stages of instability and re-stabilization of the spine as 
explained by others (Cholewicki and McGill 1996; 
Gardner-Morse and Stokes 1998; Stokes and Gardner-
Morse 2001, 2003).

Hence, there are compensatory and/or maladaptation 
responses to the altered functional capacity and status of 
three aforementioned subsystems. Without delineating 
the normal strategies, it is difficult to assess and distin-
guish the compensatory or maladaptation responses. 
Without assuming that the central nervous system is using 
any optimal control strategies, although many suggest 
such an approach, the paradigm is capable of shedding 
light on solutions of a number of ill-posed problems 
(Flash and Hogan 1985; Scott 2004).

A number of our recent computational model studies 
that illustrate the biomechanical rationale to various 
behaviour, such as co-activation of muscles during static 
and dynamic trunk exertions, is reviewed.

The equation of motion is developed for the simplest 
3D model of the spine, assuming that the spine is con-
strained at L5/S1 and multiple muscles are attaching the 
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Figure	3.1 The computation algorithm is shown schematically. Feed-forward process: muscle neural activations are computed 
based on the desired kinematics with or without application of the stability constraint in the optimization routine. Feedback 
process: effects of muscle spindles on total muscle activations and the kinematics profiles of the movement are evaluated with 
or without application of the perturbation moment. θa, �θa, ��θa are the actual kinematics and θd, �θd, ��θd are the desired 
kinematics, αd is the desired activation, Nd, Na, Np are the desired, actual and perturbation moments. A delay of 20 ms is 
applied in the transmission of feedback signals. Reproduced courtesy of Zeinali-Davarni, et al., 2008. IEEE TNSRE. 16 (1), 106–118.
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Figure	3.2 Forward flexion of the spine is simulated from upright to 60° of flexion against no resistance for 1 second 
duration without any perturbation. Muscle activation profiles without (A,C) and with (B,D) application of the stability 
constraint without the effects of spindle feedback. Top panels show flexor muscles and the bottom panels illustrate the 
extensor muscles. Additional activation of flexors and co-activation of extensors are seen at upright position when satisfaction 
of the stability constraint is required. Reproduced courtesy of Zeinali-Davarni, et al., 2008. IEEE TNSRE. 16 (1), 106–118.
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pattern of predicted motion? The following cost functions 
were examined for flexion or extension from upright to 
60° or vice versa respectively:
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The initial and final velocity and acceleration was consid-
ered to be nil. The optimal trajectory θ(t) is approximated 
by a fifth degree polynomial plus a linear combination of 
Fourier terms with weight coefficients (Nagurka and Yen 
1990):
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The angular velocity and acceleration can be obtained ana-
lytically using the above approximation of θ(t). Based on 
an equation of motion, we obtain the torque correspond-
ing to the given trajectory as function of the coefficients 
ai, bi and the final time tf set to 1 second (the coefficients 
of the polynomial are also functions of ai, bi and tf). Hence, 
in this approach, instead of forward integration of the 
equation of motion (forward dynamics), we use the 
inverse dynamics to compute τ, which is much faster and 
simpler due to its algebraic structure. The cost function is 
then also a function of the unknown coefficients ai, bi and 
the final time tf.

The cost (objective) function will be minimized 
subject to the equality constraint (non-linear dynamic 
equation of motion; initial and final boundary condi-
tions) and the inequality constraints (which could be 
imposed on τ, θ, �θ, and/or ��θ). The constrained non-
linear programming algorithm was used to simulate the 
following trunk movements. The movement time was set 
to 1 second and the range of motion used for the simu-
lation was 60° for both flexion and extension move-
ments. The motion started from rest and terminated with 
zero velocity and acceleration. The number of terms in 
the Fourier series was increased from two to six in order 
to determine their effect on the optimal trajectory for 
various costs.

The predicted trunk profile for unconstrained condi-
tions for both 60° trunk flexion and extension tasks are 
depicted in Figure 3.3. The velocity profile and the time to 
peak velocity were used to distinguish the different cost 
functions.

The results of all simulations are summarized in Table 
3.1. When the energy was minimized, there was 13.48 

prevails when the spine is lightly loaded and is in its 
upright position (getting little stabilizing effects from 
intrinsic muscle or osteoligamentous passive resistance). 
Hence, this equilibrium position – upright position – is 
rather unstable when the spine is unloaded or muscles are 
almost quiet. If we have sudden loading in this condition 
we may undergo a sufficiently large local deformation in 
the spine before the active responses come to our aid. 
Hence, this class of injuries could be construed as an  
event that the late or inappropriate response of active 
controller allows an intrinsically (structurally) unstable 
system to undergo larger deformation than is physiologi-
cally permissible.

The other injury regime is when the spine is quite stable 
as a structure due to the passive and active stiffness of the 
spine, and its musculature is sufficient to resist the pertur-
bations. However, the large magnitudes of loads are elicit-
ing large strains approaching the tolerance limits of 
sub-elements of the spine. In this mode, spinal constitu-
ents are failing due to material failure from high magni-
tude of load and motion characteristic of the task. Simply, 
we are overexerting the spine and exceeding the strength 
of the materials of its constituents (i.e. annulus fibres, 
endplate, ligaments) (Parnianpour 2000).

Clinical studies designed to find the risk factors of 
workplace tasks characteristically leading to low back 
pain and classification algorithms for detecting patients 
with various low back disorders, pointed to more impor-
tance of velocity and acceleration profiles than the range 
of motion that had been previously used to assess the 
impairment of low back pain patients. That motivated 
evaluation of the the motion using well-understood 
physical metrics such as work, energy and smoothness 
amongst others. In earlier work, the movement planning 
of the spine was considered and the Ritz method used to 
approximate the state of trunk motion trajectory – to ask 
the question: if we knew the initial and final position of 
motion, how well could we predict the angular position, 
velocity and acceleration trajectory of spine (Parnianpour 
et al. 1999)?

The dynamic equation of motion is given by:

J
d
dt

B L U
2

2

θ θ τ τ− = ≤ ≤sin

where J = I + ml2, B = mgl, m is the mass of the trunk, I is 
the moment of inertia of the trunk at its centre of mass, l 
is the distance from the centre of mass of the trunk to the 
axis of rotation, g is the gravitational acceleration, τ is the 
torque generated by the muscles with its respective lower 
and upper bounds (L, U), and θ is the angle of trunk about 
the vertical upright position. The anthropometric data for 
an individual with height and weight of 1.7 m and 80 kg 
were used in these simulations.

Various cost functions were looked at and in one par-
ticular case tested – if there is a strength constraint due to 
impairment, would there be any significant difference in 
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Figure	3.3 The optimized unconstrained trunk flexion and extension trajectories are shown for the five cost functions. 
The magnitude and timing of velocity and acceleration are significantly different based on the different cost functions.  
The anthropometric data for an individual with height of 1.7 m and weight of 80 kg were used in these simulations. 
Reproduced courtesy of Parnianpour, et al., 1999. Biomed Eng App Bas C. 11, 27–38.
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combination of muscle activation and kinematic measures 
about the terminal accuracy as shown below:

Cost x x Q x x

x x Q x x R dt

f f
d T

f f f
d

d T d T

t f

= −[ ] −[ ]

+ −[ ] −[ ] +{ }∫ α α
0

in which x and α are state and control variables, respec-
tively. The ones that have subscript f in the first term show 
state variables at final position; and the ones that include 
superscript d express the desired state space. Qf, Q and R 
are weighting matrices. The system was linearized around 
the upright position and calculating feedback gain was by 
means of two Riccati equations. Then we impose the feed-
back control law with this gain on non-linear systems. It 
is clear that there is no co-activation predicted by the LQR 
as it penalizes the muscle activation in its cost function. 
The larger the values of R the higher the more costly high 
activations strategies would be considered. The relative 
size of Q, Qf and R will determine the response of the 
controller and the computed gains. It was quite apparent 
that the timing of peak velocity was predicted to be dis-
tinct between sagittal and transverse plane motion. That 
means the model predicts rapidly reducing the degrees of 
asymmetry to get the muscle activations reduced. It should 
be interesting to see if such behaviours are observed in the 
normal and LBP patients’ motion profiles (Schmitz 1992; 
Marras and Mirka 1993; Ross et al. 1993; Fathallah et al. 
1998a,b; Davis and Marras 2000).

Of course all these models use a very simplistic model 
of the trunk, only 3 degrees of freedom (DOF) was mod-
elled, while the lumbar spine itself has more than 15 
rotational DOF, if not 30 DOF including both the transla-
tional and rotational degrees of freedom. Writing the 
equations of motion for the constrained system with this 
many degrees of freedom can be done by various mathe-
matical tools but how these degrees of freedom are 
managed will remain a challenge that perhaps needs 
further investigation from neuroscientific paradigms. The 

times the cost in jerk compared to when jerk was mini-
mized. However, a minimum jerk profile only increased 
energy cost by 20%. The possibility of having a combina-
tion of costs to predict the motion observed in clinics and 
workplaces may prove fruitful.

The effect of a global upper bound for the extensor 
strength was also evaluated for each cost function −L = 
−200 Nm (absolute strength reduction). In addition, the 
extensor strength was constrained to 80% of its peak value 
during unconstrained simulations for the same cost func-
tion. These latter simulations determined the effects of a 
relative extensor strength reduction. It was noticed when 
the strength limitation (constraints) become active, the 
difference between predicted motion profiles based on 
different cost functions diminished. That is a very real and 
alarming limitation of the optimal control paradigm, 
since we do not know a priori if we have modelled all the 
existing constraints in the system.

In more recent work, we have tried to use the optimal 
trajectory profile estimation to provide the input to a feed-
forward model and tested the consequences of different 
profiles during an extension task from 60° flexion to 
upright posture. The results indicated that the kinematic 
profiles and muscle recruitments are significantly affected 
by the choice of optimization. It should be noted both the 
amplitude and timing of muscle activations were affected 
as depicted in Figure 3.4.

It has been suggested that optimal control could offer a 
unifying solution to both trajectory planning and load 
distribution (muscle recruitment), since it solves both sub-
problems at once in a single stage. Such an approach is 
difficult computationally due to large degrees of freedoms 
and non-linearity of equations of motion and muscle 
mechanics. However, the Linear Optimal Regulators or 
Trackers have been used to address this modelling effort. 
Shahvarpour et al. (2008) developed a 3D model of the 
trunk and simulated trunk planar (Fig. 3.5) and asym-
metrical motion (Figs 3.6 and 3.7) using linear quadratic 
regulators. The cost function that was used included a 

Table	3.1	 The	cross-tabulation	of	the	evaluated	five	normalized	costs	for	the	simulation	of	unconstrained		
trunk	flexion

Minimum cost The evaluated normalized cost function

Energy Jerk Peak	torque Impulse Work

Energy 1.000 13.476 1.734 1.427 1.035

Jerk 1.199 1.000 1.201 1.811 1.164

Peak torque 1.712 10.126 1.000 2.511 1.652

Impulse 1.461 54.624 2.791 1.000 1.007

Work 1.323 24.456 2.322 1.098 1.000



Figure	3.4 Extension movement of the spine is performed in 1 second from 60° flexion to upright with optimal profiles for 
angular position (A), velocity (B) and acceleration (C) based on different cost functions (minimizing jerk, work and power) and 
corresponding net joint moments at L5/S1 (D) and muscle activation profiles of flexors rectus abdominis (RA) (E) and external 
oblique (EO2) (F) and extensors iliocostalis lumborum (IL) (G) and longissimus thoracis (LT) (H) with the stability constraint 
included (no external resistance R = 0 Nm and q = 2). Reproduced from Shahrokh Zeinali-Davarini, Aboulfazl Shirazi-Adl, Behzad Dariush, 

et al., 2011. The effects of resistance level and stability demands on recruitment patterns and internal loading of spine in dynamic flexion and 

extension using a simple truck model. Computer Methods in Biomechanics and Bioengineering 14 (7), reprinted by permission of Taylor & 

Francis Ltd, http://tandf.co.uk/journals
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tracking of desired trajectory of the 7 DOF lumbar spine 
(Abedi 2009). Our future goal is to drive the spine with 
multiple muscles which receive sensory information 
from ligaments, joint receptors, muscle spindles and 
Golgi tendon organs besides centrally originated excita-
tion signals.

Validating these models is a very difficult task, since our 
access to intervertebral motion is very scant. Recently such 
data were measured from healthy people and patients with 
lumbar instability using videofluoroscopy (Ahmadi et al. 
2009). More of these types of data are needed for training 
these oscillators and validating these models.

In summary, a number of modelling approaches have 
been provided to gradually capture the complexity of 
interaction of the three subsystems making up the neu-
romusculoskeletal spine. Future development of experi-
mental and theoretical paradigms may allow us to use 

starting point was biologically inspired coupled non-
linear oscillators to drive each degree of freedom of a 
planar lumbar spine having seven degrees of rotational 
freedom (1 for sacrum or pelvis, 5 for lumbar motion 
segments (functional units), and 1 for the thoracic spine). 
The control strategies implemented are showing promis-
ing results for both point-to-point and repetitive move-
ments (Fig. 3.8).

The model is planar and torque actuators are driving  
the spine. Seven coupled non-linear oscillators as central 
pattern generators (CPGs) are used to provide the 
desired trajectories that serve as reference for three differ-
ent computation strategies to track the trajectories in the 
face of perturbation: (i) inverse model used with 
proportional-derivative (PD) controller; (ii) feedback lin-
earization controller; and (iii) the combined feedback 
linearization and PD controllers were used to ensure 

Figure	3.5 Spine extension from 60° of flexion into upright position is simulated using a linear quadratic regulator (LQR) that 
predicts both the trajectory and muscle recruitment at once after the feedback gains are computed via solving the 
corresponding Ricatti equations: (A) angular position and velocity; (B) muscles recruitment patterns of right side of body. 
(R-RA: right-rectus abdominis.) With different values of Q, Qf and R, one will get different trajectory and muscle recruitment. 
(Refer to muscle abbreviations under Nomenclature.) Reproduced courtesy of Shahvarpour, et al., 2008. International Conference on 

Control, Automation and Systems. 2008, October 14–17, in COEX, Seoul, Korea.
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Figure	3.6 Trunk asymmetrical movement has been simulated using LQR control law: combined movement from 60° of 
flexion, 10° of right lateral bending and 5° of right axial rotation to upright posture. It is interesting how the model predicts 
rapid twisting to make the movement more symmetrical for the rest of motion, perhaps because twisting creates larger muscle 
activations. Reproduced courtesy of Shahvarpour, et al., 2008. International Conference on Control, Automation and Systems. 2008, October 

14–17, in COEX, Seoul, Korea.
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gravity, J1 is the matrix of moment of inertia and Ninput is 
the net muscular torque about L5/S1 in body coordinate 
system, WWJ1W represents the torque due to the Coriolis 
forces, Np and NR are the perturbation torque and the 
constant resistance torque opposing the direction of 
motion, respectively, defined as:

 N R SignR = − ⋅ ( )�θ  (2)

where, R is the magnitude of resistance and Np and θ are 
in Newton-meter and degree, respectively.

Muscle model

 f f a f l f l f lp= ⋅ ⋅ ⋅ +{ }max ( ) ( ) ( )�  (3)

where f(l), f l( )� , fp(l) are force – length, force – velocity and 
passive force relations and a is the muscle activation level. 
fmax is the maximum muscle force based on maximum 
muscle stress σmax taken as 0.55 MPa which is within the 
range reported in literature (El-Rich and Shirazi-Adl 2005; 
Arjmand and Shirazi-Adl 2006).

these models to test the feasibility of certain strategies for 
control of healthy or injured spines. There is a need to 
carry out more interdisciplinary research to understand 
this complex system (Todorov and Jordan 2002; Granata 
et al. 2004).

APPENDIX

Biomechanical model

The model used here is slightly different from the one 
presented previously (Zeinali-Davarani et al. 2008) as it 
represents external resistance as a Coulomb friction. The 
dynamic equations of motion of the inverted pendulum 
were derived in a compact form:

 J W WWJ W N G N Ninput R P1 1
� = − + + ( ) + +Θ  (1)

in which, W is the angular velocity vector, Θ is the angular 
position vector, G(Θ) is the moment vector arising from 

Figure	3.7 Trunk asymmetrical movement has been simulated using LQR control law: combined movement from 60° of 
flexion, 10° of right lateral bending and 5° of right axial rotation to upright posture. (Refer to muscle abbreviations under 
Nomenclature.) It would be extremely difficult to identify if these muscle activities were due to co-activation or not, if it was 
not for the fact that co-activation is non-existent due to consideration of the penalty of muscle activations, α, in the cost 
function. Reproduced courtesy of Shahvarpour, et al., 2008. International Conference on Control, Automation and Systems. 2008, October 

14–17, in COEX, Seoul, Korea.
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Spindle model
Regulatory behaviour of the muscle spindle in response to 
the muscle stretch has been studied in many research 
works. Stretch reflex is one of the most important neu-
romuscular functions in controlling posture and move-
ment. The model of stretch reflex invoked in our algorithm 
was derived from earlier works (Stark 1968; Gielen and 
Houk 1987):

 
r g l l l l l l

r g l l l l l

d d

d d

= −( ) − > >

= −( ) −

� �

�

3 0 0

0 1 0 0

when

when

,

. ,� �
 (4)

where r is the spindle discharge rate (firing rate), l is the 
muscle length, �l is the muscle velocity, g is the spindle gain 
factor, ld is set to be the desired muscle length computed 
from the desired kinematics at each instance of simulation 
time. Physiologically, the value of gain may vary from one 
muscle to another and even for a single muscle during 
different tasks. A linear transformation was adopted from 
the earlier studies to map the spindle firing rate to the 
muscle activation level afeedback.

Stability criteria
Substituting the net muscular torque with corresponding 
muscle forces and their moment arms:

 J W WWJ W G N N
L

FR P1 1
� + + ( ) − − = − ∂

∂
Θ

Θ
BT

T

 (5)

where, B is the transformation matrix between the body 
coordinate system and that of the inertial coordinate 

system, ∂
∂

L
Θ

T

 is the matrix of moment arm of muscles 

and F is the vector of muscle forces.
Assuming static equilibrium condition about an equi-

librium point, Θe, and following linearization of the equa-
tion of motion around the equilibrium point yields, we 
obtained:

 

J W
G L F

L
L

L F

e
e e e e

e

e

1
� + − ∂ ( )

∂
+ ∂

∂
∂
∂

∂
∂







−( )

+ ∂
∂

∂
∂

Θ
Θ Θ Θ

Θ Θ

Θ

B

B

T
T

T
T

��L
L

W
e e

∂
∂







=
Θ

B 0.
 (6)

In compact form, the linearized equation of motion can 
be rewritten as:

 J W K VW
e e1 0� + −( ) + =Θ Θ ,  (7)

where, J W
e1
�  is the inertial torque about the equilibrium 

point, K is the stiffness matrix that arises from conservative 
forces (gravitational and muscle stiffness), V is the viscos-
ity matrix that arises from non-conservative forces due to 
muscle viscosity. In state space form, we can write:

 
�
�

Θ Θ Θ
W

A
W

e







 =

−



×

×
×6 1

6 6

6 1

,  (8)

Figure	3.8 Using seven coupled non-linear oscillators as 
central pattern generators (CPGs) to provide the desired 
trajectories that are used as reference for three different 
computation strategies to track the trajectories in face of 
perturbation: inverse model used with proportional-derivative 
(PD) controller (A), feedback linearization controller (FBL)  
(B), and the combined feedback linearization and PD 
controller (c) to ensure tracking of desired trajectory of the 7 
DOF lumbar spine. The model is planar and torque actuators 
are driving the spine. The future goal is to drive the spine 
with multiple muscles. Reproduced courtesy of Maryam Abedi, 

2009. Master’s Thesis, Sharif University of Technology.
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subject to:

 

J W WWJ W G N N
L

F

f PCSA

a
m

R P

m

m

m

1 1

0 1

� + − ( ) − − = − ∂
∂

= ×
≤ ≤





Θ
Θ

BT
T

max max
;

σ
==

<

1 48

0

to

REAL Eig A( ( )) .

 (11)

Feedback	process

The second stage, as depicted in Figure 3.1, involved a 
feedback process in which kinematics parameters were 
computed through forward dynamics subject to neural 
excitation of muscles. In order to evaluate the performance 
of spindles in providing the reflexive stiffness, a perturba-
tion moment was added to the existing moment. Having 
the net muscular moment, resulting kinematics parame-
ters were obtained by numerical integration (depicted as 
forward dynamics in Fig. 3.1). It has been shown that the 
equations of motion are ill-posed. Spindles were respon-
sible to compensate any deviation of the predicted kine-
matics and the desired one which could be due to neural 
noise, numerical errors or the perturbation. In view of the 
neural transmission delay, a delay of 20 ms was applied 
in the transmission of feedback signals which lies within 
the range of reported spinal muscle reflex latencies (Zedka 
et al. 1999; Granata et al. 2004).

where

 A
zeros

J K J V
=

− −






× ×
−

×
−

× ×

3 3 3 3

1
1

3 3 1
1

3 3 6 6

B
.  (9)

To ensure stability of the linearized system, eigenvalues of 
A should have negative real parts (Hemami and Katbab 
1982; Dinneen and Hemami 1993; Dariush et al. 1998):

 REAL Eig A( ( )) ,< 0  (10)

where the stiffness of each muscle is computed by a linear 
equation ∂F/∂L ≅ qF/L.

Computation algorithm
The ‘geometry’ process in the solution algorithm (see Fig. 
3.1) involved the computation of instantaneous muscle 
lengths (based on the angular position and the origin-
insertion coordinates of muscles in the upright posture 
(Katbab 1989) ), muscle velocities (based on the derivative 
of muscle lengths with respect to time) and the moment 
arm of muscles (based on the derivative of muscle lengths 
with respect to each degree of freedom). The program ran 
in MATLAB 12, and Optimization Toolbox was used for 
the optimization process.

Feed-forward	process

The first stage involved a feed-forward process, where the 
static optimization was used to derive a set of neural exci-
tation of muscles under steady-state conditions. Based on 
the prescribed kinematics, the needed joint torque, which 
should be provided by trunk muscles, was computed using 
inverse dynamics. The performance criterion (P) was taken 
as the sum of the squared muscle activations (Kaufman 
et al. 1991; Thelen et al. 2003). The optimization problem 
was set by the following equations:

Min am
m

P =
=

∑( )2

1

48
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INTRODUCTION

When it comes to studying motor control, there are an 
endless number of techniques used to stimulate the system 
as well as to measure its response.

On the stimulation side, the possibilities range from 
isometric voluntary contraction to magnetic stimulation 
of the human brain (Fig. 4.1). On the response side, a 
wide spectrum of tools exist, ranging from tissue biopsy 
to direct visualization of muscle behaviour in real time 
(Fig. 4.1).

While the number of techniques to stimulate the motor 
system and measure its behaviour are many, not all of 
these techniques are employed regularly. Arguably, the 
majority of spinal motor control studies utilize traditional, 
well-established approaches such as surface-based EMG; 
likely a reflection of its cost, ease of use, non-invasive 
nature and the existence of abundant information on  
its implementation and interpretation. But is everything 
about spinal motor control revealed with these common 
approaches? While they may not yet be evolved fully,  
alternative technologies for studying spinal motor control 
may have potential value in revealing the mechanisms  
that underlie and influence spinal motor control. This 
chapter is devoted to highlighting just a few of these 
possibilities.

VIBRATION

Engineers are often faced with the problem of testing an 
object to determine if it is structurally and functionally 
sound. While mathematical models can be used to predict 
these behaviours, at some point, there is no replacement 
for physically testing the object of interest. While physical 
testing can be achieved easily with smaller objects, it is 
difficult to assess larger structures like bridges and aero-
planes in a controlled laboratory setting. How do you test 
a bridge before traffic is allowed to pass or an aeroplane 
before it takes flight?

One well-established technique is vibration analysis. In 
this approach, vibration is passed into the structure by 
something as crude as an instrumented sledgehammer or 
as sophisticated as a computer-controlled electromechani-
cal shaker. The response to that vibration is then recorded 
in real time by a variety of devices including accelerome-
ters. Data from the sensors can then be analyzed with 
various techniques to assess the structural and functional 
integrity of the object under consideration.

Recently, this approach has been adapted to evaluate 
surgical disruptions of normal spinal anatomy (Kawchuk 
et al. 2008a, 2009). Specifically, bone pins installed in 
cadaveric pig spines can be used with a cable-tie system 
that stiffens spinal segments in discrete increments (Fig. 
4.2). In addition, stiffness of the spine can be reduced by 
creating disc injuries of increasing stab-depth (Fig. 4.2).

With this investigative platform, vibration responses 
from individual vertebrae can be collected when vertebrae 
are stiffened, returned to normal, and following progres-
sive disc injury. By using a neural network to analyze the 
resulting data, it was found that each of the applied condi-
tions had a unique vibration signature (Fig. 4.2). Not only 
were signatures unique, they could be used to determine 
if the system was healthy or compromised, the location of 
the compromise, as well as the magnitude of the compro-
mise. In 5040 decisions made by the neural network in six 
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valuable entry point for motor control evaluation, it does 
not allow us to understand the context for why the muscle 
was activated.

Fortunately, the measurement of tissue stiffness has 
been evolving over several decades. Historically, a change 
in tissue stiffness has been associated with increased tissue 
pathology. Whether it be lax ligaments or hardening of the 
arteries, clinicians have used tissue stiffness as a way to 
evaluate tissue health. Up until recently, these assessments 
have occurred manually. Only decades ago, clinicians 
pushed gently into a closed eye to detect a decrease in 
compliance – a harbinger of glaucoma. In manual stiffness 
assessment, resulting deformations and displacements 
created by the force of the fingertips generates a subjective 
impression in the clinician who then makes a judgement 
as to the tissue being too soft, too hard or just right (a.k.a. 
the three bears school of diagnosis).

Obviously, there are restrictions to this approach. While 
tissues do indeed change their force–displacement prop-
erties with certain disease processes, there are limits to  
the sensitivity with which humans can detect these 
changes. In addition, use of an internal scale of reference 
to ascertain the magnitude of stiffness is subject to many 
problems in addition to the inability of a clinician to com-
municate their impression of stiffness as a quantity.

As a result, various probes have been devised which are 
capable of measuring applied force and the resulting 
deformations and displacements of tissues. With these 
tools, it is possible to quantify the bulk tissue stiffness 
underneath the indentation probe (Stanton and Kawchuk 
2009). By recording these features throughout the applica-
tion of indentation loading, an entire force–displacement 
curve can be created (Stanton and Kawchuk 2008). Build-
ing on this, if various internal landmarks are followed with 
ultrasound during the indentation process (Fig. 4.4), bulk 

different cadavers having over 20 different conditions, the 
network made only 10 errors.

The resulting data from this approach provides informa-
tion about the structural integrity of the spine. But like 
bridge and aeroplane testing, response data can be 
obtained not only in a ‘non-functional’ state, but also 
when the object is engaged in its usual activity (the bridge 
supporting traffic or the aeroplane in flight).

Given that one function of the motor control system is 
to create muscular contraction of a sufficient magnitude 
to allow static and dynamic loading without buckling, the 
spine can be tested for its vibration response during 
defined motor activities. Specifically, muscular contrac-
tions can be created voluntarily or through direct electric 
stimulation to activate specific spinal muscles to contract. 
During this process, the spine can be vibrated and the 
resulting accelerations from skin-based accelerometers 
recorded (Fig. 4.3). From this information, the functional-
ity of the motor control system may be assessed. While 
testing of the unloaded, neutral spine is of great interest 
in detecting structural problems, vibration testing during 
additional static or dynamic loading may be the equiva-
lent of a cardiac stress test where specific pathologies are 
revealed during exertion.

INDENTATION TESTING  
AND TISSUE STIFFNESS

If we assume that an important function of spinal motor 
control is to create, and/or respond to, spinal loading, 
then perhaps one way to assess the performance of the 
motor control system is to measure its end product – 
spinal stiffness. While the electrical activity of muscle is a 

Figure	4.1 Examples of different ways to stimulate the motor system as well as to quantify its response. 
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Figure	4.2 Example of an experimental setup (A) and the resulting frequency response functions (B) showing a healthy state 
(dark line), L1–2 linkage (light line) and a L1–2 disc stab (dashed line). Reproduced from Kawchuk, G.N., Decker, C., Dolan, R., Carey, 

J., 2009. Structural health monitoring to detect the presence, location and magnitude of structural damage in cadaveric porcine spines. Journal 

of Biomechanics 42 (7), 109–115, with permission from Elsevier.
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tissue stiffness can be subdivided into regional measures 
or even measures specific to discrete anatomical features 
(e.g. vertebrae) (Kawchuk et al. 2001, 2006).

Most often, bulk measures of tissue stiffness are used to 
evaluate how passive stiffness may be altered as a result of 
some intervention. Unfortunately, these techniques have 
been used most often in the resting spine. As a result, bulk 
stiffness measures typically exclude muscular contribu-
tions other than their passive properties. In some cases, 
tissue stiffness measures have been collected when volun-
tary or involuntary contraction states are created thereby 
giving a glimpse of how stiffness can be used as an 
outcome for assessing motor control.

In some incarnations, indentation devices can be used 
to track the vertebrae themselves to estimate the stability 
of the system during a given loading scenario. This tech-
nique is particularly well suited to evaluations where stiff-
ness data are needed from one particular region during 
quasi-static, simple spine loading. Given the intercon-
nected nature of the spine, it is likely that segmental stiff-
ness does not change dramatically from level to level, but 
as a gradient over a given region (Hu et al. 2009a).

Recent use of indentation technologies have generated 
data which suggest that spinal stiffness can change signifi-
cantly in a short period of time. In a recent trial by Fritz 
et al. (2011), a bulk indentation technique was used to 
show that spinal stiffness is reduced after a single applica-
tion of spinal manipulation in a subgroup of subjects 
designated as manipulation responders. In those subjects 
classified as manipulation non-responders, spinal stiffness 
did not change following manipulation. These data 
suggest that stiffness data obtained through indentation 
may be of clinical importance in evaluating the spine and 
its motor control system.

EMG ARRAYS

In the best possible circumstances, surface electromyogra-
phy attempts to quantify the electrical activity of a specific 
muscle. Indeed, when used in the extremities, muscles  
are arranged in such a way that significant areas of skin 
exist where single muscles may be accessed by surface 
electrodes.

This arrangement is absent in the spine where muscles 
are not arranged in singular tracks, but in numerous layers. 
Because of short interarticular distances, many muscles of 
the spine are extremely short in length making their elec-
trical isolation difficult at best. Combined with longer, 
multi-segmental muscles, the muscles of the spine are 
arranged more as layers with multiple points of attach-
ment suggesting a need for something greater than gross 
control of segmental movements. This spatial arrange-
ment also suggests that the spine does not move with 

Figure	4.3 Vibration application and sensor placement in 
the human lumbar spine. 

Figure	4.4 Indentation loading applied to the human spine 
with concurrent quantification of soft tissue deformation and 
vertebral displacement via onboard ultrasound. 
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maps can be updated with sufficient speed to display 
changes in regional muscular activity over time.

Already, this technique has been used to demonstrate 
how regional muscle activity changes with simple spinal 
movements and how regional activity changes with 
increasing task intensity (Hu et al. 2009a).

Another benefit of this approach is that for clinicians 
and patients, the resulting output is easy to understand 
and conveys intuitive information about the intensity and 
location of muscular activity.

STIMULATION – ROBOT PLATFORM

A number of stimulation techniques exist for generating 
reflexive muscle contractions in the spine. One of the more 
common techniques uses gravity to stimulate a self-
righting reflex. In this technique, subjects are seated then 
flexed or extended at the trunk and held in that position 
by a cable restraint. If the cable is released suddenly, spe-
cific muscles will be activated in an attempt to right the 
trunk against gravity. Similarly, the technique can be used 
to suspend subjects in extension or lateral bending to 

activation of distinct muscles (as is more the case in the 
extremities), but that the spine creates regional activation 
to manage the tremendous moments that can be gener-
ated within it.

Given this arrangement, it is unlikely that a single set of 
electrodes placed off the midline of the spine can repre-
sent the activity of any single muscle, yet this approach 
remains the status quo in spinal EMG assessment. In 
reality, surface EMG signals recorded from the spine are 
an amalgam of activity from various muscles in various 
spinal layers. If the goal of motor control is to manage the 
static or dynamic force demands of the spine, there would 
be value in assessing the regional activation of muscle in 
the spine to better reflect the activity of the requested 
muscular activation patterns.

With the use of EMG arrays, this possibility exists (Fig. 
4.5). Rather than use the traditional pair of electrodes to 
span the region of interest, a two-dimensional array of 
multiple electrodes is used. Analogous to a radiotelescope 
made up of multi-receiver dishes, an array of surface elec-
trodes can paint a picture of spinal EMG activity in geo-
graphical terms (Hu et al. 2009b). As a result, regional 
maps of EMG activity resembling isobar weather maps can 
be created (Fig. 4.5). With current computing power, these 

Figure	4.5 Surface EMG electrode array (A), resulting isobar map of electrical activity at 50% maximal voluntary contraction 
(MVC) (B) and map of indentation stiffness. Reproduced from Hu, Y., Wong, Y.L., Wu, W.L., Kawchuk, G.N., 2009. Creation of an 

asymmetrical gradient of back muscle activity and spinal stiffness during asymmetrical hip extension. Clinical Biomechanics 24 (10), 799–806, 

with permission from Elsevier.
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creating complex kinematic paths or reproducing kine-
matics recorded in the field.

In studying the motor control system, the robot has 
been used to apply accelerations of different magnitudes 
and durations in single or multiple directions to a 
subject seated on the robot’s platform (Kawchuck et al. 
2008b). Although any form of EMG can be used in this 
preparation, traditional surface EMG has been used to 
date. The subject is then shielded from any visual or 
auditory cues that may alert them to the onset of plat-
form movement. After these precautions, the platform 
can then be accelerated in the desired manner. By attach-
ing an accelerometer to the platform, the difference in 
time between the onset of acceleration and the onset/
silence of muscle activity can be defined.

There are limitations to this approach. As with any 
robot, the total excursion of the device has hard bounda-
ries which prevent certain combinations of acceleration 
parameters. Similarly, the braking system of the robot is 
limited in how quickly it can terminate a requested accel-
eration. Despite these limitations, the device does offer a 
range of accelerations and directions which can be com-
bined in different ways to understand the separate effects 
of acceleration and duration of acceleration on subjects 
(symptomatic or otherwise).

To date, we have used this approach to collect data 
over a range of accelerations and acceleration magni-
tudes in four different directions of translation. While 
these preliminary data await further analysis, it is appar-
ent that this technique may be of use in controlling stim-
ulation of reflexive spinal contractions while separating 
out the influence of acceleration versus velocity etc. This 
approach has the potential to further explore the role of 
the reflex response in motor control, spinal injury and 
back pain.

CONCLUSIONS

While few would deny the importance of the muscular 
system and its control with respect to back pain, one press-
ing issue we face is trying to investigate this system within 
the context of its end product; development of sufficient 
load in a timely manner. While approaches used toward 
understanding other aspects of spinal motor control are 
bound to be of use and importance, we must remember 
that the system is designed to produce a specific load in a 
specific timeframe. Being able to measure deviations of 
that function may best illuminate the underlying mecha-
nisms of the system itself.

study the reflexive response of other muscles. Using this 
approach, a great deal has been learned about motor 
control and how deviations in typical control parameters 
may signal pathology or susceptibility to pathology 
(Cholewicki et al. 2005; Reeves et al. 2008).

While the value of this technique is obvious, it does 
have limitations. Namely, the amount of ‘gravity’ cannot 
be controlled – the stimulus is always the same, just 
applied with the subject beginning in different postures. 
If the effect of gravity could be controlled, it may be pos-
sible to look at motor control with various parameters of 
acceleration.

Specifically, gravitational acceleration is a constant. If 
the magnitude, direction and exposure time of the accel-
eration could be manipulated, then the reflex control of 
the system may be better defined and other pathological 
circumstances identified. Manipulation of this type is pos-
sible with a number of devices, but most commonly with 
flight simulators or common facsimiles that are used in 
arcades and amusements rides. Instead of using these 
devices to recreate jet flight over the Grand Canyon, the 
device can move a seated subject in a variety of directions 
while controlling the acceleration magnitude and the 
duration of acceleration exposure (Fig. 4.6).

Essentially a small flight simulator, the robot pictured 
in Figure 4.6 consists of a platform supported by six fixed-
length struts mounted on a circular track. By controlling 
the position of the struts along the track, the platform can 
be moved in any combination of translation and rotation 
within a defined volume. Because each strut is controlled 
independently by computer, the robot is capable of 

Figure	4.6 Subject seated on parallel robot. 
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INTRODUCTION

Both clinicians and researchers involved with disorders of 
the human musculoskeletal system and especially of the 
spine frequently use the terms stability and instability. It 
is however questionable whether the same concepts are 
implied whenever these terms appear. In a recent paper, 
Peter Reeves (Reeves et al. 2007) phrased it as follows: 
‘Stability … is a term that appears to change depending 
upon the context, and as such, appears to have unstable 
definitions.’ Obviously this inconsistent use of terminol-
ogy may lead to confusion and is undesirable. Within 
mechanics, stability is clearly defined and Reeves argued 
that such a strict definition should be adopted for use in 
the clinical context as well.

A simple example could be the stability of patient X in 
standing. The question might be: is patient X stable when 
standing in tandem stance? Mechanical stability refers to a 
state of a system in which a perturbation of that state does 
not cause an unbounded change in the state. An unstable 

system cannot function, since perturbations will always 
occur. According to this definition, X is stable when he can 
stand, in spite of the unavoidable perturbations (postural 
sway). Vice versa, a patient who is unstable will not remain 
standing. A system is either stable or unstable, there is no 
degree of stability and the unstable system is actually quite 
uninteresting. The unstable patient cannot stand and 
investigating his ability to stand will cause a guaranteed 
fall. While such conditions do occur, it is not what clini-
cians and researchers generally mean by instability.

If we were to investigate the stability of X while standing 
in a decelerating bus, we might consider X stable when he 
steps forward. X moves away from the state before the 
perturbation even further than the displacement caused by 
the perturbation itself and does not return to his initial 
state, but the change in the state is clearly bounded. 
However, when X falls flat on his face, the change in state 
is also bounded (by the contact with the floor of the bus). 
So it is important to consider the question whether the 
bounds fall within a desirable operating range. While it 
may be trivial to exclude lying flat on the floor from the 
desirable operating range in this case, the question whether 
a patient is stable when he or she takes a step upon a 
perturbation illustrates that there is a degree of subjectivity 
in the definition, when it is to be applied to real-world 
problems.

White and Panjabi (1990) proposed a definition of 
clinical instability, specifically for the spine, defining insta-
bility as the loss of the spine’s ability to limit its move-
ments under physiological loads such that neurological 
disturbances (e.g. through nerve root compression), defor-
mation (e.g. scoliosis, spondylolisthesis) or pain are pre-
vented. The strength of this definition is that the bounds 
to the state of the spine are defined in view of resulting 
disorders and symptoms and not relative to some non-
existent ideal movement pattern (as appears common in 
clinical practice). Perhaps, the definition should be 
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We will use the term spine function instead of spinal 
stability, to encompass all these aspects (stability, perform-
ance, robustness, control effort and control costs). In this 
chapter, we will discuss the interaction of the sub-systems 
in relation to spine function and low back pain (LBP) and 
attempt to build a conceptual framework for the analysis 
of spine function in the clinical context.

MAINTAINING STABLE EQUILIBRIUM 
IN THE LUMBAR SPINE

To analyze spine function, it is useful to start with a very 
simple task, for which we will choose maintaining upright 
posture. To control spinal alignment, first of all, attaining 
mechanical equilibrium for all degrees of freedom is 
required. In addition, this equilibrium needs to be stable. 
Figure 5.1A presents a simplified model of the osteoliga-
mentous lumbar spine, connecting the thorax and pelvis, 
which will be considered as rigid segments. To simplify 
this analysis even further we will consider the interverte-
bral joints as ball-in-socket joints that allow rotation 
around three axes only (no translations). To maintain a 
posture, equilibrium of moments around all joints needs 
to be present. In Figure 5.1A, gravity on the upper body 
(indicated by the arrow) acts vertically through the centres 
of the joints and hence causes no moments. Therefore the 
spine is in equilibrium. Theoretical modelling and experi-
mental data, however, show that the equilibrium would 
in this situation be unstable. The stiffness provided by 
ligaments and discs would be too small to provide stabil-
ity. A force as small as 90 N would cause the spine to 
buckle (Crisco et al. 1992a, 1992b) and deformation and 
potentially injurious compression and tension stresses 
would result (Fig. 5.1B). It has been shown that the addi-
tional stiffness provided by a low level of contraction of 
trunk muscles would suffice to provide stability (Chole-
wicki et al. 1997). To maintain equilibrium, muscles on 
both sides of the spine would need to produce equal 
moments to achieve zero net moments around all joints 
(Fig. 5.1C).

Next, let’s assume that the spine is equilibrated by 
muscle activity only and consider the case where the 
upright posture needs to be maintained under an external 
force, for example the force exerted by a dog on a leash. 
The external force will produce moments around the 
lumbar joints that need to be equilibrated by muscles 
(Fig. 5.2A). However, when the direction of the pull on 
the leash changes with the dog stepping forward and the 
leash extending, muscle activity needs to be adjusted to 
provide totally different muscle moments around the 
joints (Fig. 5.2B). This suggests that control over the 
lumbar spine would be highly complicated and independ-
ently working muscle fascicles inserting on the vertebrae 
would be needed to fine-tune the moments produced at 

expanded by adding the criterion that long-term tissue 
damage should be avoided. Think for example of the 
increased probability of osteoarthritis after an injury of the 
anterior cruciate ligament (Hertel et al. 2005; Salmon 
et al. 2006), which may result from altered joint kinemat-
ics (Stergiou et al. 2007). However, inclusion of adverse 
long-term health effects as a criterion for stability assumes 
that such long-term effects are predictable, and that is in 
general far from sure.

A weakness of the proposed definition, which Panjabi 
corrected in later work (Panjabi 1992), is that it describes 
stability as a capacity of the spine itself. Maintaining sta-
bility is not a capacity of the spine alone, but requires 
muscular contribution (Crisco et al. 1992b; Wilder et al. 
1988). In his seminal paper (Panjabi 1992), Panjabi 
emphasized that spinal stability depends on the contribu-
tions of three sub-systems: the passive sub-system, i.e. the 
osteoligamentous spine; the active sub-system, i.e. the 
muscles surrounding the spine; and the control sub-
system, i.e. those parts of the nervous system that are 
involved with sensorimotor control of the spine, which 
exert effect through the active sub-system.

These above considerations may allow a sufficiently 
strict yet usable definition of spinal stability, however, sta-
bility is only a minimum requirement for a system to 
function. In that sense using the concept of stability in 
itself does not do justice to – for clinical practice highly 
relevant – nuances. When patient X can stand, many rel-
evant questions remain, like how far and for how long 
does his posture deviate from the original position after a 
perturbation of a certain magnitude, how large a perturba-
tion can X accommodate without falling and how much 
effort does X have to invest to stand? These three questions 
address crucial aspects of the function of any system. The 
first addresses the response to a perturbation or the sys-
tem’s performance, which is usually characterized by the 
time it takes to return to the planned state, or by the rate 
at which the system returns to this state. The second ques-
tion can be generalized to: under how large a range of 
conditions will the system be stable, which is referred to 
as the robustness the system. While robustness is often 
positively related to performance, this is not necessarily 
the case. For example, when X deals with the deceleration 
of the bus by stiffening through co-contraction of muscles, 
this may provide very good performance when dealing 
with limited perturbations. However, if the bus driver hits 
the brakes very hard, this response may no longer be 
adequate and stepping may prove to be more robust. 
Finally, the third question is usually taken to relate to the 
control effort required to stabilize a system. To stay with 
the example of patient X, maintaining upright stance may 
require substantial cognitive effort in pathology. However, 
from a physiological perspective other costs also need to 
be considered. Co-contraction for example will stiffen 
joints, which may enhance performance, but it obviously 
requires metabolic energy and will increase joint loading.
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Figure	5.1 A simplified model of the osteoligamentous lumbar spine, connecting the thorax and pelvis, which are represented 
as rigid segments (A). Loaded with a mass equivalent to the mass of the upper body, the spine will be unstable and buckle 
(B). Muscles, when active, can provide sufficient stiffness to stabilize the spine in an upright posture (C). 

A B C

Figure	5.2 The effect of the force caused by a dog pulling on a leash (arrow) on the moments around the lumbar 
intervertebral joints (circles). The moment around each joint is equal to the length of the moment arm, i.e. the black lines 
representing the shortest distance from the joint to the working line of the force, multiplied by the magnitude of the force. 
(A) Equilibrating the pulling force requires extensor moments around all joints, increasing in magnitude in the caudal direction. 
(B) The differences between required moments at the different levels are larger, flexor moments are required at T12/L1 and  
L1/L2 and increasing extensor moments between L2/L3 and L5/S1. 

A B

each level. While several muscle fascicles insert on each 
lumbar vertebra (Bognuk et al. 1992), it is unclear whether 
these fascicles can be controlled independently by the 
nervous system and to what extent they can function inde-
pendently in a mechanical sense, in view of interconnect-
ing connective tissues (Huijing 2003). The complexity of 

the required motor control also contrasts sharply with the 
limited size of the area of the motor cortex that is involved 
with trunk muscle control.

Fortunately several mechanisms may facilitate control 
(Fig. 5.3). These mechanisms have in common that they 
are driven by displacements occurring as a consequence 
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appear to contribute importantly to the robustness of 
trunk movements (van der Burg et al. 2005a). The magni-
tude of muscle stiffness and damping increases with the 
level of muscle activity and hence these can be modu-
lated by co-contraction (Selen et al. 2005). In addition, 
the axial forces that trunk muscles exert on the spine 
appear to increase the passive stiffness of the interverte-
bral discs (Gardner-Morse and Stokes 2003), which 
would make the spine more robust (Stokes and Gardner-
Morse 2003). The third mechanism is based on neural 
feedback of length and rate of length change of passive 
tissues and muscles. These afferent signals can trigger 
reflex muscle activity that counteracts the signalled length 

of lack of equilibrium and in that sense can be consid-
ered feedback mechanisms. The first mechanism is the 
resistance against movement of the osteoligamentous 
spine itself. This resistance has two components: stiffness, 
which is dependent on the length of passive tissues and 
hence on the displacement between vertebrae, and 
damping, which is dependent on the rate of lengthening 
of the tissues. The second mechanism is the stiffness and 
damping provided by muscles. Muscles, when active, 
produce more force at higher length (within the range of 
muscle lengths typically encountered in normal move-
ment) and when stretched. Hence active muscles also 
provide stiffness and damping (Young et al. 1992), which 

Figure	5.3 The mechanisms that contribute to spine equilibrium and stability. The level of muscle activity is controlled in a 
feed-forward manner by the motor cortex, which determines muscle stiffness (Km) and damping (bm). These muscle properties 
counteract intervertebral motions without time delay as do passive tissue stiffness (Kp) and damping (bp), which are in turn 
determined by muscle activity. Intervertebral motions are sensed by mechanoreceptors and fed back to the spinal cord where 
reflexive muscle activity provides additional stiffness (Kr) and damping (br) at a time delay (τr). Finally, supraspinal feedback of 
sensed motions of the whole trunk (e.g. through the vestibular or visual system) may provide additional stiffness (Kss) and 
damping (bss) at a delay (τss). 

Spinal feedback

Suprapinal feedback

Trunk
movement
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on a leash, this causes a different distribution of moments 
around the lumbar intervertebral joints. When applied at 
Th9, the moments between caudal and cranial levels differ 
strongly, while for forces applied at Th3, the moments are 
much more similar between levels. The task was static, i.e. 
we did not suddenly apply the forces, and recorded data 
only whethe subject had reached a steady state. The results 
showed that the lower the point of application of the force, 
the higher the activity in 8 of 11 muscles studied. More 
importantly spinal curvature also changed systematically 
with the point of application (Fig. 5.4C). The lower the 
point of application, or the larger the difference between 
moments at the adjacent intervertebral joints, the more 
kyphotic the spine was.

Although these data showed that muscle activation was 
adjusted to deal with different external loads, these 
changes in muscle activity did not prevent vertebral rota-
tions. Instead, passive structures appeared to be strained 
until these produced moments that equilibrated the exter-
nally imposed moments or until feedback resulting from 
these strains caused sufficiently tuned muscle activity. 
This implies that the brain controls spinal posture only 
approximately and delegates part of the control to the 
periphery. It also suggests that the exact mutual orienta-
tion of the vertebrae is relatively unimportant and a sub-
stantial margin is used in the control of the spine, without 
necessarily causing problems. The results of this study 
emphasize the interaction between the passive and active 
structures.

change. In contrast with the first two mechanisms, reflex 
control occurs at a delay, which has important drawbacks 
for control as it may cause undesirable oscillations. 
Finally, as a fourth mechanism, central control is adjusted 
based on afferent feedback, including visual and vestibu-
lar feedback, but this involves even longer delay times 
and the dependence of long-delay responses on move-
ment amplitude suggests that these only contribute when 
movements of the trunk as a whole do occur (Goodworth 
and Peterka 2009).

In modelling work, it has been assumed that passive 
tissue stiffness might be responsible for fine-tuning 
moment equilibrium around the intervertebral joints 
(Stokes et al. 1995). The assumption is that some interver-
tebral movement occurs, because muscles do not provide 
equilibrium. Consequently, passive tissues would be com-
pressed or lengthened until they provide sufficient resist-
ance to attain equilibrium. To test the validity of this 
assumption we performed an experiment, which simu-
lated the dog on a leash (Kingma et al. 2007). We studied 
trunk muscle activity and lumbar curvature in subjects 
who were standing upright with their pelvis fixed to a 
frame. A marker was placed at C7 and the subject was 
given feedback of the position of this marker and was 
instructed to keep that position constant. Forward hori-
zontal forces were applied at the thorax at three levels: the 
spinous processes of either Th3, Th6 or Th9 (Fig. 5.4). At 
each point of application the force yielded a moment of 
30 or 50 Nm around the L3 spinous process. Like the dog 

Figure	5.4 Photograph (A) and schematic illustration (B) of the experimental setup. Pushing forces were applied at Th3, Th6 
and Th9 to produce equal moments of 30 and 50 Nm around L3. Resulting moment distributions with larger differences in 
moments between cranial and caudal intervertebral joints, i.e. a more caudal point of application of the external force, 
coincided with a significantly more kyphotic lumbar curvature (C), both at 30 and 50 Nm average moments. 

–6.0

–4.0

–2.0

0

4.0

2.0

6.0

Lu
m

ba
r f

le
xi

on
 (d

eg
re

es
)

30Nm

T9 T6 T3 T9 T6 T3

50Nm

Ky
ph

os
is

Lo
rd

os
is

FTh3

FTh6

FTh9

M

A

B C



Motor control of the spinePart | 2 |

46

DISORDERS OF THE  
PASSIVE SUB-SYSTEM

The way in which passive tissues interact with musculature 
to control spinal equilibrium will depend on the mechani-
cal properties of the intervertebral joints and when stiff-
ness of these joints is low, relatively large changes in spinal 
curvature can be expected in an experiment as described 
above, while for a stiffer spine, small rotations may suffice 
to reach the required moments (Fig. 5.5). From this per-
spective, the effects of degeneration and injury on spine 
stiffness are of particular interest.

Early work by Panjabi et al. (1984) showed that disc 
degeneration, simulated by inducing annulus injuries and 
nucleus resection, increased the intervertebral range of 
motion for a given moment. More recent work confirmed 
this for biological degeneration of the intervertebral disc, 
showing a larger range of motion for a given moment, a 
lower tangent stiffness and an increased neutral zone (NZ, 
i.e. the range of joint motion for which stiffness is 
minimal) (Gay et al. 2008; Hasegawa et al. 2008; Quint 
and Wilke 2008). Interestingly, one of these studies 
showed that the relationship between disc degeneration 
and stiffness, with disc degeneration graded based on his-
tology, was much stronger than for degeneration graded 
based on imaging (Quint and Wilke 2008).

Ligament ruptures, not surprisingly, also decrease spinal 
stiffness, although the effects for some ligaments are very 

Figure	5.5 Moment–angle relationships for a non-
degenerated (black) and degenerated (grey) intervertebral 
joint. The slope to the curve is the intervertebral (tangent) 
stiffness, which increases with an increasing joint angle and 
is lower in degenerated joints. The area of low stiffness is 
called the neutral zone (NZ), and is increased in degenerated 
joints. At a given moment (M) a smaller angle (θ1) will occur 
for the non-degenerated joint than for the degenerated  
joint (θ2). 
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Figure	5.6 Loading of the spine can be compared to loading 
of a crane (A). The black arrow represents the load due to 
gravity, the grey arrow represents the muscle force that 
provides equilibrium around the center of rotation at the 
hinge joint below. The beam of the crane is loaded by a 
bending moment causing it to bend to the right. When the 
beam is locally less stiff, it will kink (B). The bending moment 
in the beam is maximal at the kink and consequently the 
kink tends to increase. When the bending moment at the 
kink increases faster with increasing angle than the tangent 
stiffness, the beam is unstable and will fail. 

A B

limited (Adams et al. 1980; Panjabi et al. 1982), especially 
after sustained loading (Busscher et al. 2011). Recently, 
Zhao et al (2005) showed that endplate failure due to 
compression likewise decreases stiffness and increases the 
NZ magnitude.

When equilibrium around the intervertebral joints is 
controlled by active structures only approximately, as we 
suggested above, the effects of a loss of stiffness of an 
intervertebral joint will be that more rotation will occur 
before equilibrium is reached (see θ1 and θ2 in Fig. 5.5). 
This might lead to excessive rotations, which could cause 
impingement of structures and as such provoke pain. 
From a control perspective, such a change in stiffness can 
quite easily be dealt with, if it occurs as a homogeneous 
change over the whole lumbar spine. A small overall 
increase in muscle activity for a given moment would 
suffice to compensate for the reduced moment generated 
by the spine and limit the rotations to within acceptable 
boundaries. However, if a single intervertebral joint is 
degenerated while adjacent joints are healthy, the hetero-
geneous stiffness may lead to instability, as the local 
deflection will tend to increase the bending moment at 
that level (Fig. 5.6).
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DISORDERS OF THE  
ACTIVE SUB-SYSTEM

Given the fact that spine function relies on the interaction 
of the passive system with the active sub-system, i.e. 
muscles, instability might arise from disorders in the active 
sub-system as well as from disorders of the passive sub-
system. To control the spine, muscles need sufficient 
strength. In most motor tasks, muscle force required will 
not be very high. However, especially in case of mechani-
cal perturbations, muscle strength and especially the rate 
at which muscle forces can be generated may be limiting. 
The muscular disorders described below may affect 
strength and contraction velocity of the trunk muscles. 
Indeed several studies have shown differences between 
LBP patients and controls in muscle strength (Cassisi et al. 
1993; Lee et al. 1995; Takemasa et al. 1995; Kankaanpaa 
et al. 1998; Thomas et al. 2008). Other studies, however 
reported negative results (Ng et al. 2002; Lariviere et al. 
2003). Rate of force rise, which is likely more important 
from the point of view of spine function, has been much 

To investigate whether heterogeneity in stiffness of the 
spine occurs, we investigated human cadaver spines from 
six 55–84-year-old donors. The spines were dissected in 
sections each comprising three motion segments. Pure 
moments were applied to each section in flexion-extension, 
lateral bending and axial rotation, ensuring constant 
moments throughout the whole spine section. Figure 5.7 
gives an illustration of the results. The plots show the 
bending angles of the three adjacent segments in one 
lumbar and one thoracic section of a single human spine 
as a function of time. The differences in range of motion 
between adjacent segments in the lumbar section, which 
occur while the same moments (ranging from −4 to 
+4 Nm) are applied to these segments, clearly illustrate 
that stiffness is quite heterogeneous, with stiffness in 
segment 1 under positive bending moments being almost 
50% of the stiffness in segment 2. Heterogeneity was less 
pronounced in thoracic spine sections. In addition, het-
erogeneity was much more pronounced in human spines 
than in spines of young pigs. All in all, these data suggest 
that degeneration can cause substantial heterogeneity in 
lumbar spine stiffness, which would complicate control 
over the spine.

Figure	5.7 Bending angles of the three adjacent segments in one lumbar and one thoracic section of a single human spine as 
a function of time during a 4-point bending test and CT scans of the same spine sections. 
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Johansson et al. 2003). These neurones control the excit-
ability of muscle spindles, sensory organs signalling muscle 
length and the rate of change of muscle length. Nociceptive 
afference causes a reduced resolution of afferent, proprio-
ceptive information from the muscle spindles (Pedersen 
et al. 1998; Johansson et al. 2003). A number of animal 
experiments and limited experimentation in humans has 
shown a reflexive coupling between provocation of and 
damage to the annulus and ligaments on one hand and 
the activity of the paravertebral muscles on the other 
(Indahl et al. 1995, 1997; Solomonow et al. 1998, 2003; 
Stubbs et al. 1998; Holm et al. 2002). If proprioceptive 
sensory afference is affected in LBP, patients should have a 
reduced acuity of perception of trunk posture and move-
ment compared to healthy controls. Proprioceptive acuity 
of trunk posture in LBP patients has been studied quite 
extensively. While many studies report lower acuity in 
patients than in controls (Gill and Callaghan 1998; New-
comer et al. 2000b; Leinonen et al. 2003; O’Sullivan et al. 
2003; Brumagne et al. 2004; Lin and Sun 2006), others did 
not find differences (Lam et al. 1999; Newcomer et al. 
2000a; Koumantakis et al. 2002; Descarreaux et al. 2005; 
Asell et al. 2006), indicating that proprioceptive impair-
ments can, but do not necessarily, coincide with LBP.

The motor control system has for the major part been 
studied indirectly on the basis of behavioural data, i.e. 
changes in motor behaviour coinciding with LBP. As it is 
difficult to determine whether these are a direct result of 
disorders or rather reflect adaptations to a disorder, such 
changes observed in behavioural data will be discussed 
separately in the next section. In this section, we will 
focus on changes that have been observed in the motor 
control system itself, i.e. the nervous system, with only a 
brief excursion into behavioural consequences that may 
result.

Experimentally induced pain has been shown to change 
the gain of motor reflex loops to other muscles, with either 
inhibitory (Graven-Nielsen et al. 1997), or excitatory 
(Matre et al. 1998, 1999), effects, possibly through effects 
on the gamma-loop as discussed above. However, experi-
mentally induced LBP specifically did not have an effect 
on stretch reflexes in the erector spinae (ES) (Young et al. 
1992; Zedka et al. 1999). In line with this, a review of the 
literature on ES activity in LBP concluded that the changes 
observed with LBP cannot be explained by hard-wired, 
deterministic reflex responses (van Dieën et al. 2003c).

Changes upstream in the motor control system have 
rarely been studied in relation to LBP. Tsao et al. (2008), 
showed with transcranial magnetic stimulation that the 
motor cortical map of the transverse abdominus muscle 
(TA) is shifted in patients with recurrent LBP. This muscle 
shows delayed activation in LBP patients (see ‘Motor 
behaviour in low back pain’ below) that might thus be 
attributable to this cortical re-organization, although corti-
cal motor thresholds appeared decreased rather than 
increased. In addition, Strutton et al. (2005), showed 

less studied, but appears correlated to strength (Descar-
reaux et al. 2004). In the one study that did address rate 
of force rise controls, patients with severe LBP showed a 
faster rate of force rise than patients with less severe LBP 
(Descarreaux et al. 2004).

All in all, the evidence for loss of muscular strength and 
rate of force rise with LBP is not consistent, although the 
large number of positive results indicates that at least a 
part of the patients’ strength is reduced. It must be kept in 
mind that measures of muscle strength and rate of force 
may be strongly affected by (fear of) pain leading to sub-
maximal muscle activation during muscle testing (Thomas 
et al. 2008), which would not necessarily generalize to 
activation in real-life situations and especially not to 
responses to perturbations. However, several disorders of 
muscle tissue have been associated with LBP. Infiltration 
of fatty tissue in the extensor musculature (Mooney et al. 
1997) and reduced cross-sectional area of the extensor 
musculature overall (Kaser et al. 2001) and of the multi-
fidus (MU) muscle specifically (Hides et al. 1994, 2008; 
Wallwork et al. 2009) have been reported. In addition, the 
fibre type composition of the extensor musculature in LBP 
patients appears to indicate selective atrophy of fast-
glycolytic fibres (Mannion et al. 1997; Demoulin et al. 
2007), although these findings were not consistent (Cross-
man et al. 2004). These changes are presumably secondary 
to decreased muscle usage following the onset of LBP.

DISORDERS OF THE  
CONTROL SUB-SYSTEM

The contribution of the active sub-system to spine func-
tion is regulated by the nervous system – loss of control 
and eventually instability might thus also arise from dis-
orders of the control sub-system. For spine function, 
sensory information providing information on the state of 
the system needs to be integrated and used to generate 
adequate control of the active sub-system. Thus both dis-
orders of the sensory system and the motor control system 
need to be considered here.

The sensory system comprises mechanoreceptors in liga-
ments, which have been suggested to have an important 
sensory function in feedback control of joint position 
(Johansson and Sjölander 1993; Sjölander et al. 2002). 
The annulus fibrosus of the intervertebral disc most likely 
serves a similar function, as it is richly supplied with 
mecha noreceptors (Yoshizawa et al. 1980; Roberts et al. 
1995). Sensory afference from spinal ligaments and the 
annulus is likely to be corrupted when passive tissue inju-
ries occur either due to damage to afferents or to changes 
in length of structures following a loss of disc height 
(Panjabi 2006). In addition, nociceptive afference from 
muscle and joint tissue has been shown to affect the activ-
ity of the gamma motor neurones (Pedersen et al. 1998; 
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to the thorax in the sagittal and frontal planes. EMG data 
were obtained for these tasks from two healthy subjects. 
Data from the two subjects were averaged to create a data 
set representative of a healthy subject and fed into the 
model. In short, EMG amplitudes were used to estimate 
muscle force and stiffness for each of the 90 muscles rep-
resented in the model. The model output summarizes the 
stiffness in each of the 18 degrees of freedom (6 lumbar 
intervertebral joints times 3 rotations) in a single number. 
Subsequently, the EMG data were manipulated to simulate 
each of three strategies separately. For strategy 1, antago-
nistic activity was increased by 20%. To test strategies 2 
and 3, the activity of TES and RA was decreased by 50% 
in separate simulations for the two strategies. The activity 
of the other muscles was increased to keep the lumbar 
moment equal.

The model predicted that for all tasks each of the three 
strategies would increase lumbar spine stiffness. The effect 
generally was strongest for the preferential recruitment of 
the LES over the TES. Simulation of all three strategies 
simultaneously had an additive effect and resulted in the 
largest enhancement of spine stiffness.

As a next step, we investigated whether patients with 
aspecific, chronic LBP use these compensatory strategies 
(van Dieën et al. 2003a). Sixteen patients were compared 
to 16 matched healthy volunteers. They performed the 
same tasks as used for the simulations described above, 
while surface EMG was measured from selected trunk 
muscles. The ratio of EMG amplitudes of antagonistic over 
agonistic muscles was calculated. For example, when the 
subject was bending forward, the sum of the abdominal 
muscles’ EMG amplitudes was divided by the sum of the 
extensors’ EMG amplitudes. In addition, the ratios of LES 
over TES EMG amplitude and of IO over RA EMG ampli-
tude were calculated.

It was found that over all conditions, LBP patients 
showed a higher ratio of antagonistic over agonistic EMG 
activity and a higher LES/TES ratio than the healthy sub-
jects. While IO/RA activity was also higher on average in 
the LBP patients, this effect was not significant.

In a second study (van der Hoorn et al. 2012), involv-
ing another group of patients and controls, similar meas-
urements were made during gait at a range of velocities. 
Again, the ratio of LES over TES was significantly higher 
and antagonistic activity tended to be higher in the 
patient group. Moreover, the magnitude of the ratios 
appeared to be related to the level of pain reported by the 
patients.

More detailed analysis of the data of the two studies 
showed that some patients did consistently use preferen-
tial recruitment of the LES over the TES, while others were 
found to consistently use increased co-contraction of 
antagonistic muscles. Moreover, discriminant analysis 
showed that a sub-group of patients could be discerned 
with an increased IO/RA ratio, even though this ratio was 
not significantly increased over the group as a whole. 

higher thresholds for both facilitory and inhibitory 
responses of the ES to transcranial magnetic stimulation 
compared to healthy individuals. The functional conse-
quences of these findings remain unclear, but the results 
may suggest problems in modulating ES activity.

MOTOR BEHAVIOUR  
IN LOW BACK PAIN

There is evidence that control over trunk posture and 
movement is degraded in LBP patients. Patients have been 
shown to be less able to precisely grade force of the trunk 
extensor muscles (Grabiner et al. 1992; Descarreaux et al. 
2004), and to perform less well in making goal-directed 
trunk movements (Descarreaux et al. 2005). In addition, 
Radebold et al. (2001) reported increased trunk sway with 
LBP in seated balancing. In a recent study, we found no 
increase in sway amplitude in subjects with less severe LBP 
during seated balancing. However, a decrease in the sway 
frequency was found, which was taken to be indicative of 
an increase in spine stiffness due to changes in trunk 
muscle recruitment (van Dieën et al. 2010).

Stiffening the spine in a feed-forward manner would 
create robust control over the spine at limited control 
effort. Therefore, we had previously hypothesized that LBP 
would coincide with compensatory changes in trunk 
muscle activity, aimed at stiffening the spine. To test this 
hypothesis, we first studied the feasibility of such adaptive 
strategies using model simulations and next we investi-
gated whether such changes in recruitment were present 
in patients with LBP.

To investigate whether muscular compensation for a  
loss of spine function is possible, we used model simu-
lations to test the effect of potential trunk muscle recruit-
ment strategies (van Dieën et al. 2003a). First, co-contraction 
of antagonistic muscles was expected to increase spine 
stiffness (strategy 1). Second, Bergmark (1989), using a 
strongly simplified model of the lumbar trunk, indicated 
that so-called local muscles, i.e. muscles that insert on the 
lumbar vertebrae, would contribute more to stiffening the 
spine than so-called global muscles, which insert on pelvis 
and thorax only. We chose to test the effect of recruiting 
the lumbar part of the ES (LES) preferentially over its 
synergist, the thoracic part of the ES (TES; strategy 2), as 
this was a recruitment pattern that could later be studied 
using surface electromyography. For the same reason we 
studied the effect of preferential recruitment of the internal 
oblique muscle (IO) relative to the rectus abdominus (RA; 
strategy 3).

Using a detailed musculoskeletal trunk model (Chole-
wicki et al. 1996), we simulated slow movements around 
the upright posture in the sagittal, transverse and frontal 
planes separately. Furthermore, we investigated mainte-
nance of upright posture against an external force applied 
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Patients with LBP may rely less on anticipation for the 
very reason of wanting to avoid spinal instability. If the 
possibilities for corrections are limited, anticipation might 
impose a risk. For this reason, patients might prefer a 
simple and robust strategy, such as co-contraction, like 
healthy subjects do when specific anticipation is impos-
sible (Lavender et al. 1993; van Dieën et al. 2003b) and 
anticipatory postural adjustments might be suppressed, as 
was found in healthy subjects when the risk associated 
with balance loss was high (Adkin et al. 2002) and in 
patient groups with problems in maintaining whole-body 
equilibrium (Latash and Anson 1996).

In conclusion, patients with LBP appear to use muscle 
recruitment strategies that increase trunk stiffness, possi-
bly as a compensatory strategy to counteract impaired 
spine function. However not all patients used these com-
pensatory strategies. Control can also be enhanced by 
optimizing active feedback control. Increasing reflex gains 
can provide increased perturbation resistance. However, as 
discussed above, no consistent indications for an increase 
in reflex gains with LBP have been found. Moreover, 
increasing reflex gains is effective only provided that the 
sensory information driving these reflexes is adequate, 
whereas it can be questioned whether feedback from 
injured or degenerated spinal structures is accurate and, as 
discussed above, proprioceptive acuity is often reduced in 
LBP. In addition, when reflex delays are too long, increased 
gains can actually cause instability, while reflex delays may 
actually be increased in LBP. These considerations suggest 
that feedback control may be less efficient in LBP.

The data presented, which indicate that most subjects 
with LBP use muscle recruitment strategies that may be 
simple feed-forward compensatory strategies for a loss of 
spine function, should be interpreted with care. LBP defi-
nitely entails more than a loss of spine function. Fear of 
pain or re-injury, which is associated with LBP (Vlaeyen 
et al. 1995), may emphasize the importance of a robust 
control strategy. Whenever the perceived probability of 
and/or the risk attached to a loss of control is large, com-
pensatory strategies can be expected to be used, whether 
warranted or not. Experimentally induced fear of pain in 
the back indeed appeared to trigger changes in motor 
control comparable to those described above (van Dieën 
et al. 1999; Newcomer et al. 2000a). Moreover, several 
studies have shown that trunk muscle activation patterns 
preceding an expected perturbation are less variable in 
patients with LBP (Moseley and Hodges 2006; Jacobs et al. 
2009), and that the prefrontal cortex is more strongly 
involved in preparing these actions than in controls 
(Jacobs et al. 2009). These findings appear to indicate 
more conscious spinal control in LBP patients. Also in 
goal-directed trunk movements, an indication for more 
cognitive involvement in the control was found in the 
form of longer deceleration times, suggesting closed-loop 
control to enhance movement accuracy in spite of impair-
ments (Descarreaux et al. 2005). In conclusion, the trigger 

Finally, in some patients no compensatory strategies were 
revealed, and in some patients evidence was found for a 
potentially counter-productive strategy, i.e. preferential 
recruitment of the TES, in line with findings by Reeves 
et al. (2006).

In contrast with the line of reasoning advanced above, 
other authors have emphasized motor control changes in 
LBP that they interpret as ineffective in stabilizing the 
spine. Expected mechanical perturbations of the trunk, 
which occur for example when rapidly raising an arm, are 
usually preceded by activation of deep trunk muscles such 
as the TA (Cresswell et al. 1994; Hodges and Richardson 
1997) and the MU (Moseley et al. 2002, 2003). This antic-
ipatory activity is delayed in patients with LBP (Hodges 
2001; Hodges and Richardson 1996, 1998, 1999). This 
delayed onset of deep muscle activity was hypothesized to 
negatively affect spinal stabilization and it has been sug-
gested that while the delay appears to be a result rather 
than the cause of pain (Hodges et al. 2003; Moseley et al. 
2004b), this could play a role in recurrence of LBP (Hodges 
and Moseley 2003; Moseley and Hodges 2006; MacDon-
ald et al. 2009). Also reactive control after unexpected 
perturbations of the trunk appears to be different between 
LBP patients and controls in a way that appears to indicate 
reduced spine function. Delayed responses of the ES in 
LBP patients were found both in a sudden release experi-
ment (Radebold et al. 2000) and a sudden loading experi-
ment (Magnusson et al. 1996). The amplitude of the ES 
response to sudden loading also was reduced (Magnusson 
et al. 1996). Short latency reflexes in the ES in response to 
sudden upper limb loading appeared unaffected, but in 
contrast to controls the latency was not shortened when 
subjects anticipated the perturbation (Leinonen et al. 
2001).

In our opinion, an alternative explanation can be 
offered for the reported findings. Anticipatory muscle 
activity may be less necessary in LBP patients, because they 
stiffen their spine by recruitment of superficial muscles as 
described above, which provides robustness against 
ensuing perturbations (Hodges and Richardson 1999;  
van Dieën et al. 2003b). Increased spine stiffness by feed-
forward strategies could also account for the delayed  
and reduced responses after a perturbation, since prior 
activation of muscles reduces the magnitude of the dis-
placement resulting from a given perturbation and the 
amplitude of the responses in these muscles to the pertur-
bation (Stokes et al. 2000). We thus hypothesize that  
the stabilizing strategies described above may account for  
the disappearance of anticipatory muscle activation and 
the consequent anticipatory postural adjustments in back 
pain patients preceding fast limb movements, as well as 
the delay and decrease in feedback responses after pertur-
bations. Observations of increased activity in other trunk 
muscles coinciding with delayed anticipatory activity of 
deep muscles (Moseley et al. 2004a) would be in line with 
this hypothesis.
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sustained trunk muscle activation may thus incur fatigue 
and discomfort (Jorgensen et al. 1988; van Dieën et al. 
2009), or even back pain of muscular origin (Visser and 
van Dieën 2006).

It has been shown that LBP patients have poor balance 
in standing compared to healthy controls (Alexander and 
LaPier 1998; Luoto et al. 1998; Hamaoui et al. 2002; 
Grimstone and Hodges 2003), especially when postural 
control is challenged by manipulation of visual (Takala 
et al. 1997; Alexander and LaPier 1998; Mientjes and 
Frank 1999; Brumagne et al. 2004, 2008; Hamaoui et al. 
2004; della Volpe et al. 2006) or vestibular (Nies and 
Sinnott 1991; Mientjes and Frank 1999) information, or 
by manipulations of the support surface (Nies and Sinnott 
1991; Takala et al. 1997; Mientjes and Frank 1999; 
Hamaoui et al. 2002; della Volpe et al. 2006; Popa et al. 
2007; Brumagne et al. 2008). When poor balance control 
leads to balance loss, the ensuing strong muscular 
responses may be a cause of (aggravation of) LBP (Oddsson 
et al. 1999; Burg et al. 2005b). Furthermore, when balance 
loss results in a fall, this can be a cause of serious injury, 
especially in the elderly (Tideiksaar 1997). In fact, fall risk 
is increased by LBP in young adults (Hollowell et al. 2007) 
and the elderly (unpublished analysis of data in the LASA 
(Pluijm 2001) cohort). Degraded postural control with 
LBP can of course be a direct consequence of the impair-
ments discussed above. However, interestingly it has also 
been attributed to a reduced use of lumbar motion to 
correct balance, due to the stiffening effect of trunk muscle 
co-contraction (Mok et al. 2004, 2007). Recent data from 
our lab, on postural sway in sitting on an unstable surface, 
show that subjects with current LBP display postural sway 
with low-frequency content (van Dieën et al. 2010). This 
is consistent with stiffening of the lumbar spine, which 
leads to sway of the body as a whole instead of pelvic and 
thoracic counter movements (Burg et al. 2006). Thus it 
appears that enhanced spine function obtained by stiffen-
ing the spine may occur at the cost of balance control.

DISCUSSION AND CONCLUSIONS

LBP is frequently associated with ‘instability’ of the spine. 
As discussed above, one path towards spinal instability 
might be a loss of mechanical stiffness of the passive 
tissues of the spine or a single spinal motion segment due 
to injury or degeneration. However, the relationship 
between LBP and loss of spinal stiffness due to injury or 
degeneration is not proven. In most cases of LBP, no spe-
cific diagnosis is made. Injury to the spine may well be a 
cause of LBP and may in fact be the underlying cause of 
many LBP cases that presently go undiagnosed (van Dieën 
et al. 1999). Also it has been shown that the presence of 
disc degeneration as diagnosed with X-ray, increases the 
probability of having LBP by a factor higher than 3 (van 

for changes in motor behaviour may be aspecific and it 
can be questioned whether control effort is indeed 
reduced. Nevertheless, we hypothesize that the control 
strategies used by LBP patients make spine function more 
robust.

COSTS OF BEHAVIOURAL 
ADAPTATIONS

Since motor control must compromise between various 
criteria, increasing robustness of spine function will likely 
have negative consequences regarding other criteria, such 
as efficiency. Increased trunk muscle co-contraction comes 
at the cost of increased spinal loading. Indeed, LBP 
patients lifting loads have been reported to expose their 
spine to higher forces than controls, although patient and 
control groups were poorly matched in these studies 
(Marras et al. 2001, 2004, 2005). These adverse effects 
appeared most pronounced during the least heavy tasks 
(Marras et al. 2005). This would imply that the risk of 
acute overloading of the spine is not much increased, but 
nevertheless risks related to cumulative loading may be 
elevated. Furthermore, low-level co-contraction of trunk 
muscles may occur in LBP patients even at rest (van Dieën 
et al. 2003c), implying that compression of the spine is 
sustained during rest. Animal models implicate sustained 
low-level compression as a cause of disc degeneration, 
allegedly due to disrupted fluid flow into and out of the 
intervertebral disc (Hutton et al. 2000, 2001, Lotz and 
Chin 2000, Stokes and Iatridis 2004, Strutton et al. 2005). 
Suppressed flow of fluid into the disc, due to sustained 
compression, would hamper recovery of disc height. 
Therefore, reduced recovery of stature in LBP patients 
during rest after exercise, which is correlated to trunk 
muscle activity during rest (Healey et al. 2005a, 2005b), 
indeed suggests that fluid inflow may be impaired by sus-
tained muscle contractions in these patients. The different 
muscle recruitment strategies found in LBP as described 
above will likely differ in terms of these costs. For example, 
some LBP patients used increased antagonistic co- 
contraction to stiffen the lumbar spine, whereas others 
used preferential recruitment of LES over TES. The latter 
strategy appeared more effective in stabilizing the spine 
(van Dieën et al. 2003a), and is probably less costly in 
terms of spinal compression. Such differences in cost–
benefit ratio may well have clinical relevance.

Sustained low-level muscle activity, as was found in 
some patients (van Dieën et al. 2003c), may have harmful 
effects, when local circulation is compromised, or when 
the same motor units are continuously active (Visser and 
van Dieën 2006). Recently, we showed that trunk extensor 
contractions at intensities as low as 2% of maximum acti-
vation can cause fatigue manifestation over the course of 
half an hour (van Dieën et al. 2009). Patients that do show 
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et al. 1995; Andersson 1999). Invariably, LBP affects 
motor behaviour, which to a large extent accounts for its 
disabling effects. Unfortunately, the relationship between 
musculoskeletal disorders and motor behaviour is poorly 
understood and the literature lacks a theoretical frame-
work to guide the development of a more appropriate 
understanding. Consequently, the (para-)medical disci-
plines involved lack a basis for treatment and outcome 
evaluation with respect to motor function. This severely 
hampers clinical practice. For disorders with major tissue 
damage, treatment aims at reconstruction or replacement 
of structures, without a follow-up to optimize functional 
outcome. For disorders without major tissue damage, 
(conservative) treatment options often lack a clear ration-
ale that can be translated into a successful approach. In 
the case of LBP, different therapeutic interventions, for 
example exercise therapies, abound, often based on mutu-
ally contradictive principles, while overall clinical success 
is marginal (van Tulder et al. 1997b, 2000). Although 
clinical guidelines emphasize that patients with musculo-
skeletal disorders should remain physically active, these 
usually pay no attention to the quality of motor behaviour. 
In the context of loss of spine function in LBP, the above 
suggests a role for motor training to enhance the use of 
compensatory motor strategies, to counteract muscle 
atrophy and possibly to de-learn compensatory changes 
when these occur at high costs, especially when the under-
lying problem has been resolved. However, to make this 
possible, future research will need to provide the methods 
to allow clinicians to assess the adaptive and maladaptive 
aspects of motor behaviour that may be present in a spe-
cific patient or sub-group of patients. Such research will 
need to address motor control changes (feedforward as 
well as feedback) in relation to mechanical integrity of the 
spine (e.g. based on MRI grading of disc degeneration) and 
address the relationship of these factors to recurrence and 
prognosis in LBP, to differentiate between adaptive and 
maladaptive changes in motor behaviour.

Tulder et al. 1997a). The literature on patho-anatomical 
findings in relation to LBP however clearly shows that the 
relationship between such findings and pain is stochastic. 
Some people may have substantial degeneration, without 
symptoms, others may have severe symptoms with no or 
negligible degeneration. In fact, the data described above 
may explain this disparity. First, the relationship between 
imaging-based gradations of degeneration and spinal stiff-
ness is not perfect and moreover non-linear (Quint and 
Wilke 2008). Second, when active compensation for loss 
of spinal stiffness is possible, such a loss does not neces-
sarily lead to symptoms.

A second route towards spinal instability might be 
through muscular disorders. The literature reviewed above, 
however, suggests that muscular changes may usually be 
secondary to LBP. Also the third route towards instability, 
through disorders of the control sub-system, appears a 
secondary phenomenon rather than a primary cause. In 
the case of a loss of proprioceptive acuity, this would 
appear to be due to nociception or injury to structures 
containing mechanoreceptors. For disorders of the motor 
control system, evidence based on behavioural measures 
also indicates a secondary phenomenon, since similar 
behavioural changes are usually found in induced pain 
experiments. Furthermore, the functional implications of 
changes in motor behaviour remain as yet unclear as  
these have been interpreted as adaptive but also as 
maladaptive.

One could argue that the question as to primary cause 
or secondary phenomenon is not very relevant in a 
dynamic system with compensatory interactions between 
sub-systems. Reduced capacity of any of the sub-systems, 
whether pathological or within the normal range, could 
set the stage for a loss of spine function and eventually 
instability. Moreover, secondary phenomena may be the 
primary cause of recurrence.

Low back pain is widely prevalent, entails major costs, 
and can severely compromise quality of life (van Tulder 
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INTRODUCTION

There is no doubt that movement is changed in pain. 
Whether these changes precede or follow the onset of pain 
is not always clear. Although some changes may be protec-
tive and potentially beneficial (at least in the short term), 
others are not. It is our contention that adapted strategies 
are not ideal and clinical benefit can be derived from 
rehabilitation of motor control to either reduce pain and 
disability, prevent recurrence of symptoms, or prevent the 
first onset of back pain. There are differing views of the 
methods that can be used to change motor control and 
differing views of what the clinical objective should be 
when aiming to change motor control. It makes sense that 
the response to both these issues will vary when applied 
to individual patients as a function of differences in their 
strategy of adaptation, their pain presentation and their 
functional demands. Attempts to restore optimal spine 
control will require consideration of multiple aspects; 
from strategies of muscle activation to the patient’s posture 
and movement patterns, and consideration of the interac-
tion between motor control and psychological aspects. 
This chapter discusses new ideas about the basis for adap-
tation in the motor system with pain and injury (Hodges 
and Tucker 2011), the challenge to determine the clinical 
goal for the individual patient, and considerations regard-
ing application of this information for rehabilitation.

CHANGES IN MOTOR CONTROL IN 
LUMBOPELVIC PAIN

Many factors may be responsible for adaptation in motor 
control. Although nociceptor discharge and associated 
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pain. There is also evidence of compromised activity of 
other muscles, but this is generally restricted to specific 
patient subgroups. Examples include delayed/reduced 
gluteal muscle activation in people with sacroiliac joint 
dysfunction (Hungerford et al. 2003) and Janda’s ‘distal 
cross syndrome’ (Janda 1978), reduced cross-sectional 
area of psoas in sciatica (Dangaria and Naesh 1998) and 
reduced/delayed activity of superficial trunk muscles in 
some individuals (Hodges et al. 2013).

Compromised muscle morphology and behaviour have 
been interpreted to imply the spine is ‘unstable’. There is 
good evidence that deep muscles, such as transversus 
abdominis and multifidus, contribute to lumbopelvic 
control (Tesh et al. 1987; Kaigle et al. 1995; Wilke et al. 
1995; Hodges et al. 2003a; Barker et al. 2005). However, 
their mechanical contribution is not straightforward. For 
instance, although the contribution of transversus 
abdominis has been modelled in terms of torque genera-
tion (Kavcic et al. 2004), it is likely to have a greater effect 

pain is a major stimulus, other stimuli are likely to be 
responsible for changes in movement (e.g. anticipation/
threat of pain, postural habits, competition between the 
multiple physiological functions of the trunk muscles such 
as contributions to breathing and continence, in addition 
to spine control). Regardless of the stimulus for adapta-
tion, not all components of the muscle system are affected 
in the same way, nor are the changes identical between 
individuals or between tasks. When individual parts of the 
trunk muscles system are considered in isolation this can 
lead to incomplete interpretation of the net effect on lum-
bopelvic control. A key issue is that although some changes 
suggest compromised control, others suggest augmented 
or even excessive control. It is our contention that reha-
bilitation should aim to optimize control to match the 
individual’s abilities to their functional demands and this 
may require augmentation or reduction of muscle activity, 
or both.

Motor control changes that suggest 
compromised lumbopelvic control
Acute and chronic lumbopelvic pain are associated with 
changes in morphology and behaviour of a number of 
muscles, this commonly includes the deep trunk muscles 
such as transversus abdominis and multifidus (Fig. 6.1). 
Atrophy and fatty infiltration of the multifidus muscle 
have been common observations since the 1960s (Knuts-
son, 1961; Hides et al. 1994; Danneels et al. 2000). These 
changes are present at multiple spinal levels in people with 
persistent problems (Danneels et al. 2000), but are more 
localized in acute pain, can occur within days of an acute 
episode (Hides et al. 1994) and has been replicated in an 
animal model of intervertebral disc lesion (Hodges et al. 
2006). Behaviour of multifidus is also modified with 
reduced (Sihvonen et al. 1997; Kiesel et al. 2008; Mac-
Donald et al. 2010) or delayed (MacDonald et al. 2009) 
activity in people with persistent problems. Activity of 
transversus abdominis is compromised in a number of 
ways including delayed activity (Hodges and Richardson 
1996), reduced activity (Hodges et al. 2003a; Ferreira et al. 
2004) and a change from persistent to phasic activity 
(Saunders et al. 2004a). The deep location of these 
muscles means that invasive measures of activity (e.g. 
intramuscular electromyography electrodes) are required. 
This has precluded widespread investigation of these 
muscles. Ultrasound and MRI provide a non-invasive 
measure of changes in morphology. Yet, although changes 
in muscle morphology are related to activity and can be 
used to infer activation of the muscle (Misuri et al. 1997; 
Hodges et al. 2003c), the relationship is affected by many 
issues such as contraction type (eccentric, concentric, iso-
metric), contraction intensity and activation of adjacent 
muscles (Hodges et al. 2003b).

Compromised deep trunk muscle morphology and 
behaviour occurs in many individuals with lumbopelvic 

Figure	6.1 Dynamic control of the spine involves a spectrum 
of control strategies that range from co-contraction stiffening 
to more dynamic control strategies that involve carefully 
timed muscle activity and movement. Multiple factors such 
as load, movement, predictability, proprioceptive function 
and error tolerance are likely to influence the selection of the 
appropriate dynamic control strategy. 

Dynamic
 Deep muscle – tonic, early
 Superficial muscles – timed bursts
 Movement

Stiffening
 Co-contraction/bracing
 Restricted movement

Low load High load

High movement Low movement

High predictability Low predictability

Ideal proprioception Poor proprioception

High error tolerance Low error tolerance
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minimal activity is required to maintain the body against 
gravity, and trunk muscle activity in this position is main-
tained to contribute to spine stability (i.e. to ensure main-
tenance or return to the position if perturbed) (Cholewicki 
et al. 1997). During the period of pain, net trunk muscle 
activity increased in the mid position to augment stability. 
However, the most interesting and clinically relevant 
observation was that every subject used a different strategy 
to achieve the increase in activity, and theses strategies 
involved unique patterns of increased and decreased 
muscle activity. There were some similarities between 
groups/clusters of individuals. Many factors may influence 
the selected strategy, such as body anthropometrics,  
postural parameters, habitual strategies, and functional 
demands (e.g. involvement in sports with high rotational 
demand). Similarities between clusters of individuals may 
relate to the subgroups that present in back pain patients 
that have been described by other authors (Kendall and 
McCreary 1983; Sahrman 2002; O’Sullivan 2005).

Why does the nervous system adapt by augmentation of 
muscle activity? Increased activity is likely to be a strategy 
to protect the body region from further pain or injury, or 
the perceived potential for further pain or injury. It is 
important to note that not all people adapt with increased 
activity and the adaptation is not always consistent with 
protection, but this is a common presentation.

Data of augmented activity of superficial trunk muscles 
provide an alternative picture of the motor control strate-
gies adopted in people with lumbopelvic pain. Although 
compromised activity of deep muscles implies reduced 
robustness of the system, augmented activity of the more 
superficial muscles implies increased protection. This 
solution can be better understood by consideration of 
lumbopelvic control along a continuum from more static 
strategies at one end to more dynamic solutions at the 
other (Fig. 6.1). Stability of the spine has often been con-
sidered only from a static perspective with respect to the 
potential to maintain position when perturbed (McGill 
et al. 2003). The contemporary view is that the spine must 
be considered dynamically; optimal function of the spine 
requires control during movement (e.g. moving the spine 
through a range of motion) (Hodges and Cholewicki 
2007; Reeves and Cholewicki 2010), and movement also 
provides a solution to maintain stability (e.g. movement 
in preparation for reactive moments from arm movement 
(Hodges et al. 1999) ). At the static end of the spectrum 
the spine is controlled primarily by stiffening strategies 
such as co-contraction of large flexor and extensor muscles, 
such as occurs when the load is high (Cholewicki et al. 
1991) or the forces are unpredictable (van Dieën and de 
Looze 1999). At the other end of the spectrum, the spine 
is controlled in a more dynamic manner with carefully 
timed alternating bursts of activity of superficial muscles 
with underlying tonic and early activity of deep muscles, 
such as occurs during arm movements (Hodges and Rich-
ardson 1997a, 1997b) and walking (Saunders et al. 

on the spine via its contribution to intra-abdominal pres-
sure (Cresswell et al. 1992; Hodges et al. 2001a, 2003a) 
and tension of the thoracolumbar fascia (Barker et al. 
2005). As these muscles attach to individual spine seg-
ments they have an advantage to ‘fine-tune’ control at the 
level of intervertebral motion. Another advantage is that 
these muscles appear to improve the quality of control, 
without compromising range of motion; i.e. they enhance 
control within the range of motion (Kaigle et al. 1995). 
Considering the potential of deep muscles to contribute 
to spine control it is reasonable to conclude that if this 
contribution is reduced, then spine control will be 
impaired. Hypothetically this impairment would be likely 
to change spinal loading. Yet the net effect will depend on 
adaptation in the other parts of the system.

Several questions remain to be answered. First, it is 
necessary to determine whether reduced activity of 
muscles, including the deep muscles, changes the quality 
of control of the spine and pelvis, and second, it is neces-
sary to establish whether such changes contribute to the 
development of pain or recurrence of pain and/or injury. 
These questions are currently under investigation in large-
scale longitudinal experiments.

Motor control changes that suggest 
augmented lumbopelvic control
In contrast to observations of compromised activity of 
deep muscles, other work suggests that lumbopelvic 
control is enhanced/augmented in pain. When pain is 
induced experimentally by injection of hypertonic saline 
into the lumbar longissimus, in addition to a relatively 
uniform effect on the timing (delayed) and amplitude 
(reduced) of activity of transversus abdominis, activity of 
one or more of the more superficial trunk muscles is aug-
mented, but uniquely for each individual (Hodges et al. 
2003a). This observation of individual variation is sup-
ported by other work. Radebold et al. (2000) showed 
delayed reduction of activity of the trunk muscle in 
response to removal of a trunk load, i.e. muscles remained 
active for longer, which can be interpreted as overactivity. 
Close inspection of the data shows not all participants in 
the study adapted in the same manner. Whereas the offset 
of activity of obliquus externus abdominis was delayed in 
the group analysis, this was not the case for all individuals, 
and those with unchanged activity of this muscle com-
monly had changes in one of the other trunk flexors. 
Further, a comprehensive review by van Dieën et al. (2003) 
highlighted augmented activity, but with variation between 
individual subjects and studies.

Recent work has tested the hypothesis more directly in 
response to acute experimental pain. Recordings were 
made from multiple superficial trunk muscles with surface 
electromyography electrodes during slow trunk move-
ments (Hodges et al. 2013). In the mid upright position, 
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‘vicious cycle’ theory and the ‘pain adaptation’ theory. The 
vicious cycle theory proposed a uniform increase in muscle 
activity to splint the painful body segment and subsequent 
further pain due to accumulation of metabolites (Roland 
1986). The pain adaptation model proposed more flexibil-
ity in response to pain and injury with facilitation of 
antagonist muscle activity and inhibition of agonist 
muscle activity with the intention to reduce the amplitude 
and velocity of voluntary movement of the painful segment 
(Lund et al. 1991). Although data support these relatively 
straightforward theories (e.g. Arendt-Nielsen et al. 1996), 
their predictions cannot explain the variable nature of 
adaptation observed in lumbopelvic pain (van Dieën et al. 
2003). New theories are required. Observations from 
people with back pain, as described in the preceding 
section, provide the foundation for a new comprehensive 
theory to understand and explain the complex changes in 
motor control in back pain (Hodges and Tucker 2011).

The new theory hypothesizes that the motor adaptation 
to acute pain:

1. leads to ‘protection’ from further pain or injury, or 
threatened pain or injury;

2. involves redistribution of activity within and between 
muscles;

3. changes the mechanical behaviour such as modified 
movement and stiffness;

4. is not explained by simple changes in excitability of 
elements of the nervous system, but involves changes 
at multiple levels of the motor system and these changes 
may be complementary, additive or competitive;

5. has short-term benefit, but with potential long-term 
consequences.

Adaptation to acute pain leads to 
‘protection’ of the region/part from 
real or perceived risk of further pain 
and/or injury
The first element of the new theory is that the nervous 
system adopts a new strategy during pain to protect the 
painful or injured part. This is consistent with the aug-
mented activity of superficial muscles described earlier. 
Why does the spine and pelvis system need protection? 
There are several reasons why the nervous system may 
‘choose’ to adopt a new strategy during pain and injury 
(Fig. 6.2). First, this could be explained by an attempt to 
splint the injured, painful or potentially painful part. 
However, it does so in a more variable, individual-specific 
and, perhaps, task-specific manner than predicted by the 
pain adaptation or vicious cycle theories. A key feature is 
that the adaptation occurs both when there is a real injury 
(Hodges et al. 2009c), real pain (Hodges and Richardson 
1996; Hodges et al. 2003c) or simply the anticipation that 
the task may be painful (Moseley et al. 2004; Moseley and 
Hodges 2005; Tucker et al. 2012). Thus, adoption of the 

2004b). At the dynamic end of the spectrum muscle activ-
ity must be carefully matched to the demands of the task. 
Both ends of the spectrum are important and the nervous 
system selects strategies from along this spectrum based 
on demands of an individual task or the perceived 
demands/risks (Fig. 6.1). One interpretation of the 
changes in control in pain and injury is that the nervous 
system either resorts to a simpler, ‘one-size-fits-all’ strategy 
at the more static end of the spectrum with the intention 
to increase spine stiffness (as a result of the perceived/real 
increased risk to the spine) or makes errors in the selection 
of strategies along the spectrum of choices of strategies for 
spine control. In the latter case errors may be made either 
because afferent input is inaccurate (as is commonly 
reported in low back and pelvic pain (see Chapter 12 for 
review) ) or because the consequences of making an inac-
curate strategy selection are not immediately realized: that 
is, the effect of the error may not be immediately apparent 
as it may take time for suboptimal loads to have a negative 
impact on spine health, and as such the nervous system is 
unlikely to perceive the need to make any correction.

How is the new understanding of the complex adapta-
tion in the presence of pain and injury, which includes 
augmented activity, reconciled with the assumption that 
low back and pelvic pain is associated with ‘instability’? 
There is some evidence of poor control of intervertebral 
motion in association with specific groups with back  
pain (e.g. spondylolisthesis (Schneider et al. 2005) ), and 
reduced activity of deep muscles implies reduced robust-
ness of trunk control. However, if the system adapts to use 
a more protective strategy then the net effect will be 
increased stiffness. Whether a protective strategy such as 
this should be enhanced, removed or reduced and whether 
the deep muscle control should be enhanced or encour-
aged requires consideration, and is discussed below.

NEW IDEAS ABOUT THE 
MECHANISMS FOR ADAPTATION 
WITH PAIN

What is the mechanism for the diffuse and apparently 
contrasting (increased vs. decreased activity) changes in 
control of the trunk muscles in the presence of pain and 
injury? The answer is likely to involve multiple discrete 
and inter-related mechanisms that may have complemen-
tary, additive or competing effects on the system. These 
mechanisms are likely to affect control/coordination of 
muscle control/movement at multiple levels of the nervous 
system (e.g. spinal cord; motor and sensory cortices; sub-
cortical regions).

Existing theories of motor adaptation to pain are rela-
tively simplistic. Clinical observations and experiments 
involving simple systems led to the development of the 
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sensitization of nociceptors from local inflammatory 
changes in the tissues, it may be necessary to engage 
greater quality/accuracy of spine control to prevent irrita-
tion of the sensitized neurons.

Adaptation to pain involves 
redistribution of activity within and 
between muscles in an individual-
specific manner
One issue that is difficult to reconcile is that if we accept 
that deep muscles provide an important contribution to 
lumbopelvic control, why is their activity reduced rather 
than increased in response to pain and injury? Although 
compromised activity of deep muscles seems counterintui-
tive to the goal of protecting the injured part from further 
pain/(re)injury, there are several possible explanations. 
First, it may represent redistribution of activity between 

adapted strategy is not dependent on actual risk to the 
spine and pelvis.

There are other reasons that the nervous system may 
adopt a protective strategy. First, increased muscle activity 
may be required to compensate for injury to osseoliga-
mentous structures (Panjabi 1992). In this case some 
adaptation may be necessary for function. Second, muscle 
activity may be increased to provide a simplified solution 
to protect the spine if sensory information is not available, 
corrupted (Panjabi 2006) or ignored (Brumagne et al. 
2004) by the nervous system. If the consequence of move-
ments or loads cannot be sensed or predicted accurately 
(as a result of a compromised internal representation of 
the body built up on faulty sensory information) then a 
simple protective strategy may be the best solution. Third, 
adaptation to augment activity of the more superficial 
muscles of the trunk may be necessary to compensate for 
compromised activity of the deeper trunk muscles (Mac-
Donald et al. 2010). Fourth, in the presence of peripheral 

Figure	6.2 Possible mechanisms and consequences of changes in morphology and behaviour of the trunk muscles. 
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of back pain. Although it was not possible to separate  
the active and passive contributions to trunk stiffness, 
increased stiffness is consistent with the proposal that the 
nervous system attempts to protect the spine from further 
pain and injury by augmented activity of superficial trunk 
muscles. These superficial trunk muscles have a mechani-
cally superior capacity to increase trunk stiffness than the 
deeper muscles (McGill et al. 2003). Stiffness and stability 
are not equivalent, however, but increased stiffness may 
prevent displacement and provide one solution when the 
goal is to maintain static stability of a posture.

Data from the same study showed reduced damping. 
Damping refers to attenuation of velocity. A well-damped 
system, when perturbed, will return to equilibrium rela-
tively quickly when perturbed. A poorly damped system 
will continue to oscillate. In many functions, high damping 
is likely to reflect more ideal spinal control and involves 
fine-tuned activity of trunk muscles. This activity may be 
pre-planned by the nervous system (Aruin and Latash 
1995; Hodges and Richardson 1997a) or involve reflex 
activation to an unpredictable perturbation (Stokes et al. 
2000; Moseley et al. 2003), or a combination of both  
of these mechanisms (Hodges et al. 2001b). Reduced 
damping could be a consequence of increased stiffness or 
a compromised ability of the nervous system to coordinate 
muscle activity (e.g. reflex responses).

What is the mechanical consequence of reduced activity 
of deep muscles? This is likely to be difficult to measure. 
If augmented activity of the superficial muscles increases 
spinal stiffness, the consequence of reduced activity would 
likely be masked from simple measures of joint control. 
It is probable that reduced damping may be related to 
compromised function of the deep paraspinal muscles 
(particularly multifidus) as these muscles, with a high 
density of muscle spindles (Nitz and Peck 1986), are likely 
to be the ones that are most sensitive to small motions 
(Chapter 12) and have the anatomical arrangement with 
the optimal potential to fine-tune control of individual 
segments (Moseley et al. 2002). Other work using radio-
graphic methods (including fluoroscopy) have shown 
changes in coordination between translation and rotation 
(Schneider et al. 2005) that may be related to changes in 
deep muscle activity. This requires clarification.

Adaptation involves changes at 
multiple levels of the motor system
As alluded to in the preceding sections, the complex 
nature of motor control changes in lumbopelvic pain 
involves the interplay of multiple mechanisms that may 
be complementary, additive or competitive (Fig. 6.2). A 
first consideration is the mechanisms for augmented activ-
ity of the more superficial muscles. This adaptation could 
represent a modified solution to meet functional demands 
(e.g. increased gain of postural responses and/or a new 
simplified solution to stiffen the body part rather than use 

deep and superficial muscle systems. If activity or contrac-
tility of the deep muscles is negatively affected by pain, 
inflammation or disuse (see below), then activity of the 
superficial muscles may need to be enhanced to compen-
sate, as suggested above. A contrasting possibility is that 
activity of deep muscles may be redundant if the spine is 
already stiffened by the augmented activity of superficial 
muscles. This may not be optimal, as many of the super-
ficial muscles do not share the same potential to ‘fine-tune’ 
control of the intervertebral segments due to their lack of 
direct attachment. The nervous system may reorganize the 
activity of muscles to find a new solution that is less pro-
vocative (greater stiffness or splinting may provide greater 
protection despite greater compression, in the short term), 
less risky (the potential for error is less if the spine is 
simply stiffened, rather than needing to perfectly match 
muscle activation timing and amplitude to the task 
demands) or the best alternative if the optimal strategy is 
not possible (such as reliance on greater contribution of 
the more superficial muscles if some muscles, particularly 
those that are deeply placed, are compromised by mecha-
nisms such as reflex inhibition).

Recent work has also investigated the issue of redistribu-
tion of muscle activity at the level of the motoneurone. 
The discharge rate of motoneurones (a determinant of 
force) is reduced during experimental pain (Sohn et al. 
2000; Farina et al. 2004). Although this could be inter-
preted to be consistent with inhibition of the agonist 
muscle during pain, the question remains how force can 
be maintained, despite the reduction in motoneurone dis-
charge (Hodges et al. 2008). Other strategies to mainte-
nance of force must be adopted, as discharge rate is a 
determinant of the force produced by the muscle. We have 
shown that force is maintained by recruitment of addi-
tional motoneurones that were not active prior to the 
presence of pain (Tucker et al. 2009) with redistribution 
of activity between regions of the painful muscle and its 
synergist (Tucker and Hodges 2009). The new strategy 
leads to a slightly different direction of force, potentially 
to reduce pain provocation (Tucker and Hodges 2010). 
This implies that even at the smallest level of the motor 
system there is reorganization to protect the painful 
segment, and in this case, reorganization occurs within a 
muscle.

Adaptation changes the mechanical 
behaviour of the spine
Other recent work has investigated the mechanical conse-
quences of adapted muscle responses. One such study 
involved estimation of trunk stiffness and damping in 
response to a small perturbation in a semi-seated position 
with the pelvis fixed (Hodges et al. 2009b). In contrast to 
the assumption that people with recurrent episodes of 
back pain are ‘unstable’, this study identified increased 
trunk stiffness in those with episodic/recurring episodes 
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inflammation (Herbison et al. 1979), and muscle (Weber 
et al. 1997) or joint injury (Okada 1989); can occur 
rapidly (Max et al. 1971; Fitts et al. 2000); and is mediated 
by changes in neural drive (Fitts et al. 2001). This could 
explain rapid changes in multifidus. Greater effect on the 
deeper muscles is consistent with the argument that 
atrophy from disuse (e.g. hindlimb suspension in rats) or 
microgravity is not uniformly distributed across a muscle 
(Meyer et al. 2005). Greater changes have been shown in 
slow muscles (i.e. more type I muscle fibres) (Haggmark 
et al. 1981; Jiang et al. 1992; Fitts et al. 2000) and data 
from human cadavers provide some evidence of a greater 
density of type I fibres in the deeper portion of multifidus 
(Sirca and Kostevc 1985). This may explain the localiza-
tion of the atrophy to a single segment. This may also 
explain the localization of reduced cross-sectional area to 
a single spinal level, as the shortest fibres have their great-
est bulk adjacent to the single spinous process below the 
level of origin, and if these are the fibres that are most 
profoundly affected this would be where greatest atrophy 
is identified (Hodges et al. 2009c).

An inhibitory process, such as reflex inhibition, may 
reduce neural drive to multifidus. Reflex inhibition is the 
reduction in alpha motoneurone excitability due to affer-
ent discharge from joint structures (Stokes and Young 
1984). Activity of knee extensor muscles is reduced in 
response to mechanical stimuli such as pinching the joint 
capsule (Ekholm et al. 1960), joint effusion (Spencer et al. 
1984; Indahl et al. 1997) and joint injury/surgery (Stokes 
and Young 1984). In pigs, the amplitude of response of 
the multifidus muscle to electrical stimulation of an 
intervertebral disc is reduced by injection of saline into the 
facet joint (Indahl et al. 1997). Furthermore, the response 
of multifidus to electrical stimulation of the cortex is 
increased after intervertebral disc lesion, but excitability of 
spinal networks is reduced. This latter observation suggests 
inhibitory mechanisms localized to the spinal cord 
(Hodges et al. 2009c). Other evidence comes from the 
failure of some experimental pain studies (Rother et al. 
1996; Hodges et al. 2003c; but not all (Kiesel et al. 2008)) 
to replicate changes in multifidus that have been identified 
in clinical pain. As reflex inhibition is mediated by input 
related to injury rather than pain and nociception (Stokes 
and Young 1984), it follows that experimental pain should 
not necessarily change activity of multifidus if reflex inhi-
bition is the mechanism that underlies changes in this 
muscle. Taken together these data support the mediation 
of multifidus atrophy by disuse/reduced neural input due 
to reflex inhibitory mechanisms.

Other mechanisms require consideration. Due to the 
rate of atrophy, changes in muscle components that can 
be readily modified such as water volume, may be respon-
sible. Changes in intra-muscular water have been studied  
after injury (Hayashi et al. 1997). However this did not 
explain rapid atrophy in pigs after disc lesion (Hodges 
et al. 2006). Vasoconstriction (e.g. due to changes in  

the carefully tuned response of trunk muscles). Alterna-
tively, augmented activity could be mediated by spinal or 
peripheral mechanisms such as increased sensitivity of 
muscle spindles (Pedersen et al. 1997); activation of per-
sistent inward currents to support sustained discharge of 
motoneurones, as has been shown in other conditions; 
(McPherson et al. 2008) or changes in motoneurone excit-
ability (Lund et al. 1991).

Although peripheral mechanisms cannot be excluded, 
modified motor planning to adopt a new strategy pro-
vides a viable explanation for augmented superficial 
muscle activity for several reasons. First, adaptation occurs 
in the absence of nociceptor discharge. That is, activity of 
the superficial muscles is augmented during an arm move-
ment task in the absence of nociceptor discharge when 
pain is anticipated (Moseley et al. 2004). This implies that 
simple nociceptor-dependent events in the periphery are 
not required and changes to descending inputs from 
supraspinal centres of the nervous system must be 
involved. Second, the ‘gain’ of postural adjustments is 
increased during pain. When people step down from steps 
of increasing height, activity of the gluteal muscles 
increases in amplitude and is earlier. However, when they 
step from a small step, but anticipate that they will experi-
ence pain on contact with the floor, they use a strategy 
that is normally reserved for a high step (Hodges et al. 
2009a). That is, the gain of the postural adjustment is 
increased. Third, although data from several studies show 
increased response of the back muscles (or lower thresh-
old for activation) to transcranial magnetic stimulation  
of the motor cortex (Strutton et al. 2003; Hodges et al. 
2009c; Tsao et al. 2011b), when excitability of the cortical 
and spinal networks is studied separately in pigs after 
intervertebral disc lesion, the results show increased corti-
cal excitability and reduced excitability of the spinal net-
works (Hodges et al. 2009c). Augmented activity is more 
consistent with the supraspinal changes. Recent data also 
show differential effects of experimental pain on cortico-
spinal inputs to trunk muscles; although the size of 
responses evoked in obliquus externus abdominis and 
erector spinae were increased with pain, those evoked in 
transversus abdominis were reduced (Tsao et al. 2011b). 
Taken together, these data suggest changes in higher 
motor function and motor planning contribute to the 
adaptation to motor control of the spine, including 
aspects that aim to protect the spine.

Contrasting changes of compromised morphology and 
behaviour, generally of the deeper muscles, have different 
underlying mechanisms. Although reduced activity could 
be secondary to increased spinal stiffness, other mecha-
nisms are likely. Atrophy and fatty infiltration of the mul-
tifidus muscle occurs within days of onset of acute spinal 
pain or injury (Hides et al. 1994; Hodges et al. 2006). 
Several mechanisms have been mooted. Rapid atrophy of 
limb muscles follows disuse/immobilization (Appell 
1990), tenotomy (McLachlan 1981; Meyer et al. 2005), 
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relate to separate representations of the deep/short back 
muscles and the superficial/long back muscles (Tsao et al. 
2011c). However, people with low back pain have a single 
area of motor cortex that evokes responses in both muscle 
groups (Tsao et al. 2011a). This change has been referred 
to as ‘smudging’ (Tsao et al. 2011a), and this appears to be 
related to a loss of differential behaviour of the muscles 
that is observed in this patient group (e.g. simultaneous 
onset of activity of deep and superficial multifidus in  
low back pain (MacDonald et al. 2009)), unlike pain-free 
individuals (Moseley et al. 2002). The apparent link 
between behaviour and cortex physiology again appears 
to suggest a possible physiological underpinning of the 
change in spine control strategy.

It is also important to consider the role of the sensory 
system in changes in motor control. Planning of move-
ment and the response to perturbations requires accurate 
sensory input and accurate interpretation of the sensory 
input. It has been argued that corrupted input from injury 
to receptors may underlie sensory deficit (Panjabi, 2006). 
However, as a limited proportion of the population of 
receptors that provide information about motion and 
position of a segment are likely to be affected by an injury, 
it is perhaps more likely that compromised utility of 
sensory information from the spine (Brumagne et al. 
2004) and the reorganization of sensory representation in 
the brain (Flor et al. 1997) have a greater impact on coor-
dination of movement. Inaccurate sensory information or 
interpretation of sensory information may underlie errors 
in selection of motor strategies or a shift of movement 
control to the more static end of the spectrum of solutions 
to control movement and stability of the spine, whereby 
the nervous system uses a simplified stiffening strategy 
rather than a flexible and fine-tuned solution that is per-
fectly matched to the demands of the movement.

A final consideration is the interaction between biologi-
cal and psychosocial factors in back pain. First, there is 
important interaction between multiple biological changes 
in pain that range from the response of the inflammatory 
system to spinal loading and biological changes in nervous 
system changes including peripheral and central sensitiza-
tion. Second, psychosocial aspects interact with motor 
control. For instance, anticipation of pain is sufficient to 
change motor control (Moseley et al. 2004) and the reso-
lution of motor adaptation is related to an individual’s 
beliefs about pain (Moseley and Hodges 2006). With 
respect to the latter observation, there is preliminary evi-
dence that people with unhealthy attitudes regarding pain 
may have a lesser capacity to resolve adaptations in the 
motor system after the resolution of pain (Moseley and 
Hodges 2006). These interactions may influence the 
changes in motor control in pain and are likely to require 
attention to optimize recovery. Biology, psychology, and 
for that matter social issues, cannot be considered in isola-
tion and the interaction between them must also be 
addressed.

sympathetic activity) may reduce muscle volume. Further-
more, changes could also be related to inflammatory 
effects. Pro-inflammatory cytokines such as tumour necro-
sis factor-alpha (TNF-α) and IL-6 (Jackman and Kandarian 
2004) are linked to muscle atrophy. Human studies show 
expression of TNF-α, IL-1β, IL-6 and IL-8 following disc 
lesion (Burke et al. 2002; Weiler et al. 2005) and facet 
disease (Igarashi et al. 2004). The proximity of the poste-
rior branch of the dorsal ramus (innervation of the multi-
fidus) to the intervertebral disc and facet joints places it at 
particular risk for the effects of a local inflammatory 
response with injury to either structure.

Intramuscular fat is also increased in multifidus in 
chronic back pain (Alaranta et al. 1993) and begins to 
develop rapidly after injury (Hodges et al. 2006). The 
origin of the fat cells is not completely understood, but 
may be adipoplastic or myoblastic in origin (Dulor et al. 
1998). Fibroblasts and preadipocytes are present in con-
nective tissue around muscle fibres and may differentiate 
in response to inflammation (Dulor et al. 1998). Adi-
pocytes also increase after sympathetic denervation 
(Cousin et al. 1993), which is likely after nerve lesion. 
Alternatively, there is a dramatic increase in DNA synthesis 
after injury leading to secretion of factors such as pro-
inflammatory cytokines which may in turn stimulate 
fibroblasts, preadipocytes and muscle precursor cells 
(Lefaucheur et al. 1996; Floss et al. 1997) potentially 
leading to proliferation of adipocytes (Dulor et al. 1998).

Although reflex inhibition may explain changes in mul-
tifidus, this is unlikely to explain delayed or reduced activ-
ity of transversus abdominis for several reasons. First, 
reflex inhibition involves mechanisms at a single spinal 
segment, yet the innervation for transversus abdominis is 
derived from the thoracic spinal segments (Williams et al. 
1989). Second, changes in transversus abdominis can be 
induced by anticipation of pain, in the absence of local 
injury and in response to experimental pain (Moseley 
et al. 2004). These issues suggest changes in transversus 
abdominis may be mediated by changes in motor plan-
ning. Recent studies of people with recurring episodes of 
back pain have shown reorganization of the networks in 
the motor cortex that input onto the cortical cells that 
synapse onto transversus abdominis motoneurones (Tsao 
et al. 2008). The amplitude of shift of the cortical net-
works was correlated with the delay in timing of transver-
sus abdominis activation during an arm movement task. 
Although it is impossible to infer causality, this suggests 
that timing and cortical organization are related, again 
suggesting a supraspinal mechanism for the change in 
control of transversus abdominis. Other recent data have 
also highlighted changes in cortical organization of neural 
networks with inputs onto the back muscles. People with 
no history of back pain have two areas of motor cortex 
that evoke responses in the back muscles when stimulated 
with transcranial magnetic stimulation (O’Connell et al. 
2007; Tsao et al. 2011c), and these areas are thought to 
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adaptation to walk with an externally rotated leg to avoid 
ankle dorsiflexion, which would stress the injured anterior 
talo-fibular ligament. This short-term adaptation to 
walking is likely to be a successful short-term solution, but 
with long-term consequences. To continue to walk with an 
externally rotated leg after ankle sprain would compro-
mise shock absorption through the leg as knee flexion 
would be compromised on foot strike, and fail to load the 
ligament, which is necessary to aid collagen healing. In a 
similar manner the protective strategy adopted to protect 
the spine is likely to have consequences due to increased 
load, decreased movement, decreased movement variabil-
ity, and the potential to compromise other functions such 
as balance, breathing and continence. Load from aug-
mented activity of superficial muscles is increased during 
lifting in people with low back pain (LBP) (Marras et al. 
2004). Movement of the spine is required for shock 
absorption and is used to prepare for and respond to 
perturbations (Hodges et al. 1999; Mok et al. 2007). Some 
variability in movement is also important for tissue health 
in order to vary the structures that are loaded and the load 
amplitude. Although too much variation is likely to be 
problematical, so too is too little variation (Hamill et al. 
1999). Increased stiffness from a protective muscle activa-
tion strategy is likely to impact on variation.

Finally, movement and control of the spine is important 
for other functions. Strategies that increase trunk stiffness 
are likely to compromise these functions. For instance, 
increased trunk stiffness reduces balance performance 
(Reeves et al. 2006; Mok et al. 2007), and increased super-
ficial abdominal muscle activity is likely to affect chest 
wall expansion for breathing (Smith, unpublished data) 
and place greater demand on the continence system as a 
result of increased intra-abdominal and, therefore, bladder 
pressure (Smith et al. 2007a, 2007b).

If the adaptation has negative consequences, why is it 
adopted by the nervous system? One alternative is that the 
adaptation develops over time as a result of a search for a 
new alternative that is less provocative of pain and/or 
injury and this is likely to involve trial and error (Hodges 
and Tucker 2011). Searching such as this is thought to be 
one of the outcomes of variability in movement perform-
ance (Moseley and Hodges 2006; Madeleine et al. 2008), 
although the adaptation may have long-term conse-
quences that are not immediately apparent, as they take 
time to develop. Thus the link between the adaptation and 
consequence would not be obvious to the nervous system, 
and the adaptation may become entrenched.

REHABILITATION OF MOTOR 
CONTROL IN LUMBOPELVIC PAIN

In view of the complexity of the motor control changes in 
lumbopelvic pain rehabilitation, control of lumbopelvic 

Time-course of changes  
in motor control
The preceding discussion has emphasized the role of pain 
and injury in the initiation of adapted motor control. There 
are two issues to consider. First, stimuli other than pain and 
injury may lead to changes in motor control and poten-
tially contribute to the development of pain. Several factors 
have been identified. Disuse from bed rest leads to greater 
atrophy of the multifidus muscle than the other paraspinal 
muscles or psoas (Hides et al. 2007). Breathing disorders 
(Smith and Hodges, unpublished data) and incontinence 
(Smith et al. 2007a, 2007b) are associated with changes in 
control of the trunk muscles in a similar manner to back 
pain and longitudinal studies of people with these disor-
ders provide evidence of a link to future development of 
lumbopelvic pain (Smith et al. 2009). Other examples may 
be habitual movement patterns or postures.

Second, there are likely to be differences between the 
adaptation in the acute and chronic phases. Acute pain is 
likely to be associated with more predictable adaptations 
in control. Changes in chronic pain are more variable. For 
instance, morphological changes in multifidus differ 
between acute and chronic pain; changes are localized in 
acute pain (Hides et al. 1994; Hodges et al. 2006) but 
more diffuse in chronic pain (Danneels et al. 2000)). Fur-
thermore, the relevance of psychosocial factors (Boersma 
and Linton 2005) changes over time and their interaction 
with biological variables is likely to change also.

Regardless of the initial mechanism for modification in 
motor control, once a person is in the cycle it is likely to 
be self-perpetuating. When a patient presents with pain, 
the challenge is to break the cycle. It is also likely that 
motor control changes may contribute to the recurrence 
of pain. Numerous studies have shown that changes in 
trunk muscles’ morphology and behaviour (Hodges and 
Richardson 1996; MacDonald et al. 2009) and the 
mechanical properties of the spine (Hodges et al. 2009b) 
are present during remission from symptoms. Whether 
these changes are related to recurrence and how they inter-
act with other biological, psychological and social factors 
is a topic of ongoing longitudinal research.

Adaptation has short-term benefit, 
but with potential long-term 
consequences

It follows that compromised activity, particularly of the 
deep muscles, would have negative consequences for the 
spine, but does augmentation of trunk muscles’ activity 
have consequences for the spine? At first glance, and in the 
short term, an attempt to increase spine protection seems 
logical but this may have long-term consequences. Con-
sider the example of the protective strategy adopted after 
ankle sprain. After ankle sprain it is common to adopt an 
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but rather as a training stimulus to encourage improved 
use of these muscles in function.

Training of dynamic control must be individualized for 
the patient. If a protective stiffening strategy has been 
adopted it is likely to be beneficial for this to be reduced. 
This may initially involve reduction of activity of superfi-
cial muscles. However, it would be critical to find a balance 
between what is needed to meet functional demands, 
what is needed to compensate for any osseoligamentous 
insufficiency and what exceeds the demands of function. 
On the basis of evidence of the role of the deep muscles 
in spinal control and the changes in this system (see 
above), rehabilitation involves training of deep muscle 
activation as a component of dynamic control of the 
spine.

Many other aspects require consideration to optimize 
function, yet their relevance depends on the individual 
patient. Such issues include training of dynamic control 
of more superficial torque producers, rehabilitation of 
proprioceptive function, modification of real/perceived 
error tolerance, retraining of static control as one strategy, 
and rehabilitation of dynamic strategies. An additional 
goal is to manage the attitudes and beliefs about pain that 

pain requires a comprehensive approach to restore dynamic 
control that addresses the multiple muscle systems and 
multiple levels of the nervous system (Fig. 6.3).

Motor control training approach
A key aspect is the requirement for thorough assessment 
to determine the elements of the system that require  
rehabilitation. Assessment involves determination of the 
aspects of motor control that: may be provocative; may 
compromise the robustness of stability; and may be neces-
sary to compensate for osseoligamentous injury. Training 
then aims to optimize spinal loading, reduce irritation, 
encourage normal movement and provide appropriate 
sensory input. This involves the training of controlled 
compliance of the spine rather than training of rigidity. 
This is achieved by correction of identified changes in deep 
muscle activation, changes in superficial muscle control 
(whether this requires increased or decreased activity), and 
optimization of posture and movement. Training of deep 
muscles may initially involve training their activation 
independently from the other trunk muscles, not to 
encourage activation of these muscles alone in function, 

Figure	6.3 Components that require consideration in order to reach optimal dynamic control of the spine in the management 
of patients with low back pain. 
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than other interventions (Macedo et al. 2009), these 
studies have only been undertaken on generic back pain 
populations where the effect size is expected to be smaller. 
A recent study showed that even in a group of people who 
are difficult to treat (i.e. those from low socio-economic 
areas with co-morbidities and a long duration of pain), 
they do better with this intervention than graded activity 
in the short term (Ferreira et al. 2007), and they do better 
than treatment with a placebo (Costa et al. 2009).

The clear challenge for the future is to identify those 
who respond best to motor control interventions and 
target them. Some attempts have been made to identify 
groups who have ‘clinical instability’ (Kiesel et al. 2007). 
However, it is our view that motor control interventions 
have a place in many individuals who have adapted the 
way that they move in pain, across a spectrum from those 
with too little control to those with too much. A clear goal 
in people with chronic symptoms is to identify the appro-
priate balance between strategies to manage movement 
and strategies to manage beliefs and attitudes about pain; 
both of which must be addressed. This is a topic of current 
clinical trials.

CONCLUSION

In summary, it is our contention that benefit can be gained 
in many individuals with back pain by addressing their 
motor control in rehabilitation. There is sufficient evi-
dence from clinical trials and basic physiology and biome-
chanics to consider that motor control is relevant for a 
person’s pain presentation. However, it is also clear that 
all patients must be considered as individuals to identify 
the components of their motor control strategies (includ-
ing posture, movement and muscle activation) that may 
or may not be relevant to their outcome. The challenge for 
the future is to identify who should be treated, how and 
when, and how it should be combined with or replaced 
by other interventions (e.g. cognitive behavioural therapy). 
It is likely that many individuals need a combination of 
education on how to move and attempts to change their 
attitudes and beliefs about pain and their abilities.

may be associated with poor recovery and non-resolution 
of symptoms.

Effectiveness of motor  
control training
Does motor control training change the control of the 
trunk muscles? There is increasing evidence that motor 
control training can change control of deep and superficial 
trunk muscles. These studies show that a single session of 
learning to independently activate the deep trunk muscles 
improves their activity in an untrained functional task 
(Tsao and Hodges 2007, 2008). This can be improved 
further and maintained in the long term by repeated train-
ing (Tsao and Hodges 2008). Activity of superficial muscles 
can also be reduced (Tsao et al. 2010). Activity of the deep 
muscles, as a marker of motor control, cannot be changed 
simply by activating the muscles (such as during a sit up 
(Tsao and Hodges 2007) or other tasks (Hall et al. 2009)) 
and is dependent on the quality of practice (Tsao and 
Hodges 2007). Although some studies and case reports 
suggest activity of the deep muscles can be improved with 
manipulative therapy (Marshall and Murphy 2006; 
Brenner et al. 2007; Gill et al. 2007), this does not appear 
to be the case in the long term (Ferreira et al. 2007). There 
is also evidence that activation of the deep muscles at 
baseline can be used to identify those who respond best 
to motor control training (Ferreira et al. 2009, Unsgaard-
Tøndel et al. 2012) and changes in coordination of trans-
versus abdominis is linked to the clinical outcomes of the 
intervention, such as pain and disability (Ferreira et al. 
2009, Vasseljen and Fladmark 2010).

A number of clinical trials and systematic reviews have 
highlighted the efficacy of motor control training for the 
management of lumbopelvic pain (Macedo et al. 2009, 
Ferreira et al. 2006). A basic conclusion is that when the 
intervention is applied to specific subgroups (e.g. spondy-
lolisthesis (O’Sullivan et al. 1997), acute unilateral low 
back pain (Hides et al. 2001), pregnancy-related pelvic 
girdle pain (Stuge et al. 2004)) the approach has a large 
effect size. However, when the intervention is used on a 
generic population the effect size is smaller. Although it 
has been argued that motor control training is no better 
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with a wide spectrum of back disorders with the directive 
to treat them. Most would not be able to conduct an assess-
ment, interpret the results, prescribe a plan to eliminate 
the cause, prescribe a plan to address the deficits and 
prevent further pain and disability. But this is the clinical 
reality that clinicians must face and their impressions after 
helping or failing with patients builds their perspective. On 
the other hand, some clinicians may state, ‘my treatment 
approach works because XXX’. Is the effect real and did it 
produce the best outcome? A wise clinician once stated, 
‘Nothing ruins clinical efficacy like patient follow-up’. I 
believe a scientist exposed to clinical reality and a clinician 
exposed to the scientific process produces a discourse that 
fosters both better science and clinical practice.

2. Is spine ‘stability’ the best term 
– or should it be ‘stiffness’?
Spine stability has many meanings and interpretations. In 
my conversations with Professor Hodges he lamented that 
the term ‘hollowing’ was not the best choice while I 
lamented that ‘stability’ falls into the same category. The 
stability needed to prevent falling off a bike or when 
walking is different from Euler column stability needed to 
prevent buckling under load. Being stable is a similar state 
to being pregnant – one is or is not. However, stiffness  
is a variable. Stiffness is increased or decreased through 
muscle activation and joint position to modulate vertebral 
motion from applied load. In the spine, stiffness is created 
to allow the joints to withstand anticipated load that 
could be in a compressive, shear or bending mode. Insuf-
ficient stiffness would allow micromovements that cause 
pain. This is what happens during provocative testing of a 
patient by a clinician, where load is applied that causes 
pain, and the clinician works to find co-contraction pat-
terns that produce enough stiffness so that the pain disap-
pears. This description accommodates shear loads and 
microdisplacements while typical descriptions of stability 
do not. It also helps to address static verses dynamic  
stability. Reflex activity is reflected in the muscle electro-
myography (EMG) and is captured in the instantaneous 
estimates of stiffness which can be compared to the 
applied load, from whatever direction or mode, to deter-
mine if micromovements will be arrested. Thus determin-
ing the stiffness state of the system, and testing it with 
dynamic load to see if micromovements are contained, is 
probably a better description of what is needed for analy-
sis of spine ‘stability’.

3. Studies on ‘back pain’ are not 
helpful – particularly RCTs
Consider the claim: ‘Recent randomized controlled trial 
(RCT) on “leg pain” shows “taking pills” or “doing exer-
cise” to be ineffective’. A trained clinician or scientist 

Research needs more clinical practice
And

Clinical practice needs more research

Dr Steven Rose, St Louis

INTRODUCTION

This chapter contributes answers to the question, ‘What 
are your opinions on the links between back pain and 
motor control?’ Opinions are listed in no particular order 
of importance. The format of stating them as a list is 
intended to focus discussion. They are intentionally pro-
vocative to serve this purpose.

The opinions in this chapter have been formed from 
clinical experience with patients, through my work as a 
consultant to governmental and non-governmental health 
organizations, industry and athletic organizations, and 
working as a professor/scientist. It cannot be stated which 
perspective was most influential but each was certainly 
important.

Finally, the term ‘motor control’ means different things 
to different people. To some it means very specific activa-
tion control of some selected muscles at low amplitudes 
without regard to the mechanical consequence of the con-
traction. To me, motor control is a much larger entity that 
includes not only the activation patterns and subsequent 
force magnitudes of both muscle and supporting tissues, 
but also the influence of the forces that result in body 
segment linkage motion, the motion of the various spine 
components, and controlled variables such as spine stiff-
ness, stability, mobility and compliance. After all, the 
muscles are controlled to create purposeful movement in 
a way to enhance performance and avoid injury. Of course 
there are links between ‘motor control’ and biomechanics, 
psychology and physiology. The biomechanist must be 
concerned with the controllers of force to understand their 
consequences. The physiologist needs to understand the 
reason for contraction to fully grasp the dynamics of 
muscle cell protein involvement in force production. And 
the psychologist appreciates that controlled motion starts 
as a thought to move (not conscious focus on activation 
of specific muscles) that is modulated by many variables 
such as personality and arousal state, to name only two.

OPINIONS

1. Dr Rose’s quote is true
Some back pain scientists have stated, ‘If it can’t be proved 
with experimental hypothesis testing then I will dismiss 
the concept’. But then give them 10 patients that present 
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daily and occupational life. Until controlled trials incor-
porate such therapeutic progressions they will not repre-
sent how effective treatments are, and will continue to 
retard development of clinical practice guidelines.

As a case in point, consider a cohort of back pain 
patients with radiating symptoms. One patient may 
become pained when lying in bed. The next patient gets 
relief from lying but experiences sharp pain when rolling 
over. There must be a different genesis to their pain. Is the 
pain from a bulging disc or from stenosis linked to arthritic 
bone changes? Each one would benefit from a quite dif-
ferent intervention, and further, the intervention that 
would help one would worsen the other. Another impedi-
ment to consuming the results of the RCT is that the clini-
cians themselves are not equal just as car mechanics or 
policemen or professors are not equivalent performers. 
The skill level of the clinician must be high to obtain 
understanding of the genesis of the pain, to obtain imme-
diate reduction in pain through modification of specific 
loads and postures, to assess the personality and learning 
style of the patient etc. Excellent clinical skill and practice 
tends to reveal more details of the pathology resulting  
in clinicians/scientists categorizing patients into smaller 
and finer detailed treatment cluster groups. Recalling the 
previous example of Fritz et al. (2005), even within the 
group benefitting from stabilization, there would have 
been a spectrum of starting dosages of exercise and even 
different exercises matched to the pain-free tolerance and 
capacity of the patient, the location of the instability, etc. 
The most challenging patients, those with intransigent 
pain, deserve to form a cluster group with an N of 1 to 
best match the specific treatment to their specific presenta-
tion. Excellent practice with difficult patients implies that 
the most logical investigative methodology is the case 
study. Thus there is a time and place for RCTs on those 
with back pain if they are subclassified with schemes best 
suited to the nature of the treatment. RCTs of non-specific 
‘back pain’ are not helpful, or perhaps even counterpro-
ductive when they are used to push agendas that are 
oblique to getting patients better with a specific approach.

Having worked with some outstanding clinicians I have 
given thought to how an RCT could be conducted on the 
clinical approach that we follow. With each patient an 
assessment is performed that takes approximately 2 hours 
to identify motions, postures and loads that are both toler-
able and problematical. Tests of specific muscle function 
may be conducted depending on whether any suspicious 
signs were observed in the provocative testing. Then cor-
rective and therapeutic exercises would be devised to 
address the specific movement disorder which includes 
both whole body movements with muscle activation pat-
terns and with joint- and muscle-specific focus. Then exer-
cise progressions would be formulated to address issues of 
muscle endurance, followed by strength and power devel-
opment should this be warranted in a particular patient. 
This is the way many elite clinicians practice, which begs 

would think this to be absurd. RCTs are important and 
provide insight when an intervention has a chance of 
being effective, or not. They make great sense when the 
mechanism of action is understood. But in this example, 
what was the leg disorder and what was the pill or exer-
cise? Thus I am left with the opinion that studies on ‘back 
pain’ have obscured the links that exist between those with 
pain and motor control issues. Back pain is not a homo-
geneous malady. There have been all kinds of RCTs and 
meta-analyses comparing treatments that have shown 
nothing works, or at least works well. This is an artefact 
due to the lack of classification of patients. For example, 
a study comparing spine mobilization approaches (e.g. 
chiropractic) with approaches for stabilization (e.g. a form 
of physical therapy) on a back pain group is not helpful 
for several reasons. There are some ‘back pain’ patients 
who will do better with mobilization while stabilization 
is contraindicated and vice versa in other patients. Without 
pre-classification of the patients the results show an 
average effect – which is zero. Then some readers of the 
‘back pain’ RCT will assume that it does not matter which 
approach is chosen, or may simply use no approach at all 
and do nothing. Some will use this interpretation for 
political gain as it may suit their purpose if exercise did 
not help. However, if the ‘back pain’ patients were assessed 
and subclassified using a system appropriate for the clini-
cal question, a different conclusion is reached. Such a trial 
was performed in a study by Fritz and colleagues (2005). 
The results showed that the ‘stiff backs’ did better with 
mobilizing interventions while the unstable backs did 
better with stabilizing approaches. Subclassifying the 
patients facilitated the identification of those who would 
benefit from a specific approach. Perhaps just as valuable 
was the insight obtained into which patients would do 
worse. The point is that a better impression is obtained 
with categorized homogeneous study groups than a het-
erogeneous ‘low back pain’ group.

The type of intervention also needs consideration. 
Consider a skilled clinician who conducts an assessment 
that may involve the utilization of some ‘clinical predic-
tion rules’ to classify patients into treatment clusters. 
However, even within a cluster different exercises may be 
tuned for dosage, starting challenge, and combined with 
prevention efforts etc. Thus given the spectrum of patients’ 
responses to any ‘exercise progression’, RCTs of singular 
treatments are of little use. Skilled clinicians would not 
use a controlled therapy consisting of a continual ‘dose’ 
throughout the process of treatment. They would begin 
perhaps with removing the physical loads that continue 
to exacerbate the painful tissues. They would choose 
appropriate corrective exercise, while combining strate-
gies for avoidance of painful movement, perhaps use 
some passive muscle manual therapy, perhaps transition 
to endurance and stability/mobility training, and perhaps 
strength training. Then they would refine the transference 
of the corrected movement patterns to the activities of 
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compression loads. Using another example, a shear- 
intolerant patient would prosper with another set of exer-
cises and avoidance strategies. This proposal would draw 
specific links to the parameters of controlled motion, 
loads and postures (all influenced by motor control) and 
the many presentations of back pain.

A classification scheme based on provocative motions, 
postures and loads forms an interesting clustering of 
patients which lends itself to different skill levels of the 
clinician. The more skilled clinicians would presumably 
form more clusters and have more clinical ‘tools’ to effec-
tively deal with the more subtle presentations of faulty 
motor control. The less skilled would be able to be as 
effective as possible within the clusters they themselves 
determined.

6. Muscles of the torso are 
fundamentally different from those 
of the limbs
Muscles of the torso are fundamentally different from 
those of the limbs from a motor control perspective. Limb 
muscles create motion, torso muscles more often stop 
motion or control motion. The simple act of walking 
requires stiffness and stability of the spine and pelvis 
simply to lift one leg for swing while supporting body 
weight on the other. Without quadratus lumborum to 
assist in the lateral support of the swing-side of the pelvis, 
walking is not possible (Parry (1984) noted walking was 
not possible in those with quadratus lumborum paraly-
sis). It neither shortens nor lengthens, but simply is acti-
vated to stiffen and stop motion. Consider opening a door 
where the hips and legs create a root to the ground, the 
arm reaches and pulls. If the spine then twists while trans-
ferring the torques up through the torso, many tissues 
become strained including the discs, ligaments, facets, etc. 
If the twisting torque is transferred through a torso suffi-
ciently stiffened and controlled not to twist, relegating the 
motion to occur in the limbs, these potentially painful 
spine tissues are spared. This is a component of ‘spine 
sparing movement strategy’. In spinal joints where small 
aberrant motions are present and cause pain, there really 
are no agonists or antagonists in the torso as all muscles 
are required to stabilize/stiffen and control motion gener-
ated elsewhere. This is an example using a lower demand 
task of daily living. In contrast, study of athletic perform-
ance (McGill (2009) contains many examples from a 
variety of sports) often shows that function is optimized 
when power is generated at the hips and transmitted 
through a stiffened ‘core’, or torso, with no ‘energy leaks’ 
(eccentric spine motion absorbing kinetic energy). This 
has a large impact on the approach to training torso 
muscles both for purposes of rehabilitation and pain 
control, and for performance enhancement. Examination 
of the architecture and mechanics of the abdominal wall, 

the question, ‘How can a controlled trial be conducted 
when every single patient has a different treatment?’ The 
option is that the entire approach could be compared to 
another approach yet there would be no insight provided 
about a controlled variable or mechanism of action.

Given the number of reports that state they studied 
‘exercise’ interventions, two more issues come to light: 
What was the exercise therapy and what classification 
scheme could be helpful? Hence the next opinion.

4. Exercise is not a generic 
intervention – studies must give 
sufficient detail of the ‘exercise’
Some studies report ‘exercise’ as a controlled independent 
variable and intervention. But any individual can be exac-
erbated with exercise that is excessive or not appropriate. 
Similarly, challenges that are well below the tolerance of 
the patient have little effect. The type of exercise, dosage, 
posture and motion, and intervals of training are a few 
variables that determine whether the exercises cause relief 
or more pain. The solution is to expect much more descrip-
tion of the reported exercise intervention to ferret out the 
link in those with back pain and motor control distur-
bances. Further, within a clinical practitioners group such 
as physical therapists, there are many philosophies and 
approaches such that scientific manuscripts that report 
‘physical therapy exercises were conducted’ are not helpful. 
Full description of the patients and the exercise interven-
tion, together with the criteria for progression within the 
programme, greatly enhances the clinical relevance and 
utility of the study.

5. Establish classification schemes 
for those with back pain that guide 
the conservative treatment
There are several patient classification schemes that exist. 
Some are based on the tissue suspected to be causing 
pain, for example ‘discogenic pain’ or ‘facet pain’. This is 
helpful for the surgeon, for example, who seeks to cut out 
the pain. In contrast, this scheme is not very helpful for 
those in physical medicine. It is proposed that classifying 
patients using motion, postures and loads that provoke 
pain will result in a classification scheme that would 
guide the clinician/patient on what to avoid, and what to 
do. For example, a compression-intolerant and flexion-
bending intolerant patient would not do well with a 
therapy that increased compression on their spine nor 
would they experience relief with flexion bending. Prob-
ably they would have to avoid spine-bending postures 
such as when tying their shoe and adopt alternate move-
ment strategies such as the hip hinge lunge to unload 
their back. Further, specific exercises would have to be 
selected that spare the painful spine from provocative 
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8. Clinical technique during 
corrective exercise matters 
(corollary of previous section)
If the previous opinion has merit then the issue changes 
from ‘it is not a matter of doing a corrective exercise’, to a 
matter of ‘doing the corrective exercise optimally’. Therapy 
can be easily modified to increase pain or take it away 
(McGill and Karpowicz 2009). The injury mechanism or 
the ‘pain-inducing’ mechanism is modulated by subtle 
postural changes and loads. Observation of some clini-
cians has convinced this author that they are oblivious to 
the role of the variables of motor control to determine the 
outcome of the patient. They do not recognize that poor 
movement represents a missed opportunity for success. 
But it is a joy to observe other clinicians who are vigilant 
to the movement flaws of the patient, correct them, and 
reduce their pain.

9. Important aspects of motor 
control have been obscured in  
the literature because functional 
variables are interrelated
A summary of the performance and injury literature would 
reveal that high power generation in the spine is problem-
atical (McGill 2009). Power is the product of velocity and 
force. If the spine is moving segmentally (high velocity) 
then the force it is bearing must be low to control risk of 
damage. If the force it is bearing is high, the velocity of 
movement must be low to control risk. Thus the combina-
tion of spine bending while under load, i.e. their relation-
ship to one another, determines the risk of the situation. 
Studying only one of the variables in isolation would 
obscure the risk potency. Consider another topic and 
example involving patient assessment. During testing of 
back extensor strength the torso, hips, shoulders and pos-
sibly limbs would need to be stiffened and stabilized to 
obtain a valid score. In contrast, the hips are designed to 
generate power with low risk. Valid hip strength and per-
formance testing would need mobility and no doubt spine 
stiffening/stability, depending on the test device. Poor 
spine stability would obscure true hip function. Likewise, 
poor hip function and control compromises back/torso 
function. In fact asymmetrical hip motion and stiffness is 
a predictor of those at risk of developing back disorders 
(e.g. Ashmen et al. 1996) as is asymmetrical strength 
(Nadler et al. 2001). Disorders elsewhere in the anatomi-
cal linkage are suspected by various clinicians to be linked 
to back pain, but as of yet remain obscured in the scientific 
literature because of the multifactorial modulators. The 
point is that involvement of one variable is influenced by 
the performance and involvement of another. Barriers to 
understanding have affected both ends of the patient pop-
ulation – from the very disabled back pain sufferer to the 

for example, shows that the wall uses the three layers as a 
structural composite to enhance stiffness and the produc-
tion of hoop stresses (Brown and McGill 2008a, 2009). 
The rectus abdominis assists the production and transmis-
sion of these hoop stresses, developed by the obliques and 
transverse abdominis, around the torso via the lateral 
tendons that interrupt the series-arranged contractile por-
tions within rectus (McGill 2007). Thus training the rectus 
with this special structure through the range of motion, as 
with a sit up for example, would not address one of the 
primary functions (actually the associated spine flexion 
with the sit up would mimic the disc herniation mecha-
nism (Callaghan and McGill 2001)). In contrast, exercises 
designed to resist impending torso motion such as ‘stir the 
pot’ would enhance this function (McGill 2009). The prac-
tical implication is that some of the motor control princi-
ples to guide progressive exercise of the limbs may not 
hold true for muscles and movement of the torso.

7. Many injury mechanisms of the 
spine are controlled, or created, by 
the chosen motor control strategy
This opinion insinuates that back pain of ‘insidious onset’ 
may not be, and that it is actually caused by the movement 
patterns ‘chosen’ by the patient. The way a task is executed 
determines the posture of the spinal joints and the subse-
quent load placed on them. The loads determine the nature 
of the tissue damage. The various types of disc damage, for 
example, have been shown to be a function of posture, 
load and morphology (McGill et al. 2009c). Specifically, 
disc herniation is a function of repeated bending (Tampier 
et al. 2007), while annular delamination a function of 
repeated twisting (Marshall and McGill 2010), and end-
plate fracture a function of repeated or excessive compres-
sion (the textbook of Adams et al. (2002) forms an 
excellent base of evidence). In summary, the habitual pat-
terns of movement and muscle activation in an individual 
determine the stress concentrations, which lead to the 
specific type of damage which influence the pain. In this 
way the motor control strategy modulates both the injury 
risk and the nature of the resulting tissue damage.

The obvious implication is that clinicians use therapeu-
tic exercise to modulate pain by changing posture, move-
ment and motor patterns in patients. Logically, injury and 
pain could be prevented the same way. But then there are 
counter arguments presented using examples of some ath-
letes who seem to defy this logic, as they move in ways 
that create enormous stresses, and appear to avoid injury. 
A comment after working with many world-class athletes 
is that they are highly selected, gifted and adapted, and 
simply fall outside of what is ‘normal’. While they are 
wonderful specimens to study, revealing mechanisms of 
exceptional function, sometimes they reveal their ‘gifts’ 
that simply are not helpful for a pained person.
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eventually be needed by any patient. For example, the jet-
lagged, fatigued traveller carrying a suitcase in one hand 
following 21 hours sitting on aeroplane seats that have no 
lumbar support and a bolster at shoulder level, further 
slumping their torso. Have they been prepared by a reha-
bilitation or training programme to meet the challenge? 
Our recent report of the spine mechanics utilized by 
strongman event athletes showed how they depended on 
the quadratus lumborum and abdominal obliques to 
accomplish one-armed carrying without failing (McGill 
et al. 2008). The task revealed the critical role of stabilizers 
such as quadratus lumborum and latissimus dorsi. It 
would be rare to have these anatomically lateral and 
frontal plane muscles as a focus in the clinic. A literature 
search will reveal that they have not received much scien-
tific attention, but they are essential for walking and car-
rying. This opinion suggests a balanced treatment of the 
variables by scientists that are linked to back disorders will 
eventually lead to enhanced clinical practice.

11. Too many rehabilitation 
approaches are polluted by body 
building principles
While it is difficult to obtain the typical sets and repeti-
tions of exercises used in clinics around the world, obser-
vation suggests that some try and isolate muscles, perhaps 
employing three sets of ten repetitions, training three 
times per week etc. The question is: are these approaches 
consistent with the principles of enhancing control of 
movement and muscles? Consider another situation of 
having a back pained patient perform a bench-press. In a 
standing posture one can only ‘press’ half of one’s body 
weight without falling over. In contrast, a standing one-
armed cable press would train the bench press mecha-
nism in a standing posture, but studies show that it is the 
torso or core musculature that acts as the limiter (an 
analysis of these mechanics, and motor patterns are in 
Santana et al. (2007)). This may be considered an extreme 
example by some until a patient is thwarted or exacer-
bated from the action of pushing open a steel door at the 
entrance of the clinic. Thus a body building exercise was 
utilized (bench press) when it was the cable press ability 
that was needed by the patient to function. This example 
does show how important torso training is for back 
health and function, and that successful back function 
depends on the motor control proficiency of the entire 
linkage.

12. The transverse abdominis – the 
disconnect between evidence and 
clinical practice
Perhaps this is the most contentious issue for many. My 
colleague Professor Hodges approaches the transverse 
abdominis (TvA) issue from a neuroscience perspective 

elite performance athlete who only experiences pain when 
challenging the world record. Athletes are interesting to 
study as they have so much to reveal about mechanisms 
of spine and segment linkage function. Admittedly many 
are puzzled that the variables that characterize superior 
performance in athletes remains quite obscure. Why are 
the best athletes not the ones who have the strongest back 
strength scores? Consider some of the outstanding athletes 
who have dominated sports that obviously require 
strength, such as ice hockey or basketball, yet when tested 
are not the ‘strongest’. Several of our recent studies have 
revealed variables that help define athletic success but they 
tend to be more neural or motor control in nature than 
strength. But it would be fair to state that many athletes 
train strength as a primary objective. For example, our 
recent study of elite mixed martial arts fighters (McGill 
et al. 2010), who need to punch and kick with speed and 
force, revealed that the fast and hard punch is initiated 
with a muscular pulse to stiffen the body to begin the 
propulsion of the arm. Then the speed of limb movement 
is enhanced with a subsequent phase of muscle relaxation. 
A second pulse is then created to stiffen the body to create 
a large ‘effective mass’ behind the impacting fist or foot. 
Thus the ability to strike very quickly and with high force 
not only requires rapid muscle contraction, but also rapid 
muscle relaxation. Without rapid relaxation the limb is 
slowed by the residual stiffness and viscosity causing poor 
performance. This is not routinely measured nor trained. 
This may be relevant to the back pained athlete who must 
react quickly. It also highlights the ‘athleticism’ needed for 
optimal function in non-athletes when a rapid response is 
needed in activities of daily living such as when arresting 
a slip, or when playing with children.

In summary, because many variables are interrelated the 
important variables of motor control have been obscured. 
Simply measuring the ‘external end effect’, such as a force 
on a transducer, or an ‘internal trait variable’, such as an 
EMG peak, from a muscle maintains the veil over motor 
control mechanisms. Post processing and modelling of the 
many variables is one approach to help enhance under-
standing, but this is much rarer in the ‘motor control’ 
literature when contrasted with other disciplines such as 
biomechanics.

10. Are clinicians training the 
critical variables or features to 
avoid the cause of back disorders 
and to enhance function and 
performance?
In many cases it is suggested that the answer is no. For 
example, consider the many ‘strength’ exercises for the 
back. Many clinics and training facilities are dominated by 
sagittal plane challenges and lifts and holds. Now consider 
the mechanics of walking and carrying a load that will 
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lumborum, latissimus dorsi and the entire erector spinae 
group (Kavcic et al. 2004). The TvA shares its tendon and 
fascial connections with the much larger and thicker inter-
nal oblique such that if it were delayed in activation, the 
internal oblique would dominate the shared tendon/fascia 
tension easily making up for any TvA deficit. There is no 
question that TvA is involved in building intra-abdominal 
pressure which is used by patients and athletes alike to 
stabilize their spine and bear more load (Cholewicki et al. 
1999). The TvA has not been shown to not contract during 
these high load situations. But even if TvA were not active, 
the much larger internal oblique would still stiffen the 
abdominal wall creating the pressure vessel which carries 
some of the spine load. Intra-abdominal pressure (IAP) is 
an important mechanism when the spine loads are high 
but not so important when the loads are low (McGill and 
Norman 1987; McGill and Sharratt 1990). Further, the 
composite structure of the abdominal wall creates a ‘super-
stiffness’ where the three layers bind forming enhanced 
strength and stiffness (higher than the individual muscles 
would suggest) which reduces the reliance on a much 
thinner and weaker TvA when creating wall stiffness 
(Brown and McGill 2008a). The internal oblique muscle 
dominates the mechanics in this regard. The biomechani-
cal approach suggests that the mechanical consequence of 
a delayed contraction onset TvA is rather small. Nor does 
a hypothesis of TvA pathology fit the many mechanisms 
of mechanical back pain. For example, consider the 
common back pain exacerbator of prolonged sitting. It 
appears that the major contributor is the flexed posture of 
the intervertebral disc. Many mechanisms dominate spine 
curvature suggesting that intervention directed towards 
them would be far more productive than changing an 
activation onset engram of TvA.

Finding patients with a delayed TvA is very difficult – 
certainly not all back pain patients have a delay while some 
normal people have a delay. It is hard to obtain an impres-
sion of the percentage of subjects within the experimental 
groups with a delay because only average scores were 
reported and the studies had 15 or fewer subjects. A recent 
study of 48 chronic back pain patients did not find a feed-
forward delay unique to TvA in either the pained or the 
control group (Gubler et al. 2010). Further complicating 
the search for unique activation patterns of TvA is that 
delays may be modulated by fatigue (Allison and Henry 
2002). One would suspect that fatigue would be an issue 
in those who respond to pain with constant guarding and 
bracing. The selection of the method to quantify the delay 
also affects the results. The choice of task affects the 
number of muscles that show delays (e.g. Cholewicki et al. 
(2002) who used a sudden load experiment rather than 
the more popular arm raise task). Finding delays in tasks 
more common to daily living would be helpful in under-
standing the motor control and biomechanical impor-
tance. For example, other variables of motor control 
disturbances are very blatant and easily measured in 

while I approach it from a clinical/biomechanical perspec-
tive. The following discourse lays out a position.

There are three (and possibly four) postulates surround-
ing the clinical focus on TvA:

1. That people with low back pain have a delayed TvA.
2. That onset delay is unique to the TvA making it a 

select and specific marker of pathology.
3. That correcting the delay will treat pain (in other 

words it will have substantial impact on the 
mechanisms associated with function and pain).

4. And if 1–3 are true: that ‘abdominal hollowing’ at 
low levels of muscle activation in a supine posture is 
a valid way of training the TvA.

The neuroscience approach tries to detect the pathology, 
and then write movement engrams to correct the dysfunc-
tion. Hence, the approach of Professor Hodges’ group of 
having a patient lie on their back to quiet the TvA muscle 
and then conduct low level contractions in isolation. 
Other clinical groups also attempt to isolate muscles to 
address other syndromes although they tend to use the 
same mental imagery to contract muscles but with much 
higher levels of contraction. For example, Professor Janda 
incorporated the gluteal muscles into the hip extensor 
pattern engram to correct the crossed pelvis syndrome 
(common in back pain individuals) with quite demanding 
contractions (Janda et al. 2007). Dr Hewett’s group has 
been very successful in reducing knee ligament injury rates 
in female collegiate basketball players by creating new hip 
dominant movement engrams (Hewett et al. 2005). Again 
the exercises require demanding contraction levels. Dr 
Kolar’s group in Prague use much more intense exercises 
for TvA contraction than the well known ‘hollowing’ 
approach (Kolar 2007). He also addresses the concerns 
regarding depressing the ribcage (to prevent rib flaring) to 
enhance breathing mechanics. He does this by having the 
patient lie on their backs but with the hips and knees 
flexed to 90 degrees. Holding this posture causes substan-
tial abdominal wall contraction. Then the breath is exhaled 
to the normal full exhalation level and then forceful effort 
continues for complete expulsion of air from the lungs. 
This greatly enhances TvA activation to substantial levels. 
This paragraph has two implications: successfully chang-
ing muscle activation engrams are usually performed with 
exercises that create substantial muscle challenge; and 
engrams can be changed by isolating single muscles and 
by re-training with groups of muscles. There are several 
clinical tools to establish ‘normal’ muscle activation 
engrams but no single approach has proved to be superior 
with patients with back pain.

The biomechanical approach is used to assess the 
mechanics of the TvA and test the feasibility of claims 
about function. The TvA is the smallest of the abdominal 
wall muscles. The forces from the TvA are small and its 
contributions to moment production and spine stability 
are dwarfed by muscles such as the obliques, quadratus 
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would be unaffected by changes in muscle force occurring 
in less than 70 ms (i.e. reported delays). It is possible that 
some patients benefit from specific TvA training. If TvA 
were missing from a contraction pattern then training to 
encode it in the pattern engram is justifiable (although this 
has not been documented thus far). TvA training may 
enhance a patient’s awareness of the existence of the 
abdominal wall and I have seen this in a qualitative  
sense (in patients who would be referred to as the motor 
awareness challenged) and appreciate the research. But 
experience suggests this is quite rare. In contrast, having 
followed every patient ever attending our clinic, this author 
is convinced that superior clinical results are achieved  
with a wide variety of abdominal activation techniques. In 
fact, encouraging muscle patterns including all muscles 
and combinations of muscles of the hips and torso  
can, in many patients, immediately reduce their pain. Con-
sider the heel drop test that induces pain in a patient. 
Often repeating this test with an abdominal brace elimi-
nates the pain. In contrast, hollowing the abdominals to 
isolate the TvA, or even the subtle visualization required 
to only activate the TvA at very low levels, rarely reduce 
pain. It is appreciated that this is usually done in a supine 
lying posture otherwise the TvA cannot be made inactive, 
but not all clinicians realize this. More often than not  
a brace (simply lightly stiffening the entire abdominal 
wall) will cause less pain. Yet occasionally a brace in  
some patients will increase their pain with this test. Alter-
natively, in such a patient, less abdominal contraction  
but more activation of the latissimus dorsi (and by  
biomechanical default pectoralis major) sometimes pro-
duces immediate relief. Obviously the contractions are 
‘tuned’ to optimize stability/stiffness/control, reduce spine 
load, reduce aberrant joint micromotion, and effectively 
reduce pain. In summary, there are two issues. The first is 
that different patterns of co-contraction can reduce or 
eliminate pain during provocative tests and it is helpful 
for patients to understand which pattern is most helpful 
for a particular situation. TvA really does not help here. 
The second issue is training TvA to be included in the 
movement engram should it be missing in some patients. 
There is evidence of what would be considered relatively 
minor disruptions in TvA in an arm raise task but no 
evidence to suggest it is substantially perturbed in daily 
activities.

There is no issue with clinicians directing clinical effort 
towards TvA in these situations. I have a major concern 
when clinical focus is directed to TvA to the exclusion of 
all of the other easily documentable pathology of move-
ment and muscle activation patterns. There are some clini-
cians who take all patients with back pain and begin 
isolation training of the TvA, even in patients who present 
with very recognizable disturbances in their motor pat-
terns which are subsequently ignored with overzealous 
focus on TvA. For example, a patient may present with 
poor posture causing chronic muscle activity which loads 

patients (these include strength, the flexion-relation phe-
nomenon, both gross and segmental spine range of 
motion, muscle fatiguability, position sense, uncoordina-
tion, endurance, balance ability, and structural character-
istics of muscles together with cognitive behavioural 
components linked to motor control, to name a few). 
However, some in the clinical community do not seem to 
collectively appreciate that many muscles display delays in 
back pain populations and that the patterns of delay 
among different muscles are helpful in classifying the 
nature of the link between motor control and pain. Instead 
they focus on TvA to the exclusion of other variables. Silfies 
and colleages (2009) reported delays in the arm raise 
experiment in several muscles. When grouping the entire 
back pain group as one there were delays in external 
oblique, lumbar multifidus and erector spinae compared 
with the non-pained control group. However, further sub-
classifying the patients into two clinical painful groups 
(not stable and stable) a different impression was formed 
as only the ‘not stable’ group demonstrated delays on 
average. Again, not all back pain patients showed a delay. 
Hubley-Kozey and Vezina (2002) demonstrated that popu-
lations of back pain subjects have many different responses 
in the motor control patterns during a task that challenged 
stability. Thus, many muscles show activation onset delays, 
and differences throughout the entire contraction pattern. 
There is no rationale that an onset delay in one muscle is 
enormously more critical than a delay in another. Further-
more, it would be more intriguing if delays were detectable 
in tasks of daily living and subsequently assessed with a 
kinetic analysis to determine the mechanical consequence 
of the delay. Delays are one minor variable, as one would 
be swayed if the entire time history of the muscle contrac-
tion pattern was distinguishable of a particular back pain 
group. Our collective work on athletic tasks suggests that 
even though muscles have different onsets their rate of 
force development is different such that the force peaks 
appear to coincide together (McGill et al. 2009a, 2009b 
both have several examples). Further, electromechanical 
delay appears to be substantially longer than most reported 
TvA delays such that the modulation of the actual force 
output of the muscle may be less affected than the mag-
nitude of an onset delay would suggest. The final issue is 
one of muscle mechanics. Muscle onset/offset is the lowest 
form of EMG evidence. Modelling the activation profiles 
of muscles and the consequence of these forces on a  
three-dimensional skeleton, and understanding the forces, 
torques, stiffness and joint loads that result from onset 
delays, suggests these delays would not matter except for 
quite ballistic tasks. For example, tasks of holding loads 
while breathing heavily would be unaffected by a 70 ms 
delay of a single muscle (Wang and McGill 2008) although 
the timing for ballistic contractions could be slightly influ-
enced (Vera-Garcia et al. 2007). However, most back pain 
sufferers are exacerbated by activities, such as prolonged 
sitting, standing and even repeated industrial tasks that 
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In summary, the answers to the postulates remain not 
fully understood and will direct future work. However, for 
those looking for a position on these issues now, I believe 
the evidence suggests that:

1. People with low back pain have a delayed TvA. Some 
people with back pain have a delayed TvA and some 
without pain have a delay. Larger studies suggest TvA 
delays are not a distinguishing feature of all back 
pain groups.

2. Delays are unique to the TvA making it a select and 
specific marker of pathology. Delays can occur in many 
muscles and appear to depend on the back pain 
classification group to which they belong. The delays 
also appear to depend on the task. But there are 
many other features of back pain that appear to be 
far more important than an activation delay. The full 
time history of the activation and force production 
of a muscle is more important.

3. Correcting the delay will treat pain (in other words 
it will have substantial impact on the mechanisms 
associated with function and pain). There is no 
evidence to support that correcting a delay is a 
superior way to reduce pain and enhance function. 
In contrast, several forms of exercise have been 
conclusively shown to be effective.

13. All muscles are important – the 
most important one at any 
particular time depends on many 
variables
When stated this opinion seems so obvious. Yet some 
clinicians appear to focus on muscles that they read about 
most often and ignore those that do not get attention in 
the journals that they read. I believe this is the case with 
TvA and multifidus. In the formative stage of developing 
the strategy to removing the cause of the pain in an indi-
vidual (by changing their patterns of movement, muscle 
activation and frequency/repetition of these) some 
muscles may be extremely important. For example, encod-
ing the gluteal muscles in the hip extension movement 
engram would be critical for those with the pain-induced 
extensor syndrome known as crossed pelvis syndrome 
(Janda et al. 2007). Changing sitting posture to make 
sitting tolerable may focus on hip flexors to flex the hips, 
tilting the pelvis forward and aligning the lumbar spine 
with less lumbar extensor contraction. Correction of the 
standing posture to minimize activation of the back  
extensors in those suffering with muscle cramps and 
spasms would be a very appropriate first step. The point 
is that all muscles will be required to execute optimal 
movement and joint loading. Many clinicians will not 
have read much about quadratus lumborum, yet the first 
functional loss from a paralyzed quadratus lumborum is 
the inability to walk (Parry 1984). It is a critical muscle 

the spine in compression. They may be bending painful 
discs because of their movement choices. Yet some clini-
cians fail to see these overt pain mechanisms and begin 
all back pain patients with isolated TvA training. Simple 
movement and posture training could have relieved their 
pain immediately. Perhaps even more disturbing is the 
number of high performance coaches from around the 
world who instruct their athletes to ‘draw the navel towards 
the spine’ to activate TvA, claiming this enhances stability 
while training or performing. Where they obtained this 
‘street level’ impression is unknown, but it must be from 
lay colleagues propagating the myth as there is no evi-
dence in the ‘scientific’ literature. A quick internet search 
will reveal a number who offer this instruction. Drawing 
the navel toward the spine reduces stability – increasing 
the distance between the abdominal wall and the spine 
enhances stability (Grenier and McGill 2007). The message 
is that back pain patients have many disturbances that 
require attention, and addressing them is justified with 
evidence for good clinical efficacy. The best initial approach 
is probably the one that has the largest potential to reduce 
pain and restore functional ability. Good clinicians have a 
wide array of clinical tools, and wisdom to use them.

The final issue deals with the patient trials where TvA 
was the focus of the intervention. Most studies involve the 
subtle ‘drawing in’ manoeuvre to re-train TvA but also 
include various abdominal exercises. It is suspect that it is 
the exercises that produce the reported clinical benefit. 
Koumantakis et al. (2005) studied two groups (one started 
with TvA-focused training and then progressed to full 
abdominal training, the other just initiated with abdomi-
nal wall training). This study suggested that in the average 
painful back, specific TvA training delayed recovery until 
full abdominal wall work was undertaken. The implica-
tion is to simply begin with stabilization training with 
exercises for the entire torso rather than any focused on 
TvA. A study by Cairns et al. (2006) also compared two 
groups: one with specific focus on TvA and multifidus 
added to active exercise typical in physical therapy; and 
the other with active exercise and manual therapy (their 
terms and definitions). This was not as clean a study as 
the Koumantakis study in that ‘manual therapy’ could 
have played a role. Nonetheless, there was no difference 
in the patient group outcome after a 12-month period.

Some clinical groups go though ‘eras’. Not too long ago 
many physical therapists were taught to teach ‘pelvic tilts’ 
to their back pained patients (without critical discussion 
of whether they needed it or not). Eras, to such groups, 
come and go. In my opinion, the practice of some thera-
pists to give TvA exercises to every patient with back pain 
is another era. This will be replaced by another in the 
future. However, it must be clarified given what I feel has 
been a misinterpretation by some. If pathology is found 
in a muscle or in any component of the spine, I am in full 
support of addressing it including TvA and multifidus 
training.
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with other components of the erector spinae in a safer way 
and in a way that patients are able to perform. There is no 
evidence of an exercise that challenges just multifidus 
separately from the adjacent erector spinae muscles or that 
any patient could produce just multifidus activation. 
Perhaps it is just a distortion of nomenclature where  
some people refer to the erector spinae as ‘multifidus’. In 
other words, there does not appear to be a ‘multifidus’ 
exercise.

16. No surgeon should be allowed 
to operate unless the cause of the 
tissue damage has been pointed out 
to the patient
First, surgery performed in cases of trauma, birth defects, 
real metastatic disease, etc. is necessary and not linked to 
issues of motor control. However, many surgical candi-
dates with back pain have a history of slow or insidious 
onset. These are the ones who generally present with 
flawed motion and motor control patterns. For example, 
a patient who presents with a posterolateral disc bulge on 
the left side at L4/L5 has probably caused it by their own 
choice of movement patterns (McGill et al. 2009c). The 
specific cause is flexion bending with a bias to the right 
(Aultman et al. 2005). If the surgeon successfully repairs 
this but the patient continues with the flawed movement 
pattern, the patient has a high risk of either compromised 
healing or presenting in the future with the same condi-
tion at another spinal level, or both. This is a movement-
based or ‘motor control’ back pain issue.

17. Motor control issues are 
probably the most important 
determinant of who will develop 
back disorders, and maintain  
the disorders
Recall that movement, resulting from muscle activation 
patterns, is included in any discussion of ‘motor control’ 
within this chapter. This opinion has been gained from 
the combination of working as a consultant to athletic 
teams and programmes together with conducting experi-
mental studies. For example, having consulted with a 
number of Olympic programmes and sports organiza-
tions, both professional and amateur, watching the move-
ment patterns of specific individuals early in the season 
motivated me to predict who would become injured and 
in what way. For example, in one team I predicted two 
players would sustain back complaints to the point of 
affecting their play (they showed the tendency to initiate 
movement with their spine rather than with their hips like 
their other teammates). Two would sustain ankle injuries 
because of the heavy pounding of poorly directed forces 

for a compromised patient when walking up stairs or for 
a person to carry a suitcase (McGill et al. 2008). While the 
task context will change, it is a critical muscle for function 
and will be needed by every single back pain patient. Yet 
many clinicians will neglect it for the simple reason that 
is has not had the same number of research studies as TvA, 
for example. It is hoped that the eventual goal of rehabili-
tation programs should be to build capabilities in tasks 
requiring movement patterns to push, pull, lift, squat, 
lunge, carry asymmetrical loads and buttress torsional 
loads without twisting. The issue is about developing 
effective movement repertoires that spare joints. All 
muscles will be challenged as they contribute to the motor 
control schema and need to be activated properly.

14. Can the mechanics of TvA be 
documented with ultrasound?
The link between TvA muscle thickening, and activation 
(EMG) is obscured by the composite structure of the three 
layers of the abdominal wall. Fascial connections between 
TvA and internal oblique cause force crosstalk between 
them (Brown and McGill 2009) such that the force devel-
oped in one muscle is transferred to its adjacent layer. 
Further, we have not been able to find a link between 
muscle thickness and activation level, questioning whether 
the ultrasound measurement tool reveals biomechanical 
force production and function (Brown and McGill 2008c). 
For example, because of the composite wall architecture, 
a relaxed external oblique will thicken upon activation of 
internal oblique, falsely creating the illusion that it has 
been activated. Further, the relationship between activa-
tion, force production and stiffness is highly non-linear 
(Brown and McGill 2008b). In such a system every single 
variable would have to be controlled to evaluate and inter-
pret the activation state of a muscle and then the measure-
ments of ‘muscle thickness’ would need to be ‘reprocessed’ 
to appreciate the non-linearities. In summary, in most 
cases ultrasound is not equivalent to EMG for obtaining 
impressions of activation and subsequent interpretation 
of mechanics.

15. Are there patients who have 
developed the motor control 
wisdom to isolate and activate 
multifidus separately from other 
extensors?
I have only found one. Interestingly the motor strategy to 
isolate multifidus is a pattern that would be used to cause 
disc herniation. It is not the intention to downplay the 
role of multifidus, or the need for training it, as it is an 
important muscle like any other. It is emphasized that 
general erector spinae training includes multifidus along 
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screens are perhaps the most powerful components of an 
examination to direct treatment of a back pained patient.

Just because a patient has the ability to move a certain 
way does not mean that they will move in a joint sparing 
way performing tasks of daily living. We screened 180 
students to quantify their squat and lunge mechanics 
together with their hip and back range of motion (publica-
tion pending). Interestingly, there appeared to be little 
relationship between whether they could move in a joint 
sparing way versus whether they chose to move in a joint 
sparing way. Motor control patterns, or patterns of move-
ment that spare joints, appear to be natural in some 
people and not in others. The implication is that training 
could be considered to correct the patterns in certain indi-
viduals. The clinical questions are: which method would 
be best to change patterns, and was the assumption correct 
that changing the patterns would be clinically effective?

Nonetheless, provocative testing as part of an assess-
ment identifies the motions, postures and loads that exac-
erbate the pain experienced in that individual. It then 
becomes clear what a patient must avoid to reduce imme-
diate further pain and reduction in the sensitivity to pain 
over time. The provocative tests also guide the starting 
level and choice of corrective exercise as that being below 
the threshold that initiates pain. Finally, some tests have 
shown to have prognostic value. Chorti et al. (2009) dem-
onstrated that some provocative tests of spine instability 
(e.g. Hicks et al. 2005), which involve the application of 
load in specific postures and with different levels of muscle 
activation, had predictive value for which patient would 
have a better outcome with a specific approach (in this 
case stabilization exercise). In contrast, Parks et al. (2003) 
showed that spine range of motion had little ability to 
predict who would return to work in an occupational 
rehabilitation clinic setting. It is hoped that more evalua-
tion of the clinical tests in the future will be conducted as 
this effort will be well rewarded.

CONCLUSIONS

Back pain patients present with many different patterns. 
Some are very simple to recognize and the treatment to 
modify the faulty movement is straightforward to design. 
Other patients present complex patterns where very thor-
ough assessment and analysis is needed to form hypoth-
eses to guide a course of treatment. With these patients the 
treatment is continually fine-tuned and forms an experi-
ment in progress. The clinician will be humbled but will 
have better results as the treatment is progressed with every 
positive sign of progress. Understanding and manipulat-
ing motor control variables that govern movement pat-
terns, and the way the movement is created with muscles, 
is paramount to success. Big picture thinking is important 
as is considering the details. Finally, I hope that the 

down their legs. One would sustain a knee injury as they 
used their knees to break motion rather than their hips. I 
correctly predicted four out of five (the knee case did not 
materialize that season). Movement patterns seen with the 
eye predicted who would become injured. In past years, I 
would have had the opportunity to spend time with clini-
cians like Vladamir Janda or Shirley Sarhmann and discuss 
with them how they ‘saw’ pathology when people moved 
and how they would diagnose it to a specific hip or knee, 
for example. Sure enough upon subsequent examination 
the knee or hip would reveal itself as faulty. Thus I am 
convinced skilled clinicians and coaches see the motor 
disturbances. The corollary is that this knowledge could 
be used to intervene and reduce the risk. Just a few studies 
have managed to do this in athletic populations (e.g. 
Hewett et al. 2005) but it needs to be done in non-athletic 
populations at risk. There are several studies ongoing 
where movement and motor patterns have been docu-
mented in occupational groups using a longitudinal study 
design, and so for now we must wait to see who develops 
painful disorders.

Using a more scientifically rigorous example, and a 
slightly different experimental paradigm, we conducted a 
study (McGill et al. 2003) on 76 workers all performing 
the same two physical jobs. In this group 26 had recurrent 
back episodes lasting on average a couple of weeks per 
year, but all were at work and functioning well on the 
testing day. Those workers who had recurrent painful back 
attacks differed from their healthy colleagues. When 
bending to pick up a coin from the floor they did so with 
more spine flexion and less hip flexion than their healthy 
colleagues. They had more back strength when tested. It 
was assumed that this was because they ‘overused’ their 
backs when working. Interestingly they had less back 
extensor muscle endurance. It became clear that while they 
were stronger, their lack of endurance caused them to 
‘break good form’ when lifting, imposing stresses to their 
back which lead to tissue irritation. They had stiffer hips, 
particularly in flexion and internal rotation. Interestingly, 
their psychosocial markers were present on average, but 
were less important than those variables considered bio-
mechanical and motor control in nature. Whether these 
were cause or consequence of their back disorders is open 
for debate, but it is suggested that they would hinder 
recovery.

It is now appreciated how important a hip examination 
is for back pain patients.

18. Every back pain patient should 
have a movement assessment 
together with provocative testing 
as part of an examination
The combination of biomechanics and motor control  
variables in provocative tests and movement assessment 
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Characteristic patterns of movements and alignments can 
be recognized in many musculoskeletal pain conditions, 
including mechanical low back pain (LBP). In some 
instances the patterns displayed by patients can be linked 
to a specific pathology, disease or injury. There are, 
however, several musculoskeletal pain conditions in which 
a specific causal link cannot be identified. A key question 
in all instances is whether the movements and alignments 
displayed by the person with musculoskeletal pain are a 
consequence of the condition or contribute to the devel
opment of the condition. One potential answer to this 
question may be found in the kinesiopathological model 
(Sahrmann 2002). A basic premise of the kinesiopatho
logical model is that continual repetition of specific move
ments and alignments which are requisite to performing 
daily activities can lead to the development of musculo
skeletal pain conditions (Fig. 8.1). The purposes of this 
chapter are to: (i) describe the kinesiopathological model; 
(ii) describe the application of the model to LBP; and (iii) 

review the findings from studies that have been conducted 
to test assumptions of the model in patients with LBP.

THE KINESIOPATHOLOGICAL MODEL

The kinesiopathological model, hereinafter referred to as 
the Model, describes a process that is proposed to contrib
ute to the development, as well as the course, of many 
musculoskeletal pain conditions, including mechanical 
LBP. The process begins with repetition of a daily activity 
associated with specific movements or specific alignments. 
The repetitions are proposed to lead to adaptations in the 
musculoskeletal and neural systems, for example, changes 
in muscle strength, flexibility, stiffness, timing and level of 
muscle activity, to name just a few. Although such adapta
tions often may be beneficial, continual repetition of  
specific movements and alignments may be increasingly 
detrimental because the associated adaptations contribute 
to imbalances about the joint(s). For example, repeated 
trunk rotation to the right to reach for the phone (a trunk 
rotation activity) could cause the muscles that contribute 
to right trunk rotation to become shorter and stronger 
while the muscles that contribute to left trunk rotation to 
become longer and weaker. With continued repetition, the 
adaptations would result in alterations in the joint motions 
(accessory and physiological) and in joint alignments. The 
alterations due to repeated performance of trunk rotation 
to the right, in turn, lead to alterations in the motions and 
alignments associated with many other daily activities, i.e. 
patterns of altered movements and alignments. The repeti
tion of altered patterns of movements and alignments are 
proposed to result in localized regions of tissue stress, 
symptoms and, eventually, tissue injury (Adams 2004). 
According to the Model, the deleterious process can be 
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likely because repeated use of the patterns may allow 
minimal time for normal tissue adaptation to the stresses 
to occur. The Model further maintains that until the vari
ables contributing to the use of the movement and align
ment patterns are modified, the LBP has the potential to 
persist or recur. Figure 8.2 is a representation of the proc
esses proposed to contribute to the development and 
course of LBP based on the Model.

Low back pain subgroups
The assumption that people with LBP display direction
specific movement and alignment patterns that contribute 
to their LBP suggests that there are different subgroups of 
people with LBP. The subgroups would differ based on the 
DT they display with activities. A standardized examina
tion to identify the movement and alignment patterns 
associated with a DT, as well as related symptoms, has 
been developed; various measurement properties of the 
examination have been tested (Van Dillen et al. 1998; 
Luomajoki et al. 2007). The LBP subgroup labels are based 
on the lumbar region DT that is: (i) identified most con
sistently across items in the examination; and (ii) associ
ated with the person’s symptoms. The proposed subgroups 
are lumbar: (i) flexion; (ii) extension; (iii) rotation; (iv) 
rotation with flexion; and (v) rotation with extension. 
Identification of subgroups based on the DT and related 
symptoms has been pursued in an effort to identify more 
homogeneous groups of people with LBP to examine in 
studies of mechanisms contributing to LBP conditions and 
for the development of treatment programmes.

STUDIES OF SELECT ASPECTS OF THE 
KINESIOPATHOLOGICAL MODEL

Various studies have been conducted to examine aspects 
of the Model in people with LBP. One group of studies has 
used standardized clinical tests (Van Dillen et al. 1998; 
Luomajoki et al. 2007), designed to identify the pattern of 
movement, alignment (Henry et al. 2012) and symptoms 
that characterizes a person’s relevant lumbar directional 
tendency. These studies have focused on whether there are 
subgroups of people with LBP based on symptoms and 
the DT identified with clinical tests (Van Dillen et al. 
2003b; TrudelleJackson et al. 2008; HarrisHayes et al. 
2009), if the subgroups differ from people without LBP 
(Luomajoki et al. 2008), and the relationship of select  
test findings to symptom report (Van Dillen et al. 2001, 
2009), sex (Scholtes and Van Dillen 2007), activity  
type (Van Dillen et al. 2003a, 2006), severity of the  
LBP condition (De Vito et al. 2007) and injury risk 
(Roussel et al. 2009). A second group of studies has used 
laboratory instrumentation to quantify the patterns of 
movement and alignment with clinical tests to examine 

slowed by maintaining optimal joint mechanics. Optimal 
joint mechanics can be maintained by minimizing the 
repetition of the same movements and alignments with 
daily activities, moving joints throughout the ranges of all 
available motions, and assuming a variety of positions 
throughout the day.

THE KINESIOPATHOLOGICAL MODEL 
AND LOW BACK PAIN

The specific alteration proposed to contribute to LBP is the 
tendency for one or more lumbar joints to move more 
readily than adjacent joints, for example, other lumbar 
joints, the hip joints or thoracic joints. The tendency to 
move more readily occurs each time the person performs 
his or her daily activities. In this context, the definition of 
‘more readily’ is movement that occurs sooner or proceeds 
farther than is ideal. As the daily activities are performed 
repeatedly throughout the day and some joints are moving 
more readily than others, some or all of the lumbar joints 
become relatively more flexible than other joints. Typically, 
the lumbar joints become more flexible in a specific 
direction(s), for example, flexion, extension, rotation or 
some combination thereof. In such cases, the lumbar 
joint(s) are said to display a directional tendency (DT). 
Although the DT is presumed to develop over time prima
rily as the result of adaptations in the musculoskeletal and 
neural systems related to repeated movements and sus
tained postures, personal characteristics, such as, sex, activ
ity level, anthropometrics and genetics, are considered to 
modify the rate and nature of the adaptations. The DT a 
person adopts is evidenced in specific patterns of altered 
movement and alignment used across multiple daily activ
ities. The use of a specific pattern results in decreased  
variability in the types of lumbar joint movements and 
alignments used across the day. The reduction in variabil
ity then is considered to predispose a person to the devel
opment, or persistence and recurrence of LBP. Specifically, 
the exposure of spinal tissue to repeated low magnitude 
loading in the same direction across a day is proposed to 
contribute to the accumulation of tissue stress. Stresses on 
the tissue can contribute to symptoms, microtrauma and, 
potentially, macrotrauma. This set of events is considered 

Figure 8.1 Sequence of events proposed for movements 
and alignments to contribute to development of 
musculoskeletal pain conditions according to the 
kinesiopathological model (Sahrmann 2002). 
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In addition, it is assumed that there are different sub
groups of people with LBP who differ based on the specific 
DT that characterizes their LBP condition. We tested this 
assumption by examining 188 people with LBP (72% 
chronic (Spitzer et al. 1987)) using a standardized exami
nation that included clinical tests of movement and align
ment performed in different positions (Van Dillen et al. 
1998, 2003a). Each test is proposed to assess one of the 
following directional tendencies: flexion, extension, rota
tion, or a combination of rotation with flexion or rotation 
with extension. We predicted that a person would demon
strate positive findings across tests that assess a specific DT, 
for example, lumbar flexion. We also predicted that a 
person would demonstrate negative findings across tests 
that assess other directional tendencies. Thus, there would 
be groupings of tests that would represent different DTs 
that characterize different LBP subgroups. To test the pre
diction, a statistical technique referred to as factor analysis 
(Nunally and Bernstein 1994) was applied to two different 
random samples from the examination data. Factor analy
sis provides groupings of intercorrelated tests referred to 
as factors. We predicted that the factors retained from the 

differences among LBP subgroups (Gombatto et al. 2007; 
Van Dillen et al. 2007), differences between people with 
LBP and people without LBP (Norton et al. 2004; Porter 
et al. 2009; Scholtes et al. 2009), sex differences (Gom
batto et al. 2006) and mechanisms underlying clinical test 
findings (Gombatto et al. 2008b, 2009). In the following 
sections we describe findings from a subset of these studies 
that examine some of the major assumptions of the Model 
as applied to LBP. The studies examine whether: (i) people 
with LBP can be subgrouped based on movement and 
alignment patterns that reflect a specific DT; (ii) the DT 
identified with clinical tests is related to the types of repeti
tive movements that a person participates in regularly; and 
(iii) the DT a person displays is related to musculoskeletal, 
neural or personal factors or some interaction of these 
factors.

Movement and alignment patterns
One assumption of the Model is that people with LBP 
display movement and alignment patterns that reflect their 
DT and the patterns are used across a variety of activities. 

Figure 8.2 Details of the processes proposed for the development and course of low back pain based on the 
kinesiopathological model. 

Repetition of  movements and
alignments with everyday activities

Personal characteristics, e.g. activity level, sex,
structural variations, generalized hypermobility 

Adoption of  movement and alignment patterns

Relative flexibility – lumbar region

Musculoskeletal changes, e.g.
stiffness, strength, joint flexibilty

Neural changes, e,g. muscle
timing, muscle recruitment patterns

Accumulation of  tissue stress, symptoms, tissue injury
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no differences in the amount of lumbar curvature angle 
(NoLBP: 40.2° ± 14.8°; LBP: 42.5° ± 15.2°). The RotExt 
subgroup, however, displayed more lumbar extension 
(46.7° ± 14.7°) than the (i) NoLBP group and (ii) RotFlex 
subgroup (38.2° ± 14.1°). In addition, the lumbar curva
ture angle for the RotExt and Ext (43.4° ± 16.2°) sub
groups were the same. These data demonstrate that 
predictable differences in alignment could be identified: 
(i) between people with and people without LBP when the 
comparison was made to a specific LBP subgroup; and (ii) 
among people with LBP when they were subgrouped 
based on the DT with clinical tests from a standardized 
examination.

Repetition of movements  
and alignments
A second assumption of the Model is that a specific DT is, 
in part, a consequence of repetition of: (i) movements, 
both trunk and limb, that induce lumbar region move
ment in the same direction and (ii) sustained positions in 
the same direction. We examined this assumption by com
paring an LBP group (N = 50; chronic or recurrent (Von 
Korff 1994)) that regularly participated in sports that put 
rotational demands on the trunk and hips and a NoLBP 
group (N = 41) that did not participate in rotationrelated 
sports. Kinematics were captured during two active lower 
limb movement tests performed in prone, hip lateral  
rotation and knee flexion (Scholtes et al. 2009). We have 
found in prior work that these limb movement tests are 
often symptomprovoking in people with LBP (Van Dillen 
et al. 2001). The limb movements were also thought to be 
those that were frequently used during the sports activities 
and, thus, might impact the lumbopelvic region. Because 
people with LBP are thought to move the lumbar region 
more readily than people without LBP we predicted that 
the LBP group would display earlier lumbopelvic motion 
with each limb movement test than the NoLBP group. We 
indexed the person’s DT by calculating the difference in 
time between the start of limb movement and the start of 
lumbopelvic rotation normalized to the limb movement 
time. We also measured subject characteristics, LBP history, 
sports participation and activity levels (Baecke et al. 1982). 
We found that the two groups were the same except for 
three of the kinematic variables. The groups displayed 
equal hip rotation (LBP: 44.28° ± 6.38°; NoLBP: 
41.59° ± 6.62°), however, the LBP group had slightly less 
knee flexion (114.28° ± 8.60°) than the NoLBP group 
(119.95° ± 9.31°). As predicted, for both tests the LBP 
group rotated the lumbopelvic region earlier during the 
limb movement than the NoLBP group (Fig. 8.3A). Inter
estingly, the LBP group also had a greater magnitude of 
endrange lumbopelvic rotation than the NoLBP group 
with both limb movement tests (Fig. 8.3B). In addition, 
when the early lumbopelvic rotation was modified during 

two separate analyses would represent groups of tests con
sistent with the different proposed LBP subgroups. Three 
factors were identified in both samples. The factors repre
sented groups of tests that were proposed to capture a DT 
for lumbar (i) extension, (ii) rotation and (iii) rotation 
with extension. These findings provide evidence that clini
cal test findings correlate in ways consistent with three of 
the proposed LBP subgroups, and the subgroups differ 
based on their DT.

To examine whether the clinical test findings from this 
data set were relevant to the person’s LBP condition we 
conducted a secondary analysis (Van Dillen et al. 2003a). 
Typically, each clinical test that results in an increase in 
symptoms is immediately followed by a second test in 
which symptoms are monitored while the person’s DT is 
systematically modified. The typical modification involves 
either (i) positioning the lumbar region in neutral (or as 
close as possible) or (ii) restricting the timing or amount 
of lumbar joint(s) movement while movement in other 
joints is encouraged. An improvement in symptoms with 
the second test would provide additional support for the 
importance of the DT observed with the first test. For each 
clinical test in which people reported an increase in symp
toms, we analyzed symptom responses during the second 
test. We found that for the majority of tests (86%), the 
majority of people (76% ± 15%) reported an improvement 
in symptoms when their DT was modified with the second 
test. Similar findings with additional clinical tests have 
been reported in a sample that included larger proportions 
of people with acute and subacute LBP (42%) than our 
original study (Van Dillen et al. 2009). These data suggest 
that the DT displayed during clinical tests is related to a 
person’s LBP symptoms and systematically changing the 
DT with performance of the tests improves symptoms.

We also tested the assumption that people with LBP 
display movement and alignment patterns that reflect their 
DT by comparing people in different LBP subgroups 
(N = 100; 72% chronic) to each other, and to people 
without LBP (NoLBP; N = 60) (Norton et al. 2004). The 
people with LBP were assigned to a subgroup based on 
their DT identified across clinical tests (Van Dillen et al. 
2003b; TrudelleJackson et al. 2008). The subgroups 
examined were rotation with extension (RotExt; N = 62), 
rotation with flexion (RotFlex; N = 18) and extension (Ext; 
N = 20). Because a person’s DT can be reflected in his or 
her alignment we measured lumbar region alignment  
in standing. We predicted that: (i) the RotExt subgroup 
would stand in more lumbar extension than the NoLBP 
group and the RotFlex subgroup; and (ii) the RotExt and 
Ext subgroup would stand in the same amount of lumbar 
extension. To test these predictions we used a noninvasive, 
electromechanical digitizer and trigonometric method 
(Youdas et al. 1995) to quantify the lumbar curvature 
angle in the sagittal plane. All people were measured while 
maintaining a comfortable standing position. When the 
NoLBP group was compared to all LBP subjects there were 
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knee flexion: LBP: 0.25 ± 0.21, NoLBP: 0.29 ± 0.18). The 
two groups were also the same with regard to all other 
variables except their activity levels. Sport activity levels 
from the Baecke Habitual Activity Questionnaire (Baecke 
et al. 1982) were the same between the two groups (LBP: 
3.68 ± 0.55; NoLBP: 3.55 ± 0.61). However, people with 
LBP reported a lower daily activity level (average work + 
leisure scores; 2.33 ± 0.30) than people without LBP 
(2.65 ± 0.54). These findings suggest two ideas. First, the 
activity a person participates in regularly appears to con
tribute to movement patterns related to the activity. 
Second, the imbalance between routine daily activities and 
higher intensity activities may be an important factor that 
interacts with a person’s DT to contribute to an LBP condi
tion. Interestingly, in the same cohort of subjects a pre
liminary analysis of a different clinical movement test, 
rocking backward from a quadruped position, demon
strated that the LBP group and the NoLBP group do not 
display the exact same lumbar region movement pattern 
across the test movement (Meroni et al. 2009). In the 
preliminary analysis, the LBP group displayed a greater 
magnitude of lumbopelvic movement late in the test 

the symptomprovoking limb movement tests, the major
ity of people reported an improvement in their symptoms 
with the tests (hip rotation: 93%; knee flexion: 88%). 
These findings support the idea that the DT displayed by 
a person with LBP is related to the types of trunk and limb 
movements the person performs on a regular basis and to 
the person’s LBP symptoms. We identified a similar rela
tionship between types of repetitive movements people 
participated in and the DT displayed with trunk and limb 
clinical tests in people with LBP who regularly performed 
two different types of leisure time activities; symmetrical 
activities and asymmetrical activities (Van Dillen et al. 
2006).

An additional comparison was made between two 
groups who both participated in rotationrelated sports;  
an LBP group (N = 50) and a NoLBP group (N = 25) (Porter 
et al. 2013). The same two normalized movement varia
bles were measured as in the previously described study. 
We found that the kinematic variable to index a person’s 
DT, the time between the start of the limb movement and 
the start of lumbopelvic rotation, was the same for both 
groups (hip rotation: LBP: 0.21 ± 0.18, NoLBP: 0.20 ± 0.13; 

Figure 8.3 (A) Mean and 95% confidence intervals of ratios of the difference in time between the start of lumbopelvic 
rotation and the start of the limb movement normalized to the limb movement time for people with LBP and people without 
LBP. The ratios are provided for both groups for lumbopelvic rotation during two tests performed in prone, hip lateral rotation 
and knee flexion. The smaller the ratio the sooner the lumbopelvic region begins to move during the limb movement. The 
asterisk indicates a significant difference between the two groups. People with LBP rotate the lumbopelvic region earlier with 
both lower limb tests. (B) Mean and 95% confidence intervals of the maximal lumbopelvic rotation for people with LBP and 
people without LBP with two limb movement tests performed in prone, hip lateral rotation and knee flexion. The asterisk 
indicates a significant difference between the two groups. (A) and (B) adapted from Scholtes, S.A., Gombatto, S.P., Van Dillen, L.R., 

2009. Differences in lumbopelvic motion between people with and people without low back pain during two lower limb movement tests. 

Clinical Biomechanics 24, 7, with permission from Elsevier.
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well as with instrumented measures of alignment (Norton 
et al. 2004). We first examined this relationship by com
paring men (N = 27) and women (N = 19) with LBP in our 
cohort of people who participated in rotationrelated 
sports (Gombatto et al. 2006). Kinematic data and LBP 
symptoms were recorded during the clinical test of active 
hip lateral rotation. We examined hip lateral rotation 
because there are data to suggest that men display more 
active and passive stiffness of the lower limbs than women 
(Gajdosik et al. 1990; Granata et al. 2002; Blackburn  
et al. 2004; Staron et al. 2000). We reasoned that if men 
have more lower limb stiffness than women, men may 
move the lumbar region more readily than women. To 
index the DT with hip lateral rotation we quantified the 
range of available lumbopelvic rotation used across the 

movement compared to the NoLBP group. Thus, com
pared to people without LBP, the tendency of people with 
LBP to move the lumbopelvic region more readily was 
evident as a difference in the magnitude of lumbopelvic 
region movement rather than a difference in timing of 
initiation of movement between the lumbopelvic region 
and the limbs.

Contributing factors
A third assumption is that a person’s DT can be related to: 
(i) musculoskeletal factors; (ii) neural factors; (iii) per
sonal factors; or (iv) any interaction of these factors. We 
examined the potential relationship of a musculoskeletal 
factor, passive elastic energy, to a person’s DT by compar
ing a RotExt subgroup (N = 22; chronic or recurrent) to a 
NoLBP group (N = 19) (Gombatto et al. 2008b). In prior 
work we found that people in the RotExt subgroup dis
played more asymmetry in their DT than people in the Rot 
subgroup when they performed the clinical tests of trunk 
lateral bending and hip lateral rotation (Gombatto et al. 
2007; Van Dillen et al. 2007). We reasoned that the asym
metry of lumbar region movement with trunk lateral 
bending could be, in part, a reflection of the passive resist
ance of structures in the trunk encountered across the 
trunk movement. Based on our prior study findings, we 
predicted that with trunk lateral bending the RotExt sub
group would be more asymmetrical in passive elastic 
energy of the trunk than a NoLBP group. A passive move
ment device, a motion capture system and surface electro
myography (Gombatto et al. 2008a) were used to capture 
data to examine our prediction about lumbar region 
passive elastic energy. The instrumentation provided posi
tion and force data during passive trunk lateral bending 
on a frictionfree surface. Trunk muscle activity was moni
tored during the trunk movement to assure that the move
ment was passive (Scannell and McGill 2003). The groups 
were the same with regard to subject characteristics, activ
ity levels and end range of trunk lateral bending motion. 
The two groups were also no different in their total passive 
elastic energy (NoLBP: 103.55 ± 10.46 Nmdeg; RotExt: 
103.91 ± 9.73 Nmdeg). The RotExt subgroup, however, dis
played a greater difference in passive elastic energy between 
sides than the NoLBP group (Fig. 8.4). These data suggest 
that the LBP and NoLBP groups maintain the same overall 
level of passive tissue characteristics of the trunk in the 
frontal plane but, as predicted, the RotExt subgroup dis
plays more asymmetry in these characteristics than the 
NoLBP group.

We also have examined the potential relationship 
between sex and a person’s DT. Because men differ from 
women structurally and physiologically (Chow et al. 
2000; Toft et al. 2003), it would follow that men may 
differ from women in their movement patterns. We have 
tested this relationship with select clinical movement tests 
(Scholtes and Van Dillen 2007; Van Dillen et al. 2007) as 

Figure 8.4 Mean and 95% confidence interval of passive 
elastic energy with each direction of trunk lateral bending 
for people in the Rotation with Extension LBP subgroup 
compared to people with no LBP. The side of greater elastic 
energy was compared to the side of lesser passive elastic 
energy for each group. The total passive elastic energy was 
the same between groups. The asterisk indicates a greater 
difference in passive elastic energy between sides, i.e. more 
asymmetry, in the Rotation with Extension subgroup when 
compared to the people with no LBP. Reproduced from 

Gombatto, S.P., Norton, B.J., Scholtes, S.A., Van Dillen, L.R., 2008. 

Differences in symmetry of lumbar region passive tissue characteristics 

between people with and people without low back pain. Clinical 

Biomechanics 23, 986, with permission from Elsevier.
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rating scale (0–10) (Jensen et al. 1986): men: 2.9° ± 1.4°; 
women: 3.9° ± 1.7°). These data suggest that men with 
LBP may have more of a tendency to move the lumbopel
vic region early in a limb movement than women with 
LBP, and the lumbopelvic movement with the hip move
ment may be more likely to be associated with symptoms 
in men with LBP than women with LBP.

A second examination of the relationship between sex 
and a person’s DT was based on a secondary analysis of a 
subset of clinical test responses obtained from the people 
with LBP in our factor analysis study described previously 
(Van Dillen et al. 2003b; Scholtes and Van Dillen 2007). 
The goal was to examine if the sex differences in kinemat
ics we identified with the hip lateral rotation test would 
be generalized to other lower limb movement tests in a 
larger, more heterogeneous sample of people with LBP. 
The sample included 170 people with LBP (84 men, 86 
women) who had participated in our standardized exami
nation. Based on our prior study (Gombatto et al. 2006) 
we predicted that with each of the tests more men would 
display early lumbopelvic movement during the lower 
limb movement test than women. Men and women were 
the same with regard to all subject characteristics. We 

range of the hip movement. Specifically, we calculated the 
percentage of maximum lumbopelvic rotation attained at 
increments of maximum hip lateral rotation. We predicted 
that the men with LBP would use a greater percentage of 
their total lumbopelvic motion in the early part of the limb 
movement than the women with LBP. Men and women 
were equal with regard to all subject characteristics except 
weight and LBP history. Compared to women, men were 
heavier (difference: 18.8 ± 3.0 kg) and had a longer history 
of LBP (men: 8.1 ± 6.2 years; women: 3.5 ± 3.0 years). Men 
and women displayed the same amount of active hip 
lateral rotation (men: 44.7° ± 7.1°; women: 42.7° ± 5.2°) 
and lumbopelvic rotation (men: 6.1° ± 3.2°; women: 
4.6° ± 2.0°). Men, however, completed more of their avail
able lumbopelvic rotation in the early part of the hip 
rotation motion than women (Fig. 8.5A). When we exam
ined only the people who specifically reported an increase 
in symptoms with the hip rotation test, the sex differences 
were even greater (Fig. 8.5B). Finally, a greater percentage 
of men (70.4%) reported an increase in symptoms with 
the hip rotation test than women (36.8%). This was the 
case even though baseline LBP symptom ratings between 
men and women were the same (verbal numeric pain 

Figure 8.5 (A) Mean and standard deviation for the percent of lumbopelvic rotation motion attained at 60% of the maximum 
hip lateral rotation motion for men and women with LBP. The asterisk indicates that the men used more of their available 
lumbopelvic rotation than women at the 60% point of the hip lateral rotation motion. (B) Mean and standard deviation for 
the percent of lumbopelvic rotation motion attained at 60% of the maximum hip lateral rotation motion for men and women 
who reported an increase in LBP symptoms with the test movement. The asterisk indicates that the men used more of their 
available lumbopelvic rotation than women at the 60% point of the hip lateral rotation motion. (A) and (B) reproduced from 

Gombatto, S.P., Collins, D.R., Sahrmann, S.A., Engsberg, J.R., Van Dillen, L.R., 2006. Gender differences in pattern of hip and lumbopelvic 

rotation in people with low back pain. Clinical Biomechanics 21, 263, with permission from Elsevier.

0

40

30

20

10

50

60

70
Pe

rc
en

t l
um

bo
pe

lv
ic

 ro
ta

tio
n 

(%
)

Gender Gender

Men Women

*

0

40

30

20

50

60

70

Pe
rc

en
t l

um
bo

pe
lv

ic
 ro

ta
tio

n 
(%

)

Men Women

*

A B



Motor control of the spinePart | 2 |

96

subgroup. Conversely, the percentage of men in the 
RotFlex (72%) subgroup was greater than the percentage 
of women in the subgroup. Inspection of the lumbar cur
vature angles, however, suggested that sex was not the only 
determinant of LBP subgroup (Table 8.1). We found that 
men and women in the RotExt subgroup were more 
extended than their counterparts in the RotFlex subgroup, 
but that men were not as extended as the women in either 
subgroup. On the other hand, women in the RotFlex sub
group were not as extended as women in the RotExt  
subgroup, but were more extended than men in either 
subgroup. These findings suggest that sex is not the sole 
determinant of a person’s DT as reflected in lumbar region 
alignment. Sex along with other variables, for example, 
activity level or occupation, may modify the DT a person 
displays and, thus, the type of LBP condition he or she 
presents with.

SUMMARY

The processes described in the kinesiopathological model 
provide a potential explanation for the role of repetition 
of movements and alignments during everyday activities 
in the development and course of an LBP condition. Based 
on the Model a primary control issue considered to con
tribute to LBP is the tendency for one or more of the 
lumbar joints to move more readily than other joints. This 
tendency to move more readily is typically associated with 
a specific direction(s) such as flexion, extension, rotation 
or some combination, i.e. a directional tendency. The 
directional tendency is evidenced by an altered timing or 
magnitude of movement of one or more lumbar joints 
with performance of trunk or limb movements or when 
assuming positions. Recent studies provide initial support 
for three of the major assumptions of the Model. First, 

found that for three of the four lower limb movement 
tests, a larger percentage of men displayed early lumbopel
vic motion with the limb movement than women (knee 
extension in sitting: men: 38.1%, women: 18.6%; knee 
flexion in prone: men: 45.2%, women: 19.8%; hip lateral 
rotation in prone: men: 66.3%, women: 32.6%). To 
examine the effect of symptoms on responses during a test 
we also analyzed the data from the subset of people who 
reported an increase in symptoms with a test. The findings 
were the same as for the group as a whole (knee extension 
in sitting: men: 58.1%, women: 26.9%; knee flexion in 
prone: men: 63.2%, women: 32.0%; hip lateral rotation 
in prone: men: 76.2%, women: 43.2%). These data 
provide additional support for the idea that sex may be a 
factor that contributes to lumbopelvic movement patterns, 
and that men may be more likely than women to display 
early lumbopelvic movement with lower limb move
ments. In addition, these data suggest that the early lum
bopelvic movement during a test movement is present 
even when symptoms are reproduced during the test.

The relationship between sex and a person’s DT was also 
examined in our previously described study using the elec
tromechanical device to measure lumbar alignment in 
standing (Norton et al. 2004). Earlier studies based on 
noninvasive measures of sagittal plane spinal alignment 
have documented that women stand in more lumbar 
extension than men (Bergenudd et al. 1989; Youdas et al. 
2000). Given these prior findings we wanted to know 
whether the differences in lumbar region alignment we 
identified among the different LBP subgroups were solely 
the result of differences in the distribution of men and 
women in the various subgroups. We predicted that differ
ences in lumbar curvature angle among LBP subgroups 
would be related to sex. Overall, we found that there was 
a relationship between sex and LBP subgroup. The per
centage of women in the RotExt (65%) and Ext (75%) 
subgroups was greater than the percentage of men in each 

Table 8.1 Means and standard deviations of sagittal lumbar curvature calculated based on the tangent method, 
organized by gender and low back pain subgroup.

Low back pain subgroup Women Men Both

Low back pain (all subgroups) 48.8° ± 14.5° 35.0° ± 12.5° 42.5° ± 15.2°

Rotation with extension (N = 62) 50.5° ± 14.7° 39.7° ± 12.3° 46.7° ± 14.7°

Rotation with flexion (N = 18) 47.0° ± 9.7° 34.9° ± 14.4° 38.2° ± 14.1°

Extension (N = 20) 46.2° ± 17.5° 35.0° ± 7.4° 43.4° ± 16.2°

Note that there are differences between men and women consistent with other studies of sagittal lumbar curvature using surface 
measurement devices. Women stand in more extension than men. Men in the rotation with extension subgroup, however, stand in more 
extension than men in the rotation with flexion subgroup.
Adapted with permission from Norton, B.J., Sahrmann, S.A., Van Dillen, L.R., 2004. Differences in measurements of lumbar curvature related 
to gender and low back pain, Journal of Orthopaedic and Sports Physical Therapy 34 (9), 524–534. doi: 10.2519/jospt.2004.1570.
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personal factors to a LBP condition. The Model does not 
account for other factors, for example, psychosocial vari
ables, known to influence the presentation and course of 
an LBP condition.

people with LBP display a tendency to move one or more 
of the lumbar joints more readily than other joints across 
a variety of movements and positions, and the directional 
tendency displayed assists in identifying subgroups of 
people with LBP. Second, the types of repetitive move
ments a person participates in regularly appear to be 
related to a person’s directional tendency. Third, a person’s 
directional tendency is related to select musculoskeletal 
and personal factors and the interaction of these factors. 
Additionally, the findings across studies suggest that the 
directional tendency a person displays is related to a per
son’s LBP symptoms. Finally, the Model is intended to 
provide a framework for the role of potential physical and 
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WHAT IS MOTOR CONTROL 
TRAINING FOR LOW BACK PAIN?

As research physiotherapists involved in the area of thera-
peutic exercise for low back pain (LBP), the approach of 
my colleagues and myself, as outlined in two textbooks, is 
often quoted as ‘motor control training’ (Richardson et al. 
1999, 2004b). The first edition of our textbook addressed 
motor control training of muscles such as the transversus 
abdominis (TrA), multifidus, pelvic floor and diaphragm. 
This initial work was derived from clinical observations  
of people with LBP and development of novel research 
approaches, which allowed the morphology of the deep 
muscles to be investigated scientifically. The roles of these 

muscles in protecting the joints from injury and evidence 
of their dysfunction in LBP led to a new paradigm of 
exercise therapy to address motor control problems in 
these muscles. We also described clinical tests for the TrA 
and multifidus muscles, and described the use of imaging 
techniques for providing feedback of muscle contraction. 
In the second edition (Richardson et al. 2004b), we 
described integration of the rehabilitation of the muscles 
listed above with one joint and multi-joint muscles. In this 
chapter, I would like to discuss how our original research 
has continued to evolve and give some examples of con-
temporary management focussing on retraining motor 
control for people with LBP.

MOTOR CONTROL EXERCISE

A recent systematic review by Macedo et al. (2009) exam-
ined motor control training for persistent (subacute, 
chronic and recurrent) LBP. Of the 14 randomized con-
trolled trials (RCTs) included, the results of 7 trials showed 
that motor control exercise was better than minimal  
intervention or as supplement to another intervention in 
reducing pain at short-term (<3 months), intermediate 
(3–12 months) and long-term (>1 year) follow-up and in 
reducing disability at long-term follow-up. Four trials 
found that motor control exercise was better than manual 
therapy for pain, disability and quality of life at intermedi-
ate follow-up, but the effects were small. Five trials found 
that motor control exercise was better than other forms of 
exercise in reducing disability at short-term follow-up. 
Macedo et al. (2009) concluded that in patients with 
chronic LBP, motor control exercise is more effective than 
minimal intervention and beneficial when added to 
another therapy for pain at all time points and for disabil-
ity at long-term follow-up. It is still unclear which patients 
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LBP. As part of the study, all of the cricketers underwent a 
full musculoskeletal assessment. Based on this assessment, 
cricketers were eligible for either the LBP group or the 
asymptomatic group. In all cases of those with current LBP, 
the subjects reported previous episodes of LBP and the 
location of the pain was unilateral in distribution. Partici-
pants in the study were undertaking a 13-week cricket 
training programme that consisted of 2 × 6 week blocks 
separated by a 1-week break.

Assessing muscle function of 
multifidus and the abdominal 
muscles
Cross-sectional areas (CSAs) of the multifidus muscle were 
measured from L2 to L5 vertebral levels using ultrasound 
imaging. Clinical muscle testing of the TrA muscle was 
conducted using a ‘draw in’ manoeuvre, viewed using 
magnetic resonance imaging (MRI) (Richardson et al. 
2004a; Hides et al. 2006, 2008b, 2010a, 2011b, 2012). The 
CSA of the trunk (excluding subcutaneous tissue) was 
obtained by measuring around the perimeter of the trunk, 
in rested and contracted states. MRI has been used previ-
ously to demonstrate differences in ability to perform the 
drawing in manoeuvre in subjects with LBP (Richardson 
et al. 2004a; Hides et al. 2008b, 2010a, 2011b). Subjects 
with LBP were shown to be less able to decrease the CSA 
of their trunk (Richardson et al. 2004b; Hides et al. 2008b, 
2010a, 2011b) (Figs 9.1 and 9.2). Decreasing the CSA of 
the trunk is achieved by a concentric shortening of the TrA 
muscle, with minimal contraction of the oblique abdomi-
nal muscles. While there is an increase in intra-abdominal 
pressure (IAP) associated with this (Cresswell et al. 1992), 
contraction of all of the abdominal muscles, in association 
with contraction of the diaphragm (Hodges et al. 2005) 
and pelvic floor muscles (Neumann and Gill 2002), may 
result in large increases in IAP (Morris et al. 1961; Agostini 
and Campbell 1970), such as experienced with coughing 

respond best to which type of exercise. Identifying sub-
groups of patients that benefit more from one intervention 
than another would seem to be one of the biggest chal-
lenges in LBP research. RCTs using motor control training 
as an intervention have been performed on specific defined 
subgroups of people with spondylolisthesis (O’Sullivan 
et al. 1997), acute LBP (Hides et al. , 1996, 2001), chronic 
LBP (Goldby et al. 2006) and pregnancy-related pelvic 
girdle pain (Stuge et al. 2004).

We have recently performed a series of studies of various 
designs on specific subgroups including elite cricketers 
(Hides et al. 2006, 2008b, 2010b), elite Australian Foot-
ball League (AFL) players (Hides et al. 2010a, 2010b, 
2011b, 2012; Stewart et al. 2010; Hides and Stanton 2012; 
Hyde et al. 2012), Olympians, elite weightlifters (Bonacci 
et al. 2011; Sitilertpisan et al. 2012), Australian ballet 
dancers (Gildea et al. 2009) and prolonged bed rest sub-
jects (Hides 2007; Belavý et al. 2008, 2010a, 2011; Hides 
et al. 2011c). This chapter will discuss some of these 
studies to highlight some relevant points concerning 
motor control training from a clinical researcher’s perspec-
tive. Also included is a detailed description of the motor 
control approach used, and then some clinical discussion 
points and key clinical points associated with the results 
of the studies we have performed.

RETRAINING MOTOR CONTROL IN 
ELITE AUSTRALIAN CRICKETERS

We studied motor control training in elite cricketers, as 
although these athletes have high levels of fitness and 
undergo intensive strength training programmes, they still 
suffer LBP. In a recent injury report conducted among 
Australian cricketers, it was shown that the incidence of 
LBP was 8%, and as high as 14% among fast bowlers 
(Orchard et al. 2002; Orchard and James 2003). In addi-
tion, the injury prevalence (games missed due to injury) 
was similar for fast bowlers and full contact football 
players (Orchard et al. 2002). Bowling workload (Dennis 
et al. 2003) and biomechanical analysis of bowling action 
(Portus et al. 2004) have been identified as two key issues 
in prevention of LBP in fast bowlers. However, the role  
of physical preparation in terms of specific muscle 
re-education had not been investigated prior to our series 
of studies. We studied elite cricketers attending a national 
training camp (Hides et al. 2006, 2008b, 2008c, 2010c). 
This presented a unique opportunity to study elite athletes 
over a defined assessment period, where participant train-
ing activities were standardized and monitored. The aims 
of the studies were to determine the effect of a staged 
motor control training program on: (i) the size and sym-
metry of the multifidus muscle; (ii) the motor control of 
the anterolateral abdominal muscles; and (iii) self-
reported pain levels, in elite cricketers with and without 

Figure 9.1 MRI of the trunk at the level of the L3–L4 disc 
before drawing in the abdominal wall. 



Chapter The relationship between control of the spine and low back pain | 9 |

101

positions. They were also taught to dissociate hip move-
ments from lumbopelvic movements. This involved check-
ing the ability to hold a lumbar lordosis and thoracic 
kyphosis while leaning forward in sitting and standing 
positions, whilst breathing using the diaphragm (Fig. 9.4). 
Subjects were asked to lean forwards from the hips and 
substitution strategies were observed for. The most 
common substitution strategy observed was flexion of the 
lumbar spine, but some subjects extended at the thoraco-
lumbar junction.

There was also an emphasis placed on gaining endur-
ance of the multifidus muscle. This was trained by being 

(Neumann and Gill 2002). On MRI, a contraction of all 
of the abdominal muscles while attempting to draw in the 
abdominal wall may result in less decrease or even an 
increase in CSA of the trunk (Neumann and Gill 2002).

Motor control training
Subjects in the LBP group were provided with a 6-week 
motor control training programme (Richardson et al. 
2004b). Instead of lifting weights in the gym, they initially 
undertook a programme of motor control training using 
ultrasound imaging to provide feedback of contraction of 
muscles including the multifidus and the TrA. They were 
taught to contract the TrA muscle (draw in the abdominal 
wall), isometrically contract the multifidus muscle with a 
focus on each vertebral level and draw up the deep pelvic 
floor (Hides et al. 1996, 2004). Subjects were asked if they 
could ‘feel’ the multifidus contacting, as perception of 
voluntary contraction of the segmental multifidus muscle 
may be indicative of the proprioceptive role of the multi-
fidus muscle (Hides et al. 2004). Subjects were taught to 
co-contract the TrA, anterior pelvic floor and multifidus 
muscles. Subjects were encouraged to hold their contrac-
tions, while breathing normally, for at least 10 seconds and 
to repeat at least 10 times. Time was allocated for practice 
on a daily basis (15–30 minutes per day). All exercises 
were performed in a pain-free position and manner.

The cricketers were first taught to activate the muscles in 
lying positions (Fig. 9.3), and as performance improved, 
they were progressed to more functional upright (sitting 
and standing) positions. They were encouraged to main-
tain a lumbar lordosis and thoracic kyphosis when in 
upright positions, and were taught to perform voluntary 
contractions of the multifidus, TrA and pelvic floor muscles 
using ultrasound imaging to provide feedback in these 

Figure 9.2 MRI of the trunk at the level of the L3–L4 disc 
while attempting to draw in the abdominal wall. In this case, 
the abdominal wall has bulged, in response to a global 
contraction of the rectus abdominis, oblique abdominal and 
transversus abdominis muscles. 

Figure 9.3 The athlete is learning to contract the multifidus 
muscle in prone lying whilst visually receiving feedback of 
muscle contraction by watching the ultrasound monitor. 

Figure 9.4 The athlete was taught to dissociate hip 
movements from lumbopelvic movements. This involved 
checking the ability to hold a lumbar lordosis and thoracic 
kyphosis while leaning forward from the hips. Ultrasound 
imaging was used to provide feedback of multifidus muscle 
contraction and maintenance of spinal position. 
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cricketers in the LBP group stopped high resistance exer-
cise while they learned to ‘switch on’ the multifidus, TrA 
and pelvic floor muscles prior to resuming higher load 
exercises. Ultrasound imaging was used to provide feed-
back of voluntary isometric contraction of the multifidus 
muscle to the subjects. The use of ultrasound imaging to 
provide feedback has been shown previously to enhance 
the ability to isometrically contract the multifidus muscle 
in normal subjects (Van et al. 2006). Using a rehabilita-
tion protocol that involved progression from motor 
control training to high load exercise has been shown in 
a prior study to lead to hypertrophy of the multifidus 
muscle with a concomitant decrease in pain in subjects 
with chronic LBP (Danneels et al. 2001). Results of the 
current investigation also showed a significant decrease in 
reported pain levels for the subjects in the LBP group who 
underwent motor control training. This difference in pain 
scores (measured using a visual analogue scale or VAS) was 
statistically significant and exceeded the minimum clini-
cally significant difference in VAS pain scores reported in 
clinical studies (Todd et al. 1996; Kelly 1998).

Results of studies performed on asymptomatic subjects 
without a history of LBP have previously shown that the 
multifidus muscle is symmetrical between sides (Hides 
et al. 1992, 1994, 1995, 2008a; Stokes et al. 2005). Hides 
et al. (1994) documented multifidus asymmetry in sub-
jects with acute unilateral first episode LBP, and similar 
results were found in subjects with chronic LBP with uni-
lateral pain presentations of greater than 12 weeks dura-
tion (Barker et al. 2004; Hides et al. 2008a). In all these 
cases, the smaller muscle was found ipsilateral to symp-
toms. In the elite cricketers studied, the asymmetry 
resolved (the smaller side increased in CSA) in subjects 
who underwent specific rehabilitation.

The effect of motor control training on an athlete’s per-
formance was not investigated in this study, although it is 
also used as a sport training method (Mills et al. 2005) 
and two RCTs have shown improvements in lower extrem-
ity power and agility (Mills et al. 2005) and increased 
vertical takeoff velocity (Butcher et al. 2007) in subjects 
who underwent trunk stability training (Butcher et al. 
2007). Proposed explanations for this include optimiza-
tion of the ability of the lower extremity muscles to 
provide force by providing a stable base from which the 
muscles could contract, enhancing the neural drive to the 
lower extremity muscles and increasing the overall aware-
ness and control of trunk and pelvic position. Anecdotal 
reports from the current study may lend support to the 
latter explanation, as subjects with LBP who received the 
intervention commented that their ability to squat with 
weights was improved after intervention, as they could 
‘feel’ where their backs were in space as they added load. 
This would be an advantage, as biomechanical models 
have suggested that the lumbar spine is best able to cope 
with compressive forces when it is positioned in a lordosis 
(Kiefer et al. 1997).

able to lean forward from the hips and hold this position 
while maintaining a lumbar lordosis, thoracic kyphosis 
and while maintaining normal respiration. Ultrasound 
imaging was also used to provide feedback of multifidus 
contraction during this phase of training. Techniques of 
squatting and lunging were examined, and subjects were 
instructed to maintain their lumbar lordosis and thoracic 
kyphosis throughout the movement. After the 6-week 
motor control training programme, subjects in the LBP 
group were allowed to resume graduated weight training 
with the rest of the squad. Close monitoring of technique 
and maintenance of the spinal curves was continually 
monitored in the weights room.

The pattern of results for the multifidus muscle indicated 
that across vertebral levels for both groups; (i) muscle size 
increased during the course of the training camp; (ii) there 
was significant amount of muscle size asymmetry among 
these cricketers; and (iii) there was a significant decrease 
in asymmetry during the course of the training camp. At 
the L5 vertebral level, there was an additional effect related 
to increased size of the muscle. The results indicated that 
the increase in muscle size during the course of the training 
camp was not the same for both groups. At L5, multifidus 
muscle size was smaller in the cricketers with LBP at the 
start of the training camp, but this was not evident at the 
end of the training camp. At the L5 vertebral level, there 
was also a decrease in asymmetry during the course of the 
training camp, which was greater for the LBP group. There 
was also a 50% decrease in the mean reported pain level 
among the cricketers with LBP (Hides et al. 2008).

Results for the abdominal muscles showed that the con-
traction size for the CSA of the abdominal wall (expressed 
as a percentage change from the rest condition) for the 
asymptomatic group was similar at pre-camp and post-
camp whereas the LBP group demonstrated a relative 
increase in contraction size from pre-camp to post-camp 
following the intervention programme of motor control 
exercises. The increase in thickness of the internal oblique 
(IO) muscle due to contraction (expressed as a percentage 
change from the rest condition) for the asymptomatic 
group was similar at pre-camp and post-camp, whereas the 
LBP group demonstrated a relative decrease in the amount 
of contraction of the IO muscle from pre-camp to post-
camp following the intervention programme of motor 
control training exercises. In the case of the TrA muscle 
thickness, the increase in TrA thickness due to contraction 
for the asymptomatic group increased from pre-camp to 
post-camp, whereas the LBP group demonstrated a relative 
decrease in the amount of contraction of the TrA muscle 
from pre-camp to post-camp following the intervention 
programme of motor control exercises.

Clinical discussion points
The motor control training exercises used in these studies 
were low load in nature and did not induce pain. The 
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alone in normal subjects (Henry and Westervelt 2005). 
Furthermore, the use of ultrasound imaging in the specific 
motor control retraining of the TrA muscle (independently 
of the other abdominal muscles) has been shown to facili-
tate the development of changes in the timing of muscle 
activation that were evident not only immediately after 
training (Tsao and Hodges 2007) but also after 6 months 
(Tsao and Hodges 2008). By the end of the 13-week pro-
gramme, which included progression to closed-chain  
exercises, cricketers with LBP were able to draw in the 
abdominal wall and significantly decrease the CSA of the 
trunk. Similar programmes of therapeutic exercise aimed 
at improving the motor control of the TrA muscle have 
previously reported a concomitant reduction in the sever-
ity (and recurrence) of LBP symptoms in non-athletic sub-
jects with chronic LBP (O’Sullivan et al. 1997; Stuge et al. 
2004; Goldby et al. 2006). While bowler workloads 
(Dennis et al. 2003, 2005) and technique (Elliot 2000) 
must also be considered, re-education of the ability to 
contract the TrA muscle independently of the other 
abdominal muscles in fast bowlers may help to stabilize 
the spine against the large forces induced on the spine 
when bowling (Elliot 2000), and may reduce the inci-
dence and severity of LBP in this population.

Key clinical points from this research
 Atrophy of the multifidus muscle can present in 

elite athletes who are still able to perform their 
sports and train, including high loaded weight 
training.

 As the athletes were undergoing weight training 
prior to the studies described above, weight training 
alone may not be enough to induce hypertrophy  
of the multifidus muscle in athletes with LBP  
and associated atrophy of the multifidus muscle  
(if present).

 It would appear that retraining motor control prior 
to loaded activity is a sensible approach for 
hypertrophying the multifidus muscle.

 Endurance of the multifidus muscle and adequate 
proprioception of lumbopelvic and thoracic 
position may be important factors to consider in 
weight-bearing exercise.

 Adequate mobility of the thoracic spine, hips, and 
adequate dissociation of hips/lumbar spine motion 
(especially flexion/extension) and thoracic motion 
(rotation) would seem important factors to consider.

 Cricketers with LBP tended to overcontract their 
abdominal muscles, and did not exhibit 
independent control of their TrA muscle. An 
essential component of treatment was learning to 
decrease overactivity of the IO muscle, and to 
re-learn a diaphragmatic breathing pattern.

 Ultrasound imaging was deemed a useful tool in 
these studies, as a means of providing feedback of 

Differences between cricketers with and without LBP 
were also evident in their contraction of the TrA and IO 
muscles, measured by muscle thickness. At the start of the 
training camp, cricketers with LBP contracted both the IO 
and the TrA muscles more than the asymptomatic cricket-
ers when they drew in their abdominal walls. Similar 
results have been presented in studies which compared 
automatic recruitment of the abdominal muscles among 
subjects with and without LBP in response to a simulated 
weight-bearing task (Hides et al. 2009a; Hyde et al. 2012). 
It has been proposed that a more general strategy of 
‘bracing’ the abdominal muscles may lead to an increase 
in intra-abdominal pressure (Hides et al. 2009a). There-
fore, despite the increased thickness of the IO and TrA 
muscles in the cricketers with LBP (contracting against the 
resistance of the increased intra-abdominal pressure), the 
TrA muscle could not concentrically shorten (slide) to  
the same extent as seen in those without LBP. By the end 
of the camp, the cricketers with LBP who received motor 
control training decreased the amount of contraction of 
both the IO and the TrA muscles when they drew in their 
abdominal walls. This finding makes sense if interpreted 
in the context of over-contraction of these muscles at the 
start of the training camp. Associated with this decrease in 
the amount of contraction of the TrA and IO muscles was 
an improvement in the ability to draw in the abdominal 
wall (reflected by the trunk CSA measure) and perform the 
muscle test for the TrA muscle. Overactivity of lumbopel-
vic muscles has been commonly observed among people 
with LBP (Lariviere et al. 2000; Ng et al. 2002; van Dieen 
et al. 2003; Hodges et al. 2003; Geisser et al. 2005). This 
may represent an attempt to confer generalized stiffness 
(Gardner-Morse and Stokes 1998) to the vertebral column 
or to increase intra-abdominal pressure, which can also 
confer generalized stiffening of the spine (Hodges and 
Moseley 2003; Hodges et al. 2005).

This result may hold important implications for exer-
cise therapy. There is evidence that the TrA muscle is con-
trolled independently of the other abdominal muscles 
(Hodges and Richardson 1996, 1998). Results from this 
study, where cricketers with LBP contracted the TrA (and 
IO) muscle more than the healthy subjects, would suggest 
that increasing the amount of contraction of the TrA 
muscle when performing motor control exercises may 
not be as important as improving the ability to contract 
the TrA muscle independently of the other abdominal 
muscles before progressing to higher load activities, 
where the abdominal muscles are more likely to contract 
together.

A further consideration in the implementation of the 
motor control training was the use of ultrasound imaging 
to provide feedback of the independent contraction of the 
TrA muscle. Ultrasound imaging has been successfully 
used to provide feedback to enhance motor re-learning  
in subjects with chronic LBP (Goldby et al. 2006) and  
has been shown to be superior to clinical instruction  
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et al. 2005), with other more recent studies showing 
increases in psoas size during bed rest (Hides et al. 2007, 
2009b; Belavý et al. 2008). In addition, recent works in 
prolonged bed rest have shown differential atrophy in the 
paraspinal (extensor) muscles with the multifidus muscle 
showing greater atrophy than the lumbar erector spinae at 
the lower lumbar levels (Hides et al. 2007, Belavý et al. 
2011). In comparison, the abdominal flexor muscle group 
has been shown to increase in size during bed rest (Hides 
et al. 2007).

Some of the changes in bed rest have been observed to 
be long-lasting in nature. It took 28 days for the psoas 
muscle to return to its pre bed-rest size following 
re-ambulation (Hides et al. 2007) and changes in the  
multifidus muscle were still evident at 90 days after 
re-ambulation and return to normal activities (Belavý 
et al. 2008). Electromyographic studies have also shown 
the persistence of motor control changes in the lumbopel-
vic musculature up to 1 year after bed rest (Belavý et al. 
2007a, 2007b, 2010b). Similar changes in muscle size have 
been reported for people with LBP for the multifidus 
(Leblanc et al. 1992, 1995; Hides et al. 1996, 1998; Dan-
neels et al. 2000;Wallwork et al. 2009) and psoas muscles 
(Leblanc et al. 1995; Danneels et al. 2000; Stewart et al. 
2010). This differential atrophy of the muscles during bed 
rest has also been linked to the development of LBP after-
wards (Holguin et al. 2009; Belavý et al. 2011).

Motor control training
In a recent study, we trialled two intervention programmes 
after prolonged bed rest (Hides et al. 2011c). Subjects 
underwent 60 days of head-down tilt bed rest as part of 
the 2nd Berlin BedRest Study (BBR2–2). After bed rest they 
underwent one of two exercise programmes, trunk flexor 
and general strength training or specific motor control 
training. MRI of the lumbopelvic region was conducted at 
the start and end of bed rest and during the recovery 
period (14 and 90 days after re-ambulation). CSAs of the 
multifidus, psoas, lumbar erector spinae and quadratus 
lumborum (QL) muscles were measured from L1 to L5. 
Morphological changes including disc volume, spinal 
length, lordosis angle and disc height were also measured. 
Both exercise programmes restored the multifidus muscle 
to pre-bed rest size, but further increases in psoas muscle 
size were seen in the trunk flexor and general exercise 
group up to 14 days after bed rest. The trunk flexor and 
general strengthening programme resulted in greater 
decreases in disc volume and anterior disc height. The 
motor control training programme may be preferable to 
trunk flexor and general strength training after bed rest 
(when musculoskeletal structures are deconditioned) as it 
restored the CSA of the multifidus muscle without generat-
ing potentially harmful compressive forces through the 
spine.

appropriate patterns of contraction for the TrA and 
multifidus muscles. This was found to be of benefit 
in upright functional positions as well as during 
performance of exercises in the weights room.

EFFECTS OF DELOADING

Alterations in physical activity experienced during space-
flight or prolonged bed rest have direct effects on the 
musculoskeletal system. Exposure to microgravity has 
been shown to lead to an increased incidence of LBP 
associated with abnormal lengthening of the spine (Wing 
et al. 1991), atrophy of spinal musculature (Leblanc et al. 
1995), increased intervertebral disc (IVD) height and area 
(Leblanc et al. 1994, 1995) and altered IVD composition. 
Greater than 50% of astronauts complain of LBP during 
space missions (Wing et al. 1991), and astronauts have an 
increased incidence of disc protrusion when compared to 
a general or an army aviation population (Johnston et al. 
1998). Astronauts undergo specific training programmes 
before and after spaceflight, to try to minimize the effects 
of loss of functional weight bearing and to help to prevent 
conditions such as LBP developing. LBP is also known to 
be a huge problem on Earth (Hicks et al. 2002), but it is 
difficult to perform longitudinal studies before and after 
the onset of LBP as development of insidious LBP may 
take a long time. This process is accelerated in spaceflight 
and prolonged bed rest, and these studies therefore offer 
a unique opportunity to study people before and after the 
onset of LBP. Bed rest studies are also useful as they allow 
testing of countermeasures and rehabilitation procedures 
both during and after periods of reduced functional weight 
bearing.

Countermeasures and rehabilitation procedures have 
traditionally aimed at reversing muscle atrophy and weak-
ness which are assumed to be the result of LBP, spaceflight 
and prolonged bed rest, however this is not always the 
case. While some muscles do atrophy, other muscles 
increase in size under these conditions. For example labo-
ratory studies have demonstrated the effects of induced 
pain (Hodges et al. 2003; Kiesel et al. 2008) or anticipa-
tion of pain (Neumann and Gill 2002) on muscle func-
tion in normal subjects, and demonstrated that while 
some muscles become inhibited (and atrophy), other 
muscles increase their activation in response to induced 
pain (Hodges et al. 2003).

This situation of differential atrophy between muscles 
also occurs in bed rest. Studies using MRI have demon-
strated greater atrophy in the spinal extensor muscles than 
in the flexor muscles (Lee et al. 2003; Cao et al. 2005). The 
psoas muscle, a spinal flexor, has been shown not to 
change significantly in size during spaceflight (LeBlanc 
et al. 1995, 2000) and bed rest (Leblanc et al. 1992; Cao 
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major muscles, or ability to contract the TrA muscle 
through ‘drawing in’ of the abdominal wall. Small multi-
fidus muscle size at L5 predicted five of six cases that 
incurred a more severe HTG injury. We have recently com-
pleted a study looking at players from six AFL clubs to 
replicate this finding.

Given that the small size of the multifidus muscle at the 
lumbo-sacral junction predicted HTG injuries in AFL 
players, a logical next step was to intervene using motor 
control training to see if this could affect injury rates. 
Other prospective studies have also shown that deficits in 
the control of the trunk can predict lower limb injuries 
(Zazulak et al. 2007a, 2007b). Zazulak et al. (2007b) 
showed that increased trunk displacement in response to 
sudden trunk force release (factors related to lumbopelvic 
stability) was predictive of knee and anterior cruciate liga-
ment injuries in athletes. The rationale for this was that 
decreased neuromuscular control of the trunk, coupled 
with high ground reaction forces directed toward the 
body’s centre of mass, compromised the dynamic stability 
of the knee joint and increased knee injury risk. LBP is also 
common amongst AFL players. We conducted a panel  
randomized intervention trial to examine the effect of a 
motor control training programme for elite AFL players 
with and without LBP (Hides et al., 2012). The outcome 
measures included CSA and symmetry of multifidus, QL 
and psoas muscles, and change in CSA of the trunk in 
response to an abdominal drawing in task. These measures 
of muscle size and function were performed using MRI. 
Availability of players for competition games was used  
to assess the effect of the intervention on the occurrence 
of injuries. The motor control programme involved per-
formance of voluntary contractions of the multifidus and 
TrA muscles while receiving feedback from ultrasound 
imaging. As all players were to receive the intervention, the 
trial was delivered as a stepped-wedge design with three 
treatment arms (15 weeks intervention, 8 weeks interven-
tion and a ‘wait-list’ control who received 7 weeks inter-
vention toward the end of the playing season). Players 
participated in a pilates programme when they were not 
receiving the intervention. Results showed that the inter-
vention programme was associated with an increase in 
multifidus muscle size relative to results for the control 
group. The programme was also associated with an 
improved ability to draw in the abdominal wall. Interven-
tion was commensurate with an increase in availability for 
games and a high level of perceived benefit. Motor control 
training was also commensurate with decreased LBP in 
AFL players. In this study, footballers who received the 
intervention early in the season missed fewer games due 
to injury than those who received it late in the playing 
season.

Many sports are asymmetrical in nature, and asymmetry 
has been thought to possibly be related to injuries. Due 
to the proposed undesirable consequences of asymmetry, 

MUSCLE IMBALANCE, MUSCLE 
ASYMMETRY AND MOTOR  
CONTROL TRAINING

Bed rest studies provide a good example of development 
of muscle imbalances. Sports which involve very specific 
training and loading patterns also have the potential to 
induce muscle imbalances, and muscle asymmetries. A 
recent longitudinal study was conducted to determine if 
muscle imbalance of trunk muscles exists in elite AFL 
players (Hides and Stanton 2012). AFL players were 
assessed at four time points over three playing seasons, 
and MRI was used to determine the CSAs of the multi-
fidus (vertebral levels L2 to L5) and lumbar erector spinae 
muscles (L3), as well as the thickness of the TrA and IO 
muscles at L3. By the end of the playing season, results 
showed 11.1% atrophy for multifidus CSA and 21% 
atrophy for TrA thickness at rest. In comparison, the CSA 
of the lumbar erector spinae muscles increased by 3.6% 
and the thickness of the IO muscle increased by 11.8% 
compared with the start of the pre-season. Overall, the 
results of this study indicated that trunk muscles with a 
proposed role in torque production such as IO and 
lumbar erector spinae, increased in size over the playing 
season and reduced in size again by the start of the next 
season. The increase in size during the season could be 
expected as a result of higher loads associated with train-
ing and playing football. However, the results also indi-
cated that local muscles such as the multifidus and TrA 
decreased in size over the playing season. This muscle 
imbalance was associated with playing football rather 
than with LBP.

In a longitudinal observational study, we examined the 
relationship between severity of pre-season hip, thigh and 
groin (HTG) muscle injuries, and lumbopelvic muscle 
size, asymmetry and function at the start and end of the 
pre-season (Hides et al. 2011a). In AFL, HTG muscle inju-
ries have the highest prevalence and incidence rate. Defi-
cits within the lumbopelvic region, such as impaired 
muscle function and muscle asymmetry, could contribute 
to injuries in the pre-season, and injury could in turn 
affect muscle size and function. MRI examinations were 
performed on 47 male elite AFL players at the start and at 
the end of the football pre-season. CSAs of multifidus, 
psoas major and QL muscles were measured, as well as 
change in trunk CSA due to voluntarily contracting the TrA 
muscle. Injuries occurring during pre-season training were 
routinely recorded by the club’s performance staff at each 
training session. Results showed that players with more 
severe pre-season HTG injuries (more training sessions 
missed) had significantly smaller multifidus muscle CSA 
compared with players with no HTG injury. No relation-
ship was found for size or asymmetry of the QL or psoas 
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Asymmetry of trunk muscles has also been investigated 
in AFL players in relation to their preferred kicking leg. 
Kicking is an asymmetrical and ballistic task which 
involves trunk rotation and hip flexion (Mozes et al. 1985; 
Anderson et al. 2001) and it has been proposed that 
kicking may contribute to muscle imbalances and induce 
torsion on the spine (Orchard et al. 1999; James 2002). 
The effect of kicking on muscles of the lower limb has 
been investigated (Orchard et al. 1999; Orchard 2001; 
Baczkowski et al. 2006). Researchers have identified the 
roles of specific muscles relative to the kicking and stance 
leg, and a link between muscle injuries and leg preference 
has been determined. However, muscles of the hip and 
lumbopelvic region have received less attention.

To determine if asymmetry relative to the preferred 
kicking leg exists for the psoas and QL muscles among 
elite AFL players, 54 players were assessed at three time 
points from 2005 to 2007 (start of pre-season, end of 
season and end of pre-season training) (Hides et al. 
2010b). Number of injuries was also included as a risk 
factor. Results showed that at all three time points, the CSA 
of the psoas muscle was significantly greater ipsilateral to 
the kicking leg, while the CSA of the QL muscle was sig-
nificantly greater on the side contralateral to the kicking 
leg (stance leg). While the primary aim of this study was 
focussed on asymmetry of the psoas and QL muscles, 
information about current lumbopelvic and/or lower limb 
injuries was collected at each time point. This kind of 
information is important, as in AFL players, it is unknown 
whether asymmetry of trunk muscles is a normal finding 
related to function for this group or is potentially prob-
lematical. Interestingly, increased psoas muscle size has 
been documented in athletes with LBP when compared 
with athletes without LBP (McGregor et al. 2002; Stewart 

several coaching and training sources encourage players in 
sports involving kicking such as Australian Rules football 
(Parkin et al. 1987a, 1987b) and soccer (Mozes et al. 
1985; McLean and Tumilty 1993) to practice using both 
legs during training. The rationale for this practice is to 
minimize potential asymmetrical forces acting on joints, 
reduce muscle imbalances and decrease the workload of 
the dominant leg which may eventually lead to overuse 
injuries (Anderson et al. 2001).

One trunk muscle that has been studied in cricketers is 
the QL muscle. Researchers have used imaging studies to 
reveal hypertrophy of the QL muscle ipsilateral to the 
bowling arm in fast bowlers (Wallace et al. 1997; Eng-
strom et al. 2007; Hides et al. 2008a; Ranson et al. 2008). 
Engstrom et al. (1999, 2007) and Walker et al. (1999) 
hypothesized that increased muscle development created 
an increased mechanical load on the neural arch resulting 
in contralateral bone stress injuries. However, care must 
be exercised when extrapolating from morphological 
studies. A mathematical model was developed to test this 
theory by De Visser et al. (2007). The model was used to 
estimate forces and moments delivered by the QL muscle 
on the L3 and L4 vertebrae during the bowling action. In 
contrast to the earlier studies which had predicted a rela-
tionship between hypertrophy of the QL muscle and 
development of injuries (Engstrom et al. 1999, 2007; 
Walker et al. 1999), the model predicted that asymmetry 
of the QL muscle may help to reduce bone stresses (De 
Visser et al. 2007).While it has not been shown that devel-
opment of muscle asymmetry relates to injury, it is never-
theless important to determine if such asymmetries 
actually do exist in relation to specific sports.

As cricket is an asymmetrical sport, it is likely that asym-
metries will develop in many trunk muscles. This may 
occur in all cricketers, not just the fast bowlers who are 
exposed to very high asymmetrical forces when they bowl. 
A recent MRI study (Hides et al. 2008b) showed that 
asymmetry of the QL muscle was present in cricketers of 
all positions. Among fast bowlers, it was found that asym-
metry was related to the presence of LBP. Fast bowlers with 
LBP had the greatest asymmetry, whereas fast bowlers 
without LBP had no greater evidence of asymmetry of  
the QL muscle than other cricketers (not fast bowlers)  
in the squad. For the psoas muscle, it has been reported 
that asymmetry in fast bowlers is significantly greater  
than asymmetry in control subjects (Hides et al. 2008b) 
(Fig. 9.5). While increased loading and hypertrophy of 
muscles may be associated with sporting activities, results 
must be interpreted carefully as pain and muscle inhibi-
tion can lead to atrophy of muscles. Asymmetry of the 
psoas muscle has also been observed in subjects present-
ing with unilateral LBP with decreased CSA on the affected 
side (Barker et al. 2004). Thus athletes with LBP may 
present with competing influences of muscle hypertrophy 
due to increased activity levels and muscle atrophy due to 
pain and muscle inhibition.

Figure 9.5 MRI of the trunk at the level of the L3–L4 disc in 
an elite cricketer. Asymmetry of the psoas muscle is evident, 
with the psoas on the right side (left of image) larger 
(outlined). There is also asymmetry between sides in the 
quadratus lumborum muscle (bigger on the left side) and 
oblique abdominal muscles (bigger on the right side). 
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figure skaters (Peltonen et al. 1998) and cricketers (Ranson 
et al. 2008).

Key clinical points from these studies
 Asymmetry of trunk muscles may occur in athletes 

who participate in asymmetrical sports. It is unclear 
if the resultant asymmetry is a necessary response  
to the demands of the individual sport or if it is 
potentially harmful.

 Imbalance between the trunk flexor and extensor 
muscles may occur in various sports. In the 
presence of hypertrophy of muscles such as the 
psoas, exercises should be selected which do not 
over-recruit the already hypertrophied muscles. This 
may include factors such as position adopted for 
exercises and open versus closed chain exercise 
selection.

 Athletes may have muscles which are receiving 
competing influences of hypertrophy (due to 
demands of the sport) and atrophy (due to factors 
such as pain inhibition). A thorough individual 
muscle assessment will be required to determine 
the most appropriate exercise therapy approach.

 Studies on athletes have supported studies 
conducted on non-athletic populations in that 
motor control training is commensurate with a 
reduction in LBP.

 Assessment of muscle imbalance may be a useful 
screening tool which could be used by sporting 
teams.

 Although there are many factors to consider in 
association with decreasing rates of injuries in elite 
athletes, motor control training represents one 
approach which may be beneficial.

et al. 2010). Results of the study indicated no overall effect 
for number of injuries on muscle size or asymmetry. 
However, this aspect could be further examined, as the 
relationship may be far more complex than can be 
explained by relating asymmetries to number of injuries. 
While it is quite possible that asymmetries of key lumbo-
pelvic muscles may induce deleterious forces on the spine, 
it may be that the presence of an operational stability 
system (provided by other deep abdominal and paraspinal 
muscles such as the multifidus and lumbar erector spinae) 
may counter these forces and protect the spine from injury 
(Hides et al. 2010b). A possibility is that injuries ensue 
when the stability system is inadequate to negate the 
forces induced on the spine by the torque producing 
muscles. Future studies could investigate this aspect 
further.

The size of the psoas muscle has been examined in 
athletic and non-athletic populations. Assessments have 
been conducted in age-matched athletic and non-athletic 
adolescent girls (Peltonen et al. 1998). The sports under-
taken by the athletic subjects included gymnastics, ballet 
and figure skating. The athletes assessed had greater abso-
lute psoas muscle CSA and trunk flexion force than the 
control subjects, which was explained by their regular 
physical training. It would seem from these studies that it 
is important to examine muscle size and symmetry in dif-
ferent sports, as athletes may show prominent develop-
ment in muscle groups used in their competitive activities 
and/or training regimes (Kanehisa et al. 2001, 2003). 
Muscle imbalances have the potential to exist between 
sides and between muscle groups. Hypertrophy of the 
psoas muscle in AFL players is most likely related to its 
role as a primary hip flexor (Bogduk et al. 1992; Penning 
2000) (Fig. 9.6) as was seen in gymnasts, ballet dancers, 

Figure 9.6 MRI of the trunk at the level of the L4–L5 disc in 
an elite AFL player, showing hypertrophy of the posas 
muscles bilaterally. The psoas muscles are also asymmetrical 
between sides, with a bigger muscle on the player’s left side 
(to right of the image). 
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INTRODUCTION

Recruitment strategies, endurance and strength of torso 
musculature have all been examined for a potential link 
with low back pain (LBP) with mixed levels of success. 
One of the primary barriers has been the isolation of 
whether the inherent muscle responses were pre-existing 
to low back pain development or developed post-pain 
presentation. A second issue has been the examination of 

individual muscle responses in isolation from other 
agonist and antagonist muscle groups. This chapter exam-
ines the need for more integrative muscle control assess-
ments examining the timing and co-activation of muscle 
groups. A case is made that low back pain may be linked 
to pre-existing muscle control strategies in asymptomatic 
individuals through the use of a subacute transient pain 
model induced by 2 hours of prolonged standing.

BACKGROUND

Many risk factors have been identified for the development 
of low back injury, including anthropometric characteris-
tics, lumbar hypomobility, reduced lumbar lordosis, psy-
chological distress and previous low back injury (Adams 
et al. 1999), as well as specific mechanical loading factors 
(Norman et al. 1998). However, LBP is a complex, multi-
factorial process with pathoanatomical, neurophysiologi-
cal, physical and psychosocial components (Linton 2000; 
Kumar 2001; Waddell 2004) potentially contributing to 
low back dysfunction. Therefore, the effective prediction 
of who will develop LBP remains problematic (Leboeuf-
Yde et al. 1997).

Prolonged standing as a risk factor 
for low back pain
Epidemiological studies have shown that standing occupa-
tions have a strong association with LBP (Andersen et al. 
2007; Roelen et al. 2008). Checkout clerks and individuals 
in other occupations often have long periods of standing 
and are known to develop LBP as the length of time on 
their feet increases (Kim et al. 1994). In a 2-year prospec-
tive study of Danish workers across 30 different industries, 
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extensors versus increased activation of the extensors) 
depending upon the patient’s clinical sub-classification 
(Paquet et al. 1994; Dankaerts et al. 2006).

Agonist/antagonist co-activation has also been reported 
in LBP patients (van Dieën et al. 2003a; Dankaerts et al. 
2006; Pirouzi et al. 2006), although not all studies have 
found this to be the case (Silfies et al. 2005). The presence 
of increased agonist/antagonist co-activation appears to be 
highly task-dependent.

Motor control patterns and low 
back pain: predisposing versus 
adaptive factors?
It is well known that motor control impairments occur 
with non-specific LBP. These are commonly considered to 
be secondary to pain (van Dieën et al. 2003b), and are 
proposed to be adaptive and protective in nature (van 
Dieën et al. 2003a). Because of this premise, it has been 
suggested that no attempt should be made to normalize 
or correct these ‘adaptive’ motor patterns (van Dieën et al. 
2003a, 2003b; O’Sullivan 2005). Several research groups 
have suggested that there is also a ‘maladaptive’ motor 
control impairment where the alteration in motor pattern 
is not protective, but instead results in provocation of pain 
and abnormal tissue loading (Burnett et al. 2004; McGill 
2004; O’Sullivan 2005). In these cases, it is suggested that 
correction of the maladaptive motor pattern may be 
beneficial.

It should be noted, however, that regardless of the ter-
minology used (‘adaptive’ vs. ‘maladaptive’), the motor 
pattern in question has previously been considered to be 
in response to some initial LBP or injury, and therefore 
both should essentially be considered to be adaptations 
of the motor control system to LBP. Since most prior 
research has utilized intact subject groups (those who 
already have a clinical presentation of LBP vs. healthy 
controls), it is impossible to answer the question of 
whether alterations in motor control are predisposing or 
adaptive in nature. The presence of a dysfunctional motor 
control pattern in a healthy individual may in fact predis-
pose them to develop a non-specific LBP disorder for the 
same reasons that O’Sullivan’s ‘maladaptive’ subgroup is 
thought to perpetuate and worsen their disorder through 
faulty movement and control (O’Sullivan, 2005).

The existing published studies that have investigated the 
pain–spasm–pain and pain adaptation models are largely 
based on animal studies, and artificially induced episodes 
of acute pain in humans through injection of noxious 
substances (van Dieen et al. 2003b). Both of these models 
suggest that altered motor control patterns are adaptive in 
nature, while one (pain–spasm–pain) can be considered 
to be ‘maladaptive’ and have the effect of perpetuating the 
painful disorder, and the other is appropriately adaptive 
and serves to protect the system (pain adaptation). Neither 

Andersen and colleagues (2007) found that requiring pro-
longed periods of occupational standing (>30 minutes out 
of each hour) was one of the strongest predictors of LBP 
with a hazard ratio of 2:1 (95% CI 1.3–3.3). Another study 
in Dutch workers reported that prolonged standing was 
related to increased pain reporting in the low back and 
thoracic region (Roelen et al. 2008). Prolonged standing 
has been strongly associated with LBP incidence, but not 
all workers exposed to prolonged standing will become 
LBP developers.

Altered muscle activation in  
the presence of low back pain
Differences in muscle activation patterns between people 
with LBP and healthy controls have been very well docu-
mented, although the interpretation of these differences 
remains a matter of debate (van Dieën et al. 2003b). 
Results vary depending upon whether participants were 
sub-classified or treated as a homogeneous LBP group. 
Findings also appear to be task-dependent. A common 
finding has been the presence of generally increased trunk 
muscle activation in individuals with LBP (Lariviere et al. 
2000; van Dieën et al. 2003a; Burnett et al. 2004; Silfies 
et al. 2005; Dankaerts et al. 2006; Pirouzi et al. 2006). 
There is evidence that LBP also impacts coordination of 
trunk and hip musculature as differences in muscle onsets, 
offsets and durations have been found between those with 
LBP and healthy controls during different tasks, including 
single leg standing, and trunk flexion/extension cycles 
(Leinonen et al. 2000; Hungerford et al. 2003; Ferguson 
et al. 2004). Studies of fatigability in LBP patients versus 
control subjects have produced conflicting findings. 
Kankaanpaa and colleagues (1998) reported increased 
fatigability of the gluteus maximus and lumbar paraspinal 
muscles in LBP groups during an isometric back extension 
task. In contrast, da Silva et al. (2005) found no differ-
ences in lumbar paraspinal muscle fatigue or strength 
between LBP and control groups during three different 
assessment protocols.

The Flexion Relaxation Phenomenon (FRP) is a period 
of myoelectrical silence of the lumbar extensor muscles 
when an individual stands in full flexion, and has been 
confirmed in multiple studies of asymptomatic individu-
als (Paquet et al. 1994). It has been proposed that the FRP 
is an indication of loads being shifted to the passive struc-
tures (ligaments), or being taken over by deeper muscles 
not accessible by surface EMG recording (Callaghan and 
Dunk 2002). FRP can be quantified through a ratio of 
trunk extensor muscle activation in the upright position 
to muscle activation in the flexed position, or the Flexion 
Relaxation Ratio (FRR) (Dankaerts et al. 2006). FRP has 
been shown to be absent or diminished in LBP patients, 
although this effect appears to be achieved through a  
different muscle activation pattern (failure to relax the 
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stabilization-based exercise intervention in patients with 
low back pain, with a primary focus on identification of 
predictive factors for positive outcomes (Hicks et al. 
2005).

TRANSIENT LBP MODEL

A functionally induced LBP model was used as a pro-
spective design to study factors linked to LBP develop-
ment during prolonged standing exposures (Gregory and 
Callaghan 2008; Gregory et al. 2008; Nelson-Wong et al. 
2008). The rationale for this protocol is that a percentage 
of individuals who have no prior history of LBP develop 
considerable levels of LBP during the common, func-
tional task of prolonged standing. This allows for a stand-
ardized laboratory approach for the evaluation of 
biological responses and their relationship to pain devel-
opment. This protocol has proven effective for inducing 
LBP in 40–65% of asymptomatic individuals with no  
lifetime history of LBP (Gregory and Callaghan 2008; 
Gregory et al. 2008; Nelson-Wong et al. 2008). This 
allows for separation of pain developers (PD) and non-
pain developers (NPD) during the prolonged standing 
exposure. Using the pain grouping also allowed for inves-
tigation of an exercise-based intervention on factors 
deemed to be important in low back pain development 
(Fig. 10.1).

model allows for the possibility that altered motor control 
might actually be a contributing factor for the initial devel-
opment of LBP, and might in some cases be considered to 
be causal.

Stabilization-based exercise as  
an intervention for low back pain
It is becoming widely accepted that patients who receive 
treatments that are matched to a sub-classification cate-
gory have better outcomes than those receiving unmatched 
treatments (Fritz et al. 2007). Most clinical guidelines for 
the treatment of LBP include some form of supervised 
exercise as an intervention (Airaksinen et al. 2006); the 
appropriate prescription, optimal level of supervision and 
dosing, however, have been less well established. Exercise 
intervention for patients with LBP is an accepted part of 
physical therapy practice and is included as a stand-alone 
first-line treatment or as an adjunct to manual therapy in 
most practice patterns (Hayden et al. 2005; Ferreira et al. 
2007). In a systematic review, Hayden and colleagues 
(2005) found that the most effective exercise intervention 
strategy was to individually tailor a programme to the 
patient, deliver it in a supervised format with regular 
follow-up with the therapist, and encourage patient adher-
ence to the programme in order to achieve high dosage. 
These authors also reported that exercise programmes with 
an emphasis on muscle strengthening appeared to be most 
effective. Other research has investigated the response to 

Figure	10.1 Flowchart of the experimental protocol for the two data collection days separated by a 4-week period. 
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RESPONSE TO INDUCED LBP

Baseline responses

The 43 participants clearly separated into two distinct 
groups, with 17 of the 43 (40%) participants being classi-
fied as PDs. The time developing pain (Fig. 10.2) resulted 
in averaged maximum VAS scores of 22.7 ± 2.91 mm for 
PD and 1.37 ± 0.45 mm for NPD. Both groups exhibited 
similar anthropometric characteristics, baseline VAS 
scores, physical activity levels, attitudes towards pain and 
disability, scores on the majority of the clinical assessment 
measures and extensor fatigability.

There were only two measures taken prior to pain devel-
opment that related to the pain group classification. Indi-
viduals in the PD group demonstrated greater difficulty in 
maintaining the frontal plane position of the pelvis during 
active hip abduction in side-lying (AHAbd test) (Nelson-
Wong et al. 2009). The AHAbd test was designed to chal-
lenge the trunk musculature during active lower limb 
movement in a destabilized position of side-lying with 
extended lower extremities. The finding that pain develop-
ers had greater difficulty controlling this movement and 
maintaining the trunk in a neutral position during a rela-
tively low demand challenge supports the concept of 
decreased trunk control during an upright posture, and 
perhaps is an indicator of a pre-existing motor control 
deficiency in this group. The second measure that identi-
fied the PDs a priori was a flexion–relaxation response 
(FRR) quantified by calculating the ratio of muscle activa-
tion in upright standing to activation in the fully flexed 
position (FRR) (Dankaerts et al. 2006). While no back 
muscle group exhibited a different response between the 

The prolonged standing protocol involved standing at a 
workstation for a 2-hour period while completing simu-
lated occupational tasks. Participants were constrained 
within a 1.12 m2 area to be in contact with two force 
platforms but were otherwise allowed to shift their  
weight and move around within the limits of the force 
platforms.

To assess the pain developed, a 100 mm visual analogue 
scale (VAS) with end-point anchors of ‘no pain’ and ‘worst 
pain imaginable’ for the low back were completed at base-
line and every 15 minutes. Additional clinically relevant 
measures were assessed including physical activity history 
(Minnesota Leisure Time Physical Activity Questionnaire, 
MPAQ (Folsom et al. 1986)), and a questionnaire to 
assess attitudes towards pain, injury and disability was 
completed (compilation of questions from the Cognitive 
Risk Profile for Pain, CRPP (Cook and DeGood 2006), 
Survey of Pain Attitudes-b, SOPA-b (Tait and Chibnall 
1997) and the Fear Avoidance Beliefs Questionnaire, 
FABQ (Waddell et al. 1993)). Standardized physiotherapy 
assessments included active and passive hip and lumbar 
range of motion, assessment of core stability as demon-
strated by active straight leg raise (ASLR) (Mens et al. 
1999) and active side-lying hip abduction (AHAbd) 
(Nelson-Wong et al. 2009), time to fatigue in side support 
(McGill et al. 1999; Hicks et al. 2005), assessment of 
lumbar segmental mobility (Hicks et al. 2003) and prone 
instability testing (Hicks et al. 2003; Hicks et al. 2005).

Participants were considered to be PD if a change in VAS 
score greater than 10 mm from baseline was recorded. The 
10 mm threshold VAS value was chosen, as 9 mm has 
been found to be the minimum clinically significant dif-
ference in VAS, representing a small treatment effect (Kelly 
1998) and the Minimally Clinically Important Difference 
(MCID) for patients to feel their LBP symptoms had wors-
ened was only 8 mm (Hagg et al. 2003).

Continuous electromyography (EMG) data were col-
lected from 16 muscles (bilateral thoracic erector spinae, 
lumbar erector spinae, latissimus dorsi, rectus abdominis, 
external oblique, internal oblique, gluteus medius and 
maximus). Three-dimensional kinematics and kinetics 
were determined with an 8-segment rigid link model 
(bilateral feet, shanks, thighs, pelvis and thorax).

Primary biomechanical measures of interest included 
fatigability of lumbar and hip extensors (da Silva et al. 
2005) during an extensor endurance test (Beiring–
Sorenson position) and flexion relaxation response of the 
trunk and hip extensors during standing lumbar flexion 
(Dankaerts et al. 2006), as well as the acute muscle  
activation responses to the prolonged standing exposure. 
The muscle activation responses of interest included 
co-activation of muscle pairs (quantified by co-contraction 
coefficient, CCI (Lewek et al. 2004)), phase relationships 
of onsets between muscle pairs (quantified through cross-
correlation (Nelson-Wong et al. 2009)), and Gaps analy-
ses (Veiersted et al. 1990)).

Figure	10.2 The 2-hour standing protocol was successful 
at inducing pain in 40% of the participants, with a clear 
differentiation between PD and NPD groups (time by group 
interaction significant at P < 0.001). 
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First, trunk muscle activation profiles were cross-correlated 
against the right gluteus medius (RGMd) and the relative 
recruitment relationship was determined. The right gluteus 
medius muscle was chosen as a reference as it was at a 
distal endpoint of the kinetic chain for muscles being 
monitored, and enabled the discussion of muscle onsets 
within the context of ‘top-down’ versus ‘bottom-up’ 
control. A ‘top-down’ control strategy has been shown 
previously for the trunk muscles during walking and 
during perturbations in standing (Prince et al. 1994). 
There was a consistent pattern across both PD and NPD 
groups to activate the trunk muscles following the RGMd, 
indicating a predominantly ‘bottom-up’ control strategy. 
A second approach to assess muscle control as an explana-
tory factor in the LBP responses involved examining the 
co-contraction index (CCI) for all 120 possible muscle pair 
combinations. This approach successfully identified differ-
ences between the PD/NPD groups. All trunk flexor/
extensor CCI combinations revealed higher levels of 
muscle co-activation for the PD group at the beginning 
and end of the 2-hour standing period. Average CCI values 
over 12 combinations of bilateral lumbar extensor muscles 
and six flexor groups revealed the PD group had higher 
levels of co-contraction and that the control strategy varied 
differently compared to the NPD group over the two hours 
(Fig. 10.4). A similar finding was also present for the bilat-
eral gluteus medius muscles, with PDs having significantly 
higher levels of bilateral gluteus medius co-activation 
during the first and final 30 minutes of standing (Fig. 10.4).

When the CCI are linked with the pain scores, the PD 
group exhibited increased co-activation muscle patterns as 
a precursor to the increase in their subjective reports of 
pain development. During the time period from 30 to 90 
minutes, the NPD group had an increase in trunk muscle 
co-activation without any commensurate increase in pain 
rating levels (Fig. 10.4a). The PD group showed the reverse 
pattern with a general decrease in muscle co-activation, 
although this was the time period where VAS rating was 
increasing the most (Fig. 10.4b). During this period of 
increased pain development, there was a strong negative 
correlation between VAS score and co-contraction index 
for the bilateral gluteus medius and trunk flexor-extensor 
groups (r = −0.73 and r = −0.92, respectively). The 
co-contraction indices for these muscle groups were nega-
tively correlated (r = −0.39 for gluteus medius, and r = 
−0.18 for trunk flexor-extensors) for the PD and NPD 
groups, showing a clearly different muscle control strategy 
between the two groups.

IMPACT OF PREVENTATIVE 
INTERVENTION

The presence of pre-existing motor control strategies  
that may predispose an individual to developing LBP 

pain groups, gluteus maximus was found to have an 
increased relaxation response (3.4 ± 6.8) in PDs compared 
with NPDs (0.91 ± 1.0), with a larger FRR value indicating 
higher muscle activation in upright standing than in the 
flexed position. The finding of increased FRR for the 
gluteus maximus in PD individuals is consistent with 
earlier reports of gluteal hypoactivity in patients with LBP 
(Leinonen et al. 2000).

Prolonged standing responses
There were very minor postural changes observed over the 
2-hour standing exposure, with no differences detected 
between PD/NPD groups. Similarly, there were no sub-
stantial changes in low back joint kinetics that identified 
different responses between the PD and NPD groups.

Typical measures of muscle activation state, such as 
mean activation level, did not separate the PD and NPD 
groups for any back muscle. The only single muscle data 
analysis that reveled a PD/NPD difference was a measure 
of total Gap time (time the muscle spent at < 0.05% 
maximum voluntary contraction (MVC) over 15-minute 
blocks) for both right and left gluteus medius muscles. The 
NPD group consistently had longer total Gap times than 
the PD group for the bilateral gluteus medius muscles. The 
NPD group responded as the standing duration progressed 
by decreasing their total Gap time, where the PD group 
remained at a relatively constant Gap time throughout the 
entire standing exposure (Fig. 10.3).

Due to minimal difference in posture, low back joint 
kinetics and isolated muscle activation responses, analyses 
incorporating antagonistic and synergistic muscle activa-
tion patterns were undertaken to assess the involvement 
of motor control strategies on the development of LBP. 

Figure	10.3 The total Gap time for bilateral gluteus medius 
muscles decreased over time for the NPD group, while it 
stayed relatively constant for the PD group during the 
standing exposure. NPD individuals had longer total Gap 
times than PDs for these muscles at the beginning and end 
of the standing protocol (* designates P < 0.05). 
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band; side-bridge support; ‘clamshells’ in side-lying; and 
single leg wall-slide squat with abdominal bracing.

A subjective improvement in LBP during prolonged 
standing was found for the PD group assigned to exercise 
intervention with no change in either of the NPD groups’ 
VAS scores or the PD control group.

The control groups (both PD and NPD) and the NPD 
exercise intervention group had no change in gluteus 
medius co-contraction during the second prolonged 
standing session after 4 weeks. A consistent pattern of 
trunk flexor/extensor CCI was present on the second test, 
however the control PD group and both NPD groups had 
lower CCI scores. The PD control group followed the same 
modulation of trunk CCI as was seen on the initial testing 
day, with a marked decrease in trunk CCI during the 
middle stages of standing (from 30 to 60 minutes) when 
LBP was increasing most rapidly. There were also no 
changes between the two test days in the muscle rest (Gaps 
analyses) for the bilateral gluteus medius for these three 
groups.

Pain developers’ response to 
exercise intervention
The PD group responded in a positive fashion to the exer-
cise intervention. There were alterations in the muscle 
control strategies that followed the reduction in LBP 
scores. There were gender-specific responses that were not 
present in the other three groups or present in the PD 
group during the initial testing session.

PD males responded to the exercise intervention with 
an overall decrease in the CCI of the gluteus medius 
muscles whereas females exhibited no change in this 
motor control strategy. Both genders demonstrated a 
change in the trunk flexor/extensor CCI with decreased 
co-contraction during the first 30 minutes of standing fol-
lowed by an increase in trunk flexor/extensor CCI as stand-
ing progressed. This motor control pattern was opposite 
to the trunk muscle modulation observed on the pre-
intervention testing day where the PD group was observed 
to have initially high CCI levels at the trunk followed by 
a decrease (Fig. 10.5) and more in line with the trend of 
CCI observed in NPD individuals. The rest time profiles 
in the gluteus medius yielded the same response as the 
gluteus medius CCI findings with males in the PD exercise 
group having increased total Gap time for the gluteus 
medius muscles during prolonged standing following the 
exercise intervention and females showing no change.

DISCUSSION AND IMPLICATIONS

Individuals with no present or historical indications of 
LBP have clear motor control strategies that predispose 
them to developing functionally induced LBP. The motor 

raises the question of whether these responses can be 
altered. A four-week exercise intervention was undertaken 
to determine if the muscle control strategies present in the 
PD group could be altered, and all 43 participants were 
re-tested with the 2-hour standing protocol after 4 weeks. 
Half of each of the PD/NPD groups was randomly assigned 
to exercise intervention or control/usual activity groups. 
The exercise programme was monitored and progressed 
on a weekly basis by a licensed physiotherapist, with par-
ticipants completing exercises independently at home 3–5 
times per week. The exercises were from stabilization-
based programmes for clinical LBP patients (Hicks et al. 
2005) and included: abdominal bracing with heel slides 
and straight leg raises; arm and leg extensions in quadru-
ped; bridging in supine; standing rows with resistance 

Figure	10.4 (A) Over the 2-hour prolonged standing period, 
the NPD group showed an average increase in co-activation 
of both the trunk flexor-extensor and bilateral gluteus 
medius muscles. (B) Corresponding to the steepest slope of 
VAS, the PD group had a decrease in co-activation of trunk 
flexor-extensors and bilateral gluteus medius muscles. 
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once more, and this was the time period where their VAS 
scores levelled off, or stabilized. The question remains as 
to whether this was an adaptive response to their increas-
ing discomfort that resulted in a motor pattern change, or 
whether LBP was stabilizing for some other reason which 
allowed the participants to revert to their ‘usual’ muscle 
co-activation pattern.

There were additional muscle activation differences that 
are consistent with the findings of increased co-contraction 
at the hip in the PD group. Most notable are the total rest 
time (total Gap time) for the muscle groups at the hip that 
was less for the PD group than that of the NPD group. 
This suggests that there may be a fatigue component that 
ties into the development of LBP in these individuals. The 
different muscle activation patterns demonstrated by the 
PD group during the initial stages of standing may predis-
pose them to fatigue as the task duration progresses. Van 
Dieën and colleagues (2009) found evidence of fatigue, as 
demonstrated by negative mean power frequency (MPF) 
slopes, in the lumbar extensors with sustained contrac-
tions at as low as 2% and 5% MVC with greater fatigue in 
muscles that had lower variability in activation level 
during a 30-minute exertion. The PDs in this study had a 
shorter total Gap duration in the hip musculature during 
prolonged standing, indicating that they had less variabil-
ity in their muscle activation patterns than the NPDs. 
These findings suggest that the PD group might be more 
susceptible to fatigue during the prolonged standing task 
and this may be one potential mechanism for their LBP 
development.

Because the LBP developers in this study had difficulty 
with maintaining postural control when asked to perform 
a low-level challenge directed at the core trunk stabilizers 
during the AHAbd test, there is some support for the 
hypothesis that co-activation at the hip during prolonged 
standing is a compensatory motor control pattern that has 
been adopted by these individuals. This appears to be a 
dysfunctional muscle activation pattern in that it does not 
protect these individuals from developing pain during a 
common, low-level activity. Several studies have shown 
altered postural and trunk control in response to perturba-
tions in individuals with LBP (Henry et al. 2006; Brum-
agne et al. 2008; Silfies et al. 2009). Therefore, impairments 
in trunk and pelvis control during a self-initiated perturba-
tion (AHAbd) may be indicative that a similar deficiency 
to perturbation reported for LBP individuals exists in the 
PD group. Co-activation at the hip during standing may 
serve as an attempt to compensate for an inability to ade-
quately utilize core trunk muscles for postural stability 
during prolonged standing.

With the implementation of an exercise intervention it 
was expected that if PDs were going to benefit by having 
decreased LBP, they would also have decreased co- 
contraction of these muscle groups. Male PDs in the exer-
cise group had a general decrease in co-contraction of the 
gluteus medius muscles, however females in the same 

control strategies were assessed using muscle co-contraction 
and the exhibited pain-inducing control strategies demon-
strated positive pain mitigating responses to an exercise 
intervention.

Specific responses to a transient functionally induced 
LBP model revealed pre-existing low back and hip motor 
control strategies. Co-contraction of the bilateral gluteus 
medius muscles and trunk flexor/extensor muscles was a 
consistent finding in LBP developers. There was a consist-
ent indication that NPD and PD individuals have very 
different muscle activation patterns, particularly at the  
hip, that manifest in the early stages of a prolonged stand-
ing task. Modulation of these patterns as standing expo-
sure time increases also differs between the two groups. 
PD individuals demonstrated higher levels of muscle 
co-activation than NPD individuals immediately upon  
the initiation of the standing protocol, prior to any subjec-
tive reports of LBP. This supports the contention that  
this muscle co-activation pattern is not an adaptive 
response to LBP, and appears to be an important factor in 
the predisposition of individuals who experience LBP 
during standing. While PDs had higher initial levels of 
co-contraction, the muscle co-contraction control strategy 
for the PD group exhibited a decreasing trend in CCI over 
time whereas the NPDs increased their co-contraction 
levels. Increased trunk muscle co-activation during a pro-
longed posture may be an appropriate motor control strat-
egy to maintain a relatively static posture in a pain-free 
state. The major difference in the muscle co-contraction 
strategy employed by the PD group was a reduction in CCI 
corresponding to the period of greatest pain development. 
During the final 30 minutes of standing the PD group 
increased their gluteus medius muscle co-activation levels 

Figure	10.5 PDEX had an initial decrease, followed by 
increased trunk co-contraction. PDCON demonstrated 
decreased trunk co-contraction on day 2 throughout the 
2-hour standing period. 
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INTRODUCTION

When one treads on a drawing pin, such that the flesh of 
one’s toe is penetrated, blood vessels are broken open, 
wide and small diameter neurones are stimulated, inflam-
matory mediators are released, short-loop reflexes are 
engaged, spinal neurones are upregulated, cytokines are 
recruited, adrenaline is liberated, blood is redistributed, 
heart rate is increased, and spatial attention is shifted. This 
bombardment of responses occurs without our knowledge 
– all we know is that it hurts! Once it hurts, we radically 
alter the way we move so as not to put our toe down, to 
get to somewhere safe so we can visually inspect the 

damage, to alert a sympathetic member of our community 
to our plight so that they can assist us in this goal, or to 
transport our toe to an appropriately trained member of 
the community so that they can assess and remove the 
danger.

The terrific complexity of this multi-systemic protective 
response, about nearly all of which we are unaware, reminds 
me of my old high-school teacher who, when she was 
obviously out of her depth on some issue of biology, 
would look whimsically out the window, hands raised to 
the heavens, and say ‘Indeed, we are fearfully and wonder-
fully made …’ That pain is just one part of the protective 
response, the only one that is conscious – the only one 
that plunges me into an unpleasant sensory and emotional 
experience from which I would like to escape – reminds 
me of the fundamental principle of pain science that noci-
ception is neither sufficient nor necessary for pain. Noci-
ception does not make us visit the hospital, but pain does. 
Nociception does not make us bandage up our toe, but 
pain does. Nociception does not make us walk on our 
heel, foot turned out like a sand wedge, but pain does. The 
idea that pain and nociception are distinct is not new, but 
it has been swamped perhaps by the vigour with which  
we pursue easy solutions to difficult problems. In fact,  
over twenty years ago, Patrick Wall, perhaps the parent of 
modern pain science, stated on the basis of many experi-
ments in animals and humans, that ‘the mislabelling of 
nociceptors as pain fibres was not an elegant simplification 
but a most unfortunate trivialization’ (Wall and McMahon 
1986). Despite the substantial progress that has been 
made since then in our understanding of nociception and 
pain, his assertion remains as pertinent as ever – 75% of 
clinicians consider the statement ‘pain receptors carry pain 
messages to the brain’ to be true, which it is not (Moseley, 
Oltholf, Venema, Don and Wijers, unpublished data).

How then does one define the relationship between 
control of the trunk muscles and back pain? To take on 
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barrage, brain activation and pain evoked by a 56 °C rod 
touching the skin are greater than those evoked by an 
otherwise identical 42 °C rod touching the skin (Bushnell 
et al. 2002). However, modulating nociception is not the 
only way to modulate pain. For example: touching the 
skin with a −20 °C rod normally hurts, but simultaneously 
touching the skin with the same rod hurts more (about 3 
more points on a 10-point scale) if one simultaneously 
sees a red light than if one simultaneously sees a blue light, 
even though the noxious input is identical. This effect is 
attributable to the inherent meaning of ‘red’ (hot), which 
is more dangerous than the inherent meaning we attach 
to ‘blue’ (cold) (Moseley and Arntz 2007). We also gain 
information from the appearance of a body part – when 
patients with chronic arm pain view their limb through a 
magnifying lens (that is, making it look bigger or more 
swollen), it hurts more, and becomes more swollen, than 
when they view it through clear glass or a minimizing lens 
(Moseley et al. 2008a). In fact, noxious input is not even 
necessary for pain: in an elegant series of experiments, 
supposedly normal volunteers (there is an argument that 
the ‘normality’ of people who volunteer for experimental 
pain studies is questionable – see Moseley et al. 2008b) 
placed their head inside what they thought was a head 
stimulator but was in fact a sham and did nothing what-
soever to the head. However, when the investigators turned 
up the stimulator’s ‘intensity knob’, the volunteers began 
to report pain, the intensity of which was positively related 
to the setting on the intensity knob (Bayer et al. 1991; 
Bayer et al. 1998).

There are many contextual, sensory and cognitive 
factors that modulate pain (see Jones and Moseley 2007; 
Butler and Moseley 2003; Moseley 2007 for reviews), such 
that the notion that pain is a measure of the state of the 
tissues of the body is no longer biologically or phenom-
enologically defensible. Arguably more defensible is the 
notion that pain is a measure of the brain’s judgement of 
the need to protect a body part. This is not a trivial shift 
in thinking because it requires us to accept that anything 
that affects the brain’s judgement of threat to body tissues 
can affect pain. This model of pain accommodates the 
myriad experiments that show nociception modulates 
pain, but also accommodates the growing body of data 
that show factors other than nociception also modulate 
pain. Moreover, this model of pain accommodates the 
variability and diversity of the results of brain imaging 
studies into pain and lends itself to neurological mecha-
nisms that are well established.

CONCEPTUALIZING THE NEUROLOGY 
OF PAIN

In an attempt to make sense of the growing body of litera-
ture showing that pain and nociception do not share an 

what appears to me to be a gargantuan task, I will first 
describe how I think pain works. This is a conceptualiza-
tion of pain rather than an account of the biological mech-
anisms that underpin it – to do the latter is beyond the 
scope of this chapter and the expertise of this author (and 
probably that of any single human!). I will then propose 
that pain and motor control are homeostatic responses 
that serve to maintain the condition of our tissues and to 
thus promote our longevity. In this sense, I consider them 
to be more epiphenomenal. That is, I think that activation 
of the trunk muscles is modulated by myriad factors 
including the implicit perception of the threat to which the 
back is exposed. I think that back pain emerges according 
to the implicit perception of threat to which the back is 
exposed and the biological advantage that is offered by 
making it hurt. I will also contend that back pain and 
trunk muscle activity are in some sense interrelated – that 
control of the trunk muscles can affect pain via nociceptive 
and non-nociceptive sensory input and that pain can affect 
motor control of the trunk muscles via concerted protec-
tive behaviours. Moreover, I will contend that motor com-
mands can evoke pain after a period of associative learning. 
In keeping with this first rather contention-filled para-
graph, in what follows I will take an hypothesis-generating 
approach rather than simply review the literature.

WHY DO THINGS HURT?

Pain emerges into consciousness from a pattern of activity 
in several brain areas. Exactly how this occurs is not known 
– we must first conquer the holy grail of how the brain 
produces consciousness if we are to understand how the 
brain produces pain. However, there is an immense and 
rapidly growing literature about why things hurt, why 
some things hurt more than others and how we can help 
things to hurt less. The bulk of the research concerns the 
contribution of nociception to pain. We now have a very 
detailed understanding of the peripheral nociceptor and a 
reasonably detailed understanding of the spinal nocicep-
tor (see Fields et al. 2006; Meyer et al. 2006 for reviews). 
Nociceptors, or A-α (thin myelinated peripheral neurones) 
and C-fibres (thinner, unmyelinated peripheral neurones), 
respond to changes in their chemical, thermal or mechani-
cal environment. Some nociceptors have very low thresh-
olds for activation such that they respond to very small 
changes in tissue pH, or gentle mechanical stimulation 
(for example sensual touch – see Craig 2002 for a review), 
or subtle shifts in temperature. Many have high thresholds 
and it is this sub-group of A-α and C fibres that are more 
suitably called nociceptors because, in a normal state, they 
don’t respond until the intensity of the stimulus is danger-
ous, or potentially so.

In highly controlled experiments, the more dangerous 
a stimulus, the more it hurts. For example, the nociceptive 
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spinal and peripheral neurones and can be modulated by 
short and long latency sensory-motor arcs. However, corti-
cal motor output depends on the brain’s evaluation of the 
current state of the body and the perceived demands upon 
it, which means that the neurotags for motor control of 
the trunk muscles can be modulated by neurotags that 
represent anything that is relevant to the current state of 
the body or the perceived demands upon it.

As nociception provides the mechanism by which 
peripheral receptors inform the brain that danger exists, 
and therefore is a potent modulator of pain, so too pro-
prioception provides the mechanism by which peripheral 
receptors inform the brain of the current state of the body, 
and the perceived demands upon it. Both nociception and 
proprioception are potent modulators of motor control. 
Moreover, as contextual and cognitive factors also modu-
late pain, so to do contextual and cognitive factors modu-
late motor control – one need only consider the deleterious 
effect that ‘atmosphere’ or ‘performance anxiety’ can have 
on motor performance.

With regards to trunk muscle control, cognitive varia-
bles have been related to back muscle activity during 
forward bending, lifting and voluntary arm movements 
(Watson et al. 1997; Marras et al. 2000; Moseley et al. 
2004a, 2004b; Moseley and Hodges 2006). For example, 
experimentally induced back pain associated with volun-
tary arm movements augments postural activation of the 
upper abdominal muscles in advance of the movement 
(Moseley and Hodges 2005). When arm movements are 
no longer associated with back pain, postural activation 
of the upper abdominal muscles usually returns to normal. 
This effect of noxious stimulation is in itself evidence of 
modulation of motor control on the basis of a change in 
the perceived current state of the body – noxious input 
from the area implies that the back is injured or at risk of 
being injured and the augmentation of the upper abdomi-
nals is consistent with a more protective postural strategy 
(Moseley and Hodges 2006). Notably, postural activation 
of the upper abdominal muscles does not always return 
to normal. In fact, in one study by our group, three  
out of 16 (supposedly normal) healthy volunteers main-
tained the protective postural strategy even when arm 
movements were no longer associated with back pain 
(Moseley and Hodges 2006). Those three were character-
ized by beliefs that emphasized the vulnerability of one’s 
back and an isomorphic relationship between pain and 
tissue damage.

MOTOR OUTPUT AND PAIN  
COULD BECOME LINKED VIA 
ASSOCIATIVE LEARNING

It has long been accepted that neurones that wire together 
fire together (Hebb 1949) – it seems reasonable that  

isomorphic relationship, Ron Melzack proposed the  
neuromatrix theory (Melzack 1990). It was not without 
critics, primarily because it did not postulate on the mech-
anisms involved (Keefe et al. 1996), but it has largely 
stood the test of time, its key tenets now embedded in the 
clinical and pain-related brain imaging literature (Gium-
marra et al. 2007; Tracey 2008; Seifert and Maihofner 
2009). According to the neuromatrix theory, pain emerges 
into consciousness when a particular network of neurones, 
called a neurosignature (Melzack 1990) or neurotag 
(Butler and Moseley 2003), is activated. That is, pain is the 
output evoked by the pain neurotag. This conceptualiza-
tion draws on the idea that the brain evokes responses 
across the systems of the body via the activation of neuro-
tags. Everything the brain knows can be thought of as being 
held in neurotags, the output of which evokes a response, 
which may include the modulation of other neurotags. In 
this way, the pain neurotag can be modulated by myriad 
other neurotags, most notably neurotags that represent 
something relevant to danger to body tissues. If we return 
to the experiment in which a very cold stimulus evokes 
more pain if it is presented with a red light than if it is 
presented with a blue light, we have a method by which 
the neurotag that represents the meaning of ‘red’ upregu-
lates the neurotag for hand pain, whereas the neurotag 
that represents the meaning of ‘blue’ downregulates it.

We can therefore define pain as an unpleasant sensory 
and emotional experience that is determined by the brain’s 
judgement of threat to body tissue. Critically, this judge-
ment occurs outside of consciousness. The fundamental 
distinction between this idea of pain and the previous 
model of pain put forward centuries ago is that pain does 
not provide a measure of the true threat to body tissue, 
but a measure of the brain’s evaluation of that threat. In 
this way, pain is a potent homeostatic mechanism – it 
recruits consciousness and is therefore able to evoke tar-
geted and intentional behavioural response of the entire 
organism.

PAIN AND MOTOR OUTPUTS AS A 
RESULT OF SOMETHING ‘UPSTREAM’

Fundamental to Melzack’s neuromatrix theory is the idea 
that pain and motor output are bifurcations of the same 
neurotag. This echoes previous ideas that we perceive 
things according to what we would do about them (see 
Noe 2005; and Wall 1994 for extension of this idea directly 
relevant to pain) and even though it is unlikely to be 
neuroanatomically accurate, motor outputs can certainly 
be thought of as being generated by activation of neuro-
tags – pain and motor output that are consistent with 
protection of the body are likely to be activated together. 
Unlike pain, which emerges into consciousness, motor 
control is effected by muscles, which are accessed via 



Motor control of the spinePart | 2 |

126

back. Both aspects of this judgement can feasibly be dis-
rupted in people with pain.

Inaccurate evaluation of the current 
state of the body
The brain holds representations, or maps, of the body and 
the space around it, which it uses to plan and modify 
motor commands (see Chapter 19). These cortical repre-
sentations are thought to be in part innate and in part 
modified by ongoing input from proprioceptors and 
vision. They are also key in providing the sense that we 
have of our own body, that we own it and that it is always 
there, which are fundamental aspects of self-awareness 
(James 1890). The most studied cortical body maps lie in 
primary sensory cortex (S1) and primary motor cortex 
(M1) (Penfield and Boldrey 1937), however, the maps that 
are used to determine the current state and configuration 
of the body are probably held in posterior parietal cortex, 
where input from S1, M1, visual and association areas are 
integrated (Andersen et al. 1997; Das et al. 2001; Andersen 
and Buneo 2003). Unlike S1 and M1, the neural substrate 
of parietal body maps, sometimes called the working body 
maps because they are important for sensory-motor inter-
action, has not been elucidated. This means that we cannot 
detect alterations in the response profile of constituent 
neurones in the same way that we can for S1 and M1. In 
fact, S1 and M1 maps are relatively trivial: for S1, cutane-
ous stimulation evokes an electrical response that can be 
measured using electroencephalography (EEG) or a dis-
crete change in blood oxygenation that can be measured 
using functional MRI (fMRI); for M1, transcranial mag-
netic stimulation (TMS) can be used to stimulate M1 and 
the electromyographical (EMG) response can be measured 
using recording electrodes placed over or in the target 
muscles. Notably, M1 is organized in a functional manner 
rather than an anatomical manner (Cheney and Fetz 1985; 
Grafton et al. 1991).

S1 and M1 body maps in people with recurrent or 
chronic back pain are different to those in healthy  
controls. For example, recording brain responses via  
magnetoencephalography (MEG) in response to cutane-
ous stimulation at the back and finger showed that while 
the location of the main response in S1 after finger stimu-
lation was similar between patients and healthy controls, 
the peak response in S1 after back stimulation was about 
3 cm (which constitutes many thousands of neurones) 
more medial, in people with chronic back pain (Flor et al. 
1997). Changes in M1 representation of contraction of the 
deepest trunk muscle have also been reported in people 
with back pain (Tsao et al. 2008) – using TMS to evoke a 
contraction in transversus abdominis, the biggest EMG 
response was evoked by stimulation of M1 neurones that 
were situated posterior and lateral to the neurones that 
evoke the biggest EMG response in people without back 

prolonged activation of neurotags for pain and for protec-
tive trunk muscle control strategies would be no excep-
tion. We have established in people with chronic arm pain 
that imagined movements of the arm increase pain and 
swelling even when there is no detectable muscle activity 
associated with the task (Moseley 2004; Moseley et al. 
2008b). Preliminary data from 12 patients with chronic 
unremitting back pain corroborate that effect – prone 
patients rated their resting pain before and after imagining 
they were performing a series of trunk movements, or a 
series of neck movements, for 10 minutes. Pain was  
greater after the imagined trunk movements than it was 
before, but there was no change imparted by imagined 
neck movements (Chin et al. unpublished data). Further 
work is required to elucidate this effect, but it certainly 
seems possible that the command to move the back 
becomes sufficient to activate the back pain neurotag. If 
so, associative learning would seem the most likely 
explanation.

CONTROL OF THE TRUNK MUSCLES 
CONTRIBUTES TO PAIN

If control of the trunk muscles maintains the structural 
integrity of the spine, it follows that compromised control 
of the trunk muscles compromises the structural integrity 
of the spine. This situation should lead to activation of 
nociceptors in spinal structures, which will contribute to 
the brain’s judgement that spinal tissues are under threat, 
thereby contributing to pain. This line of reasoning is 
intuitive and logically seductive. However, I contend that 
what exactly constitutes ‘abnormal’ or ‘decreased’ control 
of the trunk muscles is difficult to define, particularly 
when changes in motor control are appropriate if there is 
a change in the perceived status of, or perceived demands 
upon, the body. Current concepts in pain science, particu-
larly as they relate to chronic pain, offer an alternative 
perspective: pain is protective as long as the tissues that 
are hurting need protecting. When the tissues do not need 
protecting, pain becomes the problem – it is considered 
maladaptive instead of adaptive, a disease in its own right 
(Cousins 2004). I contend that even in such states the 
problem lies upstream from pain – the problem lies with 
the brain’s judgement of threat to body tissues. That is, the 
pain is an appropriate response to the judgement that 
tissue is in danger and needs protecting but the judgement 
itself is not appropriate because tissue is not in fact in 
danger. If we are to apply the same line of thinking to 
trunk muscle control – rather than considering persistent 
alterations in motor control as being the problem, perhaps 
the problem lies upstream from the motor output – 
perhaps the problem lies with the brain’s judgement of 
the current state of, and perceived demands upon, the 
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the trunk task – no better than chance. This finding is 
important because it suggests that the working body map 
of the trunk is so disrupted in people with back pain that 
they cannot use that map to differentiate left trunk rota-
tion from right. We do not know whether performance on 
a left/right trunk rotation task relates to trunk muscle 
control but it seems a reasonable hypothesis to test.

These findings, taken together, would seem to strongly 
suggest that the brain’s evaluation of the current state of 
the body might be fundamentally flawed in people with 
back pain. This has obvious implications for trunk muscle 
control because motor output to the trunk muscles will be 
inappropriate. This problem may also spark another one, 
because the central nervous system has in-built mecha-
nisms to detect incongruence between the predicted and 
actual motor outcome of a command. The reafference 
principle (Von Holst 1950), whereby an exact copy of the 
command for movement (the ‘efferent copy’) is subtracted 
from sensory input about the actual movement (‘reaffer-
ence’) to yield an error signal (‘exafference’), and the corol-
lary discharge model (Sperry 1950) sparked the idea, but 
an impressive amount of research has been undertaken 
since then (see Gandevia 1996 for review). One perspec-
tive on this error-detection system in people with chronic 
pain is that it increases pain because it alerts the brain to 
danger – that all is not as it should be (Harris 1999). This 
idea is intuitively sensible in light of the model of pain 
discussed earlier because anything that increases the 
implicitly perceived threat to body tissues should facilitate 
the pain neurotag. The detection of incongruence between 
the predicted and actual outcome of a movement would 
reasonably be considered as potentially dangerous. 
Although the idea is intuitively attractive, the several 
attempts to interrogate it have yielded contrasting results 
(McCabe et al. 2005; Moseley et al. 2006; McCormick 
et al. 2007). Another possibility that has recently emerged 
from experiments in people with chronic limb pain is that 
the problem lies with spatial representation, rather than 
somatotopic representation per se. People with chronic 
complex regional pain syndrome (CRPS) demonstrate a 
kind of spatial neglect that is confined to the area of space 
in which their affected limb normally resides (Moseley 
et al. 2009). This finding is consistent with the proposal 
that, in order to integrate body schematic information, 
stimuli on the body must be transformed from locations 
on the skin to locations in external space (Yamamoto and 
Kitazawa 2001; Kitazawa 2002; Haggard and Wolpert 
2005; Gallace and Spence 2008) although this transforma-
tion depends to a certain extent on the specific nature of 
the task to be performed (Gallace et al. 2008). Therefore, 
it may be that a breakdown in the conversion to a spatial 
location underpins the problem with working body 
schema and the sensory-motor incongruence. Clearly, we 
are a long way from untangling this, but it is probably 
reasonable to conclude that incongruence between 

pain. What is more, the shift in M1 representation was 
related to delayed contraction of transversus abdominis 
during voluntary arm movements.

How altered M1 maps of the trunk muscles relate to a 
change in trunk muscle control is not clear, nor is whether 
this shift in control contributes to pain. Training transver-
sus abdominis both normalizes its M1 representation and 
its postural activation during arm movements (Tsao and 
Hodges 2008). It is not clear which aspect of training 
imparts the effect and there are many candidates, for 
example increased motor neurone excitability, correction 
of sensory maps or spatial coding of the body and altered 
cognitions about the perceived vulnerability of the back 
(see section below).

Although working body maps are more difficult to inter-
rogate, there are correlational data that suggest they too 
may be disrupted in people with back pain. Both S1 rep-
resentation and two-point discrimination (TPD) depend 
on inhibitory mechanisms within S1 (Taylor-Clarke et al. 
2004), such that increased TPD threshold is considered a 
clear clinical signature of altered S1 representation (Flor 
et al. 1995; Maihofner et al. 2003). Accordingly, increased 
TPD threshold at the back is positively related with dis-
rupted self-awareness of one’s own back (Moseley 2008a) 
(as TPD threshold at the arm is positively related with 
disrupted self-awareness of one’s arm in people with 
chronic arm pain (Maihofner et al. 2003; Moseley 2005)) 
and increased TPD threshold at the back in patients with 
chronic back pain is associated with a reduced capacity to 
voluntarily adopt specific lumbopelvic postures (Luoma-
joki and Moseley 2011). Taken together, these findings 
suggest that disrupted S1 body maps and the mechanisms 
that underpin those maps are associated with disruption 
of trunk muscle control.

How can we determine if this disruption actually 
involves the working body schema or simply reflects dys-
function of the output system itself? A pragmatic way to 
investigate the integrity of working body maps is via motor 
imagery (Coslett 1998; Schwoebel et al. 2001; Funk et al. 
2005). For example, when we recognize a pictured limb as 
belonging to the left or the right side of the body, we make 
an initial judgement and then confirm or correct that 
judgement by mentally rotating our own limb to match 
the posture of that shown in the picture (Parsons and Fox 
1998). That is, left/right judgements of pictured limbs 
require intact working body maps (Parsons 2001). This 
line of enquiry has been extended to interrogate working 
body maps of the trunk in people with back pain (Bray 
and Moseley 2011). In that study people with back pain 
and healthy controls performed a task in which they 
judged whether a pictured model had their trunk twisted 
to the left or to the right. Healthy controls were 80% 
accurate for the trunk task and the left/right hand judge-
ment task. Remarkably, however, patients with back pain 
were 80% accurate on the hand task, but 50% accurate on 
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perceived demands. Such a cognitive control over motor 
output is particularly important for people with chronic 
back pain because they are characterized by beliefs that 
emphasize the vulnerability of their back and the cata-
strophic nature of back pain and back injury (Moseley 
et al. 2000; Sullivan et al. 2001).

There is a growing argument that protective motor strat-
egies and a loss of variability is probably beneficial in the 
short term but may come at a cost if maintained long term. 
I have touched on this possibility elsewhere (Moseley 
et al. 2004a). It seems a sensible idea and is consistent 
with what we know of other protective strategies – protec-
tive activation of the sympathetic, immune or endocrine 
systems becomes problematic if maintained long term 
(see Butler and Moseley 2003; and Butler 2000 for 
reviews). It is an important consideration because it sug-
gests that the way an individual conceptualizes pain and 
the vulnerability of their back could predispose them to 
recurrence or chronicity via a change in trunk muscle 
control. The final, somewhat speculative (but not outra-
geous) possibility is that this mechanism may predispose 
an individual to an initial episode of back pain. These 
issues evidently require further investigation, but they 
seem to emphasize a wide-ranging and multi-pronged 
approach to the elucidation of the relationship between 
trunk control and back pain. Notably, however, we should 
remember that, although it seems intuitively sensible and 
a seductive thesis, there are still no data that clearly show 
that the characteristic patterns of motor control of the 
trunk muscles that we see in people with back pain is 
causing their pain (see Chapter 18).

A MODEL OF THE RELATIONSHIP 
BETWEEN TRUNK CONTROL AND 
BACK PAIN

Figure 11.1 presents a schematic framework relating trunk 
control and back pain, although the relationship between 
trunk muscle control and back pain is far more complex 
than many clinicians and scientists would like to admit. I 
have tried to construct a perspective that draws on my 
research and clinical experience; it is thus, essentially, a 
limited model.

CONCLUSION

I consider pain and motor control to be outputs of the 
brain that reflect the brain’s evaluation of the current state 
of the body and the perceived demands upon it. Impor-
tantly, I contend that this evaluation occurs outside of 
consciousness. This implies that back pain, and protective 
trunk muscle control strategies, that persist when the back 

predicted and actual motor output does not cause pain in 
healthy controls, but it might in people with chronic pain 
in whom the protective neurotags are upregulated (see 
Moseley 2006; Lotze and Moseley 2007; McCabe et al. 
2008 for reviews).

Inaccurate evaluation of the 
perceived demands upon the body
The second aspect of the brain’s (unconscious) judgement 
that underpins motor control of the trunk muscles is that 
of the perceived demands upon the body. It is this judge-
ment that is probably more open to modulation by non-
proprioceptive sensory, cognitive and contextual factors. 
When healthy volunteers expect to experience back pain, 
postural activation of their trunk muscles associated with 
rapid arm movements mimics that observed in patients 
with back pain, and in healthy people with back pain 
induced by injection of hypertonic saline into their back 
muscles (Hodges and Richardson 1996; Hodges et al. 
2003; Moseley et al. 2004a). Notably, changes in back 
muscle activation are not limited to the muscles that were 
injected and their coagonists. Thus, the anticipation of 
pain or injury to one’s back is a cognitive factor that influ-
ences the perceived demands on the body, in which case 
it would alter trunk control. Further, most healthy partici-
pants who experience a short period of experimentally 
induced pain return to normal trunk muscle control when 
pain subsides. However, those who do not, give responses 
on the Pain Catastrophizing Scale (Sullivan et al. 1995), 
the Back Beliefs Questionnaire (Symonds et al. 1996) and 
the Survey of Pain Attitudes (Jensen and Karoly 1992) 
suggesting that they have beliefs and attitudes that empha-
size the threat value of back pain and the vulnerability  
of the back. Notably, these participants are also character-
ized by a loss of the normal variability of the response 
once they have experienced back pain (Moseley and 
Hodges 2006).

Variability is critical for biological function and is 
thought to be important for motor learning, even when 
the motor output of interest is postural activation of the 
trunk muscles during limb movements. A large amount of 
research evaluates the variability of the motor constituents 
of a task (Latash et al. 2002). The finding of reduced vari-
ability in those who did not return to normal trunk muscle 
control during arm movements raised the possibility that 
cognitive factors can reduce variability of trunk muscle 
control strategies and therefore limit the capacity of the 
trunk control system to adapt to new demands. This idea 
is consistent with the notion that the robustness of motor 
tasks provides the freedom to generate exploratory varia-
tion in the task (McCollum and Leen 1989), persistent 
stimulation of perception–action systems, and motor 
learning and coordination (Riccio 1991). It seems reason-
able to propose that, if exploratory variation is lost, then 
the perception–action system prevents adaptation to new 
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therefore contribute to pain. Data from other chronic pain 
states suggest that the command to move is sufficient to 
evoke pain, possibly via an associative learning process, 
and the same may also be true for back pain. Finally, 
cognitive and contextual factors may predispose an indi-
vidual to recurrent episodes and, possibly (the speculative 
bit), be a cause of initial episodes of back pain.

is not in danger, reflect a problem with this evaluation and 
that they are, primarily, epiphenomenal, although they 
also affect one another indirectly. Changes in the brain’s 
representation of the trunk, which occur as back pain 
persists, and cognitive and contextual factors that seem to 
become more common when back pain persists, probably 
contribute to problems with trunk control and may 

Figure	11.1 Proposed relationship between trunk muscle control and back pain.
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INTRODUCTION

Patients with non-specific low back pain (LBP) have 
been observed to have altered motor and postural 
control (e.g. Hodges and Richardson 1996; Mientjes and 
Frank 1999; Brumagne, Cordo et al. 2004; Henry et al. 
2006). Both an experimental finding and a clinical obser-
vation is the fact that some patients with LBP adopt two 
simple modes of postural control: a global trunk and 
body stiffening strategy (hyperactivity) and a passive pos-
tural strategy (hypoactivity), respectively (Hodges and 
Moseley 2003; van Dieën et al. 2003; Brumagne, Cordo 
et al. 2004; Henry et al. 2006; Brumagne et al. 2008a). 
In other words, in certain conditions these individuals 
activate all (global) trunk muscles in co-contraction. In 
other conditions these individuals do not activate trunk 
muscles and consequently, they will be hanging end of 
range in their spinal joints.

Depending on the time course, both positive and nega-
tive effects of co-contraction and passive control can be 
distinguished. Altered trunk muscle recruitment patterns 
might be functional in people with LBP (Lund et al. 1991), 
to prevent buckling of the spine during perturbations to 
which the patient could not adequately react (van Dieën 
et al. 2003). In contrast, increased activity of global trunk 
muscles in order to stabilize the spine may be at the cost 
of a loss of fine-tuning of intervertebral motion (Hodges 
and Moseley 2003). Furthermore, due to hyperactivity of 
the muscles, the muscles themselves could be painful 
(Johansson and Sojka 1991). Particularly, the presence  
of long-lasting static contractions (i.e. stabilizing co- 
contractions) might be a risk factor for chronic muscle 
pain (Sjøgaard et al. 2000). Moreover, increased co- 
contraction will lead to additional compressive forces 
acting on the spine (Granata and Marras 2000). In addi-
tion, these altered muscle activation patterns might 
hamper other bodily functions such as respiration 
(Hamaoui et al. 2002; Hodges et al. 2002), posture and 
movement (Dankaerts et al. 2009). Lastly, both hyperac-
tivity of muscles (Djupsjöbacka et al. 1995; Thunberg 
et al. 2002) and hypoactivity/no muscle activity (Gande-
via et al. 1992) might have a negative effect on propriocep-
tive acuity and consequently on proprioceptive control.

So, certain adopted postural strategies (e.g. stiffening) 
may be adequate in the short-term, but might be subop-
timal and even a maladaption in the long run (Hodges 
and Moseley 2003).

Why do these people with LBP stiffen up to control their 
posture and movement? Currently, several mechanisms 
for trunk muscles co-contraction in people with acute  
and chronic LBP might explain these observations. 
Depending on the timeframe, pain itself, pain-adaptation 
(Lund et al. 1991; van Dieën et al. 2003), fear and fear  
of falling (Carpenter et al. 2001; Henry et al. 2006; Mok 
et al. 2007; Brumagne et al. 2008a), fear-avoidance beliefs 
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movements and postures, this could contribute to the 
maladaptive responsiveness and abnormal plasticity of the 
intracortical neurons in the sensory cortex (Byl et al. 2002; 
Tamura et al. 2009). This may in turn disturb motor func-
tion (Harbourne and Stergiou 2009; Tamura et al. 2009).

The importance of these aspects and the relation to LBP 
will be developed further later in this chapter.

Altered lumbosacral proprioception 
in people with LBP
Numerous studies have shown that individuals with LBP 
have altered (in most studies decreased) lumbosacral pro-
prioception in different postures such as standing, sitting 
and four-point kneeling compared to healthy control sub-
jects (e.g. Gill and Callaghan 1998; Brumagne et al. 2000; 
O’Sullivan et al. 2003). Although some studies did not 
show any differences in spine proprioception (Descar-
reaux et al. 2005; Asell et al. 2006) or only a direction-
specific change in proprioception, indicating decreased 
acuity in the flexion direction but not in spinal extension 
(Newcomer et al. 2000). These changes in proprioceptive 
acuity have been seen in different populations such as 
young, middle-aged and elderly people, in highly active 
(e.g. professional ballet dancers) and sedentary people, in 
patients with mild and severe disability, in non-specific 
LBP and patients with spinal stenosis and disc herniation 
(e.g. Brumagne et al. 2000; Leinonen et al. 2002, 2003; 
O’Sullivan et al. 2003; Brumagne et al. 2004a; Brumagne 
et al. 2004b).

Several mechanisms have been described to influence 
lumbosacral proprioceptive acuity. Low back pain itself 
can have a direct negative effect on proprioceptive acuity, 
but cannot solely explain these changes taking into 
account the studies in patients with recurrent LBP (Brum-
agne et al. 2008b; Janssens et al. 2010). In these studies 
patients were tested when they were in a pain-free episode 
and they still showed altered proprioception. Moreover, 
acutely induced deep back pain did not show an effect on 
the stretch-reflex of the back muscles (Zedka et al. 1999). 
In addition to pain, back muscle fatigue and decreased 
blood supply might have a negative effect on lumbosacral 
position sense (Brumagne et al. 1999b; Taimela et al. 
1999; Johanson et al. 2011; Janssens et al. 2012). Further-
more, proprioception may be impaired by the action 
exerted by the sympathetic nervous system on muscle 
spindle receptors. The sympathetic nervous system may 
have both an indirect effect on proprioception by decreas-
ing the blood flow to skeletal muscles (Thomas and Segal 
2004) and a direct effect on muscle spindles, generally 
characterized by a depression of the sensitivity to muscle 
length changes (Roatta et al. 2002). Moreover, sympa-
thetic activation may also affect the basal discharge rate of 
the muscle spindles (Hellström et al. 2005). However, 
most of these results have to be confirmed in humans, 
since sympathetic modulation of muscle spindle afferent 

(Moseley and Hodges 2006) and muscle fatigue (Granata  
et al. 2004) have been described as possible underlying 
mechanisms.

Similar mechanisms are described for the observed 
passive control, including pain inhibition (Dickx et al. 
2008), muscle fatigue (Caldwell et al. 2003) and psy-
chological distress such as anxiety and depression  
(Verbunt et al. 2005).

An alternative but not mutually exclusive clarification 
may be impaired proprioceptive control. Altered propriocep-
tive control may induce similar changes in motor and 
postural control as described above (e.g. pain-adaptation 
model) and therefore may result in comparable possible 
consequences.

Low back pain is known to be a multi-factorial problem 
and the changes in motor and postural control will be 
task-dependent, related to the individual and hence highly 
variable between and probably within individuals. 
However, knowledge of all possible mechanisms may help 
to better identify subgroups of patients. Consequently, 
better and more specific interventions may be developed 
to prevent the high recurrence rate of LBP.

The ‘impaired proprioceptive control’ mechanisms will 
be further discussed below.

PROPRIOCEPTIVE CONTROL 
CHANGES OF THE LUMBOSACRAL 
REGION AS A POSSIBLE MECHANISM

Mechanical cumulative or repetitive stress (injury) might 
outwardly appear as a pure mechanical problem in origin. 
However, the underlying mechanism might describe a 
sensory processing problem. Due to a local or even a 
global proprioceptive impairment (‘deafferentation’) the 
central nervous system (CNS) may adopt a different pos-
tural strategy to overcome the loss of position and move-
ment accuracy and precision (Ghez and Sainburg 1995; 
Gribble et al. 2003). This alternative strategy might be 
co-contraction or stiffening of the body or a body segment 
(e.g. trunk) to decrease the degrees of freedom to be  
controlled by the CNS. This might be a similar and  
less complex neural control mechanism as observed/
hypothesized in neurological conditions such as  
Parkinson’s disease (Carpenter and Bloem 2011; Vaugo-
yeau and Azulay 2010; Wright et al. 2010), multiple scle-
rosis (Frzovic et al. 2000; Rougier et al. 2007) or dystonia 
(Byl et al. 1996; Torres-Russotto and Perlmutter 2008; 
Tamura et al. 2009). The pathological condition of (focal 
hand) dystonia particularly might be of interest for 
explaining similar observations. More specifically the sen-
sorimotor hypothesis of aberrant learning might have analo-
gous consequences in people with chronic LBP (Byl et al. 
1996; Sanger and Merzenich 2000). If abnormal learning 
occurs due to repetition of abnormal or stereotypic 
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activity is mainly documented in animal studies and 
related to jaw and neck muscles (Passatore and Roatta 
2006). Finally, older age has been described to have a 
negative effect on lumbosacral proprioceptive acuity, but 
this is more manifest in elderly individuals with LBP  
(Brumagne et al. 2004a).

As an important consideration, it should be pointed out 
that most studies on proprioceptive acuity in LBP are 
based on measures of position and movement sense. A 
possible limitation of this form of proprioception evalua-
tion is the fact that position and movement sense assess-
ments are based on a conscious control process and 
memory, while proprioceptive control is in general a sub-
conscious process. Hence, this type of proprioception 
evaluation is an indirect measurement and may not grasp 
a comprehensive picture of proprioceptive control. In 
addition, most position and movement sense evaluations 
are performed in static postures such as standing or sitting. 
However, little is known about the proprioceptive control 
during more dynamic and complex tasks such as sit-to-
stand in patients with LBP (Cordo and Gurfinkel 2004; 
Claeys et al. 2012).

The use of muscle vibration as an experimental probe 
can help in clarifying proprioceptive control in a more 
direct manner. Muscle vibration, often mistaken as a dis-
turbance, is a powerful stimulus of muscle spindles and can 
induce kinesthetic illusions (Goodwin et al. 1972; Roll 
and Vedel 1982; Brumagne et al. 1999a; Cordo et al. 
2005). Direction-specific responses can be expected if the 
CNS uses the afference of the stimulated muscles for pos-
tural control. Therefore, muscle vibration can be used both 
during experiments using the ‘conscious’ position sense 
paradigm (Brumagne et al. 2000) and during experimen-
tal setups where the ‘subconscious’ proprioceptive control 
is evaluated, such as in postural balance approach (see Fig. 
12.1 and below).

Altered postural balance in people 
with LBP
The question arises whether the reports on altered lumbo-
sacral proprioception are related to local dysfunction of 
proprioceptors (e.g. damaged/atrophied muscle spindles) 
thus affecting the quality of sensory reception used to track 
the spine, or to changes in central processing of these 
proprioceptive signals. Is it mainly a sensory impairment 
problem or an impaired sensory integration? Position and 
movement sense experiments are more inclined to target 
the receptor hypothesis. Based on recent studies, changes 
in central processing of proprioceptive signals (i.e. sensory 
integration) may play an important role in the observed 
altered proprioception in patients with LBP (Brumagne 
et al. 2004a; Brumagne et al. 2008b; della Volpe et al. 
2006; Popa et al. 2007; Claeys et al. 2011).

For optimal postural control the CNS must identify and 
selectively focus on the sensory inputs (visual, vestibular 

and proprioceptive) that are providing the functionally 
most reliable input (Goodworth and Peterka 2009; Hor-
lings et al. 2009). Through sensory re-weighting and gain 
control, the CNS must integrate the sensory signals adap-
tively to conflicting and complex postural conditions and 
to the task at hand. If some sensory signals are deemed 
unreliable, the CNS will increase the gain or upweigh 
another sensory system (e.g. vision over proprioception) 
or signals from a location within the proprioceptive system 
itself (e.g. ankle proprioceptive signals over back proprio-
ceptive signals) and/or downweigh the unreliable sensory 
system or signals (Brumagne et al. 2004a; Carver et al. 
2006; Claeys et al. 2011).

Additionally, proprioception plays an important role in 
the calibration of the internal representation of the body 
(Gurfinkel et al. 1995; Lackner and DiZio 2000). The same 
proprioceptive signals may be processed differently to 
information (interpretation) centrally, depending on 
which internal reference frame is chosen by the CNS. The 
process of selection of a reference frame and interpretation 
of proprioceptive signals are closely related to the mecha-
nisms of a body scheme (Gurfinkel and Levik 1998). 
Plastic changes may occur in the brain that may alter the 
body image and body scheme due to chronic pain condi-
tions (Moseley 2005) or tonic muscle activity as evoked 
by the Kohnstamm phenomenon or muscle vibration 
(Gilhodes et al. 1992; Brumagne, Smets et al. 2004; 
Ivanenko et al. 2006).

So, another approach (than ‘conscious’ position and 
movement sense evaluation) in assessing the role of pro-
prioception is to evaluate postural balance, while keeping 
the signals from the visual (e.g. blindfolded) and vestibu-
lar systems (e.g. no head accelerations) relatively constant 
(Allum et al. 1998; Horlings et al. 2009).

No differences in postural sway between patients with 
LBP and healthy controls are seen during simple standing 
conditions. Even smaller sways are observed for the patient 
population (Brumagne, Cordo et al. 2004; Brumagne 
et al. 2008a, 2008b; Claeys et al. 2011). However, when 
the complexity of postural conditions increases (e.g. 
unstable support surface, translating platforms, unipedal 
stance, ballistic arm movements), postural sways increase 
significantly in patients with LBP compared to healthy 
individuals (Luoto et al. 1998; Mientjes and Frank 1999; 
Brumagne, Cordo et al. 2004; della Volpe et al. 2006; 
Henry et al. 2006; Mok et al. 2007; Popa et al. 2007;  
Brumagne et al. 2008a, 2008b; Claeys et al. 2011). Further-
more, during unstable sitting, larger sways are observed for 
the individuals with LBP compared to healthy controls, 
especially at the most difficult stability levels (Radebold 
et al. 2001; Van Daele et al. 2009).

Often, altered lumbosacral proprioception has been 
suggested as a possible mechanism for the observed 
decreased postural robustness and postural instability, 
although without a direct measurement of propriocep-
tion. Evaluating postural balance during complex postural 
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Figure	12.1 Experimental setup. (A) Sitting combined 
with back muscle vibration. (B) Ankle muscle vibration.  
(C) Standing on unstable support surface combined with  
back muscle vibration. 

A

B

C

conditions combined with muscle vibration may lead to 
a more complete representation (Brumagne et al. 2008b).

As a final consideration, the observed changes in pos-
tural balance in people with LBP might be more related 
to altered sensory re-weighting (e.g. upweighting ankle 
proprioceptive signals and downweighting back muscle 

signals) (Brumagne, Cordo et al. 2004; della Volpe et al. 
2006; Popa et al. 2007; Brumagne et al. 2008b; Claeys 
et al. 2011) and to changes in reference frames (e.g. offset 
in the subjective vertical) (Brumagne et al. 2008a) rather 
than a predominantly peripheral receptor and transmis-
sion problem. Accordingly, the individuals with LBP seem 
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condition (Stergiou et al. 2006; Harbourne and Stergiou 
2009) (see Fig. 12.2). The cause of decreased variability in 
postural coordination remains obscure.

A decrease in variability in anticipatory postural adjust-
ments (APAs) has been observed when acute pain stimuli 
have been induced in the low back of healthy individuals. 
Moreover, in some subjects normal variability in postural 
strategy was not re-established even when the pain was 
stopped and these non-resolvers were characterized by 
more fear of movement that may induce LBP (Moseley 
and Hodges 2006). This decrease in variability in APAs has 
been confirmed in patients with chronic LBP (Jacobs et al. 
2009). These authors found it unlikely that the decreased 
variability was neither due to biomechanical factors nor 
to reported pain and disability levels.

In addition, people with recurrent LBP seem to use the 
same proprioceptive postural strategy (i.e. strong reliance 
on ankle proprioceptive signals) even in postural condi-
tions when this strategy is suboptimal, such as standing 
on an unstable support surface and sitting (Brumagne 
et al. 2006, 2008a, 2008b; Claeys et al. 2011). A similar 
rigid postural strategy can be evoked in healthy subjects 
when the inspiratory muscles and/or back muscles are 
experimentally fatigued (Janssens et al. 2010; Johanson 
et al. 2011).

to adopt a rigid postural control strategy instead of a 
multi-segmental postural control strategy, which seems 
suboptimal during more complex postural conditions and 
actually induces larger subsequent spinal motions (Mok 
et al. 2004, 2007; Henry et al. 2006; della Volpe et al. 
2006; Popa et al. 2007; Brumagne et al. 2008a, 2008b;  
Van Daele et al. 2009).

DECREASED VARIABILITY IN 
PROPRIOCEPTIVE POSTURAL 
STRATEGIES AS A POSSIBLE 
MECHANISM

Variability is a fundamental property of biological systems 
and an optimal amount of variability in the motor con-
stituents is important for postural and motor control and 
learning (Bernstein 1967; Fomin et al. 1976; Harbourne 
and Stergiou 2009). Lack of postural and movement vari-
ability describes biological systems that are overly rigid 
and unchanging, whereas too much movement variability 
portrays systems that are noisy and unstable. Both condi-
tions characterize systems that are less compliant to per-
turbations which may cause or sustain a pathological 

Figure	12.2 Different forms of movement variability. 

Lack of movement variability Abnormal mapping in sensory cortex

Disturbance of  motor function

Repetitive stress injury

Optimal movement variability More complex neural maps

Neuroplasticity

Maintaining or achieving functional skills

Too much movement variability Disturbance in motor function

Repetitive stress injury
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representation of the body leading to decreased variability, 
undue loading and pain.

FUTURE DIRECTIONS

The proposed hypothesis of decreased variability in prop-
rioceptive postural strategy as a possible mechanism of 
LBP may require further exploration in larger cohort 
studies in order to identify subgroups of patients. To elu-
cidate the cause and effect relationship of LBP, prospective 
studies are necessary. Currently, we have undertaken a 
prospective study to underscore or refute this hypothesis. 
In the meantime, individuals with poor postural balance 
performance during standing have been shown to have an 
increased risk of LBP (Takala and Viikari-Juntura 2000). In 
addition, some aspects of proprioception such as decreased 
reflex control of trunk muscles during sitting, but not  
position sense, may be risk factors for causing and  
sustaining LBP in college athletes (Cholewicki et al. 2005; 
Silfies et al. 2007).

The dependence on other sensory systems (e.g. vision) 
and/or an increased reliance on proprioceptive signals 
from one location (i.e. ankle signals) observed in  
LBP may be an adaptive strategy to compensate for their 
proprioceptive deficits (e.g. at the low back). As the pro-
prioceptive impairment progresses and during more 
complex postural conditions, the strategy consisting of 
re-weighting sensory inputs in favour of the visual 
sensory mode and single-joint control by stiffening 
(versus multi-segmental control) may no longer suffice. 
Moreover, the impaired adaptation and rigid postural 
strategy may even contribute to increased spinal loading 
due to poor or excessive stabilization of forces induced 
by movement (Mok et al. 2007). In addition, the lack of 
variability in posture and movement might lead to 
abnormal mapping of the sensory cortex, which in turn 
may lead to further altered postural and motor control 
(Merzenich and Jenkins 1993; Byl et al. 2002; Harbourne 
and Stergiou 2009).

Figure 12.3 summarizes how proprioception can  
be negatively influenced and how impaired propriocep-
tion may affect postural strategy and the internal 

Figure	12.3 Proprioceptive impairment leading to decreased postural strategy variability and pain. IRoBO, internal 
representation of body orientation; ref., reference. 
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of specific trunk muscles during functional activities might 
be more effective in the long run. The emphasis is on how 
enhanced integration of sensory input can optimize the 
patient’s capacity to change the stereotypical posture and 
movement patterns resulting in more flexible postural 
control strategies. Addressing variability in postural strat-
egy might prove fruitful in the prevention of recurrence of 
LBP. The promotion of an optimal amount of movement 
variability in patients with LBP by incorporating a rich 
repertoire of postural and movement strategies allows the 
motor learning and the recovery of function not to be hard 
coded, but flexible to the individual needs (Harbourne 
and Stergiou 2009).

In summary, LBP may outwardly appear as a pure 
mechanical problem, however, the underlying mechanism 
may depict a sensory processing problem. People with LBP 
exhibiting a stiffening postural strategy may have an 
underlying proprioceptive control problem. This may lead 
to decreased variability in postural control strategies. If 
decreased variability in postural and motor control plays 
a role in sustaining LBP, rehabilitation of patients with 
recurrent LBP should include diversification of the pos-
tural and movement repertoire.

Refinement in methodology by creating better control-
led postural conditions may assist in further revealing 
the underlying mechanisms (e.g. CAREN system, Barton 
et al. 2006). Moreover, if combined with functional 
(brain) imaging (e.g. functional magnetic resonance 
imaging (fMRI), diffusion tensor imaging, transcranial 
magnetic stimulation, functional near-infrared spectro-
scopy (fNIRS)) more direct insight into the central mech-
anisms may be provided. Recently, preliminary evidence 
of reorganization of trunk muscle representation at the 
motor cortex in individuals with recurrent LBP was pro-
vided and this reorganization seems to be associated  
with postural control impairments (Tsao et al. 2008). 
Functional near-infrared spectroscopy (fNIRS) may be a 
promising tool in postural control studies. As a non-
invasive neuro-imaging method that measures changes 
in oxyhaemoglobin concentrations, it can be used in 
more functional postures and movements compared to 
fMRI (Shimada et al. 2005). Moreover, electromechanical 
devices (e.g. muscle vibrators) can be used in the experi-
mental setting since NIRS measurements are not affected 
by electromagnetic noise.

To appraise variability in biological systems and thus in 
postural control, linear measures should be combined 
with non-linear measures such as approximate entropy 
and the Lyapunov exponent (Harbourne and Stergiou 
2009).

Finally, preliminary results have shown that patients 
with recurrent LBP can change their proprioceptive control 
strategy by motor control exercises (combined with muscle 
vibration) (Brumagne et al. 2005). However, a more spe-
cific and direct proprioceptive training that is based on 
sensing, localizing and discriminating proprioceptive signals 
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INTRODUCTION

Relationships are two-way streets. This is no less true for 
the relationship between control of the trunk and back 
pain. From the trunk’s perspective, how could motor 
control of the trunk contribute to back pain? From the 
perspective of pain, how could pain affect motor control 
of the trunk? Our discussion will focus on the first half of 
this relationship, how control of the trunk could influence 
back pain. To address this relationship, we will first 

consider the endpoint by briefly summarizing our current 
understanding of pain mechanisms. These mechanisms 
provide the pathways by which motor control can relate 
to back pain.

PAIN

As a generalization, pain may be distinguished based upon 
the location of the stimulus that gives rise to it. This pro-
vides two broad categories of pain: psychological and 
somatic. Psychological pain is initiated by neurological 
processes within the brain. Reciprocally, somatic pain is 
initiated by stimuli outside of the brain. For the individ-
ual, the pain is equally real regardless of the source. Neural 
signals from both sources often converge to modify the 
sensations that one might have in response to input from 
either source alone. To wit, the same pain-producing 
stimuli, such as having a deep splinter removed under 
conditions in which one is focused on, versus distracted 
from, the process, can evoke different pain experiences 
(also see Moseley and Arntz 2007). We will focus on the 
sources and mechanisms that initiate somatic pain. The 
reader is referred to several excellent sources for the sup-
porting literature (Treede et al. 1992; Cervero and Laird 
1996; Wall et al. 2006; Sandkuhler 2009).

Nociceptive pain
Sherrington coined the termed ‘nociception’ in the early 
1900s to describe the organism’s ability to sense injurious 
stimuli. Nociception and the pain it produces require  
activation of specific peripheral receptive nerve endings in 
response to either impending tissue injury or to actual 
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and allodynia, respectively) as the spinal cord neurones 
discharge more or respond to formerly sub-threshold 
input, respectively.

Pathological pain
The predominant feature of pathological pain is that the 
individual experiences pain in the absence of either injury 
or threat of injury. Because the pain occurs in the absence 
of conditions that normally activate nociceptors, patho-
logical pain has no adaptive or useful purpose. While 
injury may have occurred at one point in time, the pain 
persists despite completion of healing. Pathological pain 
most often arises from damage, not to the receptive endings 
of a peripheral nerve, but to the nerve itself or to the central 
nervous system. Structural changes lead to neural signal-
ling that is independent of any noxious stimulus.

Proprioceptive pain
The axons of nociceptors involved in nociceptive and 
pathological pain are relatively small in diameter, and are 
either thinly myelinated or unmyelinated. Proprioceptive 
neurones, those with thickly myelinated, large diameter 
axons, appear also to contribute to at least one form of 
pain, namely delayed onset muscle soreness (Weerakkody 
et al. 2001, 2003). This pain arises from exercise in which 
a contracting muscle is forced to lengthen, i.e. contract 
eccentrically. Concentric contractions shorten muscle to 
induce movement; eccentric muscle contractions on the 
opposite side of the joint function as a brake to slow the 
movement. Control experimental protocols which (1) 
excluded sensitization of nociceptors, (2) selectively 
blocked large diameter afferents and (3) selectively stimu-
lated low threshold mechanoreceptors were used to 
confirm that low threshold mechanoreceptors contributed 
to the soreness experienced after eccentric exercise (Weer-
akkody et al. 2001). The neuroanatomy and physiology 
that underlies the access these mechanoreceptors have to 
pain pathways is unknown. In the lumbar spine, a sub-
stantial amount of movement requires eccentric contrac-
tion of dorsal paraspinal muscles.

Sensory-motor-incongruity pain
Recognition of this type of pain is relatively new and the 
range of sensory incongruities that can give rise to it are 
not yet known (Harris 1999; Moseley and Gandevia 2005; 
McCabe et al. 2005, 2006). It appears to occur in the 
absence of tissue injury, being unrelated to the existence 
of any peripheral pathology. This seems particularly inter-
esting relative to back pain because neither the occurrence 
nor severity of back pain corresponds with pathology seen 
with imaging studies (Hadler 2003; Jarvik et al. 2003).

The source of pain from sensory-motor incongruence is 
thought to arise in the brain but requires incongruous 

tissue injury. These nerve endings and their parent neurone 
are called nociceptors. Different classes of nociceptors 
respond directly to the physical energy contained in strong 
mechanical and extreme thermal stimuli. In addition, 
some classes respond indirectly to the injurious effects of 
these stimuli when cells in the traumatized tissues release 
inflammatory mediators. With back pain, mechanical and 
chemical stimuli are likely the two most relevant stimuli.

Nociceptive pain is considered normal or physiological 
because it notifies the organism that its well-being is being 
threatened and it elicits activity that removes or reduces 
the threat of injury. For example, mechanically sensitive 
nociceptors stimulated by creep deformation likely initiate 
positional adjustments during prolonged static postures. 
While there is a close correlation between the discharge 
rate of mechanically sensitive nociceptors and the subjec-
tive experience of pain, it is important to recognize that 
the mechanical threshold for discharge is below the pain 
threshold. Thus, activation of mechanically sensitive noci-
ceptors does not necessarily evoke pain. In addition, the 
balance of input between mechanically sensitive nocicep-
tors and non-nociceptors contributes to whether pain is 
experienced. Simultaneous mechanical input from low 
threshold receptors can gate the inflow of nociceptive 
signals (Van Hees and Gybels 1981).

Persistent nociceptive pain
This type of pain is on a continuum with nociceptive pain. 
It is considered normal and arises when the nociceptive 
stimulus is intense or prolonged. The consequence of such 
a nociceptive stimulus is a change in the response proper-
ties of the nociceptor and/or spinal cord neurons onto 
which the nociceptor synapses. The behavioral change in 
the nociceptor is termed ‘peripheral sensitization’ and 
‘central sensitization’ for the spinal cord neuron. While it 
is clear from the literature that tissue damage sufficient to 
cause inflammation leads to sensitization, it is not clear 
whether mechanical stimulation sufficient in magnitude 
to stimulate nociceptors but not cause inflammation is 
also sufficient to produce sensitization.

Sensitization may manifest itself in two ways. First, the 
neurone’s resting or spontaneous discharge may increase. 
While the mechanical stimulus may no longer be present, 
the nociceptor and/or first-order spinal cord neurone con-
tinue to transmit nociceptive signals upstream in the 
central nervous system. Second, a cell’s excitation thresh-
old may decrease, i.e. it becomes more excitable. Conse-
quently, a noxious stimulus applied to the threatened or 
injured region may now evoke a greater discharge from the 
sensitized nociceptor, augmenting the sensation of pain 
(primary hyperalgesia). The sensitized nociceptor may 
also respond to non-noxious stimuli and evoke pain (allo-
dynia). In addition, arising from central sensitization, 
noxious as well as non-noxious stimulation of the non-
injured area may also induce pain (secondary hyperalgesia 
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anatomical anomaly, such as infection (0.01%), inflam-
matory arthritis (0.3%), neoplasia (0.7%), visceral disease 
(2%), stenosis (3%), disc herniation, fracture, or degenera-
tive changes (10%), which, in turn, produces nociceptive 
pain (see above), 85% of low back pain is considered  
idiopathic (Deyo and Weinstein 2001).

Mechanical abnormalities related to motion segment 
control were proposed as an aetiological factor in this 
higher occurring type of low back pain nearly 2 decades 
ago. At the 1988 workshop ‘New Perspectives On Low 
Back Pain’ sponsored by the National Institutes of Health 
and the American Academy of Orthopedic Surgeons 
(Schultz et al. 1989), the predominant hypothesis for 
explaining the aetiology of idiopathic low back pain was 
the presence of a mechanical derangement in a lumbar 
motion segment, a derangement caused by paraspinal 
muscle dysfunction, acute injury, degeneration and/or 
surgery. These, in turn, were thought to cause spinal insta-
bility and result in dysfunction and/or pain. The presence 
of an intervertebral motion abnormality that depended 
upon the magnitude and direction of the motion consti-
tuted a fundamental assumption underlying this hypoth-
esis (Schultz et al. 1989). In addition, two interrelated 
systems were recognized as contributing to alterations in 
intervertebral motion and to spinal instability: passive ele-
ments of the spinal column and the neuromuscular 
control system (Schultz et al. 1989).

Since that time, many studies provide evidence for the 
importance of neuromuscular control of intersegmental 
kinematics for normal spinal function. Only a few are 
presented here to serve as background. It is well known 
that without active muscles, the osteoligamentous spine in 
the neutral erect position is unstable, buckling laterally in 
the coronal plane and progressively bending in the sagittal 
plane under a compressive axial load less than 100 N 
(Crisco et al. 1992). As the moving lumbar spine passes 
through a neutral erect position, lumbar paraspinal 
muscles are active (Cholewicki et al. 1997). Even small 
changes in the force from these lumbar muscles have large 
impacts on a motion segment’s biomechanical behaviour. 
For example, in vitro experiments accompanied by a 
modelling approach that incorporated graded activity of 
one lumbar paraspinal muscle (Panjabi et al. 1989) show 
an increase in intersegmental stabilization with muscle 
inclusion. Graded increases in the muscle’s modelled 
activity decreases both the neutral zone and the interseg-
mental range of motion: the intersegmental neutral zone 
decreases between 33% and 40% during flexion, extension 
and axial rotation but not lateral bending; the interseg-
mental range of motion decreases between 7% and 27% 
during extension and axial rotation but not flexion or 
lateral bending. The largest decrease in the neutral zone 
and range of motion during these manoeuvres occurs at 
low muscle forces (20 N compared with 40 N and 60 N). 
Similarly, very small increases in muscle activity (1–3% of 
maximal voluntary contraction) of lumbar multifidus, 

information from sensory pathways during body move-
ment. Experimentally, individuals made to experience dis-
cordant sensory information between the visual and 
proprioceptive systems during movement of the extremities 
also experienced low level pain (McCabe et al. 2005). 
Sensory conflict in the brain was induced by having the 
individual move a limb hidden from view behind a mirror 
but having the individual view the mirror image of the 
unhidden, stationary limb which would be interpreted as 
a stationary, hidden limb. In contrast, individuals experi-
encing discordant sensory information incoherent within 
only the proprioceptive system, i.e. between muscle spin-
dles and other forearm proprioceptors, only experienced 
peculiarity, foreignness and swelling but not pain (Moseley 
et al. 2006). Sensory conflict during movement was 
induced by stimulating muscle spindles using vibration to 
signal that the joint was extended more than it actually 
was. Common to these sensory conflict interventions was 
the development of an unusual sensory experience not 
apparently related to the nature of the actual stimulus.

That sensory conflicts can have physiological conse-
quences is not new. Nausea arises when visual information 
regarding body movement is incongruent with sensory 
information from the proprioceptive and vestibular 
systems (Harrris 1999). It is known that feed-forward 
motor commands are constantly interacting with sensory 
feedback information for the construction of body maps 
and execution of movement (Prochazka 1996; Nielsen 
2004; Knoblich et al. 2006). The simple act of reaching for 
a doorknob requires a body schema with which to identify 
in three dimensions where the limb is relative to the door 
knob (using proprioceptive visual information) in order 
to generate a motor command that at least begins to get 
the hand towards the door with accuracy and without 
injury. Conceptually, it seems reasonable to think that 
sensory conflicts regarding body position and movement 
could be interpreted by the brain as impending tissue 
injury. Pain from sensory-motor incongruence might be 
considered a form of pathological pain because tissue 
injury does not appear to be involved.

IMPORTANCE OF INTERSEGMENTAL 
MOTOR CONTROL

A number of considerations converge indicating the 
importance of motor control of both individual motion 
segments and the coordination between them for normal 
spine function and consequently for understanding back 
pain. Motor control of the trunk as a whole, and the 
lumbar spine in particular, must meet two biomechanical 
needs: (1) control of regional orientation and (2) control 
of individual motion segment translations and rotations 
while accomplishing regional orientation. While we know 
that 10–15% of low back pain arises from a well-defined 
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not graded with joint movement (Prochazka 1996; Grigg 
2001).

The muscle spindle holds a particular fascination 
because it is anatomically and physiologically complex. It 
is the only sensory receptor whose sensitivity can be con-
trolled by neural output from the CNS. While muscle 
spindles in particular have been studied extensively in 
appendicular muscles, until recently little was known 
about their position and movement sensitivities or their 
central synaptic organization in the lumbar spine (Pickar 
1999; Pickar and Wheeler 2001; Akatani et al. 2004; Ge 
et al. 2005; Durbaba et al. 2006; Durbaba et al. 2007; Cao 
and Pickar 2009; Cao, Pickar et al. 2009).

MUSCLE SPINDLES, 
INTERSEGMENTAL MOTOR  
CONTROL AND PAIN

Our lab has been studying the physiology of lumbar para-
spinal muscle spindles. Using the cat as an experimental 
preparation, we have recorded activity from individual 
muscle spindles in lumbar paraspinal muscles while 
imposing passive movements upon a vertebra to which the 
parent muscle attaches. This is accomplished in a relatively 
intact lumbar spine (Fig. 13.1). The preparation has been 
described previously (Pickar 1999; Ge et al. 2005). Briefly, 
an L5 laminectomy exposes the spinal cord where the L6 
dorsal roots enter. Paraspinal tissues extending caudally 
from the L6 vertebra, including muscles innervated by the 
L6 dorsal root, are left intact. Muscle spindle afferents in 
the L6 dorsal root are identified and their activity recorded. 
Controlled actuations are applied to the L6 vertebra using 
its spinous process. The response of muscle spindle affer-
ents to vertebral position and movement can be 
determined.

High sensitivity
We investigated the responsiveness of lumbar paraspinal 
muscle spindles to both a change in vertebral position 
(Cao, Pickar et al., 2009) and the velocity with which the 
change occurs (Cao, Khalsa et al. 2009). Our results indi-
cate that spindles in the intersegmental multifidus and 
longissimus muscles have finer signalling resolution com-
pared with spindles in extremity muscles. For the study of 
positional sensitivity, we used controlled actuations of the 
L6 vertebra (0.2, 0.4, 0.6, 0.8 and 1.2 mm) applying dis-
placements in the horizontal plane in the cranial direc-
tion. Using geometry, we estimated the increase in muscle 
length for each actuation distance and determined the 
spindles’ mean instantaneous discharge frequency at each 
length. Position sensitivity was determined as the slope of 
the relationship between the estimated change in muscle 

iliocostalis and thoracic longissimus muscles at L2–L4 are 
sufficient to restore segmental stability (defined by a 
potential energy minimum) of the lumbar spine even 
when loading moments are increased to 75% of body 
weight (Cholewicki and McGill 1996). Incorporating the 
force vectors of five paraspinal muscles into a modelling 
approach increases the stabilization of an individual 
lumbar motion segment: the intersegmental neutral zone 
decreases (range: 76–83%) during flexion, extension, axial 
rotation and lateral bending and intersegmental range of 
motion decreases (range: 55–93%) during flexion, exten-
sion, axial rotation and lateral bending (Wilke et al. 1995). 
Multifidus muscle accounts for 40–80% of the increased 
stability during sagittal flexion–extension, 45% during 
axial rotation, and 10–20% during lateral bending, sug-
gesting that neuromuscular mechanisms controlling mul-
tifidus muscle activity alone could functionally impact the 
motion segment especially during flexion–extension and 
axial rotation. Abnormal control of multifidus muscle may 
contribute to the fact that mechanical injury to the interver-
tebral disc occurs most often during loading moments that 
combine flexion, lateral bending and axial rotation 
(Nordin and Balagué 1996). A videofluoroscopic study by 
Cholewicki and McGill has provided direct evidence that 
individual motion segment behavior is controlled by the 
motor control system, and in the extreme, that abnormal 
kinematics can occur when that control is inadequate.

MOTOR CONTROL IN GENERAL

Underlying posture and movement is the integration of 
feed-forward signals from the brain with feedback signals 
from peripheral proprioceptors (Nielsen 2004). The role 
of proprioceptive input is strikingly brought to light from 
the experiences of an individual with an unusual neuropa-
thy wherein he lost all large diameter primary afferent 
fibres (Cole 1995). When a room was darkened, thus 
removing his visual input yet maintaining his vestibular 
input, this individual would nonetheless collapse to the 
floor. He would not know where he was in space, his 
central nervous system being uninformed of his ground 
contact and the relationships between his body segments. 
Even in the absence of conscious perception, propriocep-
tive signals provide the central nervous system with infor-
mation about the body’s location in space. These signals 
help shape the occurrence, timing and pattern of muscle 
recruitment, provide feedback with which to identify 
errors in executed movements (Prochazka 1996; Nielsen 
2004), and contribute to neural representations (internal 
maps) of a body schema (Knoblich et al. 2006). While 
input from joint, skin and muscle receptors contributes to 
our proprioceptive sense, the input from muscles is 
thought to predominate (Prochazka 1996). The role of 
ligaments is not clear because their discharge is often  
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Figure	13.1 Set-up for recording from lumbar paraspinal muscle spindles and mechanically actuating the L6 lumbar vertebra. 

Curved track and manipulators

Motor

Lever arm

Rotary-to-linear converter

Shaft-forceps assembly

Platform for dorsal rootsClamp for L6 spinous process

length and mean instantaneous frequency. In addition, we 
recorded strain in the L6–L7 facet joint capsule. Based 
upon previously established relationships between 
intersegmental angles and facet joint capsule strains in the 
cat lumbar vertebral column during lumbar flexion, we 
related actuation distance to the intervertebral angle that 
could give rise to the joint capsule strain. Thus, positional 
sensitivity was quantified as discharge rate relative to 
muscle length and to joint angle. Table 13.1 compares the 
sensitivity of muscle spindles in the lumbar axial muscles 
with those in appendicular muscles. The estimates of 
mean position sensitivity (16.3 imp s−1 mm−1 (10.6 −22.1, 
lower, upper 95% confidence interval)) and mean angular 
sensitivity (5.2 imp s−1 mm−1 (2.6–8.0, P = 0.003)) were 
more than 3.5 times greater compared with appendicular 
muscle spindles. The confidence intervals did not contain 
any of the estimates for static sensitivity of appendicular 
spindles previously reported in the literature.

Similarly, spindles in the lumbar paraspinal muscles 
were more sensitive to the velocity of vertebral movement 
in comparison to appendicular muscles (summarized in 

Table 13.2). One millimetre actuations delivered at 0.5, 
1.0 and 2.0 mm/s were applied at the L6 spinous process. 
Several response measures were used to make the compari-
sons. A ‘slow velocity component’ was measured as the 
slope of the relationship between displacement during the 
constant velocity ramp and instantaneous discharge fre-
quency and a ‘quick velocity component’ was the slope’s 
intercept at zero displacement. The sensitivities of these 
components to increasing velocity were at least 5–10 times 
greater compared to those reported for appendicular 
muscle spindles. A ‘peak component’ was determined as 
the highest discharge rates occurring near the end of the 
ramp compared with control. Its measure of velocity sen-
sitivity was 2.9 imp s−1 mm−1 (0.2, 5.5 95% confidence 
interval) similar to that for cervical paraspinal muscles as 
well as appendicular muscles. The large dynamic sensitiv-
ity of lumbar paraspinal muscle spindles may help ensure 
control of intervertebral motion during changes in spinal 
orientation. Factors that adversely affect either propriocep-
tive input or its central integration may contribute to 
motor control errors that ultimately cause pain.
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Table	13.1	 Positional	sensitivity	of	muscle	spindles

Reference Muscle Linear sensitivity imp s−1 mm−1 Angular sensitivity 
imp s−1 degree−1

Type	of	spindle	afferent Type	of	spindle	afferent

I II Unclassified I II Unclassified

Cao, Pickar 
et al. 2009

Lumbar 
paraspinal

16.3
(10.6, 22.1)

5.2
(2.6, 8.0)

Bolton and 
Holland 1998

Neck ~2.3

Richmond and 
Abrahams 1979

Neck 1.4, −2.3

Botterman and 
Eldred 1982

Gastrocnemius 2.1 3.2

Granit 1958 Soleus 3.5

Harvey and 
Matthews 1961

Soleus 7.7 6.0

Houk et al. 
1981

Soleus 3.1
(2.4, 3.8)

2.2
(1.9, 2.5)

Lennerstrand 
1968

TA + EDL 4.7
(3.3, 5.1)

7.7
(4.2, 11.2)

Gastrocnemius 2.6
(1.8, 3.4)

4.4
(2.1, 6.7)

Soleus 3.9
(2.9, 4.9)

5.9
(4.4, 7.4)

Wei et al. 1986 Soleus 0.4

TA 0.6

Windhorst et al. 
1975

EDL 2.15

Cheney and 
Preston 1976

Soleus 2.9 2.4 1.1 0.9

Cordo et al. 
2002

Finger 
extensors

0.4
(0.2, 0.6)

Edin and Vallbo 
1990

Finger 
extensors

1.7 2.8 0.23 0.33

Vallbo 1974 Finger flexors 0.18 0.14

TA, tibialis anterior; EDL, extensor digitorum longus.
Values in parentheses indicate lower and upper 95% confidence intervals.
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shortens or stretches the calf muscles. Upon asking an 
individual to reposition their foot to a reference position, 
the previous hold-short position causes an undershoot 
and hold-long causes an overshoot. Underlying these 
repositioning errors are altered responses in propriocep-
tive reflex pathways. The size of the Achilles tendon jerk 
reflex is larger after triceps surae contraction with the foot 
plantarflexed (i.e., calf muscles held short) than with the 
foot dorsiflexed. Conversely, the H reflex is smaller after 
hold-short than after hold-long.

These ‘muscle-history’ effects are related to changes in 
resting spindle discharge (Gregory et al. 1987, 1988; 
Gregory et al., 1990). When a muscle is held in a static 
position, either directly by isolating its tendon or indi-
rectly by moving the joint, the intrafusal myofilaments 
crosslink and stiffen at the new position. Upon subse-
quent muscle shortening, the stiffened fibres become slack 
or kink and the sensory terminals are unloaded. Concep-
tually, this would be similar to pushing together the ends 
of a stiff piece of piano wire wherein it would either bend 
or kink. Conversely, subsequent lengthening generates 
more tension in the already stiffened fibres and augments 
deformation of the sensory terminals. When the ankle is 
returned to a reference position after being held-short 
compared with being held-long, the history-conditioned 
muscle spindle afferents have a higher discharge rate both 
at rest and in response to tapping the Achilles tendon. The 
larger afferent barrage to tapping evokes a larger reflex 
muscle contraction. The increased resting discharge pro-
vides a background of inhibition to the motoneuronal 
pool of the triceps surae muscles. Because the H reflex does 
not require activation of the spindles, its magnitude 

History-dependent effects on muscle 
spindle responsiveness
One factor that may compromise the accuracy of proprio-
ceptive signalling from lumbar paraspinal muscle spindles 
is thixotropy. Materials with this property are characterized 
by their capacity to change their behaviour from a liquid 
to a gel in the absence of a shear stress and then back to 
a liquid in the presence of a shear stress. In other words, 
the material’s viscosity depends upon its previous history 
with shear stress. Intrafusal muscle fibres of the spindle 
apparatus behave thixotropically (Hill 1968; Hufschmidt 
and Schwaller 1987; Proske et al. 1993). They contain 
polymeric chains of actin and myosin between which acto-
myosin crossbridges spontaneously form within seconds 
of a muscle remaining at a fixed length, i.e. in the absence 
of a shearing force. These crossbridges are relatively stable, 
having a slower turnover rate compared with the recycling 
crossbridges that form during active muscle contraction. 
The tautness or stiffness of the intrafusal fibre contributes 
to the timing and fidelity with which muscle stretch is 
transmitted to the spindle’s central region where the 
sensory terminal of the muscle spindle afferent is deformed 
(McMahon 1984; Mileusnic et al. 2006).

Our interest in this history-dependent property and its 
implications for motor control of the lumbar spine arose 
from previous studies revealing the adverse effects it pro-
duces on proprioceptive signalling in limb muscles of the 
human and cat (Gregory et al. 1986, 1987, 1988; Gregory 
et al. 1990; Wood et al. 1996). For example, in humans, 
foot repositioning errors can be evoked experimentally  
by passively holding the ankle in a position that either 

Table	13.2	 Dynamic	sensitivity	of	muscle	spindles

Reference Muscle Quick velocity Slow velocity

Component	
imp	s−1

Sensitivity		
(imp/s)(mm/s)	or
(imp/s)/(degree/s)

Component	
imp	s−1	mm−1	or	
imp s−1 degree−1

Sensitivity		
(imp/s/mm)(mm/s)	or	
(imp/s/degree)/
(degree/s)

Cao, Khalsa 
et al. 2009

Lumbar 
paraspinal

Uncl: 28.4–35.8 Uncl: 4.80
(2.90, 6.7)
Uncl: 1.16
(−0.57, 2.89)

Uncl: 20.5–23.9
Uncl: 5.4–6.2

Uncl: −2.10
(−0.45, −3.75)
Uncl: −0.16
(−0.04, −0.30)

Lennerstrand 
1968

Soleus and 
lateral 
gastrocnemius

I°: 0
II°: 0

I°: 0
II°: 0

I°: ~2.2
II°: 0

I°: 0
II°: 0

Grill and 
Hallett 1995

Finger 
extensors

Uncl: <5 Uncl ~0.9 Uncl 0.027
(0.010, 0.042)

I°, primary muscle spindle afferent; II°, secondary muscle spindle afferent; Uncl, unclassified muscle spindle afferent.
Means or range of means: values in parentheses indicate lower and upper 95% confidence intervals.
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returned to an identical position, the intermediate position 
(static test), and then moved in the direction that stretched 
the muscle (dynamic test). The effect of this biomechanical 
history on proprioceptive signalling was determined by 
comparing spindle discharge between hold-intermediate 
and hold-short or hold-long for each of the two tests. We 
have explored how the duration of spinal motion segment 
position as well as its magnitude and direction affect 
lumbar paraspinal muscle spindle responsiveness.

The responsiveness of multifidus and longissimus 
muscle spindles to identical vertebral positions or identi-
cal changes in position is decreased when the previous 
history has unloaded the spindle apparatus; it is increased 
when the previous history has loaded it (Ge et al. 2005). 
Hold-long decreases resting spindle discharge by more 
than 15 impulses per second. While hold-short does the 
converse by increasing resting discharge, it does so to a 
lesser absolute magnitude compared to hold-long (~5 
impulses/s). These thixotropic effects in the paraspinal 
muscles are fully developed within 3–4 seconds of the 
hold history. Hold-long has a time constant of 2.6 s and 
hold-short 1.1 s (Ge et al. 2005). Very small vertebral dis-
placements (0.05–0.11 mm) elicit these effects (Ge et al. 
2006) and the magnitude of the altered responsiveness 
saturates between 0.32 and 0.53 mm of vertebral actuation 
in the posterior–anterior direction. Positional histories 
along all three cardinal axes will produce these propriocep-
tive errors (Pickar et al. 2008). Positional changes in the 
anatomical plane closest to that of the facet joint, i.e. the 
sagittal plane, produce the largest decrease in spindle 
responsiveness.

The apparent importance of proprioceptive input from 
lumbar paraspinal muscle spindles (indicated by their 
high position and dynamic sensitivities compared with 
appendicular muscles), their thixotropic property which 
alters their responsiveness, and anticipated reflex changes 
caused by these alterations suggest several ways that spinal 
motor control relates to back pain. Muscle spindle-
induced alterations in the reflex timing or recruitment of 
paraspinal muscles could alter the instantaneous axis of 
intersegmental motion, abnormally loading spinal tissues 
and activating mechanonociceptors. Such nociceptive 
pain (see ‘Pain’ section above) would evoke protective 
behavior and/or serve as a warning of imminent injury. If 
the abnormal loading were sustained and sufficiently 
large, inflammatory mediators may be released from  
the loaded tissue. Persistent nociceptive pain (see ‘Pain’ 
section above) would continue until the proprioceptive, 
biomechanical and inflammatory conditions were amel-
iorated. In addition to these forms of pain, thixotropic-
induced alterations in muscle spindle input could lead  
to sensory-motor-incongruity pain (see ‘Pain’ section 
above). Neural signals from non-thixotropic-dependent 
low threshold receptors located in the extracellular space 
of fascia, ligaments, intervertebral disc and either 

depends upon central mechanisms of excitability. Owing 
to inhibition of α-motoneurones occurring in response to 
increases in background spindle discharge (Granit 1950), 
the magnitude of the H reflex is diminished. The exact 
synaptic mechanism is not known but may be due to 
presynaptic inhibition (Gregory et al. 1990; but see Wood 
et al. 1996). Conversely, hold-long decreases resting dis-
charge and removes the background inhibition. These 
changes in the magnitude of spindle discharge are also 
accompanied by delays in the onset of muscle spindle 
discharge after hold-long history (Morgan et al. 1984; 
Gregory et al. 1986).

These findings led us to wonder whether the biome-
chanical history of a spinal motion segment would alter 
the responsiveness of muscle spindles in lumbar paraspi-
nal muscles attaching to that segment. From a biome-
chanical perspective, this appeared a sensible consideration 
for two reasons. First, a neutral zone has been described 
for intersegmental kinematics (Panjabi 1992). Experimen-
tally, it is recognized by a region of movement trajectory 
where resistance to movement is low, i.e. intersegmental 
stiffness is minimal. This region is thought to underlie the 
experimental observation that spinal stability appears 
lowest in the neutral posture and that appropriate muscle 
activation appears critical to maintain stability in the 
neutral posture (Cholewicki and McGill 1996; Cholewicki 
et al. 1997). The presence of a neutral zone implies a range 
of movement wherein a motion segment’s position is not 
uniquely determined and may not reflect the regional 
spinal posture. While this variation in intersegmental posi-
tion despite identical regional orientation has not yet been 
shown directly, regional spinal postures can be quite dif-
ferent despite a sagittally balanced vertebral column with 
C7 over S1 (Claus et al. 2009). If thixotropic effects in 
muscle spindles were established within the neutral zone 
at a given intervertebral position and the zone’s low stiff-
ness then allowed a positional change to occur, spindles 
would not accurately report the new position. Secondly, 
lengthening or shortening histories could be established 
by intervertebral positions maintained longer than usual 
due to several conditions including sustained postures, 
sustained spinal loading, articular adhesions or asym-
metrical alterations in passive muscle tone. The history 
established by these ‘hold’ situations would create an error 
signal from the spindle during a subsequent postural 
change.

We created biomechanical history using the 
experimental preparation shown in Figure 13.1. The bio-
mechanical protocols held a lumbar vertebra in each of 
three positions that stretched, shortened or did not change 
the paraspinal muscles relative to an intermediate position 
(Fig. 13.2). Hold-long and hold-short were confirmed by 
the presence of increased and decreased spindle discharge, 
respectively, compared to hold-intermediate. Subsequent 
to establishing each positional history, the vertebra was 
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changes in vertebral position and the rate of movement, 
we might expect that peripheral or central processes that 
adversely affect this proprioceptive input will significantly 
affect motor control of the spine. Secondly, motion seg-
ments have a neutral zone where there is low resistance to 
vertebral movement and therefore the positional relation-
ship between vertebra of a motion segment is not uniquely 
determined by global position. Due to thixotropy, the 
responsiveness of the peripheral spindle apparatus is very 
sensitive to small and short-lasting changes in vertebral 
position along any of the cardinal axes of motion. Posi-
tional changes within the neutral zone may lead to prop-
rioceptive errors from muscle spindles. Alterations in 
muscle spindle input may lead to strains that inflame 
spinal tissues and thereby exciting nociceptors, evoking 
nociceptive pain. In addition, muscle spindle signalling 
errors induced by thixotropy may produce incoherent pro-
prioception and contribute to sensory-motor-incongruity 
pain.

intersegmental or global muscles would be discordant 
with the thixotropically derived error signals from the par-
aspinal muscle spindles. The central nervous system’s 
expectation of a pattern of sensory input from its proprio-
ceptive system would not match the motor pattern of the 
existing body schema and might be experienced as 
painful. Body-based therapeutic interventions and train-
ing may correct or override this discordance.

SUMMARY

The ideas expressed in this chapter regarding the relation-
ship between motor control and pain are based upon 
several presumptions. First, appropriate motor control of 
intersegmental spinal kinematics during regional move-
ments is crucial for normal biomechanics of the vertebral 
column. Because muscle spindles appear quite sensitive to 

Figure	13.2 Schematic of the protocol to establish vertebral history. a Pre-deconditioning: vertebra maintained at intermediate 
position for 5 s. b Deconditioning: vertebra moved ventrally then dorsally 10 times between maximal displacements (10 mm/s) 
to create identical initial conditions across protocols. c Preconditioning: vertebra maintained at intermediate position for 0.5 s. 
d Conditioning: vertebra held at the intermediate, long, or short position for 4 s. Hold-long history loaded and hold-short 
history unloaded the muscle spindle relative to the effect of hold-intermediate as shown in the inset. e Return to the 
intermediate position. f Static test: vertebra maintained at intermediate position for 0.5 s. Mean instantaneous discharge 
frequency (MIF) following hold-intermediate was subtracted from that after hold-long and hold-short. g Dynamic test: vertebra 
slowly moved to the displacement of the hold-long direction. The mean spindle discharge frequency (MF) following hold-
intermediate was subtracted from that after hold-long and hold-short. Inset shows discharge during the 2 tests. Reproduced 

from Cao, D.Y., Pickar, J.G., 2009. Thoracolumbar fascia does not influence proprioceptive signalling from lumbar paraspinal muscle spindles in 

the cat. Journal of Anatomy 215, 417–424, with permission from John Wiley and Sons.
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INTRODUCTION

It is becoming clear that a failure of muscle control can 
lead to spinal injury and pain. The purpose of this chapter 
is to explain some of the underlying mechanisms in terms 
of muscle physiology and tissue biomechanics. The first 
section provides an updated account of the ‘injury model’ 
of back pain, which incorporates genetic inheritance and 
the human personality as well as mechanical loading. This 
is followed by a short description of muscle reflexes, and 
how they normally enable the back muscles to protect the 
spine from injury. Unfortunately, muscle protection can 
be impaired by a range of time-dependent mechanisms 
that involve soft tissue creep and muscle fatigue, and these 

are considered in detail. The final section provides some 
brief conclusions, and suggestions for future research.

THE ‘INJURY MODEL’ OF BACK PAIN

Severe injuries require little discussion: collisions and falls 
can obviously damage spinal tissues and cause pain. Frac-
tured vertebrae are relatively easy to visualize and treat, 
and some soft tissue injuries can also be visualized using 
MRI. It is well established that human intervertebral discs 
can herniate (Adams and Hutton 1982) or suffer internal 
disruption (Adams et al. 2000) as a result of traumatic 
loading, and the underlying mechanisms have recently 
been explained by experiments on animal tissues  
(Tampier et al. 2007; Veres et al. 2008, 2010) and by  
finite-element mathematical models (Shirazi-Adl 1989; 
Schmidt et al. 2007).

More controversial is the potential for repetitive loading 
of physiological magnitude to cause fatigue failure of 
spinal tissues, leading to degenerative changes and pain. 
But even here the weight of evidence is now considerable. 
Early experiments on cadaver spines showed that repetitive 
flexion and compression of a motion segment can gener-
ate radial fissures, annular protrusion and in some cases 
nuclear extrusion (Fig. 14.1) (Adams and Hutton 1985: 
Gordon et al. 1991). More recent experiments on animal 
tissues have induced these lesions under more modest 
levels of compressive loading (Callaghan and McGill 
2001). Not surprisingly, disc injuries become more fre-
quent and more severe as the magnitude of compressive 
loading increases. It is now possible to quantify both 
bending and compressive loading of the human spine  
in vivo (Adams and Dolan 1991; Dolan and Adams 1993) 
and there can be little doubt that manual handling of 
weights as light as 10 kg can generate forces on the spine 
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excessive mechanical loading in the aetiology of back 
pain. Particularly high risks of back pain are associated 
with rapid bending and twisting (Marras et al. 1993; 
Fathallah et al. 1998) and with incidents that involve 
sudden muscular efforts (Magora 1973), both of which 
lead to increased muscle activation (Magnusson et al. 
1996; Wilder et al. 1996; van Dieën et al 1998) and 
increased compressive loading of the spine (Dolan et al. 
1994; Mannion et al. 2000). Frequent and heavy lifting 
performed in flexed or twisted postures increases the risk 
of low back pain (Marras et al. 1993; Fathallah et al. 
1998) and disc prolapse (Kelsey et al. 1984; Mundt et al. 
1993), and extreme forward bending increases the risk  
of disc herniation (Seidler et al. 2003).

The injury model has been criticized in recent years 
because its early proponents supposed that mechanical 
loading provided a complete explanation of back pain. We 
now know that other factors are involved, including 
genetic inheritance (Hartvigsen et al. 2009) and the 
human personality (Adams et al. 1999), so that exposure 
to mechanical loading explains only a modest proportion 
of work-related back pain (Burton 1997; Ferguson and 

Figure	14.1 Posterolateral radial fissure typical of those 
found in cadaveric lumbar discs generated by repetitive 
loading in bending and compression. Reproduced from Adams, 

M.A., Bogduk, N., Burton, K., Dolan, P., 2006. The Biomechanics of 

Back Pain, 2nd edn. Churchill Livingstone, with permission from 

Elsevier.

Figure	14.2 Modified injury model suggesting how 
mechanical factors may be involved in spinal degeneration 
and pain. Damage can be caused by high forces acting on 
normal tissue, or more moderate repetitive forces acting on 
tissue that has been weakened by factors such as an 
unfavourable genetic inheritance, age-related changes, or 
wear and tear (‘fatigue’) loading. Abnormal matrix stresses 
resulting from injury interfere with tissue metabolism, 
resulting in weakening and further structural damage. This 
‘vicious circle’ can be characterized as ‘frustrated healing’ 
because of the inability of the relatively low cell population 
to repair the damaged matrix. Adapted from Adams, M.A., 

Dolan, P., McNally, D.S., 2009. The internal mechanical functioning  

of intervetrebral discs and articular cartilage, and its relevance to 

matrix biology. Matrix Biology 28:384–389, with permission from 

Elsevier.
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sufficient to cause fatigue failure of spinal tissues  
(Dolan et al. 1994).

Physical disruption of intervertebral discs (and articular 
cartilage) alters the mechanical environment experienced 
by the tissue’s cells (Adams et al. 2000, 2009): regions of 
particularly low and high stress are created, both of which 
inhibit disc cell metabolism (Ishihara et al. 1996) and 
precipitate progressive degenerative changes (Adams and 
Roughley 2006). Abundant proof of this comes from 
animal models of disc degeneration, which show that, 
regardless of the precise nature of the physical disruption, 
or the size of the animal, degeneration inevitably follows 
injury (Osti et al. 1990; Holm et al. 2004). Equivalent, 
though less controlled evidence is available for humans 
(Kerttulla et al. 2000). Attempts at repair are frustrated by 
the extremely low cellularity of intervertebral discs, and by 
the practical difficulty of unloading the human spine (Fig. 
14.2). Inflammatory processes are evident in injured discs 
(Peng et al. 2005, 2009) and are amplified by repeated 
re-injury (Ulrich et al. 2007). Inflammation affects nocic-
eptive nerve endings, leading to pain-sensitization phe-
nomena in the peripheral annulus (Olmarker 2008) and 
nerve root (Goupille et al. 2007), which explain why fairly 
gentle mechanical probing can reproduce severe disco-
genic back pain (Kuslich et al. 1991). Injury to spinal liga-
ments can similarly lead to inflammation (Solomonow 
et al. 2003). Links between disc pathology and pain are 
notoriously variable, possibly because narrowed discs are 
stress-shielded by their neural arch (Pollintine et al. 2004) 
but it is nevertheless true that certain structural defects in 
intervertebral discs are strongly correlated to a history of 
severe back pain (Videman and Nurminen 2004).

This updated injury model of severe back pain is sup-
ported by many epidemiological surveys that implicate 
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motor neurones in the spinal cord. Primary afferents 
detect both strain and strain rate, and enable the muscle 
to contract rapidly (typically within 30–50 msec) in 
response to a sudden increase in muscle length (Dietz 
1992; Sinkjaer et al. 1999). Secondary afferents, in con-
trast, are sensitive to static stretch and are slow-adapting. 
The small intervertebral muscles have a particularly high 
density of muscle spindles compared to the longer para-
spinal muscles (Nitz and Peck 1986), suggesting that they 
play an important role in controlling relative motion 
between adjacent vertebrae. Afferents in these muscles can 
also initiate efferent activity in motor neurons at neigh-
bouring levels, suggesting the presence of an intersegmen-
tal reflex (Kang et al. 2002) that allows for a coordinated 
reflex response at multiple spinal levels.

Muscle spindles are not the only afferents involved in 
these control pathways. Mechanoreceptors are found also 
in ligaments (Rhalmi et al. 1993), thoracolumbar fascia 
(Yahia et al. 1992), apophyseal joint capsules (McLain and 

Marras 1997; Macfarlane et al. 1997; Adams et al. 1999). 
Nevertheless, mechanical influences remain the best 
understood and most easily modified causes of back pain, 
and no other cause has been shown to be more important. 
Injury risk obviously depends on the strength of tissues as 
much as on the severity of loading, and tissue strength 
depends on genetic inheritance, metabolite transport, and 
age. Furthermore, all skeletal tissues are able to strengthen 
in response to repetitive non-damaging mechanical 
loading (Goodship et al. 1979; Porter et al. 1989) so that, 
in the words of Nietzsche, ‘what does not kill him makes 
him stronger’. Mechanical loading is good for backs, unless 
it becomes excessive for any particular back. The impor-
tance of these considerations can be appreciated from 
recent twin studies: genetic inheritance explained over 
70% of the variance in ‘who gets disc degeneration’ in a 
population of middle-aged women (Sambrook et al. 
1999). But genetic influences on tissue degeneration are 
only half as great when specific spinal levels are consid-
ered, and when the study population is more diverse in 
age and occupation (Battie et al. 2008). Genetic influences 
on back pain are more modest again (Hartvigsen et al. 
2009). Once back pain occurs, all aspects of the patient’s 
behaviour, including responses to treatment, are influ-
enced by psychosocial factors (Burton et al. 2005; Adams 
et al. 2012), and some of these are themselves influenced 
by pain (Mannion et al. 1996).

MUSCLES PROTECT THE SPINE  
FROM INJURY

Muscles of the trunk can do little to protect the spine 
during violent collisions or falls, especially if the external 
forces rise to damaging levels before the muscles have time 
to react. And during emergencies such as epileptic seizures, 
when neurological inhibition is over-ridden, the muscles 
themselves can generate forces high enough to injure the 
underlying spine (Vascancelos 1973). Under most circum-
stances, however, the trunk muscles ensure that spinal 
movements stay within safe limits, so that injuries are 
avoided. To do this effectively, the muscles must be able 
to contract with sufficient force, speed and endurance to 
prevent excessive movements, and to maintain stability 
during activities such as lifting (Fig. 14.3).

The central nervous system coordinates muscle activity 
using sensory information from a wide range of mechano-
receptor afferents found in muscle (Yamashita et al. 
1993b; Roberts et al. 1995) and other tissues (Yahia et al. 
1992; McLain and Pickar 1998). The most rapid reflexes 
are monosynaptic reflexes initiated by muscle spindles 
that lie within skeletal muscle, parallel to the extrafusal 
fibres. Muscle spindles are sensitive to changes in muscle 
length, and are innervated by primary (IA) and secondary 
(II) muscle afferents that synapse directly with alpha 

Figure	14.3 During manual handling activities, back muscles 
must generate an extensor moment (EM) to counter the 
forward bending moment due to upper body weight (w) and 
the weight being lifted (W). The small lever arm of the back 
muscles requires high muscle forces to generate the required 
extensor moments. Reproduced from Adams, M.A., Bogduk, N., 

Burton, K., Dolan, P., 2006. The Biomechanics of Back Pain, 2nd edn. 

Churchill Livingstone, with permission from Elsevier.
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control of muscle activation. These mechanisms will be 
considered next.

TIME-DEPENDENT MECHANISMS 
THAT IMPAIR MUSCLE PROTECTION 
OF THE SPINE

Tensile creep in stretched tissues
Sensory feedback from mechanoreceptor afferents is 
based on their ability to detect altered loading in the sur-
rounding tissue. Muscle spindles are believed to respond 
primarily to strain and strain rate, but other mechanore-
ceptors in muscle, skin and joint capsules appear to be 
capable of responding to a variety of stimuli, with stress 
being the dominant one (Khalsa et al. 1996; Ge and 
Khalsa 2002, 2003). In most engineering materials, stress 
(force per unit area) and strain (% change in length) are 
simply related so that changes in one automatically reflect 
changes in the other. However, several skeletal soft tissues 
exhibit visco elastic and poroelastic mechanical properties 
where strain depends not only on stress but also on the 
duration or speed of loading. Generally, when a load is 
applied to a soft tissue, it expels water from that tissue, 
allowing strain to increase progressively as a function of 
time even if stress remains constant. This process is called 
‘creep’. Similarly, if such a tissue is subjected to a constant 

Pickar 1998) and intervertebral discs (Yamashita et al. 
1993b; Roberts et al. 1995). In the disc (Yamashita et al. 
1993b) and joint capsule (Cavanaugh et al. 1997), affer-
ent activity is usually initiated only under severe loading 
conditions, suggesting that receptors in these tissues may 
be more important in nociception than proprioception. 
However, lower threshold afferents have been identified in 
spinal ligaments and in the apophyseal joint capsule, as 
well as in muscle and tendon (Yamashita et al. 1993a, 
1993b), suggesting a proprioceptive function that contrib-
utes to the sensorimotor control of trunk movement. A 
specific ligamentomuscular reflex has been confirmed on 
anaesthetized patients and animals, in which stretching of 
the supraspinous ligament initiates reflex contractions of 
the multifidus muscle (Solomonow et al. 1998). Reflex 
activity in multifidus and longissimus can also be initiated 
by electrically stimulating afferents in the discs and cap-
sules, with the size of this reflex response increasing if 
afferents in more than one tissue are stimulated simulta-
neously (Stubbs et al. 1998; Holm et al. 2002).

Evidently, trunk muscle activity is controlled by many 
reflex pathways as well as by voluntary activation. Feed-
back from such a wide variety of sensory afferents helps 
to ensure that trunk muscles are activated in such a way 
as to prevent excessive spinal movements (Fig. 14.4), but 
without generating inordinately high compressive forces 
on the spine. However, recent evidence suggests that 
several time-dependent effects can alter the sensitivity of 
mechanoreceptor afferents, and impair the sensorimotor 

Figure	14.4 During forward bending movements, back muscles are activated in order to decelerate the trunk and prevent 
excessive flexion. The EMG graph shows the ‘deceleration’ peak from the lumbar erector spinae, followed by a period of 
‘flexion–relaxation’. EMG silence indicates that resistance to forward bending is now provided by the stretched passive tissues 
of the spine (including intramuscular connective tissue). 
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that lengthen the muscles and induce tensile creep in 
spinal tissues. Cadaver studies have shown that just 5 
minutes of sustained full flexion applied to lumbar motion 
segments produces significant creep that reduces resistance 
to bending by 42% (Adams and Dolan 1996) while in vivo 
studies in cats suggest that small vertebral displacements 
of 1–2 mm held for just a few seconds are sufficient to 
reduce the sensitivity of spindles in the paraspinal muscles 
(Ge et al. 2005). In human volunteers, slumped postures 
that flex the lumbar spine increase range of flexion (McGill 
and Brown 1992) and impair spinal position sense (Dolan 
and Green 2006; Sanchez et al. 2006) (Fig. 14.5), suggest-
ing that afferent feedback may be disturbed by tensile 
creep in soft tissues.

Compressive creep in  
intervertebral discs
Under conditions of chronic loading, the effects of creep 
in tensile structures are likely to be exacerbated by com-
pressive creep in the discs. Disc creep is a slow process that 
takes hours to achieve equilibrium (McMillan et al. 1996). 
Over the course of a day, the loss of fluid arising from 
sustained compressive loading reduces the volume of 
human lumbar discs by approximately 20% (Botsford 

stretch, fluid expulsion allows the tension within it to fall 
over time, a phenomenon known as ‘stress-relaxation’. In 
either case, the nature of the stress–strain relationship 
changes over time, with potentially serious biological con-
sequences. For example, if a mechanoreceptor (like an 
engineer!) found it convenient to infer stress by measur-
ing the strain it causes, and if the mechanoreceptor was 
accustomed to slow-acting mechanical forces that cause 
considerable creep, then it would underestimate tissue 
stress if the loading was applied so rapidly that little of the 
expected time-dependent strain had time to occur. Alter-
natively, if a mechanoreceptor was sensitive to stress then 
it would tend to underestimate tissue strain following 
prolonged or repetitive loading that caused substantial 
creep.

There is now direct evidence from animal models that 
the sensitivity of mechanoreceptors in spinal tissues can 
be altered by their recent loading history in the manner 
suggested above. Studies on anaesthetized cats have shown 
that cyclic (Solomonow et al. 1999) or sustained (Solo-
monow et al. 2002) loading of the supraspinous ligament 
can attenuate the reflex response initiated in the multifidus 
muscle. The fall in reflex activity occurs rapidly and the 
authors postulated that this was due to stress-relaxation in 
the ligament. They confirmed this by adding a pre-load to 
the ligament, which brought about an immediate recovery 
of the reflex response during subsequent stretches (Solo-
monow et al. 1999). If the ligament was left to recover 
naturally, then reflex activation remained impaired several 
hours after loading, suggesting that chronic stretching can 
have long-lasting effects on mechanoreceptor sensitivity 
(Gedalia et al. 1999; Claude et al. 2003).

Afferent activity in muscle spindles also appears to be 
influenced by their prior stretching (Morgan et al. 1984; 
Gregory et al. 1988, 1998; Avela et al. 1999). Lengthening 
of muscle reduces spindle sensitivity so that the muscle 
must then be stretched to a greater extent in order to initi-
ate spindle firing. However, recent shortening of a muscle 
acts to increase spindle sensitivity so that a subsequent 
stretch applied to the muscle increases spindle firing at the 
same muscle length. These ‘after effects’ appear to be 
caused by mechanical changes in the muscle tissue rather 
than by muscle fatigue because they occur after just a few 
seconds (Hagbarth et al. 1985; Avela et al. 1999). Altered 
sensitivity of muscle spindles is thought to be due to thixo-
trophic effects caused by the formation of stable cross-
bridges within the intrafusal fibres (Ge and Pickar 2008). 
These crossbridges remain attached for longer periods 
than those that form during dynamic contractions, so that 
intrafusal fibres become slack (and hence less sensitive) if 
they have previously been lengthened. Conversely, they 
become taut (and hence more sensitive) if they have previ-
ously been shortened (Hufschmidt and Schwaller 1987; 
Proske et al. 1993).

The above findings have important implications con-
cerning reflex protection of the spine under conditions 

Figure	14.5 Sitting in a flexed posture for 1 hour increases 
spinal re-positioning errors. These were measured at the level 
of the first lumbar (L1) and the first sacral (S1) vertebrae 
using an electromagnetic motion analysis device, the  
3-Space Fastrak (Polhemus, Vermont, USA). Differences in 
re-positioning errors were significant in both erect standing 
(ES) and flexed postures (*P < 0.005) and were greater in 
flexion than in standing (P < 0.001). Bars indicate the SEM. 
Based on data from Sanchez et al. (2006).
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confirmed by a 4% increase in lumbar range of flexion. 
After the intervention, the amplitude of reflex muscle 
activity recorded from the erector spinae muscles was 
unchanged. However, onset latency increased by approxi-
mately 60% in both lumbar and thoracic muscles (Fig. 
14.7). Onset latencies before creep were between 60 and 
65 ms. These values are similar to those reported previ-
ously for the trunk muscles (Radebold et al. 2001; Herr-
mann et al. 2006; Vera-Garcia et al. 2006) suggesting that 
the initial muscle response was reflex in nature (Wilder 
et al. 1996; Dietz 1992) and was probably mediated by 
non-spindle afferents (Hasan and Stuart 1984; Matthews 
1984; Lundberg et al. 1987). The lack of any change in the 
amplitude of the response shows that afferent activity was 
delayed but not diminished by creep, and this is consistent 
with a shift in the stress–strain relationship of the liga-
ments as suggested by earlier animal experiments (Solo-
monow et al. 1999). The increased latencies indicate that 
muscles were activated later in the flexion movement 
when tissue strains would be greater, suggesting that the 
mechanoreceptor afferents that initiated the reflex were 
sensitive to stress rather than strain.

Figure	14.6 Bending stiffness curves obtained from a 
cadaveric lumbar motion segment, before and after 2 hours 
of compressive creep loading at 1.5 kN. At 8° of flexion, the 
bending moment resisted decreased by 77%, from 22 Nm  
to 5 Nm, as a result of increased slack in the disc and 
ligaments. Reproduced from Adams, M.A., Bogduk, N., Burton, K., 

Dolan, P., 2006. The Biomechanics of Back Pain, 2nd edn. Churchill 

Livingstone, with permission from Elsevier.
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et al. 1994). The resulting fall in disc height brings the 
vertebrae closer together, and slackens the intervertebral 
ligaments (Zhao et al. 2005). This reduces the resistance 
to bending of the osteoligamentous spine (Fig. 14.6) in a 
similar manner to that observed following tensile liga-
mentous creep (Adams and Dolan 1996) and is therefore 
likely to reduce mechanoreceptor firing in response to 
spinal flexion. Conversely, in the early morning when 
discs are fully hydrated, the spine is much stiffer, and 
bending moments increase two- to three-fold compared 
to later in the day, suggesting that these changes in spinal 
stiffness are not fully compensated for by modified muscle 
activity (Adams et al. 1987). This may explain why advice 
to avoid bending in the first few hours of the day caused 
a significant fall in pain and disability in chronic back  
pain sufferers (Snook et al. 1998).

Investigating creep effects in  
human volunteers
In order to investigate the functional consequences of 
creep, we compared the amplitude and onset latency (i.e. 
delay) of back muscle activation in response to a sudden 
perturbation of the trunk, before and after a period of 
sustained flexion. Subjects sat for one hour in an easy chair 
so that their lumbar spine was flexed by at least 70% 
(Sanchez-Zuriaga et al. 2010), and during this time the 
back was fully supported in order to avoid muscle fatigue. 
A modest amount of creep in the soft tissues was 
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and reflex muscle activation. Numerous studies have 
shown that muscle fatigue increases postural sway (Dav-
idson et al. 2004; Madigan et al. 2006; Pline et al. 2006; 
Vuillerme et al. 2002a, 2002b), impairs proprioception 
(Skinner et al. 1986; Taimela et al. 1999; Bjorklund et al. 
2000; Pline et al. 2005; Ribeiro et al. 2007), and delays 
balance recovery following postural perturbations (David-
son et al. 2009). However, the effects of fatigue on reflex 
activation appear to be more variable. Reflex latency 
appears to be unaffected by fatigue (Hortobagyi et al. 
1991; Herrmann et al. 2006), but reflex amplitude has 
been reported to increase (Hakkinen and Komi 1983; Hor-
tobagyi et al. 1991; Herrmann et al. 2006), or decrease 
(Garland and McComas 1990; Balestra et al. 1992; Hag-
barth et al. 1995). These contrasting findings may reflect 
differences in the extent of muscle fatigue induced by the 
experimental protocols, or they may be attributable to 
changes in muscle temperature or the variable responses 
of muscle spindles to different types of contraction.

In order to clarify matters, we further investigated back 
muscle reflexes following muscle fatigue (Sanchez-Zuriaga 
et al. 2010). Fatigue was induced using the Biering Sorensen 
test, which involves holding the unsupported upper body 
horizontal against the effects of gravity until the position 
can no longer be maintained. This test has two advantages: 
the isometric nature of the contraction induces marked 
fatigue of the back extensor muscles (Mannion and Dolan 
1994), and the test position avoids any ligamentous creep 
or muscle lengthening, which, as mentioned previously, 
can have marked effects on reflex muscle activity. Results 
showed no change in the timing or amplitude of reflex 
activation, suggesting that any force decrement in fatigued 
muscle fibres was not compensated for by increased motor 
unit recruitment.

Another study has examined the effects of dynamic 
muscle fatigue on back muscle reflexes. Repeated flexion 
and extension movements were used to fatigue the 
muscles, and this increased the reflex EMG amplitude, 
even after EMG was normalized for load, suggesting that 
force generated by the reflex was increased (Hermann 
et al. 2006). The loading protocol used in this study may 
have caused creep as well as fatigue and may also have 
induced thixotrophic effects within the muscle spindles, 
which could explain the different response when com-
pared to the effects of isometric fatigue.

Do these time-dependent 
mechanisms cause back pain?
Laboratory studies have shown that repetitive bending  
and lifting activities can lead to increased spinal flexion  
(Trafimow et al. 1993; van Dieën et al. 1998; Dolan and 
Adams 1998) and increased bending stresses on the osteo-
ligamentous spine (Dolan and Adams 1998). Increased 
spinal flexion could be due to mechanical changes in  
the soft tissues, as discussed in the previous section. 

These findings suggest a mechanism whereby sustained 
or repeated flexion of the trunk can impair protective 
reflexes. A delay in reflex activation during forward bending 
tasks would cause a slower deceleration of the trunk 
leading to increased levels of lumbar flexion that may 
increase the risk of tissue injury. Under dynamic loading 
conditions, there is also the potential for fatigue to develop 
in active muscles, and recent studies suggest that this also 
may impair sensorimotor function.

Muscle fatigue
Fatigue represents a normal physiological response to 
exercise which is due largely to local changes in the muscle 
but may also be influenced by central factors. It is often 
cited as a contributing factor to back injury, and there is 
some evidence that people with more fatigable muscles 
are at greater risk of developing first-time back pain 
(Biering-Sorensen 1984; Mannion et al. 1997).

Fatigue is characterized by contractile failure in indi-
vidual muscle fibres (Bigland-Ritchie et al. 1986a), and  
at submaximal workloads this is initially compensated  
for by the recruitment of additional motor units to  
help maintain contraction force (Bigland-Ritchie et al. 
1986a; Garland et al. 1994; Dolan et al. 1995). As exercise 
continues, central drive may fall (Bigland-Ritchie et al. 
1986b; Gandevia et al. 1996) and this, together with the 
loss of contractility, contributes to a loss of force-generating 
capacity by the muscle.

Changes in muscle activation during fatigue may be 
influenced by altered input from muscle afferents as a 
result of metabolic changes within the muscle (Bigland-
Ritchie et al. 1986b). Studies on human volunteers have 
reported reduced firing of IA spindle afferents during sus-
tained contractions at moderate load (Macefield et al. 
1991) and this may act to attenuate reflex activation of the 
fatigued muscle. However, reduced spindle firing may also 
affect cortical excitability and thereby influence higher 
levels of motor control (Stuart et al. 2002). Animal studies 
suggest that non-spindle (group II and group III) muscle 
afferents show increased firing during sustained contrac-
tions, especially when the muscle becomes ischaemic 
(Hayward et al. 1991). These findings suggest that differ-
ent muscle afferents show different responses to fatigue 
that may be influenced by the loading conditions, and that 
increased activation of some muscle afferents may com-
pensate for reduced activity in others in order to preserve 
sensorimotor function under adverse conditions.

Investigating muscle fatigue effects 
in human volunteers
The functional consequences of muscle fatigue on senso-
rimotor function have been investigated previously by 
examining changes in balance control, proprioception  
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BACKGROUND

Low back pain is usually defined as pain, muscle tension, 
or stiffness localized below the costal margin and above 
the inferior gluteal folds, with or without leg pain (sciat-
ica). Low back pain is typically classified as being ‘specific’ 
or ‘non-specific’. Specific low back pain refers to symptoms 
caused by a specific pathophysiologic mechanism, such as 
hernia nucleus pulposus (HNP), infection, inflammation, 
osteoporosis, rheumatoid arthritis, fracture or tumour. 
Specific underlying diseases can be identified only in 
about 10% of the patients (Deyo et al. 1992). The vast 
majority of patients (up to 90%) are labelled as having 
non-specific low back pain, which is defined as symptoms 
without clear specific cause, i.e. low back pain of unknown 
origin. Spinal abnormalities on radiographs and MRI are 
not strongly associated with non-specific low back pain, 
because many people without any symptoms also show 
these abnormalities (van Tulder et al. 1997).

Non-specific low back pain is usually classified accord-
ing to duration as acute (less than 6 weeks), subacute 
(between 6 weeks and 3 months) or chronic (longer than 
3 months) low back pain. In general, prognosis is good 
and most patients with an episode of non-specific low 
back pain will recover within a couple of weeks. However, 
back pain among primary care patients is often a recurrent 
problem with fluctuating symptoms. The majority of back 
pain patients will have experienced a previous episode and 
acute exacerbations of chronic low back pain are common. 
Low back pain (LBP) is not only a tremendous medical 
problem, but also a huge socioeconomic problem in 
Western countries due to high rates of disability and work 
absenteeism (Andersson 1999). It is important to provide 
effective and cost-effective interventions to improve 
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interventions, but also on the comparison of different 
types of exercise in patients with chronic low back pain.

METHODS

Literature search, inclusion criteria 
and study selection
A literature search was performed using the following elec-
tronic databases: MEDLINE, EMBASE, CINAHL, CENTRAL 
and PEDro (up to 22 December 2008). References from 
the relevant studies were screened in order to identify any 
additional studies. The language was limited to English, 
Dutch and German. The search strategy outlined by the 
Cochrane Back Review Group (CBRG) was perused. Two 
reviewers working independently from each other con-
ducted the electronic searches.

The inclusion criteria were as follows:

• Randomized controlled trials of two or more 
interventions.

• The study population should consist of adults, older 
than 18 years, with non-specific chronic low back pain 
that persisted for 12 weeks or more.

• RCTs studying any type of exercise therapy. Exercise 
therapy was defined as ‘a series of specific movements 
with the aim of training or developing the body by a 
routine practice or physical training to promote good 
physical health’ (Bendix et al. 1995). Additional 
treatments were allowed provided that the 
intervention of interest was the main contrast between 
the intervention groups included in the study.

• RCTs including subjects with specific low back pain 
caused by pathological entities, such as vertebral 
spinal stenosis, ankylosing spondylitis, scoliosis, 
coccydynia, were excluded. The diagnosis for these 
specific entities had to be confirmed by means of an 
MRI or another diagnostic tool. Trials on post-partum 
low back pain or pelvic pain due to pregnancy were 
also excluded as well as postoperative studies and 
prevention studies.

• The following self-reported outcome measures were 
assessed in this review: pain intensity (e.g. visual 
analogue scale (VAS), McGill pain questionnaire), 
back-specific disability (e.g. Roland Morris, Oswestry 
Disability Index), perceived recovery (e.g. overall 
improvement), return to work (e.g. return to work 
status, sick leave days) and side effects. The primary 
outcomes for this overview were pain and physical 
functional status. Studies with a follow-up less than 
one day were excluded.

Two authors independently screened the abstracts and 
titles retrieved by the search strategy and applied the 

patient outcomes and get maximum benefits within avail-
able health care budgets.

Evidence-based medicine has become increasingly more 
important over the past decade. The management of low 
back pain has been positively affected by the availability 
of more scientific research and better use of critical 
appraisal techniques to evaluate and apply research find-
ings (Chou 2005). The randomized controlled trial 
remains the gold standard of evidence on effectiveness  
of therapeutic interventions, but, there are many other 
sources and types of evidence relevant to clinical practice. 
A large number of systematic reviews are available within 
and outside the framework of the Cochrane Back Review 
Group that have evaluated the therapeutic interventions 
for low back pain by critically appraising and summarizing 
randomized trials (Bombardier et al. 1997; Bouter et al. 
2003). This large body of evidence has greatly improved 
our understanding of what does and does not work for 
low back pain. The evidence from trials and reviews have 
formed the basis for clinical practice guidelines on the 
management of low back pain that have been developed 
in various countries around the world.

Two recent papers summarized the quality and content 
of 25 international clinical guidelines on the management 
of low back pain (Koes et al. 2001; Bouwmeester et al. 
2009). There seems to be consensus about the optimal 
management for acute low back pain. Recommendations 
for treatment of acute low back pain were rather consistent 
among the various international guidelines:

• Reassure patients on the favourable prognosis, if 
available provide printed patient information.

• Advise patients to stay active.
• Discourage bed rest.
• Prescribe medication if necessary (preferably 

time-contingent):
 paracetamol/acetaminophen
 non-steroidal anti-inflammatory drugs.

• If patients do not improve, spinal manipulation is an 
option for pain relief.

Exercise therapy was not recommended for acute low back 
pain in any of the guidelines. However, all guidelines rec-
ommended exercise therapy for patients with chronic non-
specific low back pain.

Exercise therapy is probably the most widely used  
type of conservative treatment worldwide. A systematic 
Cochrane review published in 2005 found that exercise 
therapy significantly reduces pain and improves function 
in adults with chronic low back pain, particularly in 
patients visiting primary care providers because of back 
pain (Alexandre et al. 2001). Since the publication of the 
Cochrane review, new studies have been published inves-
tigating various types of exercise interventions for chronic 
low back pain. The present chapter provides an update of 
the evidence on exercise therapy compared to other 
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independently from one another. Data were extracted 
onto a standardized web-based form. Comparison thera-
pies were combined into main clusters of presumed effec-
tiveness (no treatment/waiting list controls, other 
interventions). Separate analyses were planned for each 
type of exercise therapy, each type of control, each main 
outcome measure, and time of follow-up (post-treatment: 
short-term = closest to 3 months, intermediate = closest to 
6 months and long-term = closest to 12 months). If trials 
reported outcomes only as graphs, the means scores and 
standard deviations were estimated from these graphs.

For continuous data, results are presented as weighted 
mean differences (WMD). All scales were converted to 
100-point scales. For dichotomous data, a relative risk 
(RR) was calculated, and the event was defined as the 
number of subjects recovered. A test for heterogeneity was 
calculated using the Q-test (Chi-square) and I2. Confi-
dence intervals (95% CI) were calculated for each effect. 
A random effects model was used and funnel plots were 
examined for publication bias.

If standard deviations were not reported, we calculated 
it using reported values of confidence intervals if possible. 
If the standard deviation of the baseline score was reported, 
this score was forwarded. Finally, if none of these data 
were reported, an estimation of the standard deviation was 
based on study data (population and score) of other 
studies.

In order to correct for bias introduced by ‘double-
counting’ of subjects of trials that had two control groups 
in the same meta-analyses, the number of subjects of these 
trials was divided by two.

RESULTS OF THE REVIEW

Description of studies

Thirty-seven studies (3957 patients) were included (see 
Table 15.1). Multiple publications were found for Bendix 
et al. (1995, 1996, 1998), Gudavalli et al. (Cambron et al. 
2006a, 2006b; Gudavalli et al. 2006), Niemistö et al. 
(2003, 2005), and Smeets et al. (2006, 2008). Information 
from all publications was used for assessment of risk of 
bias and data extraction, but only the first or most promi-
nent publication was used for citation of these studies.

The results of the risk of bias assessment are shown in 
Table 15.1. All studies were described as randomized, 
however the method of randomization was only explicit 
in 75.7% (N = 28) of the studies. Only 15 studies (40.5%) 
met six or more of the criteria, which was our preset 
threshold for low risk of bias. Only the criteria regarding 
the baseline characteristics, timing of outcome measures 
and description of dropouts were met by 50% or more of 
the included randomized trials.

inclusion criteria. The full text of the article was obtained 
if the abstract seemed to fulfil the inclusion  
criteria or if eligibility of the study was unclear. All full text 
articles were compiled and screened on inclusion criteria 
by the two authors, independently. Any disagreements 
between the authors were resolved by discussion and con-
sensus. A third author was consulted if disagreements 
persisted.

Assessment of methodological 
quality and quality of evidence
Two reviewers conducted the risk of bias assessment, inde-
pendently. Risk of bias of the individual studies was 
assessed using the criteria list advised by the CBRG, which 
consists of 11 items. Items were scored as positive if they 
did fulfil the criteria and negative when there was a clear 
risk of bias, and marked as inconclusive if there was insuf-
ficient information. Differences in assessment were dis-
cussed during a consensus meeting. A total score was 
computed, and high quality was defined as fulfilling six or 
more (more than 50%) of the internal validity criteria 
(range 0 to 11).

GRADE (Grades of Recommendation, Assessment, 
Development and Evaluation) was used to evaluate the 
overall quality of evidence and the strength of the recom-
mendations (Chatzitheodorou et al. 2007). Quality of 
evidence of a specific outcome was based upon the follow-
ing principal measures:

• Limitations (due to for example, study design)
• Consistency of results
• Indirectness (e.g. generalizability of the findings)
• Precision (e.g. sufficient data)
• Other considerations, such as reporting bias.

The overall quality was considered to be high when RCTs 
with a low risk of bias provided consistent, sufficient and 
precise results for a particular outcome; however, the 
quality of the evidence was downgraded by one level when 
one of the factors described above was not met. The fol-
lowing grades of evidence were applied:

High quality: Further research is very unlikely to change 
our confidence in the estimate of effect.

Moderate quality: Further research is likely to have an 
important impact on our confidence in the estimate of 
effect and may change the estimate.

Low quality: Further research is very likely to have an 
important impact on our confidence in the estimate of 
effect and is likely to change the estimate.

Very low quality: We are very uncertain about the estimate.

Data extraction and analysis
The same two review authors who performed the risk  
of bias assessment conducted the data extraction, 
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Effectiveness of exercise  
therapy (Table 15.2)

Exercise	therapy	vs.	waiting	list		
controls/no	treatment

Eight studies were identified as comparing some type of 
exercise therapy to waiting list controls or no treatment 
(Turner et al. 1990; Risch et al. 1993; Alexandre et al. 
2001; Galantino et al. 2004; Sjögren et al. 2005; Gladwell 
et al. 2006; Smeets et al. 2006; Harts et al. 2008). Five 
studies reported post-treatment data only, because after 
the treatment period the waiting list controls also received 
the treatment. Only two studies (Alexandre et al. 2001; 
Smeets et al. 2006) had intermediate or long-term 
follow-up.

All studies reported data that could be used in the sta-
tistical pooling. The pooled mean difference of the five 
studies reporting post-treatment pain intensity was not 
statistically significant (−4.51 (95% CI −9.49, 0.47)). The 
WMD for post-treatment improvement in disability was 
−3.63 (95% CI −8.89, 1.63). The pooled mean WMD for 
pain intensity at intermediate follow-up was −16.46 (95% 
CI −44.48, 11.57). Only one study (102 people) reported 
intermediate outcomes for disability and long-term out-
comes for pain intensity and disability. There were no 
differences between the group receiving exercise therapy 
and the waiting list control group (Smeets et al. 2006).

Therefore, there is low quality evidence (serious limita-
tions, imprecision) that there is no statistically significant 
difference in pain reduction and improvement of disabil-
ity between exercise therapy and no treatment/waiting list 
controls.

Exercise	therapy	vs.	usual	care/advice	to	
stay	active

A total of six studies (Hildebrandt et al. 2000; Niemistö 
et al. 2003; Frost et al. 2004; Yelland et al. 2004; Koldas 
Doğan et al. 2008; Tekur et al. 2008) investigated the 
effect of exercise therapy compared to usual care. Four of 
these studies had an intermediate or long-term follow-up. 
Statistical pooling of three studies (Frost et al. 2004; 
Koldas Doğan et al. 2008; Tekur et al. 2008) showed a 
significant decrease in pain intensity and disability in 
favour of the exercise group (WMD −9.23 (95% CI −16.02, 
−2.43)) and −12.35 (95% CI −23.00,−1.69), respectively. 
One study (Koldas Doğan et al. 2008) reported on pain 
and disability at short-term follow-up, and found no sta-
tistically significant differences between the exercise group 
and the control group receiving home exercises. Two 
studies (Niemistö et al. 2003; Frost et al. 2004) showed a 
statistically significant pooled WMD for disability at inter-
mediate follow-up of −5.43 (95% CI −9.54, −1.32). One 
study (Niemistö et al. 2003) found a statistically signifi-
cant difference at intermediate follow-up for pain relief for 

the exercise group compared to the usual care group. Three 
studies (Frost et al. 2004; Yelland et al. 2004; Niemistö 
et al. 2005) reported on pain and/or disability at long-
term follow-up. The pooled WMD for pain was not statisti-
cally significant (−4.94 (95% CI −10.45, 0.58)); the WMD 
for disability was statistically significant in favour of the 
exercise group (WMD −3.17 (95% CI −5.96, −0.38)).

One study (Hildebrandt et al. 2000) reported recovery 
at post-treatment and during intermediate and long-term 
follow-up. There was a statistically significant difference 
between the groups at 3 and 6 months follow-up in favour 
of the exercise group compared with usual care (P < 0.001). 
Eighty percent of the patients in the exercise group 
regarded themselves recovered at 3 months follow-up 
versus 47% in the usual care group.

There is low quality evidence (serious limitations, 
imprecision) for the effectiveness of exercise therapy com-
pared to usual care on pain intensity and disability.

Exercise	therapy	vs.	back	school/education

Three studies with a high risk of bias were identified  
(Williams et al. 2005; Donzelli et al. 2006; Goldby et al. 
2006). Post-treatment results for disability were reported 
in two studies, with a significant pooled WMD of −11.20 
(95% CI −16.78, −5.62). One study reported on pain post-
treatment and found no statistically significant difference 
between both intervention groups (Williams et al. 2005). 
The pooled mean differences for pain and disability at 3 
months follow-up were −7.63 (95% CI −17.20, 1.93) and 
−2.55 (95% CI −10.07, 4.97), respectively.

Two studies (Donzelli et al. 2006; Goldby et al. 2006) 
reported intermediate outcomes on pain, and three studies 
(Sherman et al. 2005; Donzelli et al. 2006; Goldby et al. 
2006) reported on disability. The pooled WMDs showed 
no statistically significant differences between the groups: 
−5.58 (95% CI −16.65, 5.48) and −4.42 (95% CI −9.90, 
1.05), respectively. Only one study (N = 346) reported 
long-term outcomes, and these were not statistically sig-
nificantly different between the groups (Goldby et al. 
2006).

The data provided very low quality evidence (serious 
limitations, imprecision and inconsistency) that there  
was no statistically significant difference in effect on  
pain and disability at short-term and intermediate 
follow-up for exercise therapy compared to back school/
education.

Exercise	therapy	vs.	behavioural	treatment

Three studies, one with a low risk of bias, were identified 
comparing exercise therapy with a behavioural treatment 
(Elnaggar et al. 1991; Yozbatiran et al. 2004; Williams 
et al. 2005). Two studies reported post-treatment pain and 
disability and the pooled WMDs were 1.21 (95% CI −5.42, 
7.84) and 0.34 (95% CI −2.64, 3.31), respectively.
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Table	15.2	 Summary	effect	estimates	for	exercise	therapy	in	chronic	low	back	pain	patients

1.	 Exercise	vs.	no	treatment/sham/placebo/waiting	list	controls

Outcome or subgroup Studies Participants Statistical method Effect estimate

1.1 Pain post-treatment 5 268 Mean difference (IV, 
random, 95% CI)

−4.51 (−9.49, 0.47)

1.2 Disability post-treatment 6 331 Mean difference (IV, 
random, 95% CI)

−3.63 (−8.89, 1.63)

1.3 Pain during intermediate 
follow-up

2 137 Mean difference (IV, 
random, 95% CI)

−16.46 (−44.48, 11.57)

2.	 Exercise	therapy	vs.	usual	care

Outcome or subgroup Studies Participants Statistical method Effect estimate

2.1 Pain post-treatment 2 108 Mean difference (IV, 
random, 95% CI)

−9.23 (−16.02, −2.43)

2.2 Disability post-treatment 3 188 Mean difference (IV, 
random, 95% CI)

−12.35 (−23.00, −1.69)

2.3 Disability during 
intermediate follow-up

2 267 Mean difference (IV, 
random, 95% CI)

−5.43 (−9.54, −1.32)

2.4 Pain at long-term (12 
months) follow-up

2 301 Mean difference (IV, 
random, 95% CI)

−4.94 (−10.45, 0.58)

2.5 Disability at long-term 
(12 months) follow-up

3 377 Mean difference (IV, 
random, 95% CI)

−3.17 (−5.96, −0.38)

3.	 Exercise	therapy	vs.	back	school/education

Outcome or subgroup Studies Participants Statistical method Effect estimate

3.1 Disability post-treatment 2 139 Mean difference (IV, 
random, 95% CI)

−11.20 (−16.78, −5.62)

3.2 Pain at short-term (3 
months) follow-up

3 200 Mean difference (IV, 
random, 95% CI)

−7.63 (−17.20, 1.93)

3.3 Disability after short-
term (3 months) follow-up

3 200 Mean difference (IV, 
random, 95% CI)

−2.55 (−10.07, 4.97)

3.4 Pain at intermediate (6 
months) follow-up

2 141 Mean difference (IV, 
random, 95% CI)

−5.58 (−16.65, 5.48)

3.5 Disability at intermediate 
(6 months) follow-up

3 241 Mean difference (IV, 
random, 95% CI)

−4.42 (−9.90, 1.05)

4.	 Exercise	vs.	behavioural	treatment

Outcome or subgroup Studies Participants Statistical method Effect estimate

4.1 Pain post-treatment 2 146 Mean difference (IV, 
random, 95% CI)

1.21 (−5.42, 7.84)

4.2 Disability post-treatment 2 146 Mean difference (IV, 
random, 95% CI)

0.34 (−2.64, 3.31)

4.3 Pain during intermediate 
follow-up

3 258 Mean difference (IV, 
random, 95% CI)

−2.23 (−7.58, 3.12)

4.4 Disability during 
intermediate follow-up

3 258 Mean difference (IV, 
random, 95% CI)

1.97 (−3.55, 7.48)

Continued
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on pain intensity and disability at short- and long-term 
follow-up.

Exercise	therapy	vs.	TENS/laser		
therapy/ultrasound/massage

Five studies, two with a low risk of bias, were identified 
comparing exercise therapy with passive therapies such as 
TENS, low-level laser therapy, ultrasound and thermal 
therapy (Deyo et al. 1990; Kankaanpaa et al. 1999; Gur 
et al. 2003; Chatzitheodorou et al. 2007; Koldas Doğan 
et al. 2008). The pooled WMD for post-treatment pain 

All three studies reported intermediate and long-term 
follow-up on pain intensity and disability. For intermedi-
ate follow-up the pooled WMDs for pain and disability 
were −2.23 (95% CI −7.58, 3.12) and 1.97 (95% CI −3.55, 
7.48), respectively. Long-term results showed a pooled 
WMD for pain intensity of −0.88 (95% CI −6.34, 4.58) 
and a pooled WMD for disability of 2.77 (95% CI −3.43, 
8.96).

There is low quality evidence (serious limitations, 
imprecision) that there are no statistically significant dif-
ferences between exercise therapy and behavioural therapy 

4.5 Pain during long-term 
follow-up

3 247 Mean difference (IV, 
random, 95% CI)

−0.88 (−6.34, 4.58)

4.6 Disability during 
long-term follow-up

3 243 Mean difference (IV, 
random, 95% CI)

2.77 (−3.43, 8.96)

5.	 Exercise	vs.	TENS/laser/passive	modalities

Outcome or subgroup Studies Participants Statistical method Effect estimate

5.1 Pain post-treatment 5 286 Mean difference (IV, 
random, 95% CI)

−9.33 (−18.80, 0.13)

5.2 Disability post-treatment 5 286 Mean difference (IV, 
random, 95% CI)

−2.59 (−8.03, 2.85)

5.3 Pain during short-term 
follow-up

2 162 Mean difference (IV, 
random, 95% CI)

1.72 (−6.05, 9.50)

5.4 Disability during 
short-term follow-up

2 162 Mean difference (IV, 
random, 95% CI)

1.02 (−0.38, 2.42)

6.	 Exercise	vs.	manipulation/manual	therapy

Outcome or subgroup Studies Participants Statistical method Effect estimate

6.1 Pain post-treatment 3 395 Mean difference (IV, 
random, 95% CI)

5.67 (1.99, 9.35)

6.2 Disability post-treatment 3 398 Mean difference (IV, 
random, 95% CI)

2.16 (−0.96, 5.28)

6.3 Pain during short-term 
follow-up

2 326 Mean difference (IV, 
random, 95% CI)

−1.33 (−10.44, 7.79)

6.4 Disability during 
short-term follow-up

2 326 Mean difference (IV, 
random, 95% CI)

0.29 (−3.15, 3.72)

6.5 Pain during intermediate 
follow-up

3 461 Mean difference (IV, 
random, 95% CI)

−0.49 (−12.22, 11.23)

6.6 Disability during 
intermediate follow-up

3 461 Mean difference (IV, 
random, 95% CI)

2.38 (−5.16, 9.93)

6.7 Pain during long-term 
follow-up

4 515 Mean difference (IV, 
random, 95% CI)

2.09 (−2.94, 7.13)

6.8 Disability during 
long-term follow-up

5 553 Mean difference (IV, 
random, 95% CI)

−0.70 (−3.14, 1.74)

Table	15.2	 Summary	effect	estimates	for	exercise	therapy	in	chronic	low	back	pain	patients—cont’d
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significant difference in disability scores between both 
groups in advantage of the exercise group. No post-
treatment differences between both groups were found for 
pain intensity. At 6 months follow-up, both disability and 
pain intensity scores were lower in the exercise group com-
pared to the psychotherapy group, but not statistically 
significant.

Exercise	therapy	vs.	other	forms	of		
exercise	therapy

Eleven studies compared different exercise interventions 
with each other (Elnaggar et al. 1991; Johannsen et al. 
1995; Tritilanunt and Wajanavisit 2001; Rittweger et al. 
2002; Yozbatiran et al. 2004; Lewis et al. 2005; Sherman 
et al. 2005; Ferreira et al. 2007; Roche et al. 2007; Harts 
et al. 2008; Mannion et al. 1999). Data from these studies 
could not be pooled because of the heterogeneity of the 
types of interventions.

Two studies found statistically significant differences 
between different exercise interventions. One study (Triti-
lanunt and Wajanavisit 2001), with a high risk of bias, 
reported statistically significant difference in pain relief at 
3 months follow-up of an aerobic exercise training pro-
gramme compared with a lumbar flexion exercise pro-
gramme of 3-months. One large trial (Ferreira et al. 2007) 
with a low risk of bias (N = 240) compared a general 
exercise programme (strengthening and stretching) with a 
motor control exercise programme (improving function of 
specific trunk muscles) of 12 weeks. The motor control 
exercise group had slightly better outcomes (mean adjusted 
between group difference function 2.9 and global per-
ceived effect 1.7) than the general exercise group at 8 
weeks. Similar group outcomes were found at 6 and 12 
months follow-up.

A total of nine studies did not find any statistically  
significant differences between the various exercise inter-
ventions (Elnaggar et al. 1991). Sherman et al. (2005) 
compared a 12-week yoga (viniyoga) programme with a 
12-week conventional exercise class programme. Back-
related function in the yoga group was superior to the 
exercise group at 12 weeks.

Motor control exercise
In 2009 Macedo and colleagues published a systematic 
review on motor control exercise for persistent (subacute, 
chronic and recurrent) non-specific low back pain. Four-
teen randomized controlled trials were included. The 
authors reported that seven trials found that motor control 
exercise was better than minimal intervention or as  
supplement to another intervention in reducing pain at 
short-term follow-up (WMD 14.3, 95% CI 20.4, 8.1), 
intermediate follow-up (WMD 13.6, 95% CI 22.4, 4.1), 
and long-term follow-up (WMD 14.4, 95% CI 23.1, 5.7) 
and in reducing disability at long-term follow-up (WMD 
10.8, 95% CI 18.7, 2.8). There were no differences in 

intensity was −9.33 (95% CI −18.80, 0.13) and for post-
treatment disability −2.59 (95% CI −8.03, 2.85). Two 
studies (Deyo et al. 1990; Koldas Doğan et al., 2008) 
reported on short-term pain intensity and disability and 
the pooled mean differences were 1.72 (95% CI −6.05, 
9.50) and 1.02 (95% CI −0.38, 2.42), respectively. One 
study with a low risk of bias (Kankaanpaa et al. 1999) 
reported intermediate and long-term outcomes, and 
found a statistically significantly difference for pain inten-
sity of 16.8 and 21.2 points, respectively, in favour of 
exercise therapy. Also a statistically significant difference 
was found for disability.

Low quality evidence (serious limitations, inconsist-
ency, imprecision) was provided that there is no statisti-
cally significant difference in effect between exercise 
therapy compared to TENS/laser/ultrasound/massage on 
the outcomes pain and disability at short-term follow-up.

Exercise	therapy	vs.	manual		
therapy/manipulation

Five studies, two with a low risk of bias, were identified 
comparing exercise treatment with spinal manipulation or 
manual therapy (Goldby et al. 2006; Gudavalli et al 2006; 
Ferreira et al. 2007; Chown et al. 2008; Marshall and 
Murphy 2008). Post-treatment data were available for 
three studies. The pooled WMDs for pain intensity and 
disability were 5.67 (95% CI 1.99, 9.35) and 2.16 (95% 
CI −0.96, 5.28), respectively. One study reported a statisti-
cally significant difference in global perceived effect post-
treatment (Ferreira et al. 2007) in favour of spinal 
manipulation. Two studies reported short-term effects on 
pain intensity and disability and the pooled WMDs were 
−1.33 (95% CI −10.11, 7.79) and 0.29 (95% CI −3.15, 
3.72), respectively (Goldby et al. 2006; Gudavalli et al. 
2006). Intermediate results on pain and disability were 
reported by three studies (Ferreira et al. 2007; Goldby 
et al. 2006; Gudavalli et al. 2006) and the pooled WMDs 
were −0.49 (95% CI −12.22, 11.23) and 2.38 (95% CI 
−5.16, 9.93), respectively. All studies reported long-term 
results on disability and the pooled WMD was −0.70 (95% 
CI −3.14, 1.74). Four studies reported long-term results on 
pain intensity and the pooled WMD was 2.09 (95% CI 
−2.94, 7.13). Global perceived effect was reported by one 
study during intermediate and long-term follow-up. No 
statistically significant differences between groups were 
found in this study (Ferreira et al. 2007).

The data provided low quality evidence (inconsistency, 
imprecision) that there was no statistically significant dif-
ference in effect (pain intensity and disability) for exercise 
therapy compared to manual therapy/manipulation at 
short- and long-term follow-up.

Exercise	therapy	vs.	psychotherapy

One study with a high risk of bias was identified (Machado 
et al. 2007). Post-treatment results showed a statistically 
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and overviews, as it has been demonstrated that statistical 
pooling of trials with a high risk of bias may result in 
overestimation of treatment effects.

Of particular note is the heterogeneity among the 
studies. This heterogeneity could have been caused by dif-
ferences in interventions, differences in control groups, 
duration of the intervention and the risk of bias of the 
different studies. Therefore, the results of the meta-analyses 
with heterogeneity should be interpreted with some 
caution.

Further research is very likely to have an important 
impact on our confidence in the estimate of effect and is 
likely to change the estimate. These studies should focus 
on specific populations and these should be well described. 
Further, more studies are needed to investigate the differ-
ent forms of exercise interventions and finally, the descrip-
tion of these studies should include the compliance and 
co-interventions of the study groups.

The evidence on motor control exercise for chronic low 
back pain seems promising. Many types of exercises for 
low back pain are not strongly supported by pathophysio-
logical or biomechanical studies. Aerobic exercises for low 
back pain, for example, were developed based on general 
principles of sports medicine. However, the underlying 
mechanisms of action of motor control exercise are  
supported by several studies (Hides et al. 1996; Hodges 
and Richardson 1996, 1998). Motor control exercise was 
developed based on the principle that individuals with 
low back pain have a lack of control of the trunk muscles, 
for example, the transversus abdominis and the multifidus 
muscles. The idea is to use a motor learning approach to 
retrain the optimal control and coordination of the spine. 
The intervention involves the training of pre-activation of 
the deep trunk muscles, with progression toward more 
complex static, dynamic and functional tasks integrating 
the activation of deep and global trunk muscles.

Although motor control exercise was more effective 
than minimal intervention for chronic low back pain, 
there were no differences when compared to other types 
of exercises. It is still unclear which patients respond best 
to which type of exercise. Whether individuals with 
reduced motor control benefit more from motor control 
exercise should be evaluated in future studies. Identifying 
subgroups of patients that benefit more from one inter-
vention than another is one of the biggest challenges in 
low back pain research. Some promising initiatives have 
been published, such as the McKenzie method (McKenzie 
and May 2003), classification-based algorithm (Fritz et al. 
2003), primary care back pain screening tool (Hill et al. 
2008), and the Orebro Musculoskeletal Pain Screening 
Questionnaire (Linton and Hallden 1998).

Evidence-based practice
Opponents of evidence-based practice have criticized 
using the randomized controlled trial in a dogmatic way 

disability at short-term and intermediate-term follow-up. 
Short-term follow-up was defined as less than 3 months, 
intermediate-term follow-up as between 3 and 12 months, 
and long-term follow-up as more than 12 months.

Four trials found that motor control exercise was  
better than manual therapy for pain (WMD 5.7, 95% CI 
10.7, 0.8), disability (WMD 4.0, 95% CI 7.6, 0.4), and  
quality-of-life (WMD 6.0, 95% CI 11.2, 0.8) at intermedi-
ate follow-up, but the effects were small. There were no 
differences at short-term and long-term follow-up.

Five trials found that motor control exercise was better 
than other forms of exercise in reducing disability at short-
term follow-up (WMD 5.1, 95% CI 8.7, 1.4).

Macedo et al. (2009) concluded that in patients with 
chronic low back pain, motor control exercise is more 
effective than minimal intervention and beneficial when 
added to another therapy for pain at all time points and 
for disability at long-term follow-up only. Motor control 
exercise is not more effective than manual therapy or other 
forms of exercise.

DISCUSSION OF RESULTS

The effectiveness of exercise therapy

No significant treatment effects of exercise therapy com-
pared to no treatment/waiting list controls were found on 
pain intensity and disability. Compared to usual care, pain 
intensity and disability were significantly reduced by exer-
cise therapy at short-term follow-up. Motor control exer-
cise was more effective than minimal intervention and 
beneficial when added to another therapy for pain at all 
time points and for disability at long-term follow-up only. 
This overview included 11 studies comparing different 
types of exercise treatments with each other. Very small to 
no differences were found in these studies.

The Cochrane review published in 2005 on the effective-
ness of exercise for low back pain found evidence for the 
effectiveness on pain and function in chronic patients 
(Hayden et al. 2005). We also found evidence for the effec-
tiveness for exercise therapy compared to usual care. 
However, we applied strict inclusion criteria regarding 
chronic low back pain, so our meta-analyses excluded 
some of the studies included in the Cochrane review, but 
also included some new studies. Nevertheless, results are 
comparable despite the new studies that are conducted in 
the last years. It is therefore also striking that the quality 
of the included studies was still generally poor resulting 
in a potentially high risk of bias. Blinding of the patient 
and blinding of the care provider were not properly con-
ducted in many studies. Blinding of patients is also diffi-
cult in many RCTs investigating the effectives of exercise 
therapy. The quality of future RCTs in the field of back pain 
should be improved to reduce bias in systematic reviews 
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evidence has resulted in better treatment in practice. Advis-
ing low back pain patients to stay active rather than lie in 
bed is one example (Deyo et al., 1986; Malmivaara et al., 
1995). Bed rest had been the mainstay of treatment for 
low back pain for decades, until randomized controlled 
trials showed that staying active is more beneficial than 
staying in bed. Without these randomized trials, physi-
cians may never have changed their practice and might still 
be advocating bed rest for low back pain.

Implications for practice
Exercise therapy is not effective for acute low back pain. 
Exercise therapy is effective for chronic low back pain, 
but there is no evidence that any type of exercise is 
clearly more effective than others. Subgroups of patients 
with low back pain may respond differently to various 
types of exercise therapy, but it is still unclear which 
patients benefit most from what type of exercises. Adher-
ence to exercise prescription is usually poor, so supervi-
sion by a therapist is recommended. If home exercises 
are prescribed, strategies to improve adherence should be 
used. Patient’s preferences and expectations should be 
considered when deciding which type of exercise to 
choose.

and refused to acknowledge that other study designs may 
also produce valid data about the outcome of interven-
tions (Borgerson, 2009). The focus on randomized trials 
as the paradigm of study design to answer any clinical 
question is obviously wrong. Randomized trials are the 
gold standard for questions related to the effectiveness of 
preventive or therapeutic interventions, but not necessarily 
the best option for answering questions related to adverse 
effects, prognosis or diagnosis. Also, evidence on effective-
ness from non-randomized observational studies may be 
utilized if little evidence from randomized trials is avail-
able. There are also situations in which effectiveness 
cannot be assessed by randomized trials because of practi-
cal or ethical reasons. Although rare, before–after experi-
ments are sometimes valued in evidence-based medicine. 
If the treatment results in a dramatic effect and if the 
natural course of the condition is stable, bias can be ruled 
out as an explanation. Insulin for diabetes, suturing for 
repairing large wounds and defibrillation for ventricular 
fibrillation, for example, are interventions that were 
accepted without any evidence from randomized trials 
(Glasziou et al., 2007).

In general, however, randomized controlled trials are 
the preferred design to evaluate effectiveness of therapeu-
tic interventions. There are examples where empirical  
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INTRODUCTION

There are several classes of models that have been used in 
the past for studying spinal loading, stability and risk of 
injury (see Reeves and Cholewicki (2003) for a review of 
past modelling approaches), but for the purpose of this 
chapter we will focus primarily on models used to assess 
motor control and its effect on spine behaviour.

This chapter comprises four sections. The first discusses 
why a shift in modelling approaches is needed to study 
motor control issues. We will argue that the current 
approach for studying the spine system is limited and not 
well suited for assessing motor control issues related to 
spine function and dysfunction. The second section will 
explore how models can be used to gain insight into how 
the central nervous system (CNS) controls the spine, 
linking with the next section, which will address how 
models of motor control can be used in the diagnosis and 
treatment of low back pain (LBP). The final section will 
deal with the issue of model verification and validity. This 

issue is important since modelling accuracy is critical for 
obtaining useful insight into the behaviour of the system 
being studied.

A SHIFT IN MODELLING 
APPROACHES

First, it is important to note that all systems must be 
stable to perform their function. For the spine system, 
stable behaviour allows it to bear loads and permits con
trolled movement, while avoiding injury and pain. What 
does it mean, however, when we say that something is 
stable? There is a great deal of confusion about the term 
stability. Richard Bellman, an expert on stability, once 
wrote that ‘stability is a heavily loaded term with an 
unstable definition’ (Bellman 1953). This is particularly 
true when stability is applied to the spine (Reeves et al. 
2007a, 2007b). In the past, researchers have argued that 
stability is a mechanical entity and should be treated as 
such (Pope and Panjabi 1985). Although stability applies 
to mechanical systems, it is not limited to just this class 
of systems. For example, we can study stability of electri
cal, biological, or social systems. Stability also applies to 
a system that is inherently unstable, but has control ele
ments that give it stable behaviour. The human spine fits 
into this category: the osteoligamentous spine is mechan
ically unstable but the neuromuscular system stabilizes 
the spine under amazingly large mechanical compression 
loads.

The choice of definition for stability can have sig
nificant implications for how the system is studied.  
For instance, currently, the prevalent biomechanical 
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muscles (muscles spanning one motion segment and 
muscles spanning multiple motion segments, respectively) 
and their contribution to the overall stability of the spine 
(Bergmark 1989; Crisco and Panjabi 1991). When the 
proper ratio between inter and multisegmental muscle 
recruitment is maintained, the general finding arose that 
more trunk muscle coactivation leads to a more robust 
spine (less likely to buckle) while under load. While true, 
such findings disregard the fact that the CNS has the 
ability to sense position and motion of the spine and 
change the activation level of the trunk muscles accord
ingly – feedback control. It is possible that in quasistatic 
tasks, muscle coactivation is the dominant mechanism 
assuring spine stability. However, the majority of common 
tasks, such as walking, running, skiing, riding a horse, or 
balancing on one leg, involve motion in the spine. In fact, 
the performance in these tasks would degrade and the task 
would break down if the spine was maintained stiff and 
rigid (Reeves et al. 2006). Instead, it has been shown that 
muscle activation is controlled through a combination of 
muscle coactivation and reflex responses (Moorhouse 
and Granata 2007), allowing the spine to maintain some 
level of suppleness. Reliance in part on reflex responses 
(CNS feedback control) has the advantage that it is a more 
efficient mechanism for stabilizing the spine than the 
metabolically costly muscle coactivation strategy. With 
reflex responses, timing of activation becomes an issue. At 
this point, static analysis of a system’s stability is no longer 
applicable as it cannot account for timing of muscle 
activation.

So what type of modelling approach is better suited for 
studying motor control of the spine and its effect on back 
pain? Given that control is the issue, we would argue that 
an approach that is based on control theory would be 
useful. Control theory has been developed in a branch of 
science known as Systems Science. At the formal end of 
the systems approach is mathematical theory, which has 
been used to elucidate laws of control. These control laws 
have been applied to determine what control input is 
necessary, first to make the system stable and then to make 
it respond in some desirable way. These control laws are 
applicable to any system, and therefore, could be applied 
to the study of the spine to gain insight into spine function 
and dysfunction.

An additional benefit of the systems approach is the fact 
it can integrate knowledge. Systems Science is an interdis
ciplinary field of study. Therefore, researchers studying dif
ferent parts of the spine system can integrate their 
knowledge into a comprehensive model of the system. We 
believe that the research community needs to shift away 
from the traditional reductionist approach, which does 
not appear well suited for studying LBP (Reeves and 
Cholewicki 2009). We argue that the application of a 
systems approach is better suited for studying back pain, 
given its multifactorial nature and heterogeneity.

definition of spine stability is based on the elastostatic 
approach first derived by Bergmark (1989). This mechan
ically based definition can be broken down into two 
components: ‘elasto’ referring to the elastic properties of 
the system, such as trunk muscle stiffness, and ‘static’ 
referring to the fact that the spine system is frozen in 
time, meaning it is not moving. Hypothetical perturba
tions are applied to the spine in this static configuration 
to determine if it is stable. The system is stable if the 
potential energy in the system increases when displaced, 
which indicates that the nonperturbed position is at an 
energy minimum – a necessary requirement for stability. 
Using this approach, it became apparent that muscles 
and the stiffness they provide are essential for maintain
ing spine stability (Bergmark 1989; GardnerMorse et al. 
1995; Cholewicki and McGill 1996; Cholewicki et al. 
1997; Granata and Marras 2000). Not surprisingly, 
muscle stiffness became linked with stability.

There are a few limitations with the elastostatic 
approach, particularly if we are interested in applying 
them to study control (Reeves and Cholewicki 2009). In 
Chapter 2 a stick balancing example was used to 
describe how the CNS achieves stability for an inher
ently unstable system. Mechanically speaking, an upright 
stick in the palm of the hand is unstable. The stick when 
perfectly vertical is not at an energy minimum, but in 
fact at an energy maximum and will seek a lower energy 
configuration. If we apply the elastostatic approach to 
the stick balancing example, it would predict that the 
system is unstable. But we know if we apply forces to the 
base of the stick using the hand in the correct fashion, 
the stick can be stabilized. In instances when control is 
important, the elastostatic approach is not adequate as 
shown with our stick balancing system, and may lead to 
incorrect predictions of whether the system is stable or 
unstable. Therefore, for investigating issues related to 
motor control, this approach does not provide much 
insight. Moreover, this approach, which represents a 
static characterization of stability, places too much 
emphasis on stiffness, which represents displacement
related feedback, and ignores the damping property of 
the system, which represents velocityrelated feedback. 
For dynamic systems such as the spine, both displace
ment and velocityrelated feedback control are required 
(Reeves and Cholewicki 2009).

Have the static models of stability (e.g. Bergmark 1989; 
Cholewicki and McGill 1996; Granata and Marras 2000) 
outlived their usefulness? The work performed using  
elastostatic analyses of stability contributed a tremendous 
amount of knowledge and sprung new hypotheses. With 
some assumptions such analyses could be applied to the 
quasistatic tasks, such as lifting, that rely on a static and 
rigid trunk to transmit forces from the hands to the lower 
limbs and the floor. We have learned from these studies 
about the interplay between inter and multisegmental 



Chapter How can models of motor control be useful for understanding low back pain? | 16 |

189

the many to optimize the system. Optimization of the 
system will be based on some ‘objective function’. For 
instance, the objective of the system may be to minimize 
energy demands required to maintain spine stability. In 
this instance, the CNS would reduce trunk muscle activa
tion to the lowest possible levels, close to the point of 
instability. But it is likely that the CNS wants a margin of 
safety, so it may also have the objective to make the system 
robust. The point is, many concurrent and even competing 
objectives (maximize performance, robustness and/or effi
ciency) may be used to choose a particular control strategy. 
One of the more interesting areas of research is the appli
cation of optimal control theory. This theory can predict 
the optimal recruitment patterns that would satisfy some 
desired objective function of the system. Alternatively, it 
may be possible to determine what the CNS is optimizing 
based on the trunk muscle recruitment patterns (Xu et al. 
2010). This type of analysis is extremely complex and the 
types of physical activities that we can model this way are 
limited at present, but the theoretical advances in compu
tational methodology are forthcoming, which should 
facilitate modelling.

There is another type of modelling approach which 
treats the spine system as a ‘black box’ instead of the 
implicit representation of the system. Ideally, we would 
like to model the spine in a way that captures completely 
its complexity. However, this is not always possible: it is 
difficult to predict with accuracy the motion of all verte
brae in all planes of motion, although new methods now 
coming online will help (Anderst et al. 2008; Li et al. 
2008; Wang et al. 2008); it is difficult to predict muscle 
activation of the deep trunk muscles; and it is very time
consuming to customize anatomy representation to an 
individual, which would ensure biofidelity. Instead of 
developing extremely detailed spine models, others have 
treated the system as a black box in which insight into a 
system can be achieved by looking at the response of the 
system during the execution of a task (Tanaka et al. 2009). 
For instance, this type of analysis can be used to determine 
how many state variables are needed to represent the 
system. Therefore, it is possible to adjust the complexity 
of the model based on dimensionality analysis. These 
models have also been used to predict the limits of stabil
ity for a given task. For example, using this type of analysis, 
it may be possible to locate the state space boundaries 
(limits on trunk displacement and velocity) for torso sta
bility. Potentially, this type of approach can be used to 
assess the effects of factors affecting motor control on the 
region of stability. For instance, does fatigue decrease the 
region of stability, suggesting that stable behaviour is 
limited to smaller or slower trunk movements?

Learning and adaptation are other areas of motor 
control that continue to draw attention. For instance, how 
do we learn the dynamics of a task, or for that matter, the 
dynamics of the spine? There is growing evidence that 

HOW CAN MODELS BE USED  
TO EXPLORE THEORIES OF  
MOTOR CONTROL?

It is a wellknown theory that feedback control is used to 
provide stability. Briefly, information about the ‘state’ of 
the system (displacement and velocity of mass(es)) is used 
to apply control input to the system (Fig. 16.1). The con
version of spine displacement and velocity information to 
force, which acts on the spine, determines the overall 
behaviour of the system. For instance, a higher gain on 
displacement feedback control generates more force acting 
on the spine for a given displacement. Since the CNS can 
adjust feedback gains (control logic), there is considerable 
flexibility in how the CNS can stabilize the spine. (For 
more insight into feedback control and spine stability, see 
Reeves et al. 2007a, 2007b.)

Once stability is achieved, the interest shifts to other 
control issues, such as performance, robustness and effi
ciency. A system that performs well can stay close to the 
undisturbed position or movement trajectory after a per
turbation. A system that is robust can maintain stable 
behaviour for both small and large perturbations. A robust 
system can also handle large changes in the system without 
affecting its performance significantly. For instance, a 
robust control system for the spine can handle changes to 
the spinal column (i.e. mechanical changes due to degen
erative disc disease) without having the system’s perform
ance significantly affected by the change. When dealing 
with biological systems with limited power and energy, the 
issue of efficiency is also important. Ideally, we would like 
to control the spine in an efficient manner to avoid fatigue.

As mentioned, there are a number of strategies or 
muscle recruitment patterns that will ensure that the spine 
is stable. Strategies that keep the spine stable represent a 
set of ‘stable solutions’. Within this stable set, some solu
tions are better for performance, robustness and efficiency. 
Most likely, the CNS chooses a particular solution out of 

Figure	16.1 A feedback control system. Force (F) acts on a 
mass (m) and determines the acceleration (��x), velocity ( �x), 
and displacement (x) of the system. Gains B and K convert 
the velocity and displacement information to force and feed 
it back to affect the behaviour of the system. 

Input x x x

Kx

Bx

.. .

.

F
Σ

–

K

B

m
1 ∫ ∫



Stateoftheart reviewsPart | 5 |

190

levels of coactivation (Lariviere et al. 2000; Marras et al. 
2001; van Dieën et al. 2003). It is possible that people 
with LBP are weighting performance or robustness over 
efficiency. For example, people with LBP may want to 
minimize spine kinematic disturbances and are not con
cerned with the additional energy expenditure. Alterna
tively, it is possible that people with LBP have motor 
control impairments that increase the noise in the system, 
which would increase the level of coactivation to com
pensate for this random disturbance. The next important 
question to ask, if differences in objective functions exist, 
is whether rehabilitation should restore motor control to 
that of healthy individuals. It is possible that minimizing 
spine kinematic disturbances is important for protecting 
an injured spine. But it is also possible that this strategy 
has nothing to do with protecting the spine, but instead 
represents a dysfunctional coping strategy. In a recent 
study, the presentation of a painful stimulus resulted in 
altered muscle recruitment patterns, which persisted fol
lowing the removal of the painful stimulus (Hodges et al. 
2003; Moseley et al. 2004). Perhaps, following a painful 
episode, motor control strategies are confined to a non
optimal solution and need to be reset. In terms of reha
bilitation, is it possible to reset motor control strategies? 
This is another important question that needs to be 
addressed. Others have shown that it is possible to modify 
motor control in the upper extremity using force fields 
generated a by robotic manipulandum (Burdet et al. 2001; 
Franklin et al. 2003, 2008). Perhaps, a similar approach 
can be used for back pain rehabilitation.

In addition to specific diagnosis and rehabilitation, 
models of motor control can be used to test current treat
ment paradigms. For example, there is a lot of interest in 
the importance of multifidus, which has been shown to 
atrophy in some individuals with LBP (Hides et al. 1994, 
1996). Many back pain programmes stress retraining this 
socalled important spine stabilizer. But is it an important 
spine stabilizer, or more specifically, what happens to the 
spine behaviour when this muscle is affected by back pain? 
A multisegmental, multimuscle spine model can be 
developed to analyze the behaviour of the spine with and 
without multifidus atrophy. We may find that energy 
demands on the spine system increase as a result of shift
ing of muscle loading, which would support rehabilitation 
of this muscle. This same type of model could also be used 
to explore spine behaviour for muscle synergy patterns, 
which may be different between healthy and back pain 
groups. Recently, a method for finding muscle synergies 
has been developed using a triaxial dynamometer 
(Talebian et al. 2010). It is possible that people with LBP 
have fewer options (degrees of freedom) to control the 
spine than healthy individuals. If this is the case, it is also 
possible that less efficient control strategies are within the 
stable set of solutions for the back pain group. If this is 
the case, is it possible to decouple muscle activation in the 
back pain group?

people form internal models that characterize system 
dynamics (Conditt et al. 1997; Burdet et al. 2001). There
fore, execution of a task does not require rote learning of 
specific movements. Instead, with experience and the for
mation of internal models, the CNS can predict the neces
sary motor commands to accomplish the task. For example, 
when walking on a ship’s deck in rough seas, it is possible 
for the CNS to send a feedforward command to control 
the postural muscles to accommodate the rolling motion 
once the task is learned. By using feedforward responses, 
the performance of the system is improved (less postural 
sway) while minimizing energy expenditure. Therefore, in 
situations in which disturbances can be predicted, the CNS 
can utilize internal models and feedforward control 
instead of relying exclusively on feedback control.

Recently, a model of motor control learning was devel
oped that explains how the CNS learns task dynamics and 
uses this information to adjust muscle recruitment pat
terns (Franklin et al. 2008). What makes this model 
unique is that it can account for learning in stable and 
unstable environments. For tasks that are stable, the model 
predicts that CNS will use reciprocal muscle activation to 
compensate for predictable disturbances. For instance, if 
the rolling seas are consistently periodic, then the CNS 
will tune postural control muscles to activate muscles that 
counteract the predictable disturbance. However, if the 
rolling seas are more variable and less predictable, then 
the CNS would tend to coactivate agonist and antagonist 
muscles to increase the trunk’s mechanical impedance to 
counteract disturbances that can come from any direction. 
Therefore, depending on the task and the nature of distur
bances, the CNS can shift from coactivation to reciprocal 
activation or vise versa. Therefore, the model predicts why 
coactivation is initially high when learning new tasks  
and then decreases with learning. It also explains why 
coactivation increases with fatigue, which increases noise 
in the neuromuscular system. Although the model of 
motor control learning was developed with upper extrem
ity experiments, it represents a general scheme of motor 
control, which is applicable to the spine system as well.

WHAT IS THE USEFULNESS OF 
MODELS FOR DIAGNOSIS AND 
TREATMENT?

The clinical application of motor control models to the 
problem of LBP might not be far away. A general frame
work for the diagnosis and treatment has recently been 
presented (Xu et al. 2010). However, further research into 
a number of areas is required to test the validity and prac
ticality of the approach.

In terms of diagnosis, it is important to know if people 
with LBP have a different objective function than healthy 
individuals. It appears that people with LBP have higher 
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The model can then be tested against more complex sce
narios. If the model is then used to predict behaviour 
beyond the original boundary conditions it is necessary to 
clearly establish its sensitivity to changes in its parameters. 
This may set limits on which parameters in the model can 
be used to evaluate various scenarios whilst holding those 
that are very sensitive to within defined limits.

One method that may be applicable is the use of Monte 
Carlo simulations that allow large samples from the dis
tribution of inputs (while considering their uncertainty) 
to be run by the model to result in outcome variables that 
would also be represented by a distribution (Hughes and 
An 1997; Rohlmann et al. 2009). Close analyses of the 
results often show which parameters are more important 
and require more precision to increase the resolution or 
sensitivity of the model. Computational power is increas
ing and will allow us to use these powerful stochastic 
approaches to model not only what we know but also the 
uncertainty with which we can presently estimate inputs.

By following these processes of verification and valida
tion, the modeller is able to demonstrate clearly the effi
cacy and value of a model for simulating particular 
scenarios. This step of defining clearly what a model can 
and cannot do provides the user of the outcomes with 
evidence for confidence in the predictions of the simula
tions achieved by the model. These issues of verification, 
validation and sensitivity analysis are discussed compre
hensively in the review literature and the reader is directed 
to the following articles: Viceconti et al. (2005), which 
discusses the requirements for publication of peer reviewed 
articles on models; Anderson et al. (2007), which dis
cusses expectations for computational biomechanics; and 
Jones and Wilcox (2008) for expectations of models to 
analyze the spine.

For now we may still have to make certain clinical and 
professional judgements when asked about estimations of 
various biomechanical parameters predicted by present 
models during varying tasks (Sparto and Parnianpour 
2001). Crossvalidation may be one way to gain more 
confidence to navigate the uncertainty until we find acces
sible and less invasive gold standards to validate our 
models (McNally et al. 1996; Rohlmann et al. 2008; 
Arjmand et al. 2010).

Another important contribution that can be made  
with models of motor control is determining whether  
something that is statistically significant is clinically  
relevant. For instance, there are a number of studies that 
have shown that people with LBP have longer reflex 
responses than healthy individuals (Magnusson et al. 
1996; Radebold et al. 2000, 2001; Reeves et al. 2005). 
Other studies have found that some people with LBP have 
impaired spine proprioception (Newcomer et al. 2000; 
Leinonen et al. 2002). But it is unclear if these docu
mented differences affect the behaviour of the spine 
system significantly. By modelling the system, it is possible 
to run simulations with various impairments to determine 
how robust the system is to different types of impairment. 
Simulations can be run with a single impairment or com
binations of impairments. With most chronic conditions, 
a widening array of biological processes or parts of the 
system are affected. Therefore, to properly study chronic 
LBP, it will be important to apply a systems approach 
(instead of a reductionist approach), which is possible 
with parametric models of motor control.

MODEL VERIFICATION  
AND VALIDITY

Mathematical models are written to simulate natural proc
esses in order to predict behaviour that will give insight 
into how the processes occur and, clinically, to provide an 
aid to diagnosis and treatment. This reduces the require
ment for expensive experiments and can take the place of 
experiments that would be difficult to justify ethically or 
would be too difficult actually to undertake. However, 
models are only as good as the underlying assumptions 
used to develop them, and the algorithms and data that 
are put into them. In order to give credence to the results 
of simulations undertaken with models, a process of 
model verification and validation must be undertaken.

Verification is the process of assessing that the algo
rithms and mathematical techniques used in the model 
are in themselves correct. This sounds relatively easy but 
in complex models requires particular attention to ensure 
errors are not inadvertently included. For example, in 
simulations, inappropriate choice of time steps can lead 
to accumulating numerical errors.

Validation can be achieved on one level by using the 
model to simulate a phenomenon that can also be solved 
analytically. The next level is to ensure that the model 
simulates the correct outcome for the concepts and bound
ary conditions used to set up the model in the first place. 
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STATUS OF RESEARCH REGARDING 
MANAGEMENT OF LOW BACK PAIN

Mechanical low back pain is usually classified into specific 
low back pain, non-specific low back pain and radicular 
syndrome. In 85–95% of the patients a specific diagnosis 
based on pathoanatomical causes is lacking, and these are 
diagnosed as having ‘non specific’ low back pain (Waddell 
2005). The lack of a clear pathoanatomical basis to low 
back pain has led to a large variation in diagnoses, and an 
array of poorly studied interventions (Poitras et al. 2005). 
There was a promise that randomized controlled trials 

could provide answers on questions such as ‘which inter-
vention is most effective for which patient’, but after the 
publication of more than 1,000 randomized controlled 
trials on low back pain there is still a lack of evidence 
regarding the most effective strategies for matching indi-
vidual patients to particular interventions. The Cochrane 
Back Review Group acknowledged the limited role of ran-
domized controlled trials in providing useful information 
on aspects of low back pain management other than effi-
cacy and effectiveness, and stated that additional etiologi-
cal, diagnostic and prognostic studies are needed to 
identify varieties, natural courses, or more homogeneous 
subgroups of patients with low back pain (Bouter et al. 
2003). The identification of homogenous subgroups based 
on evidence-based classification algorithms was deter-
mined to be a priority for primary care research on low 
back pain as early as 1996 (Borkan and Cherkin 1996).

POTENTIAL NEED TO SUBGROUP 
PEOPLE WITH LOW BACK PAIN

Subgrouping of patients and targeting interventions to the 
patients’ needs seems important in providing optimal care 
to low back pain patients. Recent research findings suggest 
the existence of low back pain subgroups (e.g. Fritz et al. 
2007; Dankaerts et al. 2009; Silfies et al. 2009), but there 
is a lack of consensus as to how these subgroups should 
be identified and a continuous debate whether the iden-
tification of low back pain subgroups is necessary to 
improve treatment efficiency and reduce costs (Abraham 
and Killackey-Jones 2002; Wand and O’Connell 2008; 
Billis et al. 2007). Patients with chronic low back pain may 
be classified into two types: (1) ‘persistent low back pain 
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2003. The major low back pain subgroups proposed are 
postural, dysfunction and derangement. There is also an 
‘other’ classification for patients who do not fit the criteria 
for classification. The derangement subgroup is further 
divided into four groups that differ based on location of 
symptoms. These include (1) central symmetrical without 
distal symptoms, (2) central symmetrical with distal symp-
toms, (3) unilateral asymmetrical symptoms to the knee 
and (4) unilateral asymmetrical symptoms below the 
knee. The major subgroups are those that are proposed to 
exist within the non-specific low back pain classification 
and who respond in a specific way when subjected to dif-
ferent mechanical forces. Mechanically based treatment is 
then prescribed based on the patient’s responses. Mechani-
cal treatment in the McKenzie system refers to treatment 
with repeated movements and sustained postures, as well 
as education to use patient-specific postures in functional 
activities. The names of the McKenzie subgroups describe 
the proposed tissue dysfunction that contributes to the 
person’s clinical presentation. For example, internal dis-
placement of the intervertebral disc is proposed to under-
lie the symptoms and signs of the derangement subgroup. 
The system is intended for use with patients who report 
symptoms in the back with or without radiating symp-
toms and with any stage of acuity (acute, subacute, 
chronic).

The McKenzie Method of classification uses findings 
from the clinical examination (history and physical). The 
findings that characterize each subgroup are based on a 
judgement by a clinical expert in mechanical therapy 
(McKenzie). The most important findings for subgrouping 
are the symptom responses with standardized tests of 
movements and positions in the examination. Tests 
include single and repeated trunk movements and sus-
tained trunk postures. Assessments of trunk alignment and 
movement are also made. Tests are performed in loaded 
(gravity-affected) and unloaded (gravity-minimized) posi-
tions. In general, treatment includes repeated spine move-
ments and postures or sustained postures that produce a 
consistent improvement in symptoms or mechanical func-
tion, as well as education.

Five studies have specifically examined the reliability of 
examiners classifying patients with low back pain using 
the McKenzie system. Patient samples included all stages 
of acuity. The earliest study by Kilby et al. (1990) involved 
two McKenzie-trained physical therapists who classified 41 
patients with low back pain using a simultaneous exami-
nation design. Relatively low agreement was obtained for 
the overall classification into subgroups and classification 
into the derangement subgroups, i.e. 58.5% and 57%, 
respectively. In a much larger study Riddle et al. (1993) 
tested the reliability of 49 physical therapists to classify 
363 patients. The therapists had an average of five years  
of clinical experience; 16 had postgraduate training in  
the McKenzie system. Therapists were given a written 
summary of the McKenzie Method of examination and 

patients’ who do not demonstrate significant psychologi-
cal distress and (2) patients with a ‘chronic low back pain 
syndrome’ characterized by significant functional impair-
ment and behavioural and psychological co-morbidities 
(Long et al. 2004). Several others have supported this clas-
sification description, but terms differ for the second 
group from ‘failed back syndrome’ (Turk 2002), ‘medically 
incongruent pain group’ (Reesor and Craig 1988) to 
‘problem backs’ (Waddell et al. 1980). It has been advo-
cated that these ‘chronic low back pain syndrome’ patients 
should be assessed and treated using a multi-factorial 
treatment approach, which addresses the complex psycho-
social issues and focuses on restoring physical capacity 
(Gatchel 2001). Screening tools are needed to identify 
these patients.

SYSTEMS FOR SUBGROUPING

Over the years, many attempts have been made to classify 
patients with low back pain into more homogeneous sub-
groups with the goal of assisting in treatment direction. In 
2007, Billis et al. identified 39 diagnostic and treatment-
based classification systems. Most of the classification 
systems were based on biomedical features (pathoana-
tomic and/or clinical signs and symptoms) whereas fewer 
classification systems used psychosocial or biopsychoso-
cial features. The majority of the classification systems 
were based on a judgemental approach, relying on clinical 
experience and intuition. A minority were derived using 
prospective study designs.

Four of the systems identified by Billis et al. have had a 
significant amount of research conducted examining the 
characteristics of the proposed system. The four systems 
vary in the degree of biomedical and psychosocial features 
used to identify the low back pain subgroups. All four 
systems, however, have the common purpose to assist in 
directing conservative treatment. The systems include the 
McKenzie Method classification system (McKenzie), the 
Treatment-based classification system (TBC), the Move-
ment System Impairment classification system (MSI) and 
the O’Sullivan classification system (OS). We will review 
details of each, describe the general procedures for sub-
grouping and review the research related to reliability and 
validity of the system. Specifically, we will focus on 
research examining whether (1) clinicians can classify 
patients with low back pain reliably, (2) there are unique 
subgroups of people with low back pain and (3) matching 
treatment to a patient’s classification results in better out-
comes than an alternative treatment.

McKenzie Method  
classification system
The McKenzie system was originally described by  
McKenzie in 1981 and updated by McKenzie and May in 
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on the McKenzie system and then randomized to one of 
three treatments: McKenzie-matched treatment, treatment 
opposite the matched treatment and a non-directional 
treatment (Long et al. 2004). Outcomes were analyzed 
after two weeks of treatment. There was a greater improve-
ment in all outcomes (pain, disability, use of medications, 
work and depression) in the McKenzie-matched treatment 
compared to the other two treatments. Finally, in a recent 
randomized controlled trial of 148 patients with acute low 
back pain, participants were assigned to receive a treat-
ment programme based on the McKenzie method and 
first-line care (advice, reassurance and time-contingent 
acetaminophen) or first-line care alone, for 3 weeks. 
Results showed statistically significant but clinically non-
relevant differences in short-term pain outcomes. There 
were no differences in function, disability and global per-
ceived effect. Based on these studies, McKenzie-matched 
treatment does not appear to have a clear benefit above 
the other conservative treatments examined. However, the 
specific characteristics of the patients who best respond to 
McKenzie-matched treatment are still not fully understood 
and need further research.

Treatment-based  
classification system
The TBC system was originally proposed by Delitto et al. 
(1995). The system was developed in response to per-
ceived limitations in some of the McKenzie classifications 
and to define additional subgroups. Recently Fritz et al. 
(2007) provided an update of the findings that character-
ize each proposed subgroup based on research conducted 
over the past 10 years. There are four low back pain sub-
groups proposed, each named for the treatment for which 
the patient is most likely to respond. The subgroups 
include (1) manipulation, (2) stabilization, (3) specific 
exercise (flexion, extension, lateral glide), and (4) traction. 
The specific exercise subgroup parallels the derangement 
subgroup in the McKenzie system. The TBC subgroups 
describe patients with acute low back pain with or without 
radiating symptoms. The subgroups proposed can exist 
within the specific and non-specific low back pain 
classifications.

Similar to the McKenzie system, the TBC system uses 
findings from the clinical examination to subgroup 
patients. The original description of the findings that char-
acterized each of the four subgroups was based on judge-
ment of a group of clinical experts (Delitto et al. 1989, 
1995). Subsequent studies have used clinical prediction 
rule methods to refine the findings that characterize some 
of the subgroups (Fritz et al. 2007). Similar to the McKen-
zie examination, symptoms are monitored with tests of 
single and repeated trunk movements and sustained  
trunk postures. Additional tests include judgments of 
trunk alignment, quality and magnitude of trunk move-
ment, symptom and mobility assessment with passive 

classification. Reliability achieved was poor, with a kappa 
value of 0.26. Specific training did not affect the results. 
Razmjou et al. (2000) had two physical therapists trained 
in the McKenzie system conduct simultaneous examina-
tion on 45 patients. The kappa value for the overall  
classification into subgroups was good (0.70), and for 
classifying the derangement subgroups was excellent 
(0.96). In a study by Clare et al. (2004), 50 McKenzie-
trained physical therapists reviewed 25 cases presented on 
McKenzie assessment forms. They obtained a fair kappa 
value (0.56) for assigning the overall classification. A 
kappa value of 0.68 was obtained for classifying the 
derangement subgroups. In another study using a simul-
taneous examination design two McKenzie-trained physi-
cal therapists classified 25 patients with low back pain 
(Clare et al. 2005). Reliability for the overall classification 
and for classifying the derangement subgroups was excel-
lent, with kappa values of 1.0 and 0.84, respectively. 
Together these studies suggest that therapists trained in the 
McKenzie system can attain fair to excellent levels of 
reliability.

A small number of randomized controlled trials have 
specifically evaluated the efficacy of treatment matched to 
a patient’s McKenzie classification compared to an alterna-
tive treatment. Stankovic and Johnell (1990) compared 
the effect of McKenzie-matched treatment to Mini-Back 
School in 100 patients with acute low back pain with and 
without radiating symptoms. At three weeks patients 
receiving McKenzie treatment displayed greater improve-
ment than patients in the Mini-Back School treatment on 
five of seven measures of impairments and work-related 
function. At 52 weeks the McKenzie group was better than 
the Mini-Back School group in pain and movement, 
number of recurrences, medical care seeking and mean 
sick leave. A comparison of McKenzie-matched treatment, 
chiropractic manipulation and an educational booklet 
was made in 321 people with low back pain with varying 
stages of acuity and no nerve root compression (Cherkin 
et al. 1998). Short-term outcomes revealed no differences 
among the groups in symptom behaviour, function or 
disability. Long-term outcomes revealed greater costs for 
McKenzie and chiropractic treatment compared to educa-
tion. Petersen et al. (2002) conducted a randomized con-
trolled trial comparing McKenzie-matched treatment to a 
strengthening protocol in 260 patients with chronic low 
back pain and no nerve root compression. Outcomes of 
pain and disability were analyzed with an intention to 
treat analysis. There were no differences in outcomes 
between the two treatment groups at any time point (2, 4 
and 12 months). Schenk et al. (2003) randomized 25 
people with subacute lumbar radiculopathy to a McKenzie-
matched treatment or spinal mobilization. After three 
treatments, the McKenzie-matched group displayed greater 
improvements in pain and disability compared to the 
mobilization group. Finally, 230 patients with low  
back pain of varying levels of acuity were classified based 
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less than 90 days (acute and subacute) based on the clas-
sification algorithm. All patients were randomized to 
receive specific exercises, manipulation or stabilization 
regardless of their classification. Outcomes were evaluated 
between patients who had received ‘matched treatment’ 
(according to the classification rules) and ‘unmatched’ 
(non-classification) treatment. The authors found a statis-
tically significant reduction in disability favoring the 
matched treatment group after four and 52 weeks. 
Although intention-to-treat strategies were described to 
account for subjects lost to follow-up, subject attrition 
reduces the strength of the conclusions relating to the 
clinical prediction rules used to classify in the TBC system.

Movement System Impairment 
classification system
The MSI classification system was described in 2002 by 
Sahrmann. Five low back pain subgroups have been pro-
posed based on judgement of an expert clinician  
(Sahrmann). The fundamental assumption underlying the 
system is that people with low back pain tend to move one 
or more lumbar joints more readily than other adjacent 
joints. This tendency is thought to be the result of move-
ments and alignments repeatedly performed in the same 
direction(s) (flexion, extension, rotation or some combi-
nation) across a person’s day. A person’s direction-related 
tendency is (1) evidenced by specific patterns of altered 
movements and postures during examination tests and 
with functional activities and (2) associated with symp-
toms. The proposed MSI subgroups include lumbar (1) 
flexion, (2) extension, (3) rotation, (4) rotation with 
flexion and (5) rotation with extension. Each subgroup is 
named for the specific direction(s) of movements and 
alignments considered to contribute to the patient’s low 
back pain. The MSI system is intended to be used with 
patients with low back pain with or without radiating 
symptoms, in any stage of acuity, and those with specific 
low back as well as non-specific low back pain.

The five MSI subgroups are identified based on findings 
from the examination. The examination includes tests in 
which patients perform single trunk and limb movements 
or assume different positions while symptoms are assessed. 
Tests that increase symptoms are followed by a test in 
which the patient’s preferred movement or alignment 
strategy is systematically modified. The effect on symp-
toms of modifying a test is assessed. Additionally, judge-
ments are made of the amount and relative timing of spine 
and proximal limb joint movements during tests. Neuro-
logical screening (including neural tension) is also 
conducted.

The reliability of examiners to classify patients with the 
MSI system has been examined in four studies. Van Dillen 
et al. (1998) examined inter-rater reliability of five physi-
cal therapists to perform test items from the examination 
and make judgements of low back pain subgroup. 

intervertebral movement, passive straight leg raising and 
neurological screening. A decision-making algorithm of 
self-report and clinical examination findings is used to 
assist in classification. The specifics of the treatments vary 
with classification as indicated by the name of each of the 
proposed subgroups.

The reliability of examiners to classify patients has been 
examined in four studies. Fritz and George (2000) inves-
tigated the inter-rater reliability of classifying patients into 
one of the four TBC subgroups using seven physical thera-
pists familiar with the system and 43 patients with acute 
low back pain. They achieved a kappa value of 0.49. Kiesel 
et al. (2007) achieved a slightly higher kappa value (0.65) 
when eight physical therapists familiar with the classifica-
tion system examined 30 patients who were in various 
stages of low back pain. In the study of Heiss et al. (2004) 
45 patients with acute low back pain were classified by 
four physical therapists unfamiliar with the classification 
system. They found a low kappa value (0.15). Fritz et al. 
(2006) investigated inter-rater reliability of 30 physical 
therapists (novice = 10, experienced = 10, expert = 10) who 
classified 60 patient vignettes. They reported a kappa value 
of 0.60. In sum, these findings provide preliminary evi-
dence that physical therapists who are familiar with the 
classification system can obtain a clinically acceptable 
level of inter-rater reliability.

Since the early 1990s several development and valida-
tion studies have been conducted on each of the four TBC 
interventions and the complete classification system 
(Delitto et al. 1993; Flynn et al. 2002; Fritz et al. 2003; 
McKenzie and May 2003; Schenk et al. 2003; Childs et al. 
2004; Long et al. 2004; Hicks et al. 2005; Fritz, Childs 
et al. 2005; Fritz, Whitman et al. 2005; Brennan et al. 
2006; Browder et al. 2007; Fritz, Cleland et al. 2007; Fritz, 
Lindsay et al. 2007a). Two studies have investigated the 
validity of the complete classification system. As the 
studies used different randomized controlled designs,  
they answered different research questions. Fritz et al. 
(2003) investigated the effectiveness of the overall  
treatment approach of the classification system (classifica-
tion decision-making and treatment protocols) whereas 
Brennan et al. (2006) focused on the effectiveness of the 
classification decision-making. Fritz et al. (2003) com-
pared treatment according to the classification system with 
clinical guidelines (low-stress aerobic exercises and advice 
to remain active) for 78 patients with acute, work-related 
low back pain in a randomized controlled trial. They 
found statistically significant better results for the out-
comes of disability and return to work for patients  
receiving classification-based treatment at the four-week 
follow-up, but not at the one-year follow-up. Their results 
support the efficacy of the overall treatment approach of 
the classification system. However, the results may have 
been due to the treatment protocols that were used and 
not the classification decision-making process. Brennan 
et al. (2006) classified 123 patients with low back pain 
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in the people without low back pain. Another two studies 
examined movement patterns between patients with 
chronic or recurrent low back pain classified into the rota-
tion with extension subgroup or the rotation subgroup. It 
was predicted that patients in the rotation with extension 
subgroup would display earlier and more asymmetric 
lumbopelvic movement than patients in the rotation sub-
group. Gombatto et al. (2007) examined the lumbopelvic 
movement patterns during trunk lateral bending in 44 
patients classified according to the MSI system. Compared 
to the rotation subgroup, the rotation with extension sub-
group displayed earlier and more asymmetric lumbopelvic 
movement with trunk lateral bending. Similar findings 
were obtained in a study of 39 patients when lumbopelvic 
movement was examined during hip lateral rotation (Van 
Dillen et al. 2007). Together these studies provide data to 
support the validity of some of the proposed subgroups 
of the MSI system. They also provide insight into the 
potential mechanical factors underlying the different sub-
groups. To date no randomized controlled trial has been 
completed that examines whether treatment matched to a  
person’s classification results in larger treatment effects 
than an alternative treatment. These studies are currently 
under way.

O’Sullivan classification system
A complete description of the O’Sullivan classification 
system was published in 2005 (O’Sullivan 2005). The 
system includes both biomedical and psychosocial char-
acteristics to determine a patient’s classification. There are 
three proposed subgroups: patients with (1) an adaptive/
protective altered motor response to an underlying patho-
logical process, (2) an altered motor response and cen-
trally mediated pain secondary to dominant psychosocial 
factors, or (3) a maladaptive movement impairment or 
motor control impairment that drives the pain disorder. 
The third subgroup is considered to be the largest and 
most amenable to conservative management. Patients 
with a movement impairment present with pain associ-
ated with loss of normal active and passive movement, 
muscle guarding and excessive stability, and fear of move-
ment. Patients with motor control impairment demon-
strate deficits in control of the symptom-provoking spinal 
segment related to the movement direction that is painful. 
The control impairment is evident as difficulty with func-
tional control of the neutral zone resulting from poor 
motor control of the spinal stabilizing muscles. Both the 
movement and control impairment subgroups can present 
with an impairment in a specific direction (flexion, exten-
sion, rotation, side bending) as well as an impairment 
associated with combinations of directions (multi-
directional impairment). The proposed subgroups are 
considered to exist in the specific and non-specific low 
back pain classifications. The system is intended for use 
with patients with chronic low back pain.

Ninety-five patients in various stages of acuity (72% 
chronic) participated. The therapists were involved in the 
original development of the system. Agreement was 78% 
and the kappa value was 0.57 (Norton et al. 2004). A 
follow-up study examined the inter-rater reliability of two 
physical therapists: one was involved in the original devel-
opment and the other was not (Harris-Hayes and Van 
Dillen 2009). The second therapist was trained in the 
examination and classification rules. Thirty patients (93% 
chronic) were examined and classified. The authors 
reported better reliability than the original study, i.e. 83% 
agreement and a kappa value of 0.75. Two physical thera-
pists outside of the original development group classified 
24 patients with chronic low back pain (Trudelle-Jackson 
et al. 2008). Both attended continuing education and par-
ticipated in sessions to practise procedures and decision-
making of the classification system. Their reliability was 
similar to the prior studies with an agreement value of 
75% and a kappa value of 0.61. Finally, 13 therapists with 
moderate to no prior experience with the MSI system 
attended a two-day workshop (Henry et al. 2009). Thera-
pists classified 21 vignettes. Ninety per cent agreement and 
a kappa value of 0.81 were attained. Thus, with training 
physical therapists can attain fair to excellent reliability to 
classify patients based on the MSI system.

Four development and validation studies have been 
conducted focusing on whether there are unique low back 
pain subgroups consistent with the original descriptions. 
An early study used a confirmatory factor analysis with a 
split sample cross-validation procedure on examination 
findings obtained from 188 patients with low back pain 
(72% chronic) (Van Dillen et al. 2003). Three specific clus-
ters of alignment and movement tests consistent with 
three of the five proposed low back pain subgroups were 
identified in both datasets, providing preliminary evi-
dence for the classification system. Additional evidence 
has been provided based on the findings from laboratory-
based studies. Norton et al. (2004) measured lumbar cur-
vature in two low back pain subgroups, rotation with 
flexion and rotation with extension, and in a group of 
people without low back pain. There were no differences 
between the people without low back pain and all patients 
with low back pain. The rotation with extension subgroup, 
however, stood in more lumbar extension than the rota-
tion with flexion subgroup and the people without low 
back pain. Thus, there were predictable differences in 
lumbar curvature between patients in different low back 
pain subgroups and people without low back pain that 
could only be detected if the patients were classified.  
Gombatto et al. (2007) compared the symmetry of passive 
tissue characteristics of the trunk in 22 patients with 
chronic or recurrent low back pain in the rotation with 
extension subgroup and nineteen people without low 
back pain when the trunk was moved passively in the 
frontal plane. As predicted, there was more asymmetry in 
passive elastic energy in the low back pain subgroup than 
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participants were asked to find their neutral spine posi-
tion. Patients in the flexion subgroup were less accurate in 
repositioning than people without low back pain. In a 
study by Burnett et al. (2004) spinal kinematics and trunk 
muscle activity were compared while nine cyclists classi-
fied in the flexion subgroup and nine cyclists without low 
back pain cycled to their tolerance level. Compared to 
those without low back pain, the flexion subgroup tended 
towards greater lower lumbar flexion and rotation and less 
co-contraction of the lower lumbar mutifidus muscles. 
Similar findings were reported in a study of industrial 
workers with low back pain classified in the flexion sub-
group (O’Sullivan et al. 2006). Workers with and without 
low back pain were measured during postures and activi-
ties associated with lumbar flexion. The flexion subgroup 
displayed more flexion-related findings than the people 
without low back pain with their usual sitting and maximal 
slumped sitting. Three additional studies of the same 
cohort of subjects compared (1) 34 people without low 
back pain, (2) 20 patients in the flexion subgroup and (3) 
13 patients in the active extension subgroup during func-
tional tests of movement and posture (Dankaerts et al. 
2006b, 2006c, 2009). Compared to people without low 
back pain, the active extension subgroup sat in more lower 
lumbar extension and the flexion subgroup sat in more 
lumbar flexion with usual sitting. During both usual and 
slumped sitting the active extension subgroup displayed 
more muscle activity in the superficial lumbar mutifidus, 
iliocostalis lumborum pars thoracis and transverse fibres 
of the internal oblique muscles than the other two groups. 
Finally, a stepwise linear discriminant analysis was per-
formed using muscle activation and kinematic variables to 
develop a statistical model to classify the patients with low 
back pain. Classifications based on clinical examination 
data were compared to classifications using the statistical 
model; 96.4% of the cases were correctly classified with 
the derived model. Overall, these validation studies 
provide evidence to support the proposed flexion and 
active extension subgroups of the OS classification system 
and provide insight into potential contributing factors. 
However, at present no randomized controlled trial has 
been published that examines the effectiveness of the OS 
system.

CURRENT ISSUES

There is an interest in establishing a classification system 
useful for multiple disciplines. Such a system would 
allow a common method of communication among 
people involved in the care of, as well as the study of 
patients with low back pain. Before such a system can be 
adopted, however, there are some issues regarding the 
current state of low back pain classification that merit 
discussion.

Classification in the OS system is based on findings 
from (1) a screening protocol, (2) paraclinical and clinical 
examination tests (history and physical examination) and 
(3) psychosocial measures. The system was developed by 
Peter O’Sullivan, a clinical expert (O’Sullivan 2000, 2004, 
2005). The physical examination includes analysis of 
movements and postures in various positions and func-
tional tasks, tests of passive intervertebral motion, neural 
tension, muscle function, motor control and spinal prop-
rioception. Symptoms are assessed during tests of move-
ment (active and passive), posture and functional tasks. 
Similar to the MSI examination, select tests that increase 
symptoms are systematically modified to determine the 
effect on symptoms. In general, treatment consists of  
normalizing the primary movement or motor control 
impairment while addressing the patient’s psychosocial 
characteristics (O’Sullivan 2005).

Reliability testing has been conducted to examine physi-
cal therapists’ ability to classify patients with low back 
pain. All patient samples had chronic low back pain. In a 
two-part study by Dankaerts et al. (2006a), 35 patients 
who were proposed to have motor control impairment 
were independently examined by two expert physical ther-
apists, one of whom was the system developer. Patients 
were assigned to one of the five proposed motor control 
impairment subgroups. A kappa value of 0.96 and an 
agreement value of 97% were attained. As a follow-up 13 
clinicians (physical therapists and physicians) with varying 
levels of experience with the OS system were provided 
with an instruction packet and two days of training. 
Twenty-five vignettes and videotapes were created from 
patients from the first study. The clinicians first classified 
the vignettes and then viewed videotapes of the same 
patients participating in some examination tests. They 
assigned a second classification. Clinicians achieved good 
reliability when the classification was based on history and 
videotape information; mean kappa value of 0.61 and 
mean agreement 70%. Finally, Fersum et al. (2009) had 
four physical therapists independently examine and clas-
sify 26 patients with low back pain. One therapist was the 
developer of the system. All therapists had used the OS 
system in practice and had extensive experience in ortho-
pedics and training in the system before the study. Agree-
ment was examined comparing each of the three therapists 
to the developer’s assessment. Therapists attained good to 
excellent reliability across levels of decisions (mean kappa 
value = 0.74; mean agreement = 94%).

A number of laboratory-based studies have been con-
ducted to test the validity of some of the proposed OS 
subgroups. The majority of studies have compared patients 
with chronic low back pain in the motor control impair-
ment subgroups, either flexion or active extension, to 
people without low back pain. O’Sullivan et al. (2003) 
examined proprioceptive ability in sitting with 15 patients 
in the flexion subgroup and 15 people without low back 
pain. After 5 seconds of sitting in full lumbar flexion, 
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from the different systems considered to capture the same 
behaviour, for example, flexion. There also has been no 
systematic examination of the relationships among sub-
groups across classification systems. Such an endeavour 
could begin to clarify the most prevalent subgroups and 
the most important tests to identify the subgroups.

An additional issue is the lack of uniformity in the types 
of patients with low back pain to which the different clas-
sification systems can be applied. Each of the four systems 
we have detailed is intended for use with patients with a 
non-specific low back pain diagnosis (e.g. lumbar muscle 
strain, lumbago). The systems can be applied to some 
specific low back pain diagnoses but these specific diag-
noses differ from one system to another. The systems also 
vary in their application to patients of differing stages of 
acuity. The McKenzie and MSI systems are proposed to be 
used with patients of all stages of acuity, i.e. acute, sub-
acute or chronic. The TBC system has been described for 
patients in an acute exacerbation who have substantial 
pain and disability. Finally, the OS system is applicable to 
patients with chronic low back pain. The operational defi-
nition for each of these stages of acuity also can vary. 
Overall, a greater understanding is needed of whether a 
patient with low back pain (1) needs to be classified  
into different subgroups during different stages of acuity, 
or (2) presents with the same classification across stages 
of acuity but the emphasis of treatment varies depending 
on acuity status.

Methodological issues
One issue is that the methods used for determining the 
characteristics that describe the subgroups within a clas-
sification system vary among systems. Each of the four 
classification systems described were initially developed 
based on a priori judgement of expert clinicians and, to 
varying degrees, guided by individual conceptual models. 
One advantage of a conceptual model is that it provides a 
framework for how a group of factors could contribute to 
a condition based on logic and current empirical evidence. 
The subgroups defined in each of the four systems were 
those considered by the developers to be the most preva-
lent and distinct, i.e. mutually exclusive subgroups. More 
recently, clinical prediction rule (CPR) methodology has 
been used as an alternate method to assist the identifica-
tion of the characteristics of the subgroups. In the current 
context, a CPR is a process of statistically combining vari-
ables to predict the likelihood of a specific outcome 
(Wasson et al. 1985; Laupacis et al. 1997). For example, 
in place of the original expert-guided subgroup descrip-
tions, researchers of the TBC system have derived CPRs to 
assist in identifying factors likely to have a good prognosis 
for manipulation (Flynn et al. 2002) and stabilization 
(Hicks et al. 2005). The prognostic factors identified in 
these CPRs could provide potential characteristics that 
identify a unique subgroup of patients with low back pain. 

These issues are related to the classification process and 
to methodology used in the development and testing of 
classification systems.

Classification process
A primary issue is the lack of an accepted basis for separat-
ing patients into clinically relevant subgroups. The lack of 
agreement is, in large part, the result of the differing per-
spectives of the developers of the systems. Based on their 
perspective, each developer has described the subgroups 
believed to be the most prevalent and the tests needed to 
identify these subgroups. Depending on the perspective, 
some systems focus solely on biomedical characteristics, 
others focus solely on psychosocial characteristics. Very 
few systems consider both domains. Within the biomedi-
cal and psychosocial domains there is also variability in 
the types of tests to be performed to determine a patient’s 
classification. Common to the described systems is the 
assessment of symptoms with mechanically based tests, 
i.e. movements and alignments with standardized exami-
nation tests and/or functional activities. The specific move-
ment and alignment tests, however, as well as the variables 
measured with each test differ among systems. For 
example, the McKenzie examination includes tests of both 
single and repeated trunk movements. The emphasis 
during these tests is on the assessment of symptoms and 
the amount of trunk motion achieved; particularly the 
change in trunk motion and symptoms as the patient 
performs repetitions of movement. On the other hand, the 
MSI examination includes tests of single movements of the 
trunk and the limbs. The emphasis of the assessment 
during these tests is on the symptoms and quality of trunk 
movement, i.e. motor control. Symptomatic test move-
ments are systematically modified to try to change the 
trunk movement control and improve the symptoms. In 
the McKenzie system the symptoms and mechanical 
response to repetitive trunk motions are fundamental to 
deciding a patient’s classification and treatment. In the 
MSI system improving the control of trunk movement 
during single trunk and limb movements is an essential 
component used in the decision making and treatment.

A related issue is the lack of information about how 
subgroups in various classification systems are related to 
each other. There are some commonalities in the types of 
subgroups proposed across the four classification systems 
we have described. In particular, each system describes 
groups of patients with low back pain who are intolerant 
to specific directions of trunk movements and postures. 
For example, all of the systems describe a subgroup of 
patients who worsen with flexion-related movements and 
postures. What is not known is if the patient identified as 
flexion-intolerant in the McKenzie system would be simi-
larly identified with the tests and classification algorithms 
of the TBC, MSI or OS systems. To date, there has been no 
systematic examination of the relationships among tests 
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are distinct clusters of findings consistent with the  
proposed low back pain subgroups. Cross-sectional, 
laboratory-based studies have also been conducted to 
determine if some of the subgroups of the MSI and OS 
systems exist in the low back pain population, and if they 
differ from people without low back pain. Both approaches 
to validation have provided information that has been 
used to (1) refine the description of the characteristics of 
the proposed subgroups, and (2) understand potential 
factors contributing to a particular low back pain sub-
group to assist in treatment direction. Validation of the 
McKenzie and the TBC system has primarily been based 
on results of randomized controlled trials. The basic 
design of the trials is one in which subgroups are identi-
fied a priori and then patients are randomized to a matched 
treatment or some alternative treatment(s). Validation of 
a particular subgroup or the classification system as a 
whole is provided when there is an interaction of sub-
group and treatment condition; the matched treatment 
results in a greater improvement in outcome than an alter-
native treatment.

Some additional issues are of relevance to the discus-
sion of methods for testing classification systems. One 
issue is that it is not clear what constitutes an appropriate 
control condition in randomized controlled trials that 
examine whether subgrouping patients with low back 
pain influences the effect of treatment. One option is for 
the control condition to reflect current clinical practice. 
This comparison provides information about whether 
matched treatment provides a greater benefit than other 
kinds of treatment commonly provided in clinical prac-
tice. The majority of randomized controlled trials examin-
ing the effect of matching treatment to a person’s 
classification have used these kinds of control conditions. 
A second option is for the control condition to reflect best 
evidence based on findings from studies of patients with 
low back pain who have not been classified. Such a com-
parison condition may not reflect how clinicians practise; 
however, this comparison would begin to address the 
question of whether treatment matched to a patient’s clas-
sification provides a large enough benefit to warrant 
implementing the classification process in clinical prac-
tice. A second issue is that post hoc subgroup analyses are 
often performed, particularly in randomized controlled 
trials where an overall treatment effect is not detected. 
Such analyses are not recommended (Rothwell 2005). 
The analyses can often include subgroups that are not 
based on characteristics present prior to randomization. 
Thus, the subgroups can be the result of aspects of the 
treatment provided rather than truly distinct subgroups 
that respond differentially to treatment (Klebanoff 2007). 
The analyses also often result in subgroup effects due 
merely to chance or underestimate effects because the 
post hoc subgroups are too small to provide sufficient 
statistical power (Rothwell 2005). A final issue is that 
there is minimal replication of findings outside the group 

Whether the subgroup of patients identified with a CPR 
influences treatment effects, however, has to be tested in a 
randomized controlled trial that tests for the interaction 
of subgroup and treatment condition (Hancock et al., 
2009; Kamper et al. 2010). One initial validation study has 
been conducted for the TBC stabilization subgroup 
(Childs et al. 2004). Whether the characteristics identified 
in a CPR are those also considered to contribute to the 
person’s low back pain condition is uncertain. This would 
depend, in part, on the process used to identify variables 
to include in the initial development. Treatment based on 
information about what contributes to a condition is 
usually considered more effective than treating individual 
clinical characteristics (Zimny 2004). Given that most of 
the classification systems available at this point in time are 
in the development and early validation stages, the value 
of any one method over another is not known. A combina-
tion of methodologies will likely provide the best outcome. 
Replication of subgroups with different methodologies 
will increase confidence that the subgroups exist in the low 
back pain population.

A second issue is that there is variability in the methods 
and amount of testing of the measurement attributes (reli-
ability and validity) of most classification systems. The 
four systems we have described each have been examined 
for reliability of clinicians to assign a classification. The 
majority of the testing has been conducted within the 
research group involved in the development of the specific 
system, and with clinicians with variable amounts of spe-
cialty training. Overall, physical therapists familiar with 
the system (provided with specific training, have several 
years of clinical experience or have used the system in the 
clinic or research), appear to be able to attain clinically 
acceptable reliability (Cicchetti and Sparrow 1981). The 
results of reliability studies of more novice therapists to 
classify are not as consistent. The amount of training and 
the effect of prior clinical experience on ability to make 
decisions consistently currently is not known. The reliabil-
ity of clinicians to classify people with low back pain may 
be enhanced by using a standardized manual of opera-
tions and procedures that includes the classification algo-
rithm, and provide standardized training and evaluation 
of knowledge level before conducting the formal reliabil-
ity testing.

Many of the systems for classifying low back pain are in 
the development phase with minimal validity testing 
(Billis et al. 2007; Kamper et al. 2010). As outlined, the 
four classification systems we have described have been 
examined for some aspects of validity. The emphasis of 
this testing, however, has differed among the systems. 
Some validation of the TBC, MSI and the OS system has 
been through the use of multivariate statistical approaches 
using prospective study designs (Delitto et al. 1992; Van 
Dillen et al. 2003; Dankaerts et al. 2009). The goal of 
these studies has been to examine data from tests of 
patients with low back pain to determine whether there 
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have compared different treatments in heterogeneous 
populations of ‘non-specific’ low back pain patients. 
Maybe we should stop doing these trials. For example, it 
doesn’t seem relevant to conduct a trial on proprioception 
exercises if you don’t know how to measure propriocep-
tion and as long as you don’t know if there is a causal 
association between proprioception and low back pain. 
There seems to be consensus that interventions should be 
better targeted at specific subgroups of patients. Trials of 
non-specific low back pain that fail to consider the hetero-
geneity of back pain presentation should be discouraged. 
To be able to reach this goal, we may need to reconceptual-
ize the research framework in the field of low back pain. 
A stepwise multidisciplinary approach might be useful 
that includes:

• Basic research on cadavers, animals and humans 
should provide an empirical basis for plausible 
working mechanisms regarding a specific type of 
exercise for a specific and well-defined subgroup of 
low back pain patients.

• Observational studies in patients should assess the safety 
of the intervention.

• Efficacy should be assessed in an explanatory 
randomized trial in an experimental setting.

• Effectiveness should be assessed in a pragmatic 
randomized trial in clinical practice.

• Cost-effectiveness should be evaluated in an economic 
evaluation.

• Implementation of the intervention is the final step to 
ensure its uptake in clinical practice. Development of 
an adequate implementation plan and evaluation of 
process and patient outcomes are essential.

of researchers involved in the initial development and 
validation studies. Replication is needed to begin to 
provide evidence of the generalizability of a particular 
classification system to clinical practice.

No patient management system should be considered 
static and it is necessary to incorporate new evidence into 
existing systems; concepts emerge from research in the 
field; clinical practice is dynamic, changing in response to 
emerging evidence. Probably the most important issue at 
this time is to identify the types of people with LBP and 
then test the interventions that would be directed at that 
particular problem. Classification should improve the size 
of treatment effects currently documented since the clas-
sification process is, in part, used to match people to the 
most appropriate treatments.

CONCLUSION

After decades of low back pain research and many rand-
omized controlled trials on effectiveness of therapeutic 
interventions, it seems that we still do not know how com-
monly used low back pain treatments work and for whom. 
Randomized trials have not shown the effects that we had 
expected or would like to see. Study populations may not 
have been adequately selected and too heterogeneous, or 
interventions may not have been adequately developed.  
A randomized trial should not be a purpose on its own, 
but should answer a clinically relevant question about  
effectiveness of an intervention for which it is plausible 
that it is effective for that specific population. Many trials 
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INTRODUCTION

The objective of this chapter is to present a state-of-the-art 
overview on the question whether motor control changes 
are a cause and/or an effect of low back pain (LBP). It is 
based on a discussion among all the authors of this 
volume and a review of the literature. We have attempted 
to avoid overlap with the preceding chapters as much as 

possible, but have found it necessary in some places  
to repeat arguments made there or refer to data  
reported there.

The question at hand has obvious implications for the 
feasibility of motor control training as an approach to 
primary and/or secondary prevention of LBP. However, it 
should be kept in mind that even when, for example, poor 
motor control can cause LBP, this does not necessarily 
imply that motor control training is an effective, let alone 
the most effective, approach to primary prevention.

The first section of this chapter reviews observations on 
motor behaviour in individuals with LBP. In the second 
section, we discuss the evidence that motor control 
changes can be a primary cause of LBP. In the third section, 
we discuss evidence that LBP causes changes in motor 
control. Subsequently, we address the question whether 
these changes are adaptive, i.e. help the individual to deal 
with LBP-related impairments, or maladaptive, i.e. con-
tribute to the transition to chronic pain and/or recurrence 
of pain. The final section summarizes the main conclu-
sions and presents implications for clinical research and 
practice.

MOTOR BEHAVIOUR IN LBP

The available data on motor behaviour in LBP are pre-
dominantly cross-sectional in nature. It is therefore 
unknown whether differences in motor behaviour between 
individuals with and without LBP are a cause or a conse-
quence of their LBP. The issue is not moot, however, 
because the nature of the differences may help to inform 
us as to the likely nature of the relationship between LBP 
and motor behaviour.
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Several studies have found activity of the extensor 
muscles to be more asymmetric in subjects with LBP than 
in those without LBP (Hoyt et al. 1981; Triano and Luttges 
1985; Grabiner et al. 1992; Alexiev 1994), whereas other 
studies reported only a non-significant trend (Cram and 
Steger 1983), or no effect of LBP on symmetry of extensor 
muscle activity (Reeves et al. 2006). Finally, some studies 
report more ‘erratic’ temporal variation in activity of the 
extensor muscles in LBP patients than controls (Grabiner 
et al. 1992; Lamoth et al. 2006b).

Among the abdominal muscles, the rectus abdominus 
muscle (RA) was found to be more active during gait in 
patients with LBP than in healthy controls (van der Hulst 
et al. 2010a, 2010b). During an exercise called ‘abdominal 
hollowing’, activation levels of the internal oblique (IO) 
and RA muscles were not different between patients and 
controls, but the ratio of the two was different with a 
higher activation of RA relative to IO in the patient group 
(O’Sullivan et al. 1997). This finding was, however, not 
confirmed during free planar motions through the upright 
posture and during ramp contractions (van Dieën et al. 
2003a).

Transversus abdominus muscle activity has been inves-
tigated in a range of studies (for reviews see Hodges 
1999; Hodges and Moseley 2003 and Chapter 6). Gener-
ally its activity in self-induced perturbations was delayed 
and activity levels were reduced. The delayed activity was 
associated with a reorganization of the motor cortex 
(Tsao et al. 2008). In addition, activation of this muscle 
in relation to a self-induced perturbation appeared less 
variable in timing in LBP patients than in healthy con-
trols (Jacobs et al. 2009b), which may be suggestive of 
increased conscious control in the patient group (Jacobs 
et al. 2009a).

Trunk kinematics and kinetics
Most studies on trunk kinematics in LBP have focused on 
the range of motion of the trunk during forward bending. 
Comparisons of hip and lumbar contributions to forward 
bending yielded conflicting results (Mayer et al. 1984; 
Paquet et al. 1994; Esola et al. 1996; Porter and Wilkinson 
1997; Commissaris et al. 2002), which may be due to the 
fact that hip mobility is impaired in a subgroup of LBP 
patients (Wong and Lee 2004). In a wheel-turning task, 
limited contributions of lumbar and hip motions were 
compensated for by arm movements (Rudy et al. 1995). 
While total range of motion of the spine is not consistently 
reduced in LBP patients (Marras et al. 1995; Lehman 
2004), some studies have demonstrated limited motion in 
one or more segments of the spine that could be compen-
sated for at other levels (Jayaraman et al. 1994; Kaigle 
et al. 1998; Cox et al. 2000).

Generally, velocity of lumbar motion, rather than range 
of lumbar motion, appears to better discriminate LBP 
patients from healthy individuals (Marras et al. 1995, 

Muscle activity
Differences in muscle activity between patients with  
LBP and healthy control subjects are quite inconsistent 
between studies (van Dieën et al. 2003b). In fact, a recent 
animal experiment suggests that excitatory and inhibitory 
effects on the control of the same muscle may co-exist at 
different levels of the motor control system (Hodges et al. 
2009).

Most research in this area has focused on activity of the 
lumbar erector spinae muscle (LES). A review thereof 
showed that results were highly inconsistent, with some 
studies showing more activity in patients than in healthy 
controls, and other studies showing less (van Dieën et al. 
2003b). For two classes of motor tasks, fairly consistent 
evidence was found for increased LES activation in LBP 
patients, i.e. in rest postures and in full flexion of the 
trunk. In rest postures such as upright standing and sitting, 
none of the studies reviewed reported decreased activity, 
but whether or not increased activity was found varied 
between postures, even when studied within the same 
group of subjects (Arena et al. 1989, 1991). In full flexion, 
most healthy subjects show flexion–relaxation, a complete 
electromyographical silence of the LES. This phenomenon 
is absent in many patients with LBP and this absence was 
associated with reduced intervertebral motion (Kaigle 
et al. 1998). In some motor tasks, particularly in submaxi-
mal isometric contractions, fairly consistent evidence for 
reduced activation was found. In dynamic conditions, 
some studies found increased, while other studies found 
decreased activity in LBP patients.

LES responses to sudden loading in quiet upright stance 
were shown to be delayed in LBP patients (Alexiev 1994; 
Magnusson et al. 1996). On the other hand, LBP patients 
also de-activated the extensor muscles later after a  
sudden release following isometric extensor contraction 
(Radebold et al. 2000; Reeves et al. 2005). These studies 
thus indicate a delayed response to perturbations irrespec-
tive of whether the LES turns on or off in this response, 
suggesting that the delay is not due to decreased  
LES excitability.

Other extensor muscles have been much less studied 
than LES. One study showed that LBP patients activated 
the thoracic erector spinae (TES) at a relatively low level 
compared to the LES (van Dieën et al. 2003a, see also 
Chapter 5). However, a study on a larger population 
showed that the opposite pattern was also found in a 
subgroup of patients (Reeves et al. 2006). Activity of the 
multifidus muscle (MU) was decreased relative to the 
superficial muscles in concentric activity (Lindgren et al. 
1993) and LBP patients were less well able to isometrically 
contract the muscle under visual (ultrasound-based) feed-
back than controls (Wallwork et al. 2009). In addition, 
activation of the deep, short-fibred part of the MU after 
self-induced perturbations was delayed in patients with 
recurrent LBP during remission (MacDonald et al. 2009).
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such experiments in humans. To our knowledge, animal 
experiments, while feasible, have not been performed. 
Strictly speaking therefore, causality cannot be proven.  
We thus discuss the feasibility of a causal relationship 
between motor control and LBP. This discussion is  
based on associations determined in observational studies 
and based on experimental studies that interrogate poten-
tial mechanisms through which motor control might 
cause LBP.

A potential mechanism for motor control to cause LBP 
is through the effects that motor control has on tissue 
loading. This is perhaps the most intuitive and attractive 
theory because the idea that self-generated forces can 
damage tissue is well established and accepted, and even 
sub-failure injuries of tissue activate nociceptors and set 
off inflammatory responses. Indeed, inflammatory proc-
esses can be set in train purely by ongoing noxious stimu-
lation even without sub-failure tissue injury – activation 
of nociceptors signals the release of peptidergic inflamma-
tory mediators in the immediate area, which have the 
potential to engage the full spectrum of local and adaptive 
inflammatory responses (Lynn 1996). The role of (sub-
failure) mechanical tissue injury in LBP is indirectly sup-
ported by a range of clinical, epidemiological and 
experimental studies (see van Dieën and van der Beek 
2009 for an extensive review). It is very difficult, however, 
to confirm the presence of microtrauma or sub-injury 
noxious activity in the back, which makes the theory 
impossible to substantiate, at least with current investiga-
tive technologies. As yet, the literature provides no solid 
proof that motor control changes cause LBP and at present 
only potential scenarios of how motor control could cause 
LBP can be proposed.

There is a large amount of theoretical literature that 
proposes instability of the spine to be a cause of high 
tissue strains and/or impingements, thereby causing injury 
and pain (Panjabi 1992a, 1992b). Given that the osteoli-
gamentous spine is inherently unstable, loss of control 
over spinal curvature or spinal movement, due to motor 
control errors, could theoretically lead to instability (see 
Chapter 5 and Cholewicki and McGill 1996a). The prob-
ability of such motor control errors is likely dependent on 
the individual quality of motor control (motor skill) as a 
variable trait as well as on situational factors.

Cadaver testing has shown that high and repetitive com-
pression on, and bending and torsion of the spine can 
cause injuries, and such injuries may in vivo be a cause of 
LBP (van Dieën et al. 1999; van Dieën and van der Beek 
2009). Specific motor habits, such as a habitually flexed 
posture, might cause such unnecessarily high, sustained or 
repeated loading and thus contribute to LBP (see also 
Chapters 7 and 8). Also, habitually increased levels of 
trunk muscle co-activation may induce unnecessarily high 
loading without visible changes in motor behaviour.

Below we will first review the epidemiological support 
for the two mechanisms (instability and high spinal 

1999). Lumbar motion occurs more slowly in LBP patients 
(Boston et al. 1993, 1995; Marras et al. 1995, 1999, 2005; 
Wong and Lee 2004). Data available on relative timing  
of lumbar and hip motion are inconsistent (Boston  
et al. 1993, 1995; Commissaris et al. 2002; Wong and  
Lee 2004).

Several studies have assessed trunk rotations in the 
transverse plane during walking. At increasing speed, 
healthy controls switch from in-phase to out-of-phase 
transverse rotations of the pelvis and thorax, whereas in 
LBP patients rotations remain more in-phase (Selles et al. 
2001; Lamoth et al. 2002, 2006a, 2006b). This pattern 
would seem consistent with either an attempt to limit the 
range and velocity of lumbar rotation, or a consequence 
of increased rotational stiffness of the lumbar spine.

The literature indicates a reduced precision of trunk 
postural control in LBP patients. For example, after being 
trained to move their trunk to a target position, LBP 
patients were as accurate as controls. However, they did not 
perform the task in the same way – they used an increased 
deceleration time, which is consistent with a greater reli-
ance on closed-loop (feedback) control to compensate for 
reduced precision (Descarreaux et al. 2005b). Further-
more, control of balance in sitting appeared less adequate 
in subjects with LBP, with one study reporting larger and 
faster sway (Radebold et al. 2001) and another study 
reporting reduced sway frequency (van Dieën et al. 2010). 
In standing, postural sway and time to recover balance after 
a perturbation are increased with LBP and this coincides 
with reduced trunk movements (Mok et al. 2007).

Conclusion
From the literature reviewed it is evident that motor 
control and motor behaviour are different in patients with 
LBP from healthy controls. However, there appears to exist 
substantial variability in motor behaviour between sub-
jects with LBP, sometimes with opposite differences to 
healthy controls in different subgroups of patients. That 
is, it seems that although people without LBP pain move 
and control their back in a similar fashion, those with LBP 
often have a different way of moving and controlling their 
back and the manner in which it is different seems to vary 
widely between individuals. This variability may account 
for the lack of consensus between studies as to the  
characteristic movement and control patterns in people 
with LBP.

CAUSE

To determine if motor control changes can cause LBP, one 
would have to manipulate motor control (and nothing 
else) and wait to see if LBP would result. Apart from practi-
cal problems, obvious ethical limitations would preclude 
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frequent trunk bending and twisting (Punnett et al. 1991; 
Hoogendoorn et al. 1999, 2000; Lotters et al. 2003) are 
associated with LBP. It can be questioned, however, 
whether the contrasts in exposure levels in such studies 
(e.g. the degree and frequency of trunk bending in differ-
ent occupations) are not much larger than the effect on 
exposure that inefficient motor habits might have (e.g. the 
difference in trunk bending between individuals based on 
their motor habits).

Experimental evidence
A modelling study indicated that spinal instability may 
occur in tasks that impose low mechanical loads on the 
spine, while the spine would be stable in tasks imposing 
high mechanical loading (Cholewicki and McGill 1996b). 
However, it was later shown that the latter conclusion 
depends on the assumed relation between muscle stiffness 
and force, suggesting that spine instability might also 
occur in tasks that impose very high loads on the spine 
(Brown et al. 2005). However, perturbation experiments 
in lifting from ground level indicate a high robustness of 
trunk control in these demanding tasks (van der Burg et al. 
2000) due to the intrinsic stiffness of the musculature and 
the fact that ample time for feedback corrections is avail-
able, because the perturbation force usually applies at 
distal segments (van der Burg et al. 2005a). Indications of 
a loss of control over spinal posture were found in less 
demanding, upright standing lifting tasks (van der Burg 
et al. 2003, 2004), probably due to lower pre-activation of 
trunk muscles (Cholewicki and McGill 1996b; Cholewicki 
et al. 2000; Stokes et al. 2000).

In addition to external perturbations, changes in the 
neuromusculoskeletal system may increase the probability 
of spinal instability. Theoretical considerations indicate 
that the probability of a loss of control over segmental 
motion in the spinal column increases when degenerative 
changes or spinal injury have caused a segmental loss of 
stiffness (Panjabi 1992a, 1992b and see Chapter 5). In 
addition, experimental data suggest that the probability of 
a loss of control over trunk motion might increase with 
additional challenges, such as when breathing is chal-
lenged (McGill et al. 1995; Hodges et al. 2001), when a 
cognitive dual task is performed (Brereton and McGill 
1999), after sustained trunk bending has caused ligament 
creep (Sanchez-Zuriaga et al. 2010, see also Chapter 14), 
or when trunk muscles are fatigued (van Dieën 1996; van 
Dieën et al. 1998; Granata and Gottipati 2008).

In addition to instability, perturbations of trunk posture 
and motion have been associated with high tissue loading. 
High spinal loading due to vigorous muscular responses 
has been shown to occur when mechanical perturbations 
cause balance loss (Oddsson et al. 1999; Mannion et al. 
2000; van der Burg et al. 2005b), in line with the epide-
miological association between balance loss and LBP.

loading) by which motor control might play a role in the 
causation of LBP. Subsequently, we discuss experimental 
studies that have attempted to demonstrate proof for 
(parts of) the chain of events by which motor control 
could cause LBP.

Epidemiological evidence
One epidemiological study has associated balance loss to 
LBP (Manning and Shannon 1981). Reeves et al. (2006) 
studied differences in relative activation of LES and TES as 
described above in a longitudinal study. Activation imbal-
ance between erector spinae activity at different levels was 
similar for individuals who did not get LBP and those who 
sustained first time LBP, which suggests that imbalance 
does not cause LBP. A preliminary study in people with 
neck pain but no back pain demonstrated those with poor 
ability to perform a voluntary activation of the lower 
abdominal muscles, poor performance on which is associ-
ated with abnormal postural activation of transversus 
abdominis during arm movements (Hodges et al. 1996), 
were 3–6 times more likely to develop persistent or recur-
rent LBP in the following two years than those who per-
formed well on this task (Moseley 2004b).

Cholewicki et al. (2005) found evidence for a weakly 
increased risk of LBP in athletes with slower responses of 
trunk muscles to sudden postural perturbations. Takala 
and Viikari-Juntura (2000) reported that poor balance 
control was a weak predictor of future LBP in a working 
population. In contrast, trunk position sense (Silfies et al. 
2007) and seated balancing performance (Cholewicki 
et al. 2005) were not predictive of future LBP among ath-
letes. Other studies have addressed personal traits that 
might be reflective of poor trunk control. For example, the 
absence of the normal flexion–relaxation response in 
people with back pain was positively related to self-efficacy 
and fear avoidance beliefs (Watson et al. 1997) and 
double dissociation experiments show that range of trunk 
movement can be altered in people with LBP by purely 
cognitive interventions in a manner that is consistent with 
a relationship between movement and perceived threat of 
injury (Moseley 2004a).

There are data that suggest that athletes are less likely to 
get LBP than non-athletes (Videman et al. 1995), which 
might support a protective role of motor skill. However, it 
might also implicate a role of strength, activity pattern and 
level, psychological and behavioural factors. Moreover, 
high incidences of LBP have been reported in specific 
populations with relatively good motor skills, such as 
physical education teachers (Tsuboi et al. 2002; Stergiou-
las et al. 2004) and athletes (Sward et al. 1990, 1991).

To our knowledge no major prospective epidemiologi-
cal studies on inefficient motor habits and LBP have been 
performed. However, some indirect evidence comes from 
occupational epidemiology, showing that for example 
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Wyke 1987; Johansson and Sojka 1991) and the pain-
adaptation model (Lund et al. 1991). Both propose that 
pain results in predictable (though different) changes in 
motor behaviour through simple ‘hard-wired’ mecha-
nisms. As is evident from the large variability in findings 
reviewed above, predictions of these models with respect 
to LBP are not confirmed by experimental data on clinical 
pain (van Dieën et al. 2003b).

In this section, we first review effects of experimentally 
delivered noxious stimuli, and next consider studies on 
clinical LBP with a focus on the time course of pain and 
motor control changes. The latter might provide support 
for a causal relationship between pain and motor control, 
where differences in motor control between patients and 
healthy controls do not exist prior to the incidence of LBP, 
and where differences in motor control disappear when 
pain disappears.

Motor control and experimentally 
induced pain
Pain induced through injection of hypertonic saline in the 
LES coincided with an increase in LES activity in sitting, 
which appeared to be correlated with pain intensity (Cobb 
et al. 1975). Experimentally induced pain also coincided 
with an increased activity of the LES during gait, a pattern 
of activation similar to that observed in people with 
chronic LBP (Arendt-Nielsen et al. 1996; Lamoth et al. 
2004). Furthermore, and again similar to changes in clini-
cal studies, increased LES activity in end-of-range flexion 
was found (Zedka et al. 1999). However, Zedka et al. 
(1999) found no effects on LES stretch reflex amplitude, 
no changes during trunk bending movements and even a 
reduced LES activity during trunk extension movements. 
In a recent, unpublished experiment, induced pain had 
variable effects on the instant of activation of several 
superficial trunk muscles in self-induced perturbations. 
There was a tendency for all participants to have increased 
activity of at least one of the superficial muscles, but which 
muscles varied between participants. However, the activa-
tion of the TA muscle appeared to be consistently delayed 
during voluntary arm movements, again in a manner 
similar to that observed in people with chronic LBP 
(Hodges et al. 2003; Moseley et al. 2004b).

With induced pain, trunk muscle activation times 
became less variable over repeated self-induced perturba-
tions in a subgroup of subjects and this effect was associ-
ated with negative pain-related cognitions (Moseley and 
Hodges 2006). In apparent contrast with induced pain, 
trunk muscle activity was found to be more variable over 
stride cycles in gait (Lamoth et al. 2004). In addition, force 
variability in isometric trunk extensions increased with 
experimentally induced pain through electrical stimula-
tion of the skin, although only at high (75% of maximum) 
force levels (Descarreaux et al. 2005a). Trunk kinematics 

Differences in motor behaviour during a given task have 
been shown to have potent effects on spinal loading. To 
give some examples:

• The use of strategies such as tilting and sliding of 
loads and use of hand support during lifting can 
strongly affect back loads (Faber et al. 2007).

• Speed of movement has a strong effect on back load 
in lifting (Davis and Marras 2000).

• Sustained trunk bending, for example in slouched 
sitting, induces ligament creep, which has been 
associated with ligamentous injury in animal 
experiments (Solomonow et al. 2003, see also  
Chapter 14).

• Increased co-activation of trunk muscles has been 
shown to have substantial effects on spinal 
compression and shear forces in lifting tasks (Granata 
and Marras 1995; van Dieën and de Looze 1999; de 
Looze et al. 1999).

Conclusion
We contend that the data reviewed above suggest that it is 
feasible that the way we move and control our trunk 
muscles might cause excessive strains of spinal tissues, and 
thus contribute to the development of LBP. The probabil-
ity of such a loss of control would be determined by both 
individual traits (i.e. motor skill) and situational factors 
(e.g. presence of degenerative changes, fatigue and task 
demands). The literature reviewed also indicates that ‘inef-
ficient’ motor control strategies may cause unnecessarily 
high, frequent, or sustained loading and that such loading 
can be a cause of LBP. At present, we can conclude that 
causal relationships are biologically plausible but far from 
proven.

EFFECT

To determine if LBP causes motor control changes, one 
would have to manipulate pain (and nothing else). This 
is, however, difficult if not impossible. The most obvious 
approach is to use a noxious stimulus such as an injection 
of hypertonic saline into the low back musculature. 
However, motor control changes might be a result of the 
nociceptive signal itself, of pain, or of associated cognitive 
factors such as fear (see Chapter 11). In light of the fact 
that nociception is a potent modulator of pain (although 
it is neither sufficient nor necessary), and for the sake of 
synthesizing the relevant work into one overview, we will 
use ‘pain’ to encompass nociception, pain and pain-
related cognitions.

Two models that predict effects of pain on motor control 
have gained substantial influence in science and clinical 
practice: the pain–spasm–pain model (Travell et al. 1942; 
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effects of the presence of pain, but leaves the possibility 
that they are triggered by pain to then remain in place, 
that they are effects of noxious stimulation (which can 
occur without pain), or effects of cognitions often associ-
ated with pain. Although effects of experimentally induced 
and clinical pain were not replicated by performance of a 
cognitive stressful task (Moseley et al. 2004b), anticipated 
experimental back pain did replicate the effect of pain, at 
least with regard to postural activation of the trunk 
muscles during voluntary arm movements (Moseley et al. 
2004a). In further support of an indirect relationship 
between pain and motor control changes through pain-
related cognitions is the finding that pain coping strate-
gies – catastrophizing and distraction – relate to motor 
control changes in people with LBP (van der Hulst et al. 
2010c), but pain intensity does not (van der Hulst et al. 
2010b).

ARE MOTOR CONTROL CHANGES 
THAT COINCIDE WITH LBP ADAPTIVE 
OR MALADAPTIVE?

Generally, human motor control rapidly adapts to chang-
ing circumstances and there is little reason to assume to 
that the presence of pain would not be a very strong stimu-
lus for motor control changes. Motor control changes may 
thus reflect adaptive responses triggered by noxious stimu-
lation, pain, or by pain-related cognitions. Like pain itself, 
these responses may be functional, but also like pain, they 
may persist beyond the need for them to do so.

Chapters 5 and 6 have extensively discussed the ques-
tion of the adaptive value of motor control changes with 
LBP. These chapters have emphasized adaptive aspects in 
providing a more robust control (van Dieën et al. 2003a), 
but also indicate that these changes may have adverse 
long-term consequences, such as increased joint loading 
(Marras et al. 2001, 2004; Healey et al. 2005), increased 
muscle fatigue (van Dieën et al. 2009), and impaired 
balance control (Mok et al. 2004, 2007). Furthermore, 
pain may coincide with a reduction in motor variability 
(Moseley and Hodges 2006; Jacobs et al. 2009a), which 
may hamper behavioural flexibility and re-learning of 
normal control. Chapter 11 proposed that, insofar as acute 
pain is often adaptive and helpful but chronic pain is often 
not, motor control changes may be similarly helpful in the 
short term but problematic later.

The variance of motor control changes between LBP 
patients may also be relevant clinically. Some adaptive 
responses may be more effective than other responses and 
also differences in adverse side effects may be present. This 
may suggest approaches for sub-grouping of patients for 
motor control interventions. Finally, an important ques-
tion will be whether an underlying disorder (still) requires 
motor control adaptations in an individual patient or 

in gait were not affected by experimentally induced LBP 
(Lamoth et al. 2004), while trunk motions in standing 
sway were decreased coinciding with compensatory 
increases in knee motion to control postural sway (Smith 
et al. 2005).

Motor control during remission or 
after recovery from LBP
Only very few longitudinal studies on motor control in 
relation to LBP are available. In a study by Reeves et al. 
(2006), it was found that imbalance in activation between 
LES and TES was not manifest before the onset of LBP, 
suggesting that this imbalance was a consequence rather 
than a cause of LBP. On the other hand, the imbalance 
remained after recovery from LBP, indicating that the pres-
ence of pain does not directly determine this change in 
motor control.

Cholewicki et al. (2002) studied trunk muscle responses 
to perturbations of trunk posture. Delayed responses  
were present after recovery from LBP, but a later study 
(Cholewicki et al. 2005) revealed that these delayed 
responses were also predictive of future LBP, suggesting 
that the changes are a cause a rather than an effect of LBP, 
although it should be noted that only a small number of 
the participants had not previously suffered LBP.

Hodges and Richardson (1996) studied transverse 
abdominus muscle activation in response to self-induced 
perturbations in subjects with a history of LBP. They found 
delayed activation of the muscle relative to the onset  
of the perturbation. Similarly, MacDonald et al.  
(2009) studied extensor muscle activation in response  
to self-induced and externally induced, unpredictable 
(Macdonald et al. 2010) trunk perturbations during remis-
sion of LBP. The deep parts of the multifidus muscle were 
active earlier than the more superficial parts in the healthy 
participants and on the non-painful side in the remission 
group, but not on the previously painful side in the remis-
sion group. Thus, activity of deep back muscles is different 
in people with a recurrent unilateral LBP, despite the reso-
lution of symptoms.

Conclusion
The replication of some of the findings from clinical 
studies in experiments with induced pain strongly sup-
ports the idea that noxious stimulation, or pain, or cogni-
tive variables associated with both, or any combination of 
these three, causes changes in motor control. The litera-
ture also shows some disparities between motor control 
changes in clinical, chronic LBP and in experimentally 
induced LBP, but given the inconsistencies among clinical 
studies these disparities are difficult to interpret. Longitu-
dinal studies show that some motor control changes may 
linger after pain has disappeared or is in remission. This 
indicates that these motor control changes are not direct 
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training are unlikely to be cost-effective. However, in sec-
ondary prevention, there may well be a role for motor 
control training to avoid loss of control and to redress 
inefficient control strategies. Furthermore, because motor 
control changes appear to be caused by noxious stimula-
tion, pain, pain-related cognitions, or all three, there may 
be a role for motor control training in secondary preven-
tion to either enhance adaptive changes or to de-learn 
such previously adaptive changes, when these are no 
longer needed. To support clinical decision-making, lon-
gitudinal studies are needed to disentangle the adaptive 
and maladaptive aspects of motor control changes that 
coincide with pain.

whether alternative control strategies can, and should, be 
explored.

CONCLUSIONS AND CLINICAL 
IMPLICATIONS

Poor motor control may play a role in causation of  
LBP, but the relationship with LBP incidence requires 
further confirmation. Furthermore, the evidence suggests 
a limited contribution of individual motor skill and 
hence primary prevention efforts through motor control  
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INTRODUCTION

This chapter focuses on the role of proprioception in sen-
sorimotor control of the spine and considers the specific 
contribution of its sensory components in preventing 
tissue overload and injury. The importance of impaired 
proprioception in individuals with low back pain is dis-
cussed, as are the methods used to evaluate its effects. The 
final section considers whether proprioception can be 
improved by training, and discusses the potential benefits 
this may have for patients with low back pain.

DEFINITION OF PROPRIOCEPTION

The somatosensory system conveys information about 
touch and proprioception. While touch is a straightfor-
ward sensation familiar to us as clinicians and scientists, 
proprioception is a mysterious sense, because we are 

largely unaware of it during activities of daily living. Only 
in certain conditions does this sensation become con-
scious (e.g. kinaesthetic illusions during muscle vibra-
tion). However, the term ‘proprioception’, first used  
by Sherrington at the start of the twentieth century  
(Sherrington 1900), is generally used to describe ‘the 
unconscious perception of movement and spatial orienta-
tion arising from stimuli within the body’ (Stedman’s 
Medical Dictionary 2002).

Based upon neurophysiological studies, convention has 
identified four components of proprioception: (i) the 
kinaesthetic sense or kinaesthesia (i.e. sense of position 
and movement sense) (Bastian 1888); (ii) sense of tension 
or force; (iii) sense of balance; and (iv) sense of effort or 
heaviness (Proske 2005). In the literature and in the  
clinic, most attention is focused on the kinaesthetic  
sense, namely that of position and movement.

The current (but not universal) view is that kinaesthetic 
sense is provided predominantly by muscle spindles with 
some contribution from skin and joint receptors; the sen-
sation of force is provided by Golgi tendon organs; and 
the sense of balance is provided by the vestibular system. 
Sense of effort, which should be distinguished from the 
peripheral sense of force, is thought to be a central phe-
nomenon that is generated somewhere upstream of the 
motor cortex (Gandevia et al. 1992; Gandevia 1996; 
Proske 2005; Proske and Gandevia 2009).

Evidently some proprioceptors such as the muscle spin-
dles and Golgi tendon organs can act in isolation to 
produce spinal reflexes without the need for any higher 
input. This enables them to initiate rapid and forceful 
muscle contractions in response to sudden perturbations 
in order to prevent tissue injury. However, proprioceptors 
also play a central role in the maintenance of posture and 
in the control of voluntary movement. This relies upon 
intricate and complex circuitry in both the spinal cord and 
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intervertebral joint position can activate facet joint recep-
tors (Pickar and McLain 1995; Yamashita et al. 1990). 
Facet joint receptors in the lumbar spine may therefore 
serve a proprioceptive function within the physiological 
range of movement.

Muscle spindles in the dorsal paraspinal muscles are 
clearly loaded within the physiological range of low back 
movement (Cao et al. 2009a). Spindles in the lumbar long-
issimus and multifidus muscles are more sensitive to ver-
tebral position and to the velocity of vertebral movement 
than spindles in the arm and leg muscles are to limb posi-
tion and movement (Cao, et al. 2009a, 2009b). Position 
sense of the trunk appears at least comparable if not better 
than that of the appendicular skeleton depending upon the 
positioning task (Jakobs et al. 1985; Taylor and McCloskey, 
1990; Ashton-Miller et al. 1992). The back actually has 
substantial proprioceptive acuity exhibiting repositioning 
errors of less than 1 degree in flexion–extension tasks 
(Jakobs et al. 1985; Ashton-Miller et al. 1992; Brumagne 
et al. 2000). Rotational repositioning of the trunk appears 
even more accurate than that in the neck (Taylor and 
McCloskey 1990) despite neck muscles having the highest 
density of spindles (Richmond and Abrahams 1975).

Experimentally, muscle vibration is a strong stimulus for 
muscle spindles evoking not only reflex motor responses 
(tonic vibration reflex, antagonist vibration reflex) but also 
sensory effects (illusion of joint movement, muscle length-
ening). The sensory effects demonstrate that some muscle 
spindle input projects to the sensory cortex and evokes 
conscious awareness. In the limbs, muscle spindles tend 
to concentrate in the deeper and central portions of 
muscles, where oxidative extrafusal fibres predominate. In 
cases where oxidative fibres predominate in the superficial 
muscle layer, muscle spindles are also located superficially  
(Kokkorogiannis 2008). In the lumbar spine, examination 
of fetal tissue indicates that more muscle spindles are 
located in the intermediate than in either the medial or 
lateral portion of the low back musculature (Amonoo-
Kuofi 1982). On average, the spindles may be superficially 
located, lying less than a millimetre below the dorsal 
surface of the back. The number of spindles in the lumbar 
region appears higher than in the thoracic region but 
when normalized for muscle area, spindle density is lower 
in the lumbar region compared to either the thoracic or 
cervical regions due to the muscle bulk in the lumbar 
spine (Amonoo-Kuofi 1982, 1983).

In the spine, the small intervertebral muscles, which are 
mechanically weak and act with short lever arms about the 
centre of rotation, have a much higher density of muscle 
spindles compared to the more superficial polysegmental 
muscles (Nitz and Peck 1986), suggesting that their main 
role is sensory. The short fibres of these muscles, which 
run between the spinous and mammillary or transverse 
processes of adjacent vertebrae, will be subjected to higher 
relative strains during spinal motion when compared to 
the long fibres of the paraspinal muscles. Spindles lying 

higher centres for these afferent inputs which must be 
integrated and processed in order to produce the most 
appropriate motor response. A strong relation therefore 
exists between the somatosensory system and the motor 
control system, hence the term sensorimotor control, 
which is now used frequently to describe the interplay 
between these two systems. However, it might be impor-
tant and fruitful to look at the specific contribution from 
the sensory part, if it is possible to disentangle the sensory 
from the motor component.

THE PROPRIOCEPTORS IMPORTANT 
FOR MOTOR CONTROL OF THE SPINE

Our knowledge of peripheral proprioceptive pathways  
has developed predominantly from studies in the limbs. 
While muscle, skin and joint receptors are thought to 
contribute to the sense of position and movement, current 
opinion considers the muscle spindle as the most impor-
tant source for proprioceptive feedback, in particular for 
detecting the direction of movement. The relative contri-
butions of skin and joint receptors may vary between dif-
ferent regions of the body (Collins et al. 2005). Muscle 
spindles in particular may provide a reliable source of 
proprioceptive information for joints crossed by uni-
articular muscles.

Based upon the muscle vibration studies of Goodwin 
et al. (1972), position sense and movement sense in the 
limbs are derived primarily from muscle spindles and not 
from joint receptors, as previously believed. In principle, 
activation of low threshold, mechanically sensitive joint 
receptors could serve a proprioceptive function if their 
discharge depended upon the degree to which the joint 
capsule is loaded over the range of physiological move-
ment. Unless the capsule is mechanically loaded, there is 
no reason to expect that embedded receptive endings 
would evoke a neural signal. A substantial number of 
studies in the limb joints show that very few joint recep-
tors respond in the mid-range of movement whereas most 
are responsive at the extremes of joint position and thus 
serve as limit detectors (reviewed in Gandevia 1996). At 
finger and elbow joints, the joint capsule does not deform 
during flexion movements and therefore is not the likely 
source of information enabling individuals to detect the 
direction of movement (Hall and McCloskey 1983).

It may not be appropriate to generalize conclusions 
regarding the proprioceptive role of joint receptors based 
upon studies of limb joints. In the lumbar spine, the facet 
capsule is preloaded in the neutral position and can 
therefore deform without buckling during physiological 
motion (Ianuzzi et al. 2004). Although it is difficult to 
record specifically from facet joint capsule afferents in the 
lumbar spine, a small group of studies suggests that 
lumbar movement which is not at the extremes of 
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that removal of the fascia in anaesthetised cats had no 
mechanical effect on proprioceptive signalling from 
lumbar paraspinal muscle spindles, at least during small 
passive vertebral movements (Cao and Pickar 2009). 
Receptors in the disc (Yamashita et al. 1993a) and a 
majority of those in the joint capsule (Yamashita et al. 
1990, Cavanaugh et al. 1997) are reported to have high 
mechanical thresholds, suggesting they more likely act as 
nociceptors when loading is extreme. However, lower 
threshold mechanosensitive afferents have been identified 
in the joint capsule, as well as in muscle and tendon 
(Yamashita et al. 1993a, 1993b), suggesting a role in  
proprioception. Spinal ligaments have been the subject  
of considerable interest in recent years and the presence 
of a specific ligamentomuscular reflex induced by large 
stretches of the supraspinous ligament has been confirmed 
in anaesthetized patients and animals (Solomonow et al. 
1998). These findings suggest that afferent input from 
spinal ligaments may be integrated into the proprioceptive 
input arising from primary and secondary muscle spindle 
afferents, and in this way may initiate reflex muscle activa-
tion via its influence on the gamma-motoneurone-muscle 
spindle system (Sjölander et al. 2002).

Understanding where in a causal chain proprioceptive 
deficits related to the muscle spindle can occur is compli-
cated by the fact that muscle spindles are the only somato-
sensory receptor whose mechanical sensitivity can be 
adjusted by the CNS. Intrafusal fibres of the muscle spindle 
apparatus are innervated by gamma-motoneurones whose 
discharge causes these fibres to contract thereby maintain-
ing the sensitivity of the spindle to stretch. Gamma-
motoneurones are thought to be coactivated with the 
alpha-motoneurones although there is evidence for inde-
pendent action. During co-activation, despite shortening 
of the spindle apparatus as the whole muscle shortens, the 
spindle can remain responsive as the gamma-motoneurones 
continue to activate the intrafusal fibres. Consequently, 
proprioceptive deficits related to the muscle spindle could 
occur at several different levels of the nervous system: 
within the sensory region of the spindle apparatus; in the 
CNS where afferent spindle input is integrated; in the CNS 
where gamma-motoneurones are controlled; and at the 
motor endplates of the spindle apparatus.

Dramatic changes in the responsiveness of muscle spin-
dles leading to feedback errors occur in experimental situ-
ations following maintained postures or positions. When 
a limb or limb muscle is held in a fixed position for a short 
period of time, non-recycling crossbridges form which 
stiffen the spindle at the new length without developing 
any active force (Hill 1968; Proske et al. 1993). Subse-
quent passive shortening excessively slackens and unloads 
the spindle while lengthening excessively tensions it. The 
direction of conditioning history relative to a reference 
position determines whether resting spindle discharge is 
augmented or diminished when compared to its discharge 
at the identical but non-conditioned reference position 

within them are likely to be activated more strongly pro-
viding greater sensitivity to intervertebral motion. Affer-
ents in these muscles may also initiate efferent activity in 
motor neurones at neighbouring levels, and the presence 
of intersegmental reflexes in the lumbar spine (Kang et al. 
2002) would help coordinate responses at multiple spinal 
levels.

While muscle spindles are now thought to be the most 
important receptors involved in kinaesthesia, cutaneous 
receptors and joint receptors may also play a role. The 
contribution from cutaneous receptors appears to be par-
ticularly important in some joints, such as those in the 
fingers, where the muscles controlling their movement lie 
some distance away. Here, the tendons must cross more 
than one joint, and it has been suggested that this could 
lead to less reliable input from muscle receptors (Proske 
and Gandevia 2009). Under these circumstances, there 
may be increased dependence upon skin receptors which 
can monitor joint movement more directly (Collins et al. 
2005). The importance of cutaneous receptors in spinal 
proprioception has received little investigation although a 
recent study found that tactile stimulation in the neck 
improved position sense in the cervical spine (Pinsault 
et al. 2010). It is possible that similar effects may operate 
in the low back.

Based upon studies in the appendicular skeleton, 
current thinking concerning joint and ligament receptors 
is that they probably make only a minor contribution to 
position sense and movement sense under normal circum-
stances because the vast majority of them are strongly 
activated only towards the limit of normal movement 
when tension within the ligament or capsule is high 
(Burgess and Clark 1969; Sjölander et al. 2002). However, 
several studies have identified the presence of low thresh-
old receptors in ligaments and joint capsules that are acti-
vated throughout the normal range of movement (Ferrell 
1980; Ferrell et al. 1987; Burke et al. 1988). Ligament 
afferents are known to synapse with spinal motor neu-
rones through interneurones (Sjölander et al. 2002). 
There is also evidence that they have strong supraspinal 
projections, including to the cortex (Pitman et al. 1992; 
Lavender et al. 1999) giving them the capacity to influence 
both reflex and voluntary control of movement. These 
findings suggest that ligamentous receptors fulfil several 
roles, with low threshold receptors providing information 
to the central nervous system (CNS) about joint position 
and movement during normal motion, and high thresh-
old receptors acting as limit detectors that help to protect 
the joint from excessive movement.

In the spine, sensory receptors have been identified in 
ligaments (Rhalmi et al. 1993), thoracolumbar fascia 
(Yahia et al. 1992), apophyseal joint capsules (McLain and 
Pickar 1998) and intervertebral discs (Yamashita et al. 
1993a; Roberts et al. 1995). All may potentially contribute 
to proprioception. Receptors in the thoracolumbar fascia 
have been little investigated although a recent study found 
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underscore this statement having revealed devastating 
effects on postural control when proprioception has been 
lost through large fibre neuropathy (Cole 1995), by 
cooling ischaemia (Thoumie and Do 1996) or injection 
of pyridoxine in humans (Stapley et al. 2002; Lockhart 
and Ting 2007; Ollivier-Lanvin et al. 2010), and by de-
afferentiation through dorsal rhizotomy in animals (Polit 
and Bizzi 1978). For the spine in particular, the visual 
system provides no direct sensory information about the 
position or movement of the back.

Proprioceptive feedback seems particularly important 
for spinal control. In the lumbar spine, its passive tissue 
properties do not adequately provide stabilization to 
prevent it from collapsing or buckling (Wilder et al. 1988; 
Cholewicki and McGill 1996). Consequently, combina-
tions of sensory feedback and feed-forward neural signals 
must contribute to the control of both intersegmental and 
regional spinal position and movements (Panjabi 1992; 
Cholewicki and McGill 1996). Feedback mechanisms are 
thought to account for 40% of the trunk stiffness  
that maintains stable posture during sudden loading 
(Moorhouse and Granata 2007). In contrast to the limbs 
where co-contraction of appendicular muscles accompa-
nies the need to accomplish accurate and precise  
movements, precision movements of the trunk appear  
to rely more on feedback control and less on  
stiffening by co-contraction arising from feed-forward 
control (Willigenburg et al. 2010).

In people with low back pain, the loss of proprioceptive 
information is not complete, i.e. they are not deafferented, 
yet they demonstrate decreased precision and decreased 
accuracy of position and movement compared to those 
without low back pain. However, adverse functional con-
sequences from this may not be guaranteed because 
people with back pain may be able to adapt their motor 
control strategies and accommodate for any such impair-
ment. In this section we will consider the observed prop-
rioceptive (sensory) changes in people with low back pain 
and discuss the factors that may contribute to them. In 
addition, the impact these changes have on spinal control 
and low back pain will be evaluated.

Numerous studies have shown that individuals with low 
back pain have altered (in most studies decreased) lum-
bosacral position sense when assuming a variety of pos-
tures such as standing, sitting and four-point-kneeling, 
compared to healthy control subjects (e.g. Gill and  
Callaghan 1998; Brumagne et al. 2000; O’Sullivan et al. 
2003). However, some studies show no difference in spine 
proprioception between individuals with and without low 
back pain (Descarreaux et al. 2005; Asell et al. 2006) or 
they show only a direction-specific change in propriocep-
tion, e.g. decreased acuity in the direction of flexion but 
not in spinal extension (Newcomer et al. 2000). Changes 
in proprioceptive acuity have also been seen in different 
populations such as young, middle-aged and elderly 
people, in highly active (e.g. professional ballet dancers) 

(Morgan et al. 1984; Gregory et al. 1988). This thixotropic 
behaviour has also been observed in the lumbar spine (Ge 
and Pickar 2008). Vertebral positions that lengthen the 
multifidus or longissimus muscles relative to a previously-
held reference position increase spindle discharge whereas 
positions that shorten these muscles decrease it (Ge et al. 
2005). In addition vertebral positions that lengthen the 
paraspinal muscles also decrease the velocity sensitivity of 
their spindles (Cao and Pickar 2011).

The significance of this intrafusal fibre thixotropy for 
motor control may lie in the introduction of unpredicta-
bility for the timing and magnitude of central neural 
responses (Hutton and Atwater 1992; Proske et al. 1993). 
For example, in the limbs, the error in spindle discharge 
affects spindle-mediated muscle reflexes (Gregory et al. 
1987; Gregory et al. 1990). Conditioning directions which 
hold the limb muscles long versus short produce opposite 
effects on the magnitude of both deep tendon and 
H-reflexes (Gregory et al. 1987; Gregory et al. 1990).

In the spinal column, passive changes in vertebral posi-
tion which could elicit thixotropic behaviour may be 
expected for two reasons. Intervertebral motion may 
contain a neutral zone, a region of the force–displacement 
curve where the facet joints, ligaments and intervertebral 
disc produce little resistance to motion (Oxland et al. 
1992; Panjabi 1992; Thompson et al. 2003). Second, hys-
teresis in force-displacement curves for the lumbar spine 
indicates that there is an indeterminacy to the passive 
position of a vertebra, despite unchanging internal forces. 
Both factors suggest that a vertebra’s spatial position may 
not be uniquely determined at low loads.

THE EFFECT OF IMPAIRED 
PROPRIOCEPTION ON  
SPINAL CONTROL

Posture and movement depend to a large extent upon the 
interaction between sensory and motor systems. With 
sensory signals provided by the somatosensory, vestibular 
and visual systems, the brain constructs internal represen-
tations of our bodies and the external world. Our precise, 
goal-oriented, purposeful movements can be performed 
effortlessly because the parts of the brain that control 
movement have access to these internal representations 
and to the sensory signals that continuously update them. 
The strong interactions between each sensory system and 
the motor control system are embodied in the concept of 
sensorimotor control. However, we probably cannot fully 
understand the spinal control problem in back pain unless 
we better understand the nature and consequences of 
somatosensory impairment. Therefore, this must be a pri-
ority for further study.

Theoretically, proprioception must be important in 
spinal control. Both clinical and basic research evidence 
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back pain on postural control by investigating postural 
sway. Differences in postural sway between people with 
low back pain and healthy controls depend upon the pos-
tural condition. During simple standing conditions, no 
differences in postural sway are observed between people 
with low back pain and healthy controls. If anything, even 
smaller sways are observed for the patient population 
(Brumagne et al. 2004a, 2008a, 2008b; Claeys et al. 2011). 
However, when stance conditions are made more chal-
lenging (for example by introducing unstable support sur-
faces, translating platforms, unipedal stance, or ballistic 
arm movements) then postural sway increases signifi-
cantly in people with low back pain compared to healthy 
individuals (Luoto et al. 1998; Mientjes and Frank 1999; 
Brumagne et al. 2004a; della Volpe et al. 2006; Henry 
et al. 2006; Mok et al. 2007; Popa et al. 2007; Brumagne 
et al. 2008a, 2008b; Claeys et al. 2011). Similar results 
have been obtained during unstable sitting, where larger 
sways are observed for people with low back pain com-
pared to healthy controls, especially at the most difficult 
stability levels (Radebold et al. 2001; Van Daele et al. 
2009).

Changes in postural balance in people with low back 
pain may be related to altered sensory reweighting (e.g. 
upweighting ankle proprioceptive signals and down-
weighting back muscle signals) (Brumagne et al. 2004a; 
della Volpe et al. 2006; Popa et al. 2007; Brumagne et al. 
2008b) and to changes in reference frames (e.g. offset in 
the subjective vertical) (Brumagne et al. 2008a). Accord-
ingly, people with low back pain seem to adopt a rigid 
postural control strategy in preference to a multi-segmental 
postural control strategy which may serve its purpose in 
restricting excessive movement during simple, familiar 
tasks but then becomes suboptimal under more complex 
postural conditions when it actually induces larger spinal 
motions (Brumagne et al. 2008a, 2008b; Claeys et al. 
2011; della Volpe et al. 2006; Henry et al. 2006; Mok et al. 
2004, 2007; Popa et al. 2007; Van Daele et al. 2009).

The question arises whether the reports on altered lum-
bosacral proprioception are related to local dysfunction of 
proprioceptors (e.g. due to disuse or damaged muscle 
spindles), thus affecting the quality of sensory reception 
used to track the spine, or to changes in central processing 
of these proprioceptive signals. In other words, is it a 
problem of sensory impairment or of impaired sensory 
integration? Position and movement sense paradigms are 
more inclined to target the receptor hypothesis. However, 
recent studies suggest that changes in central processing of 
proprioceptive signals (i.e. sensory integration) may also 
play an important role in the observed altered propriocep-
tion in patients with low back pain (Brumagne et al. 
2004a, 2008b; della Volpe et al. 2006; Popa et al. 2007; 
Claeys et al. 2011).

For optimal postural control, the CNS must identify  
and selectively focus on the sensory inputs (visual, ves-
tibular and proprioceptive) which are providing the most  

and sedentary individuals, in patients with mild and 
severe disability, and in patients with non-specific low 
back pain as well as those with spinal stenosis or disc 
herniation (e.g. Brumagne et al. 2000; Leinonen et al. 
2002, 2003; O’Sullivan et al. 2003; Brumagne et al. 2004a, 
2004c, 2008b). While advancing age has also been 
described as having a negative effect on lumbosacral pro-
prioceptive acuity, this is more manifest in elderly indi-
viduals with low back pain (Brumagne et al. 2004a).

Several mechanisms have been described which 
adversely influence lumbosacral proprioceptive acuity. 
For one, pain itself can have a direct negative effect on 
proprioceptive acuity, however the pain cannot solely 
explain the changes in acuity. Patients with recurrent low 
back pain tested during pain-free episodes still showed 
altered proprioception (Brumagne et al. 2008b; Janssens 
et al. 2010). Moreover, experimentally induced acute, 
deep back pain in healthy individuals did not change the 
magnitude of stretch-reflexes from their back muscles 
(Zedka et al. 1999). Animal studies have similarly indi-
cated that noxious stimulation does not alter propriocep-
tive signals from lumbar paraspinal muscle spindles 
(Kang et al. 2001).

In addition to pain, back muscle fatigue and decreased 
blood supply might have a negative effect on lumbosacral 
position sense. People with low back pain have been 
observed to have decreased back muscle endurance 
(Biering-Sørensen 1984; Brumagne et al. 1999b; Taimela 
et al. 1999; Johanson et al. 2011) and increased fatigue, 
which is often associated with ischaemia. The build-up of 
ischaemic metabolites might negatively affect propriocep-
tive control (Delliaux and Jammes 2006; Johanson et al. 
2011). There is also evidence that loading and/or fatigue 
of the respiratory muscles may induce an increased reli-
ance on proprioceptive signals from the ankles rather than 
the back muscles through an elicited metaboreflex that 
redistributes blood from the trunk muscles to the dia-
phragm (Janssens et al. 2010, 2012).

Other studies suggest that proprioception may be 
impaired by action exerted through the sympathetic 
nervous system on muscle spindle receptors. The sympa-
thetic nervous system may have both an indirect effect on 
proprioception by decreasing the blood flow to skeletal 
muscles (Thomas and Segal 2004) and a direct effect on 
muscle spindles, generally characterized by a depression 
of their sensitivity to changes in muscle length (Roatta 
et al. 2002). Moreover, sympathetic activation may also 
affect basal discharge rate of muscle spindles (Hellström 
et al. 2005). However, most of these results have yet to be 
confirmed in the human lumbar spine, since sympathetic 
modulation of muscle spindle afferent activity is mainly 
documented in animal studies and related to jaw and neck 
muscles (Passatore and Roatta 2006).

In addition to studies that have looked specifically at 
proprioceptive acuity of trunk muscles in people with back 
pain, others have looked more generally at the effects of 
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measurements. However, this highlights one of the prob-
lems with this type of testing because acuity during 
repeated testing can be improved due to a learning effect. 
As mentioned earlier, impairments in proprioceptive func-
tion in people with back pain often only manifest them-
selves under more challenging conditions where the 
person has not been able to learn the most appropriate 
response. Under normal everyday conditions, the body 
must continually respond to changing circumstances. 
Therefore, testing protocols that assess initial responses 
might be more relevant to the ‘real world’ and may be 
better able to demonstrate impairments in people with 
low back pain. Furthermore, the use of more complex tasks 
such as sit-to-stand may also prove more useful in this 
respect (Cordo and Gurfinkel 2004; Claeys et al. 2012).

Movement sense, the second component of kinaesthe-
sia, has also been used to assess spinal proprioception. 
This is normally assessed using tests of movement detec-
tion or movement discrimination, where the former iden-
tify thresholds to the detection of motion (Taylor and 
McCloskey 1990; Parkhurst and Burnett 1994; Taimela 
et al. 1999; Silfies et al. 2007) and the latter assess the 
ability to sense movement magnitude or direction (Garn 
and Newton 1988; Sharma 1999; de Jong et al. 2005). 
However, in studies of spinal proprioception, movement 
detection tests have been used more frequently than move-
ment discrimination tests.

In recent years, tests of velocity replication and velocity 
discrimination have also been reported in the literature 
(Lönn et al. 2001; Westlake et al. 2007) and it has been 
suggested that such tests may add to the repertoire of 
methods available for proprioceptive testing. However, 
such tests have not as yet been used for assessing spinal 
proprioception.

The question remains whether tests of position sense, 
movement sense and velocity sense, whereby individual 
components of proprioception are assessed separately, are 
the most appropriate methods for assessing propriocep-
tion. An alternative approach is to look more holistically 
at the system by using postural control or postural balance 
tasks (Mok et al. 2004; Brumagne et al. 2008b; Claeys 
et al. 2011). Such assessments can be performed while 
keeping the signals from the visual and vestibular systems 
relatively constant (e.g. by blindfolding subjects and 
removing head accelerations) (Allum et al. 1998), and can 
also incorporate the effects of sensory weighting by using 
muscle vibration.

The use of muscle vibration as an experimental probe 
can help in clarifying proprioceptive control in a more 
direct manner. Muscle vibration, often mistaken as a dis-
turbance, is a powerful stimulus of muscle spindles and 
can induce kinaesthetic illusions (Goodwin et al. 1972; 
Roll and Vedel 1982; Brumagne et al. 1999a; Cordo et al. 
2005). Direction-specific responses can be expected if the 
CNS uses the afference of the stimulated muscles for pos-
tural control. Therefore, muscle vibration can be used 

functionally reliable input. Presumably, reliability is deter-
mined by some kind of comparison with internal repre-
sentations contained in cortical, subcortical and cere bellar 
body maps. Through sensory reweighting and gain control, 
the CNS must integrate incoming sensory signals adap-
tively to cope with potentially conflicting and complex 
postural conditions in order to perform the task at hand. 
If some sensory signals are deemed unreliable, the CNS 
will increase the gain or upweigh another sensory system 
(e.g. vision over proprioception) or signals from a location 
within the proprioceptive system itself (e.g. ankle proprio-
ceptive signals over back proprioceptive signals) and/or 
downweigh the unreliable sensory system or signals (Bru-
magne et al. 2004a; Carver et al. 2006). In this way, the 
proprioceptive system can adapt rapidly to changing con-
ditions in order to coordinate movement and prevent 
excessive tissue loading.

Finally, proprioception plays an important role in the 
calibration of internal representations of the body  
(Gurfinkel et al. 1995; Lackner and DiZio 2000). The same 
proprioceptive signals may be processed differently 
depending upon which internal reference frame the CNS 
chooses at that time. The process involved in selecting a 
reference frame in order to interpret incoming propriocep-
tive signals is closely related to the mechanisms of a body 
scheme (Gurfinkel and Levik 1998). Plastic changes may 
occur in the brain that alter the perception of body image 
and body scheme. These may arise due to chronic pain 
conditions (Maravita et al. 2003; Moseley 2005) or tonic 
muscle activity as evoked by the Kohnstamm phenome-
non or muscle vibration (Gilhodes et al. 1992; Brumagne 
et al. 2004b; Ivanenko et al. 2006), and as a result prop-
rioceptive signals may be interpreted in a different way 
resulting in abnormal or impaired motor responses.

TESTING OF PROPRIOCEPTION

The previous discussion raises questions concerning the 
best methods for testing proprioception in the spine. Most 
studies on proprioception in healthy individuals and in 
people with low back pain have focused on repositioning 
accuracy in tests of spinal position sense (Gill and  
Callaghan 1998; Swinkels and Dolan 1998; Brumagne 
et al. 2000; O’Sullivan et al. 2003; Descarreaux et al. 2005; 
Asell et al. 2006; Silfies et al. 2007). Such tests have some 
obvious advantages, but also important disadvantages. 
Evaluations are often performed during simple tasks that 
involve flexing and extending the trunk either in standing 
or sitting. They are usually fairly intuitive, and can be 
performed in a clinical setting. Furthermore, the reliability 
of the measurements is generally good and can be  
substantially improved with repeated testing. For this 
reason, some investigators have advocated performing a 
minimum number of trial tests before making the actual 



Chapter What is the relation between proprioception and low back pain? | 19 |

225

proprioception. However, a better understanding of this 
process (e.g. why unstable support surfaces induce complex 
postural conditions, not only from a mechanical point of 
view but from a control perspective that may involve 
weighting mechanisms, gain control etc.) might further 
enhance the therapeutic interventions for postural control 
(Kiers et al. 2012). Moreover, taking into account all 
aspects of proprioception, such ‘balance’ training might 
represent only a part of proprioceptive training. Conse-
quently, more specific and direct proprioceptive exercises 
that are based on sensing, localizing and discriminating pro-
prioceptive signals of specific trunk muscles during func-
tional activities might be more effective. Preliminary 
results have shown that patients with recurrent low back 
pain can change their proprioceptive control strategy 
through ‘cognitive’ muscle control exercises (combined 
with muscle vibration) (Brumagne et al. 2005). Moreover, 
motor control training has been demonstrated to lead to 
motor learning of automatic postural control strategies 
that persist over time (Tsao and Hodges 2008).

Recently, stochastic resonance stimulation of paraspinal 
muscles evoked improved sitting balance control in 
patients with chronic low back pain, but no effect was 
demonstrated on spinal proprioception (i.e., movement 
sense) (Reeves et al. 2009). Further study is required to 
clarify this discrepancy and the effects of stochastic reso-
nance stimulation on the sensorimotor system of the 
spine.

‘Proprioceptive’ tape and neoprene braces are already 
used in clinical practice to enhance the patient’s awareness 
of lumbosacral spine position and movement (e.g. McNair 
and Heine 1999). The question arises whether propriocep-
tive tape has a real (long term) influence on lumbosacral 
proprioception or whether it just temporarily enhances 
awareness through cutaneous input. Moreover, one can 
argue that if tactile feedback is not the principal source of 
lumbosacral proprioception, then this type of intervention 
might have a negative effect on the neural control of 
posture and movement in the long run when the tape or 
brace is no longer present (i.e. negative transfer). Further 
research is necessary to demonstrate the effectiveness of 
such approaches.

Lastly, motor imagery, a dynamic mental process during 
which an individual internally simulates a motor action 
without any apparent motion of the body segments 
involved in that action, may play an important role in 
proprioceptive training of patients with low back pain. 
Motor imagery activates similar brain areas as the actual 
execution of a movement – the two differ only in the final 
motor output stage (Jeannerod and Frak 1999; Gerardin 
et al. 2000; Guillot et al. 2007). Visual motor imagery, 
already frequently used in neurorehabilitation and sports 
performance, requires one to imagine seeing oneself per-
forming a motor task. However, the modalities of motor 
imagery consist of not only visual imagery, but also 
kinaesthetic imagery (Guillot et al. 2009). Kinaesthetic 

during experiments using the ‘conscious’ position sense 
paradigm (Brumagne et al. 2000) and during experimen-
tal set-ups where ‘subconscious’ proprioceptive control  
is evaluated such as in postural balance paradigms  
(Brumagne et al. 2008b, 2012; Claeys et al. 2011).

Currently, only a limited number of studies have inves-
tigated central mechanisms (brain mapping) in relation to 
proprioceptive impairment in low back pain (Flor 2003; 
Tsao et al. 2008). People with chronic low back pain have 
been observed to have an altered somatotopic organization 
within their primary somatosensory cortex (Flor 2003). 
Representations for the low back were located more infe-
rior and medial, indicating an expansion toward the corti-
cal representation of the leg. According to Flor (2003), 
these results suggest that chronic pain leads to expansion 
of the cortical representation zone related to the nocicep-
tive input. An alternative explanation may be that this 
change in mapping is related to altered proprioceptive 
weighting, i.e. reweighting of the proprioceptive signals 
from the ankles at the expense of the lumbosacral afference 
(Brumagne et al. 2004a, 2008b, 2012; della Volpe et al. 
2006). Further investigation of this hypothesis is required. 
Tsao et al. (2008), using transcranial magnetic stimulation 
(TMS), showed that the motor cortical map of the trunk 
muscles is located more posterior and lateral in patients 
with recurrent low back pain compared to healthy controls. 
Moreover, the patient group showed greater symmetrical 
activation during an anticipatory postural control task 
compared to healthy controls. These results suggest that 
healthy persons use uncrossed polysynaptic corticospinal 
pathways that project via regions in the brainstem (Tsao 
et al. 2008).

Recently, TMS and neuroimaging techniques such as 
functional magnetic resonance imaging (fMRI) and func-
tional near-infrared spectroscopy (fNIRS) have been used 
to identify where kinaesthetic signals are processed in the 
brain, and they have provided evidence that the left cere-
bellum might act as a processor of sensory signals (Hagura 
et al. 2009). Neuroimaging techniques can also be used  
in conjunction with muscle vibration as an alternative 
approach for the evaluation of sensory and motor func-
tions (Montant et al. 2009; Goble et al. 2011). Use of  
these novel methods is in its infancy but warrants further 
investigation.

PROPRIOCEPTIVE TRAINING AND 
FUTURE DIRECTIONS

For most of us, proprioceptive training is associated with 
standing or exercising on unstable support surfaces such 
as a wobble board, a bosu ball, or a trampoline. Such 
approaches are based on the assumption that unstable 
support surfaces disturb postural balance and conse-
quently challenge the body’s sensory systems including 
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delayed trunk muscle responses (Cholewicki et al. 2005; 
Silfies et al. 2007) have an increased risk of developing 
back pain, information concerning the links between sen-
sorimotor impairment and the development of chronic 
back pain is lacking. Also, the role of sensorimotor impair-
ment in post-surgical patients has received little attention. 
Further prospective studies in this area will help to deter-
mine the importance of sensorimotor impairment and 
may help to target future training regimes in order to 
improve outcome in different patient groups.

Brain imaging techniques such as functional magnetic 
resonance imaging, diffusion tensor imaging or functional 
near-infrared spectroscopy may help to improve our 
understanding of the central mechanisms involved in pro-
prioception (e.g. the role of the cerebellum). Moreover, 
functional brain imaging techniques may provide a means 
to disentangle the sensory from the motor influences in 
determining sensorimotor control of the spine.

Finally, randomized controlled trials of interventions 
based on the mechanisms of proprioceptive impairment 
are necessary to demonstrate whether recovery of proprio-
ceptive function improves functional and clinical outcome 
in patients with low back pain.

imagery requires the person to imagine the feeling pro-
duced by the actual task performance, e.g. to perceive 
muscle contractions or stretching of muscles mentally. 
Kinaesthetic imagery activates similar brain areas as visual 
motor imagery, although the effects are not completely 
identical (Guillot et al. 2009). Moreover, a closer coupling 
in activated brain areas between kinaesthetic imagery and 
motor execution shows kinaesthetic imagery is a stronger 
functional equivalent of motor execution than visual 
imagery (Guillot et al. 2007). These results suggest differ-
ent roles for the two modalities of motor imagery, and the 
implications for proprioceptive training warrant further 
investigation.

Future studies are required to identify those aspects of 
proprioception that are most often altered in low back 
pain and to determine if such changes have any influence 
on spinal function, pain or disability. If specific compo-
nents of proprioception are impaired in low back pain 
then it is important to know whether they are a cause or 
consequence of the pain and whether they can predispose 
to chronicity.

While there is some evidence that people with poor 
postural balance (Takala and Viikari-Juntura 2000) and 
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INTRODUCTION

An issue of hot debate is how to extrapolate findings from 
research related to spine control into effective interven-
tions. As stated in Chapters 2, 5–10, there are differing 
views of the components of the optimal strategy to control 
the spine for function and how this changes with pain/
injury/dysfunction. This underpins different approaches 
to exercise rehabilitation of people with low back and 
pelvic pain. This chapter considers: (i) the issues for which 
there is consensus of opinion; (ii) the issues where opin-
ions differ; (iii) the relevance of this debate for rehabilita-
tion of low back and pelvic pain; and (iv) the questions 
that need to be addressed as a matter of priority to resolve 
the differences.

ISSUES WITH CONSENSUS  
OF OPINION

Despite the apparent divergence of opinion related to dif-
ferent approaches to understanding normal and abnormal 
spine control, and the extrapolation to design of clinical 
interventions to optimize control, there is in fact consider-
able agreement on fundamental concepts that underpin 
back pain management using approaches that target res-
toration of motor control of the spine. Key points of agree-
ment are:
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is control of the body segments that influences joint 
loading resulting from posture and movement choice; the 
other is control to stiffen spinal joints (such as those 
experiencing aberrant micro-movements from tissue 
damage with the potential to irritate nociceptors). Optimal 
spine control requires a balance between stiffness and 
movement and this balance will depend on the task. 
Although the demands of some tasks will be optimally 
met by increased stiffness (control of displacement), the 
demands of another may be better served by dynamic 
solution, such as optimized damping (control of velocity). 
These strategies require different muscle activation strate-
gies. Failure to match the right solution or a less than ideal 
solution to a specific context (which may involve too 
much or too little activity of a range of muscles) is unlikely 
to be ideal and may be a potential target for rehabilitation. 
This view is agreed.

Both extremes of compromised morphology and 
behaviour of a range of muscles, and conversely, aug-
mented activation of muscles could negatively impact 
lumbopelvic health. In both cases the argument can be 
reduced to consideration of suboptimal loading of the 
tissues. Reduced or compromised activity may lead to 
increased load as a result of less than ideal control of 
motion or insufficient stiffness. Reduced contribution of 
a range of muscles has been presented in the literature, 
including TrA (Hodges et al. 2007), LM (MacDonald 
et al. 2009), psoas (Ploumis et al. 2011), gluteus maximus 
(Hungerford et al. 2003), to name a few, although some 
appear prevalent in the back pain population, it is likely 
that many or most of these changes will be specific to 
subpopulations of people with low back and pelvic pain. 
For example, recent results suggest inhibition of gluteal 
muscles with experimentally induced hip pain and 
capsule pressure that is reversed by reduction of pain and 
pressure (Freeman and McGill, in press). In the case of 
increased activity, the load on the spinal structures may 
be increased via factors such as greater compressive force, 
excessive stiffening, altered damping (control of velocity) 
or compromised shock absorption. There is considerable 
evidence that people with low back and pelvic pain  
have increased muscle activity, but this varies between 
individuals (Hodges et al. 2003, 2013; van Dieën et al. 
2003). An important consideration is whether the 
increased activity is required (to compensate for decreased 
passive control of the spine leading to aberrant joint 
motion, perhaps due to injury (Panjabi, 1992)) or is 
problematic (with the additional load a cause of persist-
ence or recurrence of pain (Hides et al. 2001; Hodges and 
Tucker, 2011)). Both alternatives may be plausible but the 
relative balance between positive and negative effects 
may depend on the individual patient. Each patient has 
different compressive load tolerance, bending motion tol-
erance, joint laxity and therapeutic stiffening/compliance 
requirements that must be considered in treatment 
planning.

1. The spine is controlled by a complex interplay of 
many muscles (i.e. no single muscle is the most 
important for spine control).

2. Changing the manner in which a patient controls 
the spine and pelvis is likely to be beneficial in 
management of back pain.

3. Motor control of the spine can be changed with 
treatment/exercise.

4. Treatment involves consideration of more than a 
uni-dimensional focus on a single muscle or muscle 
activation strategy.

5. Treatment requires progression to enhanced 
execution of activities of daily living.

The following sections discuss the current state-of- 
understanding related to each of these issues of consensus 
and considers several issues that require further 
investigation.

The spine is controlled by a  
complex interplay of many muscles 
(i.e. no single muscle is the most 
important for spine control)
One issue that is often debated relates to which muscles 
provide the greatest contribution to stability for the spine 
and pelvis. There is consensus that this is the wrong ques-
tion. It is clear that each muscle of the complex array of 
muscles that surrounds or attaches to the spine and pelvis 
or adjacent regions provides a contribution to the control 
of lumbopelvic movement and stiffness. There is no doubt 
that back function requires an integrated contribution of 
a range of muscles (Cholewicki et al. 1997; Hodges and 
Richardson 1997; McGill et al. 2003) and this has been a 
consistent observation throughout the range of tasks that 
have been studied. However this fact has often been lost 
in the recounting of research observations. For instance, 
although early studies of the postural adjustment associ-
ated with arm movement are often cited as evidence that 
transversus abdominis (TrA) (Hodges and Richardson 
1997), lumbar multifidus (LM) (Moseley et al. 2002), dia-
phragm (Hodges et al. 1997) and pelvic floor muscles 
(Hodges et al. 2007) have a unique contribution to spine 
control, these studies also provide evidence of the impor-
tant contribution of the many other abdominal and back 
muscles. These other muscles act predictably to control the 
spine and pelvis in a manner primarily linked to the direc-
tion of reactive moments. Rather than consider which 
muscle is most important, it appears more appropriate to 
consider that an array of muscles is necessary to meet the 
demands of function. However, alteration of how the mul-
tiple muscles interact in functional tasks may have conse-
quences for the loading on the spine.

In basic terms it is essential to consider that the spine 
is controlled dynamically by the interplay of activity of the 
multiple muscles. The control operates at two levels: one 
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to the individual, and also specific to the environmental 
context.

A further point of consensus is that rehabilitation 
should follow a progression beginning with refinement/
restoration of the strategy for control of muscle activation, 
posture and movement. This early phase could involve 
identification of the most appropriate patterns of muscle 
activation, posture and/or movement that eliminate/
reduce pain. For example, pain may be controlled by 
encouraging a specific patient to maintain a lumbar lor-
dosis with appropriate co-activation of deep and superfi-
cial muscles of the lumbar spine during trunk flexion, or 
the exact opposite, encouraging a patient to allow spine 
flexion during this task, with the strategy that is selected 
based on the presenting features of the patient’s pain 
pattern. It is emphatically agreed that this necessitates 
comprehensive assessment to identify the patterns that 
could both be responsible for generation/perpetuation of 
nociceptive input to the central nervous system and be a 
candidate parameter that may have the potential to elimi-
nate this contribution to pain.

The initial step is to identify which aspects of move-
ment, posture and muscle activation may be relevant to 
symptoms. The next is to find the optimal solution to 
change these aspects in a way that is matched in an indi-
vidualized manner to the patient and their functional 
requirements. It follows that there is unlikely to be any 
single aspect of motor control that should be universally 
targeted in exercise management, although some features 
may need to be addressed more commonly than others 
(e.g. control of motion in a specific direction; control of a 
specific component of the spine; activation or deactivation 
of specific muscles or muscle groups). What remains is 
disagreement about some of the features of muscle activa-
tion that should be assessed and targeted with interven-
tion. A key aspect of this disagreement is whether attention 
should be placed on assessment and training of some of 
the deeper muscles of the trunk, e.g. TrA, LM, pelvic floor 
and diaphragm muscles, which forms a basic part of treat-
ment programmes described by some authors (Richardson 
et al. 1999; Hides et al. 2001; Ferreira et al. 2007) but not 
by others (McGill 2002). Or whether attention should be 
focussed on exercises that encourage specific patterns of 
activation of muscle groups (e.g. bracing of the trunk 
muscles), again emphasized by some authors (McGill, 
2002), but not by others (Richardson et al. 1999). Aspects 
of this divergence of opinion are considered in detail later 
in this chapter under the heading ‘Issues with difference 
in opinion’.

An important consideration is that the biological con-
tribution of abnormal loading to persistence/recurrence of 
pain is not a universally held opinion. Although many 
agree that mechanical loading may be responsible for the 
initiation of a painful episode, e.g. the cause of an injury 
that initiates nociceptive input or reactivates nociceptive 
input or a ‘memory’ of such, it is not universally agreed 

Issues that require further investigation include identi-
fication of the scope of changes that are present in low 
back and pelvic pain, and the specificity of changes to 
specific groups within the heterogeneous back pain popu-
lation. Whether identification of subgroups is helpful for 
treatment guidance and efficacy is discussed in detail in 
Chapter 17.

Changing the manner in which a 
patient controls the spine and pelvis 
is likely to be beneficial in 
management of back pain
A fundamental concept that is almost universally agreed 
by protagonists of motor control training approaches is 
that clinical benefit can be gained if motor control can be 
changed to optimize the load on structures of the spine 
and pelvis and stiffness between them. Although addi-
tional load enhances stiffness in one patient, the load may 
not be tolerated in another. A key message is that optimi-
zation of loading, and therefore, back pain rehabilitation, 
is not about training to improve coordination/strength/
endurance/etc. of a single muscle, or of a single strategy. 
Instead the approach aims to change the function of 
whichever aspect of the motor control system is responsi-
ble for suboptimal loading or insufficient stiffness in the 
unique individual. Focus on a specific muscle or multiple 
muscle co-activation strategy is not the sole intervention, 
but may be an important component of restoring ideal 
motor control. It makes biological sense that management 
should require careful consideration of all aspects of 
control, including posture, movement and muscle activa-
tion strategies, identification of the aspects that require 
correction, and then implementation of a rehabilitation 
program to achieve/restore/rectify this control.

The biological model implies that suboptimal loading 
of spinal and/or pelvic structures is relevant for, and may 
underpin, nociceptor input that contributes to low back 
and pelvic pain. It follows that lumbopelvic control is 
likely to be less than optimal when the contribution of 
any muscle is decreased, or in fact, if it is increased, or 
when the posture and/or movement of the spine loads 
structures in a manner that is not ideal (e.g. increased, 
decreased, sustained, etc.) or even aberrant. However, the 
ideal pattern of muscle activity, posture and movement, 
and any compromise or dysfunction, will be task-specific 
(e.g. the recruitment of a pattern of muscle that provides 
a substantial contribution to stability in one specific set of 
conditions may not be ideal in another). A solution that 
may be ideal to maintain stability of the spine in a static 
upright posture may not be ideal to maintain stability 
when the spine is dynamically moving between points. 
Thus, the consideration of effect of changes in muscle 
activity in lumbopelvic pain is most likely to be effective 
if addressed in a manner that is specific to the task, specific 
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further issue to consider is that the domains are not inde-
pendent. For instance, attitudes and beliefs about pain can 
moderate the effect of pain on motor control parameters 
(Moseley et al. 2004). Interdependence of the biopsycho-
social domains in low back pain is only beginning  
to be understood and should be a focus of future 
investigation.

Motor control can be changed with 
treatment/exercise
Although the specific features of motor control that are 
addressed in different approaches may differ, there is 
agreement in the opinion that motor control can be 
changed with exercise and that improvements in motor 
control can be translated to function. Evidence is emerging 
to confirm that this is the case (Scannell and McGill 2003; 
Tsao and Hodges 2007) and other work is beginning to 
highlight the neural processes that may underpin this 
recovery (Tsao, Galea et al. 2010).

One issue of some debate is how to best achieve 
restoration/modification of motor control strategies. 
Several options have been presented, and these include: 
(i) practice of complex functional tasks with correction of 
the component considered to be ‘faulty’ (O’Sullivan 
2005); (ii) attention to specific muscles (e.g. selective 
deep muscle contraction (Richardson et al. 1999)) or 
muscle activation strategies (e.g. coached movement 
(McGill, 2002)); (iii) indirect training using automatic 
strategies (e.g. walking on unstable surfaces to encourage 
changes in motor patterns of proximal muscles (Bullock-
Saxton et al. 1993)); (iv) identifying the painful move-
ment and altering the movement pattern coupled with 
muscular bracing to reduce reported pain (Ikeda and 
McGill, 2012); or (iv) that this can be achieved with 
encouragement to return to function without specific 
attention to correction of muscle activation, posture or 
movement. The question of which intervention is most 
effective and whether the most effective intervention 
differs between individuals has not been completely 
resolved. However, there is evidence for some of these 
approaches. For instance, specific attention to muscle acti-
vation can change motor control in terms of the aug-
mented (Tsao and Hodges, 2007) or reduced (Tsao, Druitt 
et al. 2010) activation of those muscles in a functional 
task. At this point it is important to reinforce that although 
this strategy can change muscle activation, this is never 
intended to be the complete intervention and other strate-
gies must be utilized as part of a comprehensive treatment 
package to restore other aspects of motor function (e.g. 
correction of postural dysfunction).

One issue to consider further is that although practice 
of voluntary contraction of specific muscles or patterns of 
muscle activity has been shown to change motor control, 
this voluntary approach has been criticized on two 
grounds. First, one argument is stated that the brain 

that repeated/ongoing discharge of nociceptive afferents is 
the mechanism that underpins ongoing pain. As discussed 
in Chapter 11, one interpretation of changes in motor 
control is that they may simply be considered as epiphe-
nomena, i.e. observations that co-exist with the pain but 
are neither sufficient nor necessary for the perpetuation of 
symptoms. Although there is evidence that changes in 
movement, posture and muscle activation induce changes 
in load on spinal structures and can lead to injury, there 
is, as yet, limited data confirming a direct relationship 
between this dysfunction and pain. A recent report of four 
case studies documented immediate relief of pain by 
‘tuning’ spine loading and stiffness by adjustment to  
muscular bracing patterns and spine and hip postures/
movements (Ikeda and McGill, 2012). Although there are 
data to suggest pain is not contingent upon the presence 
of poor control, there is insufficient evidence to discount 
the view that poor control contributes. The major reason 
for the absence of definitive evidence of a relationship 
between suboptimal loading and pain is that a causal link 
is very difficult to confirm in vivo in humans as it is unethi-
cal to induce poor loading in humans, and suboptimal 
loading is likely to require time and repetition before 
problems develop. It is difficult to develop definitive 
animal muscles, as it is difficult to measure pain (as 
opposed to nociceptive activity) in animals. Unfortu-
nately, the clinical observation of a reduction in pain after 
implementing a change in motor control with a therapeu-
tic intervention does not confirm that the change in 
mechanics was the critical feature. This is because many 
other explanations can be provided from the literature. 
Resolution of debate regarding the relevance of biological 
changes in loading and pain is fundamentally important 
to progress work in this field. Priority needs to be placed 
on finding methods to assess the relevance of suboptimal 
loading, secondary to suboptimal motor control, and its 
restoration to the development, persistence, recurrence 
and resolution of low back and pelvic pain.

Even if a biological link can be confirmed, a critical 
element that must be considered is that persistent or recur-
rent lumbopelvic pain is multi-factorial and the biological 
aspects must be considered in a biopsychosocial frame-
work, and the relative importance of biological, psy-
chological and social aspects must be considered as 
potentially individual-specific. Although restoration of 
optimal mechanical control of the lumbar spine and 
pelvis may be a primary target in one individual, it may 
have a less important role in another individual who has 
a dominant contribution of unhealthy attitudes about 
pain such as fear avoidance, or dominant social features. 
Thus, characterization of patients across multiple domains 
and judgement of the relative importance of each for their 
presentation is essential for development of a multi-
disciplinary rehabilitation programme. Although this pro-
posal makes logical sense, research is required to clarify 
such a targeted treatment approach and its efficacy. A 
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of their approach that differ from others in order to high-
light unique aspects. Unfortunately this can lead to the 
assumption that the highlighted component is the ‘whole 
approach’ and other aspects are excluded. Second, some 
degree of reductionism is commonplace in the lay litera-
ture to efficiently translate a message to clinical practice or 
common use and it is common for the media (e.g. maga-
zine articles of ‘core stability’ exercise) to present the ‘best’ 
exercise, and this could never replicate the complexity of 
a comprehensive rehabilitation approach. It is when it 
becomes assumed that this is the ‘whole’ approach that 
the issues arise. Third, authors aiming to discredit a man-
agement philosophy often use the technique of over-
simplification in order to undermine the intellectual 
integrity of an approach (e.g. Lederman 2010; see critique 
by McGill 2011).

An extrapolation of these reductionist views is that it is 
assumed that the protagonists of the approaches advocate 
the use of the ‘universal solution’ to trunk control for 
function. For instance, it has been suggested that the inten-
tion of training a patient to isolate TrA activation from the 
other abdominal muscles is for this to be the strategy 
trained for function, i.e. for patients to attempt to isolate 
TrA when lifting a mass from the floor. This is not the 
intention of training independent activation of TrA  
(Richardson et al. 1999) and isolated activation of this 
muscle has been shown to compromise spine control (see 
Chapter 7). Instead, the intention of training independent 
TrA activation is purported to be to train the activation of 
this muscle, such that it can then be incorporated in func-
tion, as a component of the complex interaction of mul-
tiple muscles (Tsao and Hodges 2007). Likewise, the 
suggestion to encourage abdominal bracing to 30% of a 
maximal effort (McGill 2002) was not intended to imply 
that patients should maintain this level of activation 
throughout all functions; this is neither attainable or sus-
tainable. Contraction of this intensity cannot be main-
tained beyond a timescale of seconds (Bjorksten and 
Jonsson 1977). Yet training such activation as a compo-
nent of an exercise programme is intended to make this 
muscle activation pattern available for function and to 
enhance the capacity for its use as demanded by the 
function.

It is almost universally agreed that it is unlikely that 
rehabilitation of a single or few muscles will be sufficient 
to rehabilitate low back and pelvic pain. Although the 
observation of changes in the deep muscles is common, 
this does not diminish the likely importance of changes 
in other parts of the system – other muscles, postural 
changes and movement patterns. Although there may be 
some consistency in the adaptation of the deep muscles, 
there are unique individual-specific changes in the other 
aspects of the system. As highlighted above this may 
include increased or reduced activity of other muscles; 
changes in the coordination between hip and spine 
motion (Van Dillen et al. 2007); or changes in movement 

controls muscles rather than movements and focus on 
muscle is a fundamental departure from this property of 
central nervous system organization. This argument can be 
countered by evidence that the nervous system organizes 
motor control both in terms of movements and muscles 
(Kakei et al. 1999). Second, it is argued that control of the 
trunk is normally coordinated automatically without the 
requirement for conscious input, and by inference, the 
argument has been put forward that practice of voluntary 
contraction involving input from primary motor cortex is 
unlikely to influence postural strategies. Yet there is sound 
evidence that inputs from the primary motor cortex con-
tribute to control of the postural function (Gahéry and 
Nieoullon 1978) and it has been shown in a number of 
studies with a range of experimental methods including 
investigation of temporal parameters of automatic activa-
tion of the deep muscles in association with arm move-
ments (Tsao and Hodges 2007), spatial features of trunk 
muscle activity in gait (Tsao and Hodges 2008), and 
organization of neurone networks in the motor cortex 
(Tsao, Galea et al. 2010) that motor control can be resolved 
by repeated voluntary muscle activation. This highlights 
that the cognitive approach of voluntary practice of a task 
leads to improved control, and this is associated with clini-
cal improvement (Ferreira et al. 2010). This does not 
exclude the possibility that other techniques could also 
achieve a change, although other interventions must be 
subjected to evaluation. It is likely that a range of 
approaches will be required to change control depending 
on the individual patient, the nature of their change in 
control, and the specific motor tasks that are affected.

A feature common to different motor control approaches 
is the use of multiple methods to enhance the restoration 
of control of posture, movement and muscle activation. In 
addition to voluntary correction of aspects that are con-
sidered to be ‘faulty’, training may include other tech-
niques such as application of tape to the skin, use of 
exercise equipment to enhance challenge, electrical stimu-
lation of muscle, soft tissue techniques and manual 
therapy, etc. Many questions remain unresolved about the 
efficacy of many of these adjunctive treatments.

Treatment involves consideration of 
more than a uni-dimensional focus 
on a single muscle or muscle 
activation strategy
A common misconception presented in the lay literature 
is that some exercise approaches have a universal and uni-
dimensional focus on a single solution for the manage-
ment of low back pain. This is a common misconception 
of the place of ‘bracing’ or ‘isolation of deep muscle 
activation/hollowing’ in treatment. This misconception is 
likely to be founded on several issues. First, the protago-
nists of each approach often aim to emphasize the aspects 
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outlined above, there remains a major point of difference 
of opinion. The detail of the divergent viewpoints has 
been outlined in individual chapters (including Chapters 
6 and 7), but can be summarized as follows below.

Control of deeper muscles of the 
trunk, including TrA and LM, should 
be assessed and addressed if 
dysfunction is identified
This issue is a major point of departure from consensus of 
opinion in the literature. Although it is generally agreed 
that aspects of motor control modified in a patient with 
low back pain should be addressed in exercise interven-
tions, opinion does not converge whether activation of the 
deeper muscles forms part of this consideration. One 
viewpoint is that changes in the deeper muscles of the 
trunk are common (Hodges and Richardson 1996; Hides 
et al. 2008), that changes in the activation of these muscles 
contributes to a compromise in the quality of control of 
the load on spinal and pelvic structures (Hodges, Kaigle-
Holm et al. 2003), that control of these elements of the 
system can be restored with exercise interventions (Tsao 
and Hodges 2007; Tsao and Hodges 2008), and that res-
toration of control of these muscles contributes to recov-
ery of pain and disability (Ferreira et al. 2010). The 
alternative view is that these muscles are no more impor-
tant to consider than any other, and that the control of 
these muscles is not necessary to address in patients with 
pain, not possible to address in patients with pain, and 
potentially counterproductive if addressed in patients with 
pain (see Chapter 7).

These divergent opinions are considered in detail in 
preceding chapters and this will not be repeated here. 
Instead it is important to consider how to resolve the 
debate. Although on the surface the most obvious study 
design would be to compare the outcome of interventions 
that do and do not include training of TrA and LM, this is 
unlikely to be fruitful as many components require con-
sideration in complete treatment and the contribution of 
one element will be difficult to extract. Clinical trials are 
known to have relatively blunt outcomes and rarely find 
differences between treatments (Macedo et al. 2009). The 
current status of evidence from systematic reviews con-
cludes that training that includes attention focussed to acti-
vation of the deep muscles reduces pain and disability and 
decreases recurrence of pain (Ferreira et al. 2006) and is 
more effective than placebo treatment (Costa et al. 2009). 
However, there is limited evidence that this type of inter-
vention is better than other interventions. Importantly, 
although large effects have been identified in specific sub-
groups of lumbopelvic pain (O’Sullivan et al. 1997; Hides 
et al. 2001; Stuge et al. 2004), smaller effects have been 
identified in non-specific low back pain groups and it is 
this latter group that has been used to compare 

or posture (Mitchell et al. 2008). There is considerable 
evidence that many or most of these factors are specific to 
individuals/subgroups. Some have been related to clini-
cally identified subgroups of people with spinal pain  
(Astfalck et al. 2010). It appears reasonable to conclude 
that rehabilitation of the whole system will be ideal, that 
this would need to be individualized to the patient, and 
that attempts to increase and decrease activation of specific 
muscles may be important components of a comprehen-
sive approach. Furthermore, different strategies are likely 
to be important for different tasks. Higher load tasks that 
require restriction of spine movement may require greater 
co-contraction of large trunk muscles and with specific 
alignment of the spine, whereas dynamic control of the 
spine during functions such as gait is likely to require 
another solution, and these may need to be trained 
specifically.

Treatment requires progression to 
enhanced execution of activities of 
daily living
It is well known that better transfer to function is achieved 
with practice of the task as close as possible to the ‘real 
life’ situation (Shumway-Cook and Woollacott, 2006). It 
follows that early phases of rehabilitation of motor control 
of the trunk for treatment of low back and pelvic pain are 
followed by progression beyond the retraining of optimal 
control strategies, to complex function. This necessitates 
not only the reinforcement of use of ideal strategies of 
muscle activation, posture and movement in function, but 
also improvement in the capacity of the system to meet 
higher functional loads (e.g. muscle strength, muscle 
endurance, cardiovascular fitness).

The progression eventually incorporates enhancement 
of skilled execution of activities of daily living and these 
tasks are different for each individual, thus each individual 
will have a different rehabilitation ‘end point’. The progres-
sion to this functional level necessitates consideration of 
other aspects relevant to function such as resolution of 
psychosocial elements relevant to perpetuation of symp-
toms such as fear of movement/pain/(re)injury, catastro-
phization and other biological aspects such as balance and 
sensory function. These factors may be addressed by func-
tional training or may require specific attention with sepa-
rate interventions incorporated into the comprehensive 
management of the patient.

ISSUES WITH DIFFERENCE  
IN OPINION

Although the fundamental basis for extrapolation of 
research observations into clinical practice is agreed, as 
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groups internationally (Ferreira et al. 2004; Kiesel et al. 
2007; Mannion et al. 2008; Vasseljen et al. 2009).

CONCLUSION

This chapter aimed to summarize current points of con-
sensus and divergence of opinion regarding the extrapola-
tion of research regarding the control of the spine and 
pelvis in a healthy context and in the presence of pain to 
the design of effective interventions for low back and 
pelvic pain. Consideration of the debate reveals a perhaps 
surprising degree of agreement regarding the fundamental 
concepts that underpin this extrapolation, but areas of 
divergence remain. The biological plausibility of the argu-
ments is clear and the review has highlighted areas that 
could be considered priorities for future research to test 
the foundation of the application of training of motor 
control to changing biology and to optimize its applica-
tion to clinical management of people in pain. The clear 
consensus is that intervention is likely to be best when all 
aspects in a patient’s presentation (e.g. posture, movement 
and muscle activation, as well as psychological and social 
aspects) are considered and a treatment plan is developed 
with consideration across the domains that have the 
potential to contribute to the individual’s pain experience. 
Many questions remain to be answered, but the data so 
far continue to be promising.

interventions. Future work may identify characteristics of 
individuals who respond best to motor control treatments 
and how it is best targeted to the individual. There is  
preliminary evidence that poor control of deep muscles 
predicts good response to motor control interventions 
(Ferreira et al. 2010; Unsgaard-Tondel et al. 2012).

One key issue that requires resolution is to investigate 
the prevalence of changes in control of TrA and LM in the 
people with low back and pelvic pain, and those without 
pain. Although it is assumed that these changes are  
prevalent, and this is revealed by clinical assessment  
(Richardson et al. 2004), this issue has not been studied 
consistently in a large population and although it would 
be surprising to be uniform across the back pain popula-
tion, it is a common observation in small groups with pain 
(Hides et al. 1994; Hodges and Richardson 1996) and is 
consistently identified in response to experimentally 
induced pain in humans (Hodges et al. 2003; Kiesel et al. 
2008), and following experimental injuries in animals 
(Hodges et al. 2006). Some work has identified differences 
between patient subgroups (Kiesel et al. 2007). Thus, 
further work is required to determine whether reduced 
contribution of TrA and LM leads to changes in the health 
of the spine such as injury and pain and to identify the 
prevalence of changes in morphology and behaviour of 
these muscles in people with low back and pelvic pain. 
This latter issue requires the development of less invasive 
and easier methods to study the morphology and behav-
iour of these muscles. This is a topic of interest for many 
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other aspects such as correction of movement ‘faults’ or 
‘alteration’ (Sahrmann 2002; McGill 2007). Further, some 
approaches focus on cognitive correction (explicit learn-
ing) whereas others rely on more automatic solutions 
(implicit learning) without cognitive attention to muscles 
or movements (Janda 1996). Despite these apparent areas 
of difference in opinion, on closer examination, there is 
far greater convergence than divergence in the recommen-
dations for treatment. It is just the emphasis that differs 
between approaches. Many authors and protagonists for 
specific approaches tend to highlight aspects that may 
receive limited attention in other approaches. This chapter 
aims to bring together the contemporary views in the field 
related to rehabilitation of motor control for the manage-
ment of low back and pelvic pain and presents a frame-
work for an integrated approach that provides insight into 
how the multiple different approaches fit together. The 
chapter also aims to consider the interaction between this 
approach and other interventions in the broader multi-
disciplinary biopsychosocial framework with considera-
tion of the interaction between motor control and the 
other domains of low back and pelvic pain in assessment 
and treatment. An important distinction between this 
chapter and the other sections of this book is that many 
of the ideas presented here have clinical observations as 
their basis and have not been subjected to rigorous testing. 
However, this does not detract from their importance in 
understanding contemporary views of spine control as a 
focus of clinical management, and where evidence is avail-
able this is highlighted. In the context of this chapter the 
term ‘motor control’ interventions/treatments/exercise is 
used to describe treatment that aims to change the manner 
in which patients maintain posture/alignment, movement 
and muscle activation to change loading on lumbopelvic 
structures for the purpose of reducing pain and dysfunc-
tion. The term ‘spine control’ is used broadly to encom-
pass the mechanisms used control movement and stiffness 
of the spine and pelvis.

KEY ISSUES IN APPLICATION OF 
EXERCISE INTERVENTIONS FOR LOW 
BACK AND PELVIC PAIN

A basic premise that underlies motor control approaches 
for the management of low back and pelvic pain is the 
objective to optimize load on the spine and pelvis to 
manage the biological contribution to pain that may arise 
from a peripheral contribution to nociceptive input as a 
result of tissue loading. Optimization of load may aim to 
reduce or remove: (i) mechanical irritation of lumbopelvic 
structures and discharge of nociceptive afferents (at least 
in the early acute phase); (ii) the potential for ongoing or 
recurring irritation; (iii) up-regulation of the inflamma-
tory response; and (iv) peripheral sensitization with 
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INTRODUCTION

At first glance the different approaches to exercise manage-
ment of low back and pelvic pain can seem divergent with 
mutually exclusive elements. For instance, some approaches 
highlight the evaluation and activation of the deeper 
muscles of the trunk (Richardson et al. 2004; Hodges et al. 
2009), whereas others consider this aspect of the system 
to be either corrected automatically by management of 
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In the acute or recurring acute phase there may be a 
reasonably direct relationship between peripheral events, 
nociceptor discharge and the pain experience, although 
the pain experience will be dependent on a spectrum of 
other factors that influence the magnitude of pain such as 
cognitive (e.g. catastrophizing) and other experiential 
aspects. In the chronic/maintained phase the relationship 
between peripheral events may be less clear as a result of 
further secondary central biological changes (central sen-
sitization) and psychosocial aspects that lead to a mis-
match between the events in the periphery and the 
experience of pain. However, the peripheral input from 
discharge of nociceptors can persist and can plausibly be 
considered to remain relevant in many patients. Figure 
21.1 shows a biological model that provides a foundation 
to understand the potential basis for suboptimal loading 

sub-failure damage or frank injury to spinal structures. The 
contemporary concept of suboptimal loading goes further 
than Panjabi’s early ideas of ‘clinical instability’ (Panjabi 
1992). In that early framework it was considered that pain 
would be explained by any deficit in the active (muscle), 
passive (non-contractile elements of the spine such as liga-
ments; joint orientation) or control (including contribu-
tions from the sensory input from the periphery and 
control of output by the nervous system) subsystems 
leading to increased movement (particularly within the 
‘neutral zone’). The contemporary view is that problems 
may arise if there is change in any aspect of the system that 
compromises the optimal control of the spine leaving the 
system less ‘robust’ (less able to tolerate load and adapt to 
change), and this may be related to too much or too little 
control.

Figure 21.1	 Physiological	model	of	the	relationship	between	pain/injury	and	motor	control.	This	model	provides	a	basis	to	
interpret	many	of	the	changes	that	present	in	muscle	activation,	posture	and	movement	and	provides	a	foundation	to	
understand	the	place	for	intervention	for	low	back	and	pelvic	pain	that	targets	motor	control	of	this	region.	Intervention	can	
be	targeted	at	multiple	steps	in	the	path,	from	reduction	of	the	threat-value	of	pain/injury	to	reduction	of	pain-provocative	
adaptations.	
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Protection of  the
injured/painful part

Provocation of  pain
and/or injury
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and the role for motor control changes in the biological 
aspects of low back and pelvic pain.

Optimization of loading for tissue health can be 
achieved by changing: (i) posture/alignment, (ii) move-
ment and/or (iii) muscle activation. Such optimization 
requires individualization to the specific features of the 
patient’s pain presentation (e.g. aspects that are provoca-
tive or relieving for the patient, and the patient’s func-
tional demand) and balanced against other features that 
may contribute to the pain experience (e.g. cognitions and 
beliefs about pain (see ‘Fitting training of spine control 
into the biopsychosocial framework’)) or features that 
interact with the spine control and increase the complexity 
of training (e.g. respiratory and continence functions of 
trunk muscles (see ‘Clinical application of strategies to 
manage barriers to recovery’)). The relative emphasis 
placed on when and how posture/alignment, movement 
and muscle activation are considered in individual 
approaches varies, but all are considered to some extent. 
A key issue to recognize is that these three elements inter-
act and attempts to change one element will necessarily 
affect the others.

Individualized attention to posture/
alignment, movement and  
muscle activation
Motor control interventions, in general, share the common 
aim to modify posture/alignment, movement and muscle 
activation strategies to achieve the goal of optimization of 
load (via optimization of movement and stiffness). 
However, as mentioned above, the targets or priorities vary 
between approaches. As there is insufficient evidence to 
argue for one approach over another, the aim of this 
chapter is to present an integrated approach that includes 
consideration of the principles underlying the rehabilita-
tion of posture/alignment, movement and muscle activa-
tion in different interventions. In future, research may 
highlight greater effectiveness of one approach, or perhaps 
more likely, that individual patients may require different 
approaches. Future work should determine whether iden-
tification of such individual differences and possible clas-
sification into ‘subgroups’ leads to improved outcomes. 
Issues associated with targeting interventions to sub-
groups in clinical trials are considered in Chapter 17. 
Table 21.1 provides a summary of subgrouping methods 
that have been developed for patients with low back and 
pelvic pain that include consideration of motor control 
training.

Most, if not all, clinical approaches focused on motor 
control advocate tailoring of rehabilitation strategies to 
individual patients based on assessment findings. Several 
approaches to individualization have been developed and 

adopted to varying degrees. One approach aims to assign 
patients to categories or diagnostic subgroups based on 
similarities in features of their presentation (e.g. move-
ments or postures that are provocative/relieving) (Janda 
1996; Sahrmann 2002; Kendall 2005; O’Sullivan 2005). 
This approach can be helpful to communicate assessment 
findings between health care providers and aims to assist 
the therapist in the process of selecting treatments for 
individual patients. Currently there is no dominant para-
digm amongst the methods used to subgroup on the basis 
of posture/movement and there are important differences 
amongst the approaches in terms of the strategy for alloca-
tion for subgrouping. Some approaches aim to select spe-
cific patients with specific features from the heterogeneous 
group of people with back pain (e.g. distal cross syndrome 
– Janda 1996), whereas others aim to allocate all patients 
to one of a range of mutually exclusive categories (Sahr-
mann 2002; O’Sullivan 2005). The approaches may or 
may not involve multiple levels in the assessment, such as 
consideration of the psychosocial features, as well as the 
biological features related to motor control (O’Sullivan 
2005).

A second approach to patient subgrouping involves 
grouping patients on the basis of their responsiveness  
to different interventions (e.g. Treatment Based Classi-
fication – Delitto et al. 1995) or on identification of  
structures thought to be the pain source (e.g. Petersen 
et al. 2003) or a combination of both (e.g. McKenzie  
2003). Each of these subgrouping methods includes an  
element of assessment of posture, movement (e.g. direc-
tion of movement that provokes or relieves pain) or 
muscle activation. The basic emphasis of these approaches 
is to identify subgroups of patients that could benefit 
from rehabilitation of the control of the spine. However, 
in several of these approaches there is limited considera-
tion of how to individualize the specific strategy for  
rehabilitation of motor control to the patient within  
the subgroup deemed to be appropriate for this type  
of treatment. That is, the methods identify responders  
to motor control training, but do not provide guid-
ance as to what features of motor control require 
management.

A third approach advocates that treatment should be 
guided by assessment findings without explicit allocation 
to a subgroup. These assessment-guided approaches gen-
erally use careful assessment of posture, movement and 
muscle activation (sharing many features with the assess-
ments used for the approaches that allocate patients to 
subgroups) and use the obtained information to guide the 
individual selection of targets for training, rather than 
explicitly allocating the patient to a subgroup (Lee 2004; 
Richardson et al. 2004; McGill 2007). One approach is to 
modify postures, motions and loads, to identify those 
which provoke or exacerbate pain (several examples  
are shown in Fig. 21.2) (Van Dillen et al. 2003a, 2009). 
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Table 21.1 Common approaches to subgrouping patients with low back and pelvic pain that are used to guide 
rehabilitation of spine control

Approach Sub-groups Key features

Classification based on movement/posture

Kendall	postural	classification	
(Kendall	2005)

1.	 Kyphosis–lordosis	posture
2.	 Sway-back	posture
3.	 Military-type	posture
4.	 Flat-back	posture

Posture	assessed	by	lateral	assessment	
of	landmarks	relative	to	a	plumb	line

Movement	system	impairment	
syndromes	(MSI)	(Sahrmann	
2002)

1.	 Lumbar	rotation-extension	
syndrome

2.	 Lumbar	extension	syndrome
3.	 Lumbar	rotation	syndrome
4.	 Lumbar	rotation–flexion	syndrome
5.	 Lumbar	flexion	syndrome

Multiple	specific	movement	and	
posture/alignment	tests.
Key	features	of	assessment	include:	
direction	of	symptom	provocation;	
dissociation	between	adjacent	
segments	(e.g.	hip	and	spine);	muscle	
stiffness	at	adjacent	joints

O’Sullivan	classification	system	
(O’Sullivan	2005)

Control	disorder
1.	 Multidirectional
2.	 Flexion
3.	 Lateral	shift
4.	 Active	extension
5.	 Passive	extension

Movement	disorder
1.	 Flexion
2.	 Extension
3.	 Flexion	with	rotation/side	

bending
4.	 Extension	with	rotation/side	

bending
Pelvic	girdle	pain

1.	 Form	closure
2.	 Force	closure

Aims	to	identify	the	underlying	
mechanisms	considered	to	drive		
pain.	Multiple	specific	movement		
and	posture/alignment	tests.
Key	features	of	assessment	include:	
direction	of	symptom	provocation;	
control	of	specific	spine	segments/
regions.	Consideration	of	pain	
avoidance,	pain	provocative	behaviour	
and	peripheral	and	central	pain	
mechanisms

Distal	cross	syndrome	(Janda	
1996)

Distal	cross	syndrome Specific	subgroup	within	the	
heterogeneous	back	pain	population	
based	on	posture	and	muscle	activity/
length

McGill	approach	to	identification	
of	pain-provoking	motions,	
postures	and	loads	(McGill	2007)

1.	 Compression	load	intolerant
2.	 Shear	load	intolerant
3.	 Flexion	motion	intolerant
4.	 Extension	motion	intolerant
5.	 Twist	motion	intolerant
6.	 Multiple	mode	intolerant
7.	 Other	subgroups

Battery	of	provocative	tests	used	to	
identify	exacerbating	postures	together	
with	the	current	tolerance	of	the	
patient	to	load	and	activity	capacity.	
This	directs	the	development	of	a	
progressive	program	of	corrective	
exercise	followed	by	training	to	create	
balance	between	several	variables	and	
pain-free	tolerance	to	activity.	
Stiffening	patterns	or	compliant	
movements	are	‘tuned’	to	reduce	or	
eliminate	pain

Continued
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Approach Sub-groups Key features

Classification based on response to treatment

Treatment-based	classification	(TBC)	
(Delitto	et	al.	1995)

Specific	exercise
1.	 Flexion
2.	 Extension
3.	 Lateral	shift/side-gliding

Manipulation
Stabilization
Traction

Subgrouping	based	on	the	likelihood	
of	response	to	specific	intervention.	
Assessment	based	on	demographic	
and	questionnaire-based	outcomes	in	
addition	to	evaluation	of	physical	tests	
(e.g.	response	to	repeated	movement,	
manual	joint	testing).	Involves	use	of	a	
clinical	prediction	rule

Classification based on identification of pain source

Pathoanatomic-based	
classification	(Petersen	et	al.	
2003)

Disc	syndrome
1.	 Reducible
2.	 Irreducible
3.	 Non-mechanical
4.	 Nerve	root	compression

Spinal	stenosis
Zygopophyseal	joint
Postural
Sacroiliac	joint
Dysfunction
Myofascial	pain
Adverse	neural	tension
Abnormal	pain
Inconclusive

Subgrouping	method	based	on	
identification	of	the	likely	source	of	
pain	by	use	of	a	range	of	orthopaedic	
tests.	Syndromes	are	defined	by	
symptom	location	and	effect	of	
mechanical	loading

Mixed-method classification approach

Mechanical	diagnosis	and	
treatment	(McKenzie	and	May	
2003)

Derangement	syndrome
1.	 Central	and	symmetrical
2.	 Unilateral	and	proximal	to	knee
3.	 Unilateral	and	distal	to	knee

Dysfunction	syndrome
1.	 Flexion
2.	 Extension
3.	 Lateral	shift/side-gliding
4.	 Adherent	nerve	root

Postural	syndrome
Other

1.	 Stenosis
2.	 Hip
3.	 Sacroiliac	joint
4.	 Mechanically	inconclusive
5.	 Spondylolisthesis
6.	 Chronic	pain	state

Multiple	tests	including	response	to	
repeated	loading.	Aims	to	determine	if	
LBP	symptoms	can	be	abolished	or	
reduced	through	application	of	
direction-specific,	repeated	lumbar	
spine	movements	or	sustained	
postures.	‘Derangement	syndromes’	
thought	to	relate	to	internal	
intervertebral	disc	displacement;	relate	
to	tissue	that	has	undergone	
‘contraction,	scarring,	adherence,	
adaptive	shortening,	or	imperfect	
repair’.	‘Postural	syndrome’	is	assumed	
to	arise	from	joint	capsule	and	
ligament	ischemia	due	to	prolonged	
spinal	end	range	positioning

Table 21.1 Common approaches to subgrouping patients with low back and pelvic pain that are used to guide 
rehabilitation of spine control—cont’d

These variables are then removed by modification of the 
exacerbating movement and muscle activation patterns, 
and replaced with tolerable patterns that broaden the 
potential for pain-free performance. This approach relies 
on good clinical reasoning of specific assessment of fea-
tures of the patient’s presentation, and then targeting 

intervention to those features. These features include  
any aspect of posture, movement and muscle activation 
that the clinician identified to be related to the patient’s 
symptoms. This approach enables similar individualiza-
tion of treatment to subgroupings of patients with 
common features. A key advantage of clustering of features 
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Figure 21.2	 Examples	of	provocative	testing	in	sitting	and	standing	used	by	McGill.	(A)	The	patient	compresses	the	spine	by	
grabbing	the	side	edges	of	the	seat	and	pulling	down.	First	the	spine	is	postured	upright	and	the	torso	stiffened	with	muscle	
activity.	The	test	is	then	repeated	in	a	slouched	posture	where	discomfort	in	this	position	as	compared	to	an	upright	back	
shows	a	lower	tolerance	when	the	spine	is	flexed	(in	a	flexion-intolerant	patient).	Then	neural	tensions	are	assessed	with	
changes	in	cervical	spine	posture.	(B)	The	‘standing	drop	test’	is	performed	starting	on	the	balls	of	the	feet	and	dropping	
down	abruptly	onto	the	heels	with	the	muscles	relaxed	to	determine	whether	pain	is	provoked	from	ballistic	compressive	load.	
Control	is	adjusted	by	focusing	on	abdominal	bracing,	or	latissimus/pectoral	muscle	stiffening,	or	postural	adjustments	to	
ascertain	whether	pain	can	be	reduced	or	eliminated.	(C)	Extension	of	the	spine	in	standing	is	assessed	for	pain	provocation.	
This	is	then	combined	with	rotation	(no	pain	is	thought	to	exclude	the	facet	joints	as	pain	generators).	The	test	is	repeated	
while	standing	on	one	leg,	which	adds	stiffness	and	control.	This	stiffness	is	evaluated	as	a	candidate	strategy	for	pain	control.	

A

B C

into subgroups is that it may facilitate the training of  
clinicians to select appropriate treatments. This would  
be particularly important for novice clinicians who are 
learning how to recognize patterns, a feature of skilled 
clinical reasoning (Jones and Rivett 2004). However, in  
the clinical-reasoning approach, the clinician is not 
‘biased’ to expect a specific combination of features, 

viewing each patient as an individual. Although aided by 
pattern recognition, this clinical reasoning approach 
emphasizes the uniqueness of an individual’s presentation 
across multiple domains and is used in many contempo-
rary clinical approaches to motor control training for low 
back and pelvic pain (e.g. Lee 2004; Richardson et al. 
2004; McGill 2007).



State-of-the-art approach to clinical rehabilitation of low back and pelvic painPart |	6 |

250

changes in symptoms with changes in posture/alignment 
are considered just as important as changes in symptoms 
with movements to the subgrouping decision. Although 
the three elements are interconnected, the sections of this 
chapter are divided to discuss each separately to highlight 
unique aspects related to each, and to facilitate considera-
tion of the scope of assessment and rehabilitation of each. 
The order of discussion of these is necessarily arbitrary and 
is varied throughout the chapter.

Posture/alignment

Assessment of posture/alignment is a basic component of 
any objective assessment of a patient with low back and 
pelvic pain (Kendall 2005). The objective of a comprehen-
sive evaluation of posture is to identify aspects of align-
ment of the spine and adjacent segments that are relevant 
for the patient’s pain/dysfunction, e.g., postures that 
relieve or provoke the patient’s symptoms, or postures that 
are considered to lead to suboptimal load distribution on 
lumbopelvic structures (Fig. 21.4). Assessment of posture/
alignment is also a central component of classification of 
patients to subgroups in some schemes (e.g. postural types 
of Kendall 2005). Posture cannot be considered in isola-
tion from movement and muscle activation (see Fig. 21.3). 
Aspects of posture provide useful information of muscle 
activation, which may be excessive or compromised (e.g. 
excessive activation of the thoracolumbar erector spinae 
when the spine is held into thoracolumbar extension). 
How a patient ‘holds’ his/her spine will also provide 
important cues to make predictions about movement 
strategy (e.g. patients who sit on a bicycle in lumbar 
flexion are likely to adopt patterns that emphasize exces-
sive flexion).

It is impossible to separate posture/alignment, move-
ment and muscle activation, and all three elements con-
tribute to allocation of patients to subgroups, particularly 
with Sahrmann’s (2002) and O’Sullivan’s (2005) systems 
(Fig. 21.3). The perspective is that the limited behaviours 
are obvious across the person’s everyday activities and 

Figure 21.4	 Common	postural/alignment	‘faults’	in	acute	low	back	pain	(LBP).	(A)	and	(B)	Acute	lumbar	list.	(C)	Lumbar	
kyphosis	in	acute	LBP.	Note	increased	activity	of	oblique	abdominal	muscles.	(D)	Increased	activity	of	thoracic	and	lumbar	
erector	spinae.	Note	long	lordosis	extending	up	to	mid-thoracic	spine.	

A B C D

Movement
correction

Posture/
alignment
correction

Muscle
activation
correction

Interconnected

Figure 21.3	 Management	of	motor	control	issues	in	low	
back	and	pelvic	pain	involves	assessment	and	management	
of	posture/alignment,	muscle	activation	and	movement.	
Intervention	in	one	domain	is	likely	to	influence	the	others.	
Specific	attention	may	need	to	be	placed	within	each	
domain	to	achieve	optimal	outcome,	and	the	decision	of	
where	to	start	treatment	will	depend	on	the	patient’s	
presentation	and	the	preference	of	the	patient	and	the	
therapist.	
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position, but rather a ‘zone’ away from end range. More-
over, posture ‘change’ may be as important as an ‘ideal’ 
posture, which highlights the necessity to consider posture 
and movement together.

There is no definitive link between posture and pain. 
For every aspect of posture that is considered to be subop-
timal there will always be examples of individuals who 
frequently use the posture, without reporting symptoms. 
Although, this has been used as evidence of lack of rele-
vance of postural deviations to pain, it is often argued in 
ergonomics that whether a deficit becomes problematic 
depends on the demands the individual places on their 
body. A suboptimal loading strategy may only lead to pain 
if the individual undertakes activities that place sufficient 
load on the tissues to exceed tolerance. This will depend 
on both the demand exposure and individual’s tissue 
properties. Postural deviations may also be a precursor for 
future pain.

Despite considerable research investigating the theories 
underpinning the selection of ideal posture, there are 
limited data from clinical trials to confirm that one ideal 
leads to better outcomes than others. This aside, it would 
seem reasonable to assume that there will be no one ‘ideal’ 
posture for all individuals. This would be likely to be 
influenced by pathology (e.g. patients with spinal stenosis 
are likely to achieve greater comfort in a position with less 

Most approaches aim to change posture towards some 
proposed ideal posture. The basis for selecting a specific 
posture as ‘ideal’ involves a blend between (i) the posture 
that relieves symptoms and (ii) the posture that is argued 
in a specific approach to: optimize the load distribution 
on the spine; optimize the orientation of muscle anatomy 
to resist control load and movement (McGill 2007); rely 
on minimal muscle activation or a more optimal muscle 
activation pattern (Richardson et al. 2004; Claus et al. 
2009a); and/or enhance activation of specific muscles 
(Sapsford et al. 2001; Sapsford et al. 2008; Claus et al. 
2009a). There has been considerable debate regarding the 
ideal posture. Based on the posture that is considered 
‘normal’ from radiological data, some defend a posture 
with a neutral pelvic tilt, lumbar lordosis with smooth 
transition at the thoracolumbar junction to a gentle 
kyphosis in the thoracic spine and lordosis in the cervical 
spine (Richardson et al. 2004) (Fig. 21.5). Others defend 
postures with a flat lumbar spine with or without posterior 
pelvic tilt (Kendall 2005; Magee 2006), or greater thora-
columbar extension (Sprague 2001). McGill seeks to find 
a posture that reduces static erector spinae muscle activity 
to reduce the risk of ‘muscle cramps’ from continual acti-
vation and the associated occlusion of muscle blood flow 
(see Fig. 21.6). Regardless of the approach, a critical con-
sideration is that the ‘ideal’ posture is unlikely to be a fixed 

Figure 21.5	 Common	spinal	postures	adopted	in	standing.	Postures	are	shown	from	the	most	flexed	to	the	most	extended.	
The	‘Neutral’	position	is	a	mid-range	position	that	involves	neutral	or	slight	anterior	tilt	of	the	pelvis,	gentle	lumbar	lordosis	
and	thoracic	kyphosis	with	a	smooth	transition	in	the	thoracolumbar	junction,	cervical	lordosis	and	level	head.	In	this	posture	
sagittal	alignment	is	shown	with	the	arrow.	This	neutral	position	is	considered	as	a	blueprint	for	ideal,	but	may	not	be	ideal	
for	all	patients	and	should	not	be	considered	as	a	static	position,	but	more	a	functional	range	of	motion.	

FLAT ACTIVE EXTENSIONNEUTRAL SWAYSLUMP
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motion of intervertebral segments (e.g. hinge-like motion 
at a specific spinal segment, or excessive translation at a 
segment). The emphasis placed on these different compo-
nents varies between approaches. Some place specific 
emphasis on the interaction between hip and spine/pelvic 
motion (Sahrmann 2002; Gombatto et al. 2006; Van 
Dillen et al. 2007; Scholtes et al. 2009) with the argument 
that back pain is often associated with motion of the spine 
too early after the initiation of hip motion (i.e. poor dis-
sociation of movement of hip from spine) and that this, 
if performed regularly will excessively load the spine (Fig. 
21.7). Other approaches place greater emphasis on the 
motion of specific regions of the spine and identification 
of segments/regions that have greater or lesser motion 
(O’Sullivan 2005) (Fig. 21.8). Still others place emphasis 
on whether repeated loading of the spine in a specific 
direction increases or decreases pain/pain patterns 
(McKenzie and May 2003). These concepts are not  

extension); functional demand; and other individual 
factors such as joint range of motion, muscle length and 
anthropometric features, each of which would influence 
what is achievable and helpful. Although there are data 
that provide evidence that posture can be trained (Falla 
et al. 2007) and that treatments that include posture cor-
rection are effective (Costa et al. 2009), there are many 
remaining questions. A critical element that remains 
unanswered is confirmation of the most effective methods 
to achieve change in posture. Current approaches use cog-
nitive learning (e.g. correction of aspects that are deemed 
inappropriate), manual techniques, sensory feedback, and 
a range of other tools/techniques (see ‘Clinical application 
of motor control training of posture/alignment’).

Movement

Movement is evaluated in most motor control approaches 
and may be considered as motion of the spine in space 
(e.g. trunk flexion or extension), motion of regions of the 
spine (e.g. flexion of the lumbar spine), relative motion  
of adjacent regions (e.g. lumbar spine relative to thoraco-
lumbar junction, or hip relative to lumbar spine), or 

Figure 21.6	 Identification	of	a	control	strategy	to	reduce	
pain	in	standing.	Poor	standing	posture	in	this	patient	
compromises	pain-free	training	capacity.	Here	the	lower	
erector	spinae	muscles	are	palpated	to	determine	whether	
they	are	chronically	active	(which	may	lead	to	painful	muscle	
cramps).	Posture	is	adjusted	(in	this	case	by	chin	retraction	
and	modification	of	shoulder	alignment)	until	the	back	
muscles	relax.	If	pain	is	relieved,	the	pain-relieving	control	
strategy	is	taught	to	the	patient.	

Figure 21.7	 Exaggerated	anterior	pelvic	tilt	with	lumbar	
extension	early	in	the	range	of	active	knee	flexion.	
Reproduced from Sahrmann, S., 2002. Diagnosis	and	Treatment	of	

Movement	Impairment	Syndromes. Mosby, with permission of 

Elsevier.
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Muscle activation

Muscle activation strategies are generally considered rele-
vant to the presentation of back pain in two extremes – 
muscle activity that may be less than, or greater than that 
considered to be ideal for optimal function of the spine 
and pelvis. This may present as clinically determined 
‘under-’ or ‘over-activity’ of a specific muscle or group of 
muscles, or the adoption of muscle activation patterns that 
are considered to be inappropriate for optimal loading. 
Muscle activation is challenging to assess for several 
reasons. First, the specific pattern of muscle changes are 
generally unique to the individual patient, and within the 
individual they may be unique to the movement, posture 
or task that is assessed. There will not be one strategy of 
muscle activation that is universally ideal for control of 
the spine and pelvis, and not one strategy universally 
adopted by all patients in pain. A range of muscle activa-
tion solutions along a spectrum is required for optimal 
function (Hodges and Cholewicki 2007). At one end of 
the spectrum are strategies that aim to stiffen the spine to 
maintain an optimal alignment through co-contraction of 
large muscles (e.g. bracing). At the other end are more 
dynamic solutions that encourage movement. The nervous 
system will select strategies based on demands of the task 
(Fig. 21.9). Assessment and rehabilitation of motor control 
of the spine requires consideration of this spectrum of 
motor control choices, and evaluation of whether the 
muscle activation strategy matches the demands of the 
task and the needs of the patient’s system.

Second, there are limited methods available to make 
objective judgements of muscle activation and most  
have some limitations for interpretation. Some standard 
options include manual muscle tests, observation and pal-
pation (of muscle activity directly, or estimation of muscle 
activation based on observation/palpation of posture and 
movement), electromyography, ultrasound imaging, and 
numerous other tools such as standardized clinical tests 
of control, e.g. control of the spine with incremental 
increases in leg load (Sahrmann 2002); holding time for 
specific postures such as a side-bridge (McGill 2007); 
ability to contract one muscle independently from others 
(Richardson et al. 2004), or in patterns of activation 
(McGill 2007). Although tests that provide basic informa-
tion of strength of major muscles that cross the region are 
available, there are many other muscles and aspects of 
muscle function that may be important to consider. These 
include aspects such as the timing of activation, the rela-
tive activity of different muscles, and the ability to recruit 
a muscle in a specific pattern, or in a specific manner 
during function.

The aims for treatment of muscle activation are variable. 
In some cases the target is to reduce excessive activity 
(Richardson et al. 2004). The intention is not to com-
pletely relax these muscles, but instead to optimize their 
activity to match the demands of the task, in combination 

mutually exclusive, and although the emphasis is differ-
ent, each approach includes consideration of the other 
aspect of movement. Regardless of the emphasis, move-
ments are considered relevant if they either provoke or 
relieve pain, or those that are associated with greater or 
lesser loading of the spine or pelvis.

Treatment of movement aims to either ‘optimize’ distri-
bution of spine loading (by increasing or decreasing 
motion of the spine or the adjacent segments) or to use 
repeated movement to alleviate pain. However, movement 
cannot be considered independently from posture and 
muscle activation. These three components are inextrica-
bly linked (see Fig. 21.3); the manner in which a patient 
moves depends on lumbopelvic posture/curvature (which 
influence available motion) and muscle activity (which 
may restrict motion or allow/encourage excessive motion). 
In fact, movement is likely to provide useful insight into 
aspects of posture/alignment and muscle activation that 
are likely to be relevant for the patient’s pain.

There is considerable debate regarding the best 
method(s) to change movement. Although some 
approaches use skill/motor learning strategies to encour-
age patients to learn to change the manner in which they 
move, a whole spectrum of other options are employed 
such as techniques to compel a patient to move the spine 
(e.g. placing a patient on an unstable surface that encour-
ages motion of the spine to maintain balance); techniques 
that enhance sensory input (e.g. application of a brace to 
the back (McNair and Heine 1999)); walking on balance 
shoes (Bullock-Saxton et al. 1993; Janda 1996); manual 
therapy techniques; and many other options (see ‘Clinical 
application of motor control training of movement’ for 
further examples).

Figure 21.8	 Common	movement	‘fault’	during	trunk	flexion.	
Increased	recruitment	of	erector	spinae	muscles	in	association	
with	stiff	thoracic	spine	and	hypermobile	lumbosacral	
junction.	
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in some, it may cause pain in others. Although the aug-
mented stiffness may be beneficial for this individual, the 
associated compressive loading may be beyond the com-
pression load tolerance of that particular spine. Another 
stiffening pattern can be attempted to reduce the pain, 
such as a co-activation pattern of pectoral and latissimus 
muscles advocated by McGill. The key is to ‘tune’ the 
pattern to the individual via a process of trial and error as 
an ‘experiment in progress’.

It is clear that changes in movement, posture and muscle 
activity are common in low back pain; but where should 
intervention begin? Different clinical approaches place 
different emphasis on the three. Currently the decision of 
which component to address first or emphasize is largely 
based on the approach/system with which the clinician is 
familiar. Ultimately, it would seem plausible that the 
choice of strategy to optimize control should be that 
which is likely to achieve the greatest change and in the 
shortest period of time. This could vary between individu-
als on the basis of many issues including: (i) their pain 
presentation/movement dysfunction; (ii) their response; 
and (iii) their preference. Future tools may guide clinical 
decisions regarding which component(s) to target first. 
Regardless, it is critical to remember that the movement, 
posture and muscle activation are inextricably linked (see 
Fig. 21.3) and it is impossible to change one without an 
effect on the others. But specific attention to each is prob-
ably required to varying degrees.

Assessment

One area where consensus has not yet been reached 
relates to which tests should be included in an assess-
ment. The approaches converge in the view that assess-
ment needs to be comprehensive and extend across a 
number of domains of movement, posture and muscle 
activation in addition to features such as sensory function 
and psychosocial issues. However, the tests that are used 
to interpret motor control, and to make clinical decisions 
for management differ vastly. This is generally related to 
the bias that each approach places on specific aspects of 
motor control. For instance, the Sahrmann (2002) 
approach includes a range of tests that evaluate the inter-
action between the movement of the extremities and 
spine (see Fig. 21.4) and the interaction of movement of 
different regions of the spine (e.g. upper lumbar vs. lower 
lumbar movement during a trunk lateral bend to the 
right vs. the left (Fig. 21.10)); whereas other approaches 
have a greater focus on evaluation of specific patterns of 
muscle recruitment in order to gain an interpretation of 
the quality of muscle control (Richardson et al. 2004; 
Hodges et al. 2009) (Fig. 21.11). Further, even when 
similar tasks are used, different interpretations can be 
made based on the target feature being assessed (e.g. 
approaches differ in the regions of the spine emphasized 

with augmentation of activity of any muscle that is con-
sidered to be compromised. Other approaches aim to 
encourage augmented activity of specific muscles (Rich-
ardson et al. 2004) or specific patterns of muscle activity 
to control motion (McGill 2007). Another alternative is 
the encouragement of movement and posture without 
attention to specific muscle activation patterns, but with 
the expectation that the muscle activation will self-organize 
(Sahrmann 2002). Implicit in this approach is the aim to 
optimize muscle activity by attention to the quality of 
control of the other components (e.g. control of pelvic 
alignment during rotation or sagittal motion of the hip 
(Sahrmann 2002; Scholtes et al. 2010; Hoffman et al. 
2011) and to the control symptoms). Regardless of the 
approach, individual patients are treated as ‘case studies’ 
and any modification, whether by targeting muscle directly 
or indirectly via movement and posture changes, requires 
reassessment to determine whether a change has been 
achieved. For example, if abdominal bracing is used in the 
McGill approach (McGill 2007) to enhance trunk stiffness, 
its effect is monitored. Although it may reduce symptoms 

Dynamic Stiffening

Low load High load

High movement Low movement

High predictability Low predictability

Low perceived threat High perceived threat

Figure 21.9	 Selection	of	muscle	activation	strategy	based	
on	functional	demands.	The	central	nervous	system	will	
select	a	strategy	for	control	of	the	spine	and	pelvis	from	a	
spectrum	ranging	from	stiffening	to	more	dynamic	solutions.	
Selection	of	strategy	depends	on	many	features	of	a	task	
including	the	load,	the	requirement	to	restrict	or	allow	
movement,	and	the	predictability	of	the	task.	Many	issues	
will	impact	on	this	decision,	such	as	the	threat	value	placed	
on	the	nervous	system	for	a	particular	task;	more		
threatening	tasks	(e.g.	greater	risk	of	pain	provocation)	are	
likely	to	be	associated	with	a	more	protective	solution	for	
spine	control.	
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when evaluating spine curvature during assessment of 
posture in standing (thoracolumbar junction vs. lumbar 
lordosis)).

There is no current minimum set of measures that can 
be advocated. In many cases the specific tests incorpo-
rated in an approach are specific for identification of the 
subgroup that a patient may be allocated to. As the fea-
tures used to distinguish subgroups differ between 
approaches this will underpin the argument for a specific 
comprehensive test battery for each subgrouping method. 
Further work is necessary to define a minimum set of 
measures that may be helpful to guide management. 
However, this needs to be considered on multiple levels 
that include:
1. Tests to determine whether a patient is appropriate 

for management using a motor control approach – is 
motor control the right intervention? This is the 
basis for the test battery used in the Treatment Based 
Classification Scheme (Delitto et al. 1995) for 
identification of patients considered most likely to 
respond to a range of treatment paths, including 
‘stabilization’ exercise (a term often used to describe 
motor control exercise).

2. If motor control training is considered appropriate 
for a patient, a further layer of assessment is required 
to determine how to tailor the intervention to the 
individual. In some approaches this involves 
application of a battery of tests to identify features 
that cluster patients together into subgroups 
(Sahrmann 2002; Van Dillen et al. 2003b; O’Sullivan 
2005). Other assessment-guided approaches that do 
not specifically aim to allocate patients to subgroups 
rely on clinical reasoning to guide selection of a 
battery of tests that are applied to identify features to 
be individually targeted with treatment. The clinical 
reasoning-based approach is almost identical to the 
subgrouping approach, except it does not allocate 
the patient to a subgroup and, therefore, does not 
benefit from the guidance that subgrouping can 
provide towards pattern recognition and 
identification of treatment priorities. On the other 
hand, a clinical reasoning-based approach can allow 
more attention to unique characteristics for an 
individual patient.

3. Assessment also involves consideration of the 
patient interview in addition to the physical 
examination. Examples of important information 
obtained from the patient interview include 
information on the age of the patient, length of 
history, pain levels, types of low back and pelvic 
pain (e.g. continual low level pain vs. episodic 
recurrent), history of surgery, conditions (e.g. 
spondylolisthesis, spinal stenosis, osteoporosis) 
history of trauma and what kinds of treatments have 
been tried and successful (or unsuccessful) in the 

Figure 21.10	 Asymmetric	and	impaired	lateral	bending.	The	
subject	is	able	to	laterally	bend	to	the	left	but	the	motion	
appears	to	be	occurring	primarily	in	the	lower	lumbar	spine,	
in	particular,	L5–S1	intervertebral	joint	(A).	The	subject	
displays	limited	lateral	bend	to	the	right,	but	more	motion	
occurs	across	the	lumbar	region	compared	to	lateral	bend	to	
the	left	(B).	Reproduced from Sahrmann, S., 2002. Diagnosis	and	

Treatment	of	Movement	Impairment	Syndromes. Mosby, with 

permission of Elsevier.

A

B



State-of-the-art approach to clinical rehabilitation of low back and pelvic painPart |	6 |

256

4. A final level of assessment is the inclusion of 
measures to be used to judge outcome. These can be 
specifically targeted to determine whether treatment 
has changed the parameter addressed in the training, 
or a gross assessment of motor performance.

Training approach

There is considerable convergence in the techniques  
used for training. Although the emphasis on specific 
targets for treatment may differ between approaches, there 
are similarities between the techniques often employed 
(Fig. 21.12). Across approaches there is a general trend 
towards application of a motor learning approach where 

past. It is also important to determine why the 
patient has presented, their occupational and 
recreational activities, and their expectations of the 
treatment. This is a problem-solving approach, and 
includes consideration of many factors as well as 
synthesis of a large amount of information. For 
first-contact practitioners, the clinical reasoning 
approach also includes exclusion of red flags (or 
serious non-mechanical pathology). It is also 
important to view imaging studies. For the muscle 
system, magnetic resonance imaging and computed 
tomography images contain a large amount of 
information on the muscles of the trunk, such as 
muscle size and fatty infiltration.

Relaxed

Transversus abdominis contraction

Abdominal wall bracing                               

A

B

C

Transversus abdominis

Figure 21.11	 Assessment	of	independent	activation	of	the	transversus	abdominis	with	ultrasound	imaging.	Position	of	the	
ultrasound	transducer	and	imaging	method	are	shown	on	the	right.	Ultrasound	images	show	relaxed	abdominal	muscles	(A);	
increased	thickness	and	shortening	of	transversus	abdominis	without	change	in	the	other	abdominal	muscles	with	an	
independent	contraction	of	the	muscle	(B);	bracing	contraction	of	all	abdominal	muscles	with	increased	thickness	of	
transversus	abdominis	and	obliquus	internus	abdominis	(C).	
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the specific deficit in posture, movement and muscle acti-
vation is highlighted and the performance is corrected 
with techniques such as a combination of verbal/visual 
instruction, feedback and manual guidance. This is fol-
lowed by progression into increasingly challenging situa-
tions towards full function. Some approaches highlight 
the necessity to incorporate other interventions to facili-
tate this process. Examples include: the use of tape for 
feedback and to modify movement, posture or muscle 
activation; application of manual therapy techniques to 
treat pain and movement dysfunction; techniques to 
reduce muscle activity such as manual therapies and dry 
needling; and electrical muscle stimulation to enhance 
learning of muscle activation. An important consideration 
is that motor learning requires a change of the concept  
of ‘exercise’ in both patients and therapists, from the  
common conventional interpretation of ‘strength and 
endurance training’ to one of ‘control, coordination and 
precision’.

Figure 21.12	 Integrated	model	of	motor	control	intervention	for	low	back	and	pelvic	pain.	The	boxed	area	(left)	provides	an	
overview	of	the	basic	process	of	progression	from	initial	goal	of	correction	of	faults	in	muscle	activation,	posture	and	
movement	to	functional	re-education	and	the	intervening	steps	through	static	and	dynamic	training.	On	the	right	are	the	
additional	issues	that	are	necessary	to	consider	in	a	case-by-case	manner.	These	issues	may	present	as	barriers	to	recovery	for	
individual	patients	and	are	considered	to	differing	degrees	within	different	approaches	to	management	of	motor	control	in	
low	back	and	pelvic	pain.	
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Specific to patient goals

Motor learning involves achievement of permanent 
change in motor control. Traditionally motor learning has 
been considered in terms of rehabilitation of movement 
and posture in patients with neurological disorders, and 
skill training for sports performance. Increasingly motor 
learning principles are being applied to management of 
musculoskeletal pain and dysfunction (Hodges et al. 
2009; Tsao et al. 2010). Although motor learning princi-
ples have been applied using different clinical models the 
basic strategy involves transition through three clinical 
phases: an initial ‘cognitive’ phase with conscious atten-
tion to detail and correction of errors; an ‘associative’ 
phase with attention to consistency of performance in 
more challenging contexts; and an ‘autonomous’ phase 
where transfer to automatic control is encouraged Box 
21.1 (Fitts and Posner 1967). Underpinning this motor 
learning strategy are clinical principles that are commonly 
used to facilitate learning. These include principles such 
as ‘segmentation’ (practise of individual components of a 
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task before practise of the whole task), ‘simplification’ 
(practise with reduced demand to enable better quality 
performance) and use of ‘augmented feedback’ (Hodges 
et al. 2009).

Recommended dosage of exercise differs between 
approaches, ranging from frequent short periods of train-
ing to a smaller number of longer sessions with focus on 
quality. Both approaches may lead to motor learning and 
different patients may respond better to one approach 
than another.

Ultimately, the success of motor learning will depend 
on the patient’s adherence to the intervention and progres-
sion of the intervention as far as necessary for the patient 
to meet his/her functional demands. It is necessary to use 
whatever means necessary to encourage commitment of 
the patient to high quality and frequent practise with 
attention to quality of performance. Multiple methods 

Box	21.1 Phases of motor learning

Cognitive phase
Focus/objective

‘Cognitive’	correction	of	faults	in	movement,	posture	
and/or	muscle	activation

Elements:	Conscious	performance	with	attention	to:
Instruction
Feedback
Quality	of	performance

Characteristics
Frequent,	large	errors	and	variability

Associative phase
Focus/objective

Fundamentals	of	fault	correction	acquired	–	aim	shift	
to	use	of	‘skills’	in	more	demanding	contexts

Elements
Cognitive	demands	reduced
Focus	on	consistency	of	performance
Vary	posture,	load,	movement,	task

Characteristics
Decreased	error	frequency	and	size;	greater	confidence	

with	correction	of	errors

Autonomous phase
Focus/objective

Aim	for	automatic	correction	of	faults
Elements

Repetition
Variety	of	physical/emotional	contexts
Transfer	between	environments

Characteristics
Consistency	despite	variation	in	context

Source:	Fitts	and	Posner	1967

have been suggested, such as design of a treatment package 
to maintain motivation with frequent updates and pro-
gression of exercise, training in a group environment, 
intermittent review after discharge and other mechanisms. 
Some approaches have been criticized for failure to 
emphasize sufficiently advanced progression to function. 
Advanced progressions that are necessary for individual 
patients may involve implementation of strength and 
endurance training protocols (see ‘Strength and endur-
ance’), depending on the ability and functional demand 
that the patient hopes to maintain or return to.

It is the responsibility of the therapist to identify the 
objectives of training (which aspects of posture/alignment, 
movement, and muscle activation that should be changed), 
find the appropriate training approach to achieve motor 
learning and design a treatment package that maintains 
the motivation of the patient to progress to a sufficiently 
high level to achieve long-lasting change.

Does training of motor control need 
to be ‘cognitive’?
Most approaches aiming to train motor control, although 
not all, rely on explicit learning techniques whereby 
patients are provided with tools to consciously correct the 
aspects of posture, movement or muscle activation that are 
considered to be problematic. This approach is often ques-
tioned because the motor system is controlled by many 
regions of the brain, including subcortical structures such 
as the more primitive brain stem mechanisms, in addition 
to the cortical motor areas that are involved in voluntary 
control of movement (Gahery and Massion 1981). 
However, it is clear from a range of studies that cortical 
brain regions such as the primary motor cortex are involved 
in generation and control of postural adjustments (Gahery 
and Massion 1981) (see also Chapter 20). Further it is 
often commented that activation of individual muscles is 
unfounded as it is often suggested by clinicians that the 
brain controls ‘movement and not muscles’. As argued in 
Chapter 20, the latter point is not accurate as the brain, 
including the motor cortex, control both movements and 
muscles (Evarts 1967). The evidence for use of a cognitive 
approach is that: (i) clinical trials show that cognitive 
training is associated with changes in activation of trunk 
muscles in untrained postural and gait tasks (Tsao and 
Hodges 2007, 2008) and changes in organization of the 
motor map on the cortex (Tsao et al. 2010); (ii) cognitive 
attention to correction of muscle activation induces greater 
change in behaviour of the muscle (Tsao and Hodges 
2007) and cortical brain map organization (Tsao et al. 
2010) than exercise that activates the muscles to a similar 
amplitude, but without any conscious attention to the 
muscle, or without cognitive intention to change the 
behaviour/recruitment of the muscle (e.g. simple activa-
tion during a simple sit-up or during walking, rather than 
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targeted attention to modify the recruitment in a specific 
manner); and (iii) skill training with attention to a task 
leads to greater cortical changes than strength training 
(Remple et al. 2001). Strategies that involve cognitive 
training of muscle activation, posture or movement are 
in-keeping with well-established skill learning strategies 
(Fitts and Posner 1967). Theories of skill learning argue 
for an initial phase of cognitive learning prior to more 
automatic training (Fitts and Posner 1967). Gentile (1987) 
described this phase as ‘getting the idea’ of the task prior 
to integration into function. Recent work has highlighted 
that although functional automatic training with attention 
to overall performance (e.g. load lifted, distance a ball is 
kicked) may be suitable for individuals who have already 
gained basic abilities (McNevin et al. 2003; Perkins-
Ceccato et al. 2003), those with more novice performance 
skills benefit from attention to detail (Perkins-Ceccato 
et al. 2003), such as specific features of muscle activation, 
posture and movement. The use of conscious attention to 
control of posture, movement and muscle activation 
appears to be a reasonable and effective approach to treat-
ment. This does not mean that cognitive attention is the 
only way to change control, but it does indicate that this 
approach is one way that is known to be able to achieve 
change.

If it is accepted that cognitive skill-training strategies are 
appropriate for changing motor control then it is worthy 
to consider the most ideal methods to enhance motor 
learning in this framework. The literature provides a 
wealth of clinical guidance on issues such as: segmentation 
(practise of components of function before incorporation 
into the ‘whole’ task), simplification (practise of task ele-
ments in a simplified context, such as slower speed, greater 
body support, etc.), feedback (consideration of which type 
of feedback is most helpful at a specific phase in recovery 
of function; knowledge of performance or knowledge of 
results), dosage (how much and whether this should be 
applied as few long sessions or many short sessions) and 
methods to optimize transfer to function (transfer is better 
when the exercise is closely aligned to the function being 
trained). Numerous texts have been written on this topic 
that provide a helpful resource for planning effective treat-
ments (e.g. Magill 2001; Shumway-Cook and Woollacott 
2006).

An alternative approach would be to find methods that 
change motor control strategies in a more ‘implicit’ 
manner without attention to error correction by the 
patient. Janda (1996) used sensory stimulation (e.g. 
walking on unstable shoes) with the intention to change 
recruitment of proximal muscles. Others train higher-level 
tasks such as sitting on balls or functional movements. 
There is some evidence that these strategies can lead to 
changes in muscle activation (Bullock-Saxton et al. 1993), 
but it is unclear whether these changes are meaningful. 
Some work has aimed to investigate whether passive 

techniques, such as joint mobilization and manipulation, 
induce recovery of motor function (Fritz et al. 2011). 
Although there are data of small immediate improvements 
in specific aspects of motor control (Marshall and Murphy 
2006), this has not been observed in all studies (Ferreira 
et al. 2007a) and large-scale clinical trials have not sup-
ported the assumption that passive treatment leads to 
recovery of motor control behaviour (Ferreira et al. 2009). 
A future challenge is to identify whether these more 
implicit/automatic methods can be identified that change 
the function of the motor system in a manner that leads 
to improved spine control for a patient, and whether  
there are specific groups who would benefit from this 
intervention.

Who benefits from rehabilitation of 
spine control?
As yet the answer to the question of who benefits from 
interventions that aim to rehabilitate the motor control of 
the spine and pelvis remains unclear. Some groups have 
proposed that patients may be selected on the basis of 
clinical issues that suggest ‘instability’ (Hicks et al. 2005; 
Kiesel et al. 2007). The factors proposed to identify this 
group include a ‘prone shear instability test’, hypermobil-
ity (Fig. 21.13), tests of joints, and questionnaires such as 
that developed by a process of expert consensus to estab-
lish features considered to be related to ‘clinical instability’ 
(Cook et al. 2006). There are some data to show that 
people who satisfy such criteria fare better than others 
when treated with exercise aimed at optimizing motor 
control of the spine and pelvis (Hicks et al. 2005). As 
mentioned earlier, a contemporary view held by many is 
that motor control training approaches may be appropri-
ate not only for individuals who are considered to have 
too little stability, but for a range of patients who may 
suboptimally load the tissues of their spine and pelvis, 
whether that be too little or too much (Hodges and Chole-
wicki 2007). O’Sullivan (2005) argues that appropriate-
ness for such intervention depends on exclusion of 
psychosocial features as a dominant aspect of their pres-
entation. This issue is central to consideration of whether 
a patient may benefit from allocation to a treatment that 
targets motor control issues, such as those advocated for 
and described in this chapter, or one that has a focus in 
the psychosocial domain such as graded activity using the 
principles of cognitive behavioural therapy (Macedo et al. 
2012). Although the outcomes of each of these treatments 
are similar when they are applied generically across a non-
specific low back pain group, it is reasonable to speculate 
that there will be individuals who respond better to one 
or other approach. Current work aims to identify baseline 
features that may predict the responsiveness in this context 
(Macedo et al. 2008). A key issue from the clinical trials 
literature is that when motor control interventions for 
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Figure 21.13	 Examples	of	provocative	testing	in	the	prone	positions	used	by	McGill.	(A)	The	‘prone	shear	stability	test’	begins	
with	the	patient	relaxed	on	the	table	and	feet	on	the	floor.	Poor	posturing	(panel	2)	can	create	pain	simply	through	flexion	
intolerance	giving	a	false	sign.	Manual	load	(about	2	kg)	is	applied	to	each	posterior	spinous	process	to	locate	sensitive	and	
pain-producing	segments.	Then	the	legs	are	extended	which	activates	the	extensor	muscles	stiffening	the	spine	in	a	shear	
mode.	The	height	of	the	legs	is	adjusted	to	find	the	posture	of	best	pain	relief	or	most	tolerance.	Note	this	may	increase	pain	
in	some	patients,	but	cueing	different	postures	and	loads	identifies	this.	(B)	The	‘prone	leg	raise’	assesses	the	response	to	
traction	and	then	to	a	load	that	is	directed	to	exacerbate	pain	thought	to	arise	from	a	spondylolisthesis	as	the	thighs	are	lifted	
off	the	table.	Increase	in	pain	is	interpreted	to	suggest	intolerance	to	an	anterior	shear	load	(spondylolisthesis),	whereas	relief	
is	interpreted	to	suggest	a	mechanism-related	pain	generation	via	retrolisthesis.	

B

A
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control of the spine and pelvis are applied to non-specific 
back pain groups the size of the clinical effect is smaller 
(Goldby et al. 2006; Ferreira et al. 2007b) than when the 
intervention is applied to specific subgroups (e.g. acute 
unilateral low back pain (Hides et al. 2001), spondylo-
listhesis (O’Sullivan et al. 1997), pregnancy-related  
pelvic girdle pain (Stuge et al. 2004)). There is a clear 
challenge for the future to identify which patients may 
benefit from rehabilitation of motor control of the spine 
and pelvis.

It is important to recognize that there are two layers to 
the question of matching the intervention to the patient. 
First, which patients are likely to benefit from an approach 
targeted at improving motor control, and second, in those 
who are predicted to benefit, how should the intervention 
be applied (i.e. in a generic manner to all, or in a targeted 
manner) within the group? The issues surrounding sub-
grouping in low back pain are discussed in Chapter 17 and 
other sections of this chapter (see ‘Assessment’, p. 255). 
Evidence is emerging that treatment targeted to the indi-
vidual based on their movement subgroup leads to better 
outcomes (Fersum et al. 2010).

A critical consideration of subgrouping and targeting of 
interventions is the relative weighting of biological and 
psychosocial elements in a patient’s presentation, and 
within the biological component, the relative weighting of 
biomechanical elements (e.g. aberrant motion or excessive 
loading leading to nociceptor stimulation) vs. biological 
changes that underpin changes in pain system function 
(e.g. peripheral and central sensitization; inflammatory 
system responses). The relative importance of each of 
these aspects is likely to influence the responsiveness to 
intervention and treatment is likely to be more effective if 
intervention is targeted to the individual across the differ-
ent domains. This will necessitate the use of informative 
assessments that build the picture of the individual patient 
and the aspects of his/her presentation that should be 
prioritized to achieve the greatest change, and this may 
vary over time as the patient progresses.

There will always be people who do not benefit from 
motor control training. This may be because suboptimal 
loading is not a major contributor to their symptoms (e.g. 
highly sensitized nervous system), the motor control 
system may not have the capacity to modify the loading 
(e.g. in the presence of a structural deficit), or the patient 
may be unable to modify motor control to optimize the 
loading (e.g. insufficient motivation to take responsibility 
for changing control; therapist unable to find the optimal 
solution to training). In these cases, motor control may 
not be the complete answer, but may provide sufficient 
functional improvement to improve a patient’s quality of 
life, or it may not be appropriate. The therapist should 
always remain responsive to indications that including 
treatments that can influence the function of the spine and 
pelvis (e.g. manual therapy, etc.), and function of the pain 
system, could be beneficial.

Fitting training of spine control into 
the biopsychosocial framework
As alluded to in the preceding sections of this chapter and 
other chapters in this book (see Chapter 11), a critical issue 
is that low back and pelvic pain is a biopsychosocial 
problem that requires a biopsychosocial intervention. Fur-
thermore, it must be recognized that these three aspects 
– the ‘bio’, the ‘psycho’ and the ‘social’ – do not exist in 
‘silos’. In fact, the biopsychosocial framework emphasizes 
the integration rather than separation of these three 
aspects. For instance, motor control can be influenced by 
psychosocial variables, just as low back pain can (see 
Chapters 6 and 11). The biopsychosocial nature of both 
pain and motor control of the spine and pelvis can be 
appreciated by remembering that both are emergent prop-
erties, not cortical inputs (see also below), and the influ-
ence of a biopsychosocial framework can be observed both 
in the assessment and management of someone with low 
back and pelvic pain.

As far as assessment is concerned, psychosocial elements 
cannot really be removed from any patient’s presentation, 
but their impact is often predictable, and helpful for the 
goal of recovery. However, in many patients, it is necessary 
to consider psychosocial elements that might be less pre-
dictable and unhelpful – how do they contribute to pain, 
behaviour, motor outputs and, most pertinent here, spinal 
control? One might suggest that the aim of a comprehen-
sive assessment is to identify the extent to which there are 
contributions from each domain. The nature of a patient’s 
pain can give important clues to the relative involvement 
of nociceptive and non-nociceptive contributions (see Fig. 
21.14). Beyond gaining a clear understanding of the con-
tributions to a patient’s pain, a comprehensive assessment 
will also evaluate the behavioural consequences of pain. 
This distinction is critical – whereas psychosocial factors 
can modulate pain and motor control directly, they can 
also modulate the impact of their pain on their work and 
social life, the manner in which they cope with their pain 
and their choices in overcoming it.

When non-nociceptive contributions exist or predomi-
nate, and psychosocial factors also impact on pain, spinal 
control, behaviour and well-being, the clinician faces a 
daunting task – to prioritize targets for intervention and 
identify the best methods to address them. Sometimes this 
will require an advanced understanding of the interaction 
between domains. For example, cognitive variables such 
as the conviction that the spine is vulnerable when it is 
moving, may limit gains of an otherwise appropriate 
motor-control target. Conversely, motor strategies may 
lead to provocation of pain while attempting an appropri-
ate task. Either situation requires a flexible and multimo-
dal clinical approach.

Ideally, the process of identifying treatment priorities 
should be undertaken with a focus on what the patient is 
aiming at – what do they see as the most important short 
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Figure 21.14	 Some	general	guides	for	interpretation	of	a	comprehensive	assessment	to	identify	contributions	to	a	pain	state	
from	nociceptive	and	non-nociceptive	domains.	Patterns	are	consistent	with	contribution	of	biological	mechanisms	(primary	
nociceptive,	nerve	root	(also	dorsal	root	ganglion-evoked	nociceptive	discharge),	peripheral	neuropathic	and	central	nervous	
system,	immune,	autonomic	and	endocrine	contributions).	Psychosocial	contributions	clearly	have	their	effect	on	the	CNS	but	
are	not	biological	contributions.	PCS	=	Pain	Catastrophizing	Scale	(Sullivan	et	al.	1995);	PKQr	=	Revised	Pain	Knowledge	
Questionnaire	(Parkitny	et	al.	–	http://www.bodyinmind.org/resources/posters/iasp-2012/rasch-analysis-of-neurophysiology-of-pain-
questionnaire/);	FABQ	=	Fear	Avoidance	Beliefs	Questionnaire	(Waddell	et	al.	1993).	

Distribution Mechanical sensitivity

Thermal sensitivity

Behavioural sensitivity

Duration

Meaning and mood

Pain confined to a discrete
area of  the back

Repeatable, predictable
mechanical provocateurs, 
passive or psychological

Unpredictable provocateurs, 
multiple areas sensitive

Brush-evoked allodynia

Heat increases pain
or mechanical sensitivity

Cold increases pain
or mechanical sensitivity 

Flare-up delayed for day(s)

Unpredictable or not closely
tied to mechanical or

biomechanical context

Pain modulated by mood
or social context

Segment distribution
Primary

nociceptive

Nerve root

Peripheral
neuropathic

CNS
adaptation

Other efferent
systems

Psychosocial

Peripheral nerve
distribution

Spreading but none
of  the above

> 3 months

Depression

Catastrophizing (e.g. PCS)

Inaccurate conceptualization
(e.g. PKQr)

Fear of  injury (e.g. FABQ)

term and long term goal? What are their expectations of 
treatment? What are their resources for achieving those 
goals? However, this process is also dependent on the 
knowledge and skill set of the clinician, the context of the 
intervention, the patient-clinician alliance, and the time 
and economic constraints of the interaction.

A critical consideration is that there is rarely a case 
where the issue of ‘presence’ or ‘not’ of certain nociceptive 
or psychosocial elements is black-and-white. All features 
operate along a sliding scale and some element of change 
is likely within each domain. That is, features within the 
psychological domain are relevant for many patients, not 
only those with chronic unremitting low back pain and 
high scores on clinical scales of catastrophizing, etc. It is 

the challenge for the clinician to judge the relative impor-
tance of issues across domains and identify what he/she 
may consider to be the best route to change the system. In 
one patient this may be to change the biomechanics of 
movement (improve muscle activation, posture and move-
ment to optimize loading on the tissues). In another 
patient it may be to instigate a graded activity approach to 
encourage the patient to return to function using the prin-
ciples of cognitive behavioural therapy, without specific 
attention to the pain or the biomechanical issues that 
provoke it (Macedo et al. 2012). In general, it seems 
logical that the optimal outcome may be achieved by 
implementation of a package of intervention that incor-
porates aspects that address all domains. Although logical, 

http://www.bodyinmind.org/resources/posters/iasp-2012/rasch-analysis-of-neurophysiology-of-pain-questionnaire/
http://www.bodyinmind.org/resources/posters/iasp-2012/rasch-analysis-of-neurophysiology-of-pain-questionnaire/
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education (so-called ‘Explain pain’) (Butler and Moseley 
2003), cognitive behavioural management (Nicholas et al. 
2002), fear exposure therapy and conditioning paradigms 
(Turk and Flor 2006).

MOTOR CONTROL APPROACH TO 
MANAGEMENT OF LOW BACK AND 
PELVIC PAIN

The key aim of this section is to provide an overall frame-
work within which to consider the management of motor 
control of the lumbopelvic region for treatment of low 
back and pelvic pain, and to discuss key concepts related 
to the clinical application of motor control training. The 
objective is to present a model that can aid interpretation 
of how the many different approaches to motor control 
training may interweave together. The resulting compre-
hensive approach incorporates a range of different strate-
gies that can be viewed as tools in an eclectic toolbox 
providing options for the unique individuals that present 
clinically. There are numerous factors that can influence 
the selection of a specific clinical route. This will include 
the experience and biases of the clinician, the experience 
and preferences of the patient, and the characteristics of 
the patient, which may be more suited to one clinical 
approach than another. Just as much as different 
approaches suit different patients, different clinicians suit 
different approaches. There is no doubt some clinicians 
will always do better using one specific system or combi-
nation of systems while others will get better results with 
another system on the same clinical population, and this 
needs to be considered in the selection of treatment.

The second aim of this section is to provide a summary, 
although not exhaustive, of clinical techniques that are 
available for the assessment and management of para-
meters considered to be relevant to the patient’s presenta-
tion. In many cases the techniques are derived from 
clinical experience and are not yet tested, or for some there 
is emerging evidence.

Overall framework for motor 
control training in low back and 
pelvic pain
Figure 21.12 presents a framework designed to provide  
a somewhat sequential pathway of steps for motor  
control training. The framework is inclusive of the paths 
defined in many of the approaches that have been pre-
sented for designing treatment programmes for motor 
control training, as well as provide a structure to consider 
how the various treatment options or specific forms of 
exercise intervention may fit together. The boxed section 
on the left provides the primary pathway from ‘correction’ 

this requires careful consideration, as some aspects may 
be mutually exclusive; for instance graded activity encour-
ages patients to ignore the pain, and increase function. 
Motor control interventions, on the other hand, generally 
aim to encourage patients to adjust movement, posture 
and muscle activation in a manner that prevents pain 
provocation, and this necessitates attention to pain and the 
actions that provoke and relieve it. Thus, although com-
bined approaches may be optimal, some important ques-
tions require consideration for the individual patient. 
Some current work aims to identify whether baseline fea-
tures can assist in the prediction of which patients are 
likely to respond better to which intervention.

Two very important issues require further considera-
tion. First, pain is an emergent experience related to the 
implicit perception of threat to body tissue, and is not 
linearly related to activity in nociceptive afferents (the 
threat receptors) (Butler and Moseley 2003; Woolf 2011). 
Mechanisms within the peripheral and central nervous 
system can upregulate the nociceptive input, as can other 
efferent systems and psychosocial elements. Therefore, if 
the aim of modifying spinal control is to reduce activation 
of nociceptive afferents, then one cannot expect an iso-
morphic relationship between improved control and pain 
reduction. This highlights the difficulty of relying on 
reported symptoms to evaluate the quality of spinal 
control. That is, if a modification to motor control does 
not change pain, this does not confirm that it was irrel-
evant. Second and conversely, training spinal control 
cannot exclusively train motor pathways. For example, the 
simple command to ‘activate your corset muscle’ carries 
with it potential potent inputs that imply support and 
safety for the spine. Therefore, the reduction of pain with 
motor control training is not necessarily due to changes 
in motor output.

Figure 21.14 shows characteristic patterns associated 
with various nociceptive and non-nociceptive contribu-
tions to pain. Neuropathic pain, which is pain arising 
directly from damage or disease of the nervous system, 
CNS adaptation and involvement of other efferent systems, 
is less likely to be responsive to changes in spinal control. 
In low back pain, neuropathic pain has been limited to 
sciatica, but emerging data suggest it may be more 
common and not necessarily involving leg pain. This is 
important because when the primary nociceptor is not 
making a significant contribution to a patient’s pain state, 
any treatment that targets it is not indicated. Importantly, 
however, one might argue that this does not preclude 
motor control training, which may be an important 
vehicle to address cognitive and systemic contributions.

It is reasonable to suggest that the more complex a 
patient’s presentation, the more likely psychosocial ele-
ments are making important contributions. There are 
established treatments that directly target psychosocial ele-
ments and the interested reader is referred elsewhere for 
more extensive coverage. For example, pain biology 
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Figure 21.15	 Common	muscle	activation	‘faults’	in	low	back	pain.	(A)	Increased	recruitment	of	the	oblique	abdominal	
muscles	in	low	back	pain.	(B)	Atrophy	of	the	right	side	gluteus	maximus	in	a	patient	with	low	back	pain.	

For instance, Sahrmann’s (2002) approach places empha-
sis on consideration of the relative flexibility of adjacent 
regions (e.g. does the spine rotate too early during rotation 
of the hip?), or to change the timing of movement of seg-
ments participating in the overall movement or change the 
extent of the total range of motion used to assume and 
maintain a posture, Richardson et al (2004) place (among 
other things) emphasis on evaluation of activation of 
muscles (e.g. identification of excessive activity of muscles 
such as the obliquus externus abdominis or muscles with 
reduced activity (Fig. 21.15)), and O’Sullivan’s approach 
emphasizes correction of postures and movements includ-
ing those that may be provocative of pain (Fig. 21.16). In 
McGill’s approach, provocative testing is performed to 
identify the motions, postures and loads that exacerbate 
pain (see Figs 21.2, 21.13, 21.17), with the first objective 
being to identify these to the patient and assist them in 
creating strategies to avoid them. Corrective exercises to 
facilitate pain-free postures and movements are then 
devised. This does not mean that each approach only 
considers those aspects, but that the approach favours 
assessment and training of these components early in 
management, if they are present.

The basic objective of this initial phase of motor control 
assessment and training is similar across approaches; as a 
result of careful assessment (the elements of which vary 
between approaches) a clinical picture is built of the pres-
entation of the patient in the aspects of posture, move-
ment and muscle activation that are considered relevant 
for the patient’s presentation, and a treatment plan is 
developed to correct these features. A range of clinical 
assessments is available, with specific tests designed to 
evaluate the components considered important by each 
approach. These tests have been subject to varying levels 
of research in terms of validation, assessment of 

of motor control deficits at the initiation of treatment, 
through to ‘functional rehabilitation’ via progression 
through ‘static’ and ‘dynamic’ focussed training. The boxes 
to the right indicate additional issues that may require 
consideration in treatment planning, because they: (i) are 
central to the patient’s presentation (e.g. modified trunk 
muscle activity based on the presence of a respiratory 
disease; or changes in mobility of the hip, which impact 
on the necessity to use motion of the lumbar spine in 
function), (ii) provide barriers for progression of exercise, 
or (iii) are necessary to consider in order to return the 
patient to full function, regardless of whether or not there 
is a direct relationship to pain (e.g. cardiovascular fitness, 
balance performance, etc.).

The following sections describe the basic process for 
guiding a patient through the framework with considera-
tion of the various treatment approaches that have been 
presented in the literature. The subsequent sections 
provide the clinical ‘pearls’ of how this model can be 
practically applied to the management of patients with 
low back and pelvic pain.

Correction of motor control ‘faults’

The first step in planning and implementing a motor 
control training programme for a patient with low back 
and pelvic pain is the identification of which features, if 
any, of posture, movement and muscle activation are consid-
ered relevant for the patient’s presentation and require 
consideration in treatment. The underlying premise of this 
phase of rehabilitation is identification of features of phys-
ical presentation that, if changed, would alter the presence, 
perpetuation or recurrence of pain and dysfunction. As 
highlighted in an earlier section, the emphasis placed on 
specific features differs between motor control approaches. 
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Figure 21.16	 Common	postural/alignment	‘faults’	in	sitting.	
Flexed	lumbosacral	junction	in	sitting	with	long	lordosis	
above	this.	

Figure 21.17	 Example	of	provocative	testing	in	supine	used	
by	McGill.	A	fist	is	placed	under	the	sacrum	and	then	
‘pulsed’	to	evaluate	the	SI	joints	provoked	in	shear.	Posture	is	
adjusted	with	the	other	hand	along	with	instructions	to	the	
patient	to	adjust	muscular	control	patterns	in	order	to	
determine	whether	a	pain-relieving	control	strategy	can	be	
identified.	

B

A

approach as a basis for targeting specific deficits in motor 
control.

There is again a range of treatment approaches available 
and many specific exercise tasks have been developed  
with the intention of correcting the features of motor 
control that are considered relevant. If the patient has been 
‘subgrouped’, this may assist the clinician to identify and 
prioritize the elements of the intervention. If the approach 
is based on ‘clinical reasoning’ (without aiming to place 
the patient into a category/subgroup) the specific indi-
vidual deficits and their combination is taken into account 
to design the treatment for the individual patient. The 
major difference between approaches is not the individu-
alization of treatment, but the guidance provided by  
the approach. Subgrouping has the advantage of providing 
the novice therapist with guidance for ‘pattern recog-
nition’; whereas the more eclectic clinical reasoning 
approach relies on the experience of the therapist. Another 
advantage of subgrouping is that it could assist with com-
munication between therapists, as long as they are all 
familiar with the subgrouping method. An advantage of 
the individual clinical reasoning approach is that it can 
allow the therapist to be more sensitive to unique charac-
teristics of the patient in front of them, rather than being 
biased by expected features of a subgroup. Although many 
patients are neatly classifiable into a subgroup in one 
approach or another, others do not so easily fit within the 
expectations of an approach.

A critical aspect of this initial phase of motor control 
training is the necessity to evaluate the outcome achieved 
by changing a specific feature of a motor control strategy. 
This involves two components: first, evaluation of the 
success in changing the aspect of motor control that has 
been targeted (i.e. does the patient perform the task dif-
ferently?), and second, evaluation of the success in reduc-
ing the symptoms (i.e. did it help the symptoms?). The 
first component is straightforward and depends on 
ongoing and repeated assessment. The second is straight-
forward for some aspects of motor control, but not others. 
For instance, if a patient provokes his/her symptoms by 
flexion of the lumbar spine during sitting, correction of 
this ‘fault’ by training more optimal alignment in upright 
sitting should lead to decreased pain. However, for some 
aspects the relationship between correction of the ‘fault’ 
and change in clinical symptoms may not be as clear. For 
instance, improvement of the activation of transversus 
abdominis may improve the quality of spine control by 
enabling a reduction of dependence on over-activation of 
the larger more superficial muscles, but correction of this 
fault may not lead directly to a reduction in pain. In this 
latter case, improved performance is the key criterion for 
evaluating improvement. Another issue to consider, as dis-
cussed earlier (see ‘Fitting training of spine control into 
the biopsychosocial framework’), is that there may not be 
a linear relationship between mechanical aspects of tissue 
loading (at its most basic level, presumably leading to 

repeatability, sensitivity and specificity. Some of these 
research findings are discussed in subsequent sections of 
this chapter. The outcome of the assessment may lead to 
classification of the patient to a specific subgroup, or the 
collected information may be used in a clinical reasoning 
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increased nociceptor discharge) and the pain the patient 
experiences. Determination of the appropriateness of a 
change in motor control and a change in the patient’s pain 
is not watertight. A patient may report no benefit of a 
potentially ideal correction or a large benefit from chang-
ing an aspect unrelated to his/her presentation as a result 
of having ‘taken action’ to relieve pain (see Chapter 11). 
Thus, response to correction must be considered along 
with other information when determining the appropri-
ateness of a correction and also the response over time, 
not simply the immediate response.

The ultimate outcome or endpoint for the first phase of 
training is the establishment of an improved motor 
pattern. That is, the patient has learnt the skills to correct the 
features of motor control considered to be relevant to his/her 
symptoms. This may be achieved rapidly, or take consider-
able time, depending on the patient, the status of his/her 
system, their motivation, the accuracy of exercise imple-
mentation by the treating clinician, and many other 
factors. Once learnt, and the patient has both the capacity 
to confidently correct the significant features, and to sense 
when he/she has not controlled this feature, it is then 

Figure 21.18	 Assessment	of	control	of	spinal	and	pelvic	alignment	during	leg	loading	task.	Loss	of	alignment	may	be	
identified	by	increased	or	decreased	lumbar	lordosis	with	anterior	or	posterior	pelvic	tilt	respectively.	

appropriate to progress the programme to more challeng-
ing phases of training.

Progression of motor control with a focus 
on static training

Once a patient has learnt strategies to correct the ‘faults’ 
in motor control he/she requires progression to higher 
levels of physical demand. The basic objective is to train 
correction of the specific features of motor control that 
have been identified as problematic in the initial phase, in 
situations of increased physical demand (e.g. load, speed, 
duration, etc.). Many approaches have been developed for 
implementation of this phase of training. One major dis-
tinction between approaches is whether they focus on 
static control of alignment of the spine and pelvis (Fig. 21.18), 
or whether they encourage more dynamic control during 
movement (i.e. control of lumbopelvic movement and 
control of the lumbar spine and pelvis during whole body 
movement). Both options are likely to be necessary, as 
function requires the opportunity to select a motor strat-
egy across the spectrum from more static solutions to 
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more dynamic solutions, depending on the demands/
features of the task. The following discussion in this 
section is focussed on options for progression of static 
control of orientation and alignment of the spine and 
pelvis for progression. As mentioned earlier, the standard 
is a neutral alignment or as close to that as possible but 
there are many possible structural changes in the spine, so 
a position away from the range of the alignment that is 
symptom-provoking to one that provides control of symp-
toms is the goal, and this may not necessarily be neutral. 
As this component of training requires tracking of the 
quality of control of a single element (i.e. spinal align-
ment), its application is relatively straightforward, unlike 
dynamic control where the aspects monitored to judge 
success differ between tasks and require understanding of 
ideal and suboptimal performance in a case by case 
manner. The relative simplicity of the philosophy of static 
training, combined with the plethora of approaches that 
have been designed to target this aspect and the simplistic 
philosophy that ‘more’ control of the spine is the goal, has 
led this type of training to become almost synonymous 
with motor control or, to use an older term, spine stability 
training. This is a problem, as it has led individuals to 
believe, inaccurately, that training aimed at enhancing 
static control of the trunk is the sole target of treatment 
and is the ‘whole’ approach, rather than just one part of a 
more comprehensive intervention that aims to individu-
ally optimize dynamic control with consideration of 
posture, movement and muscle activation. The reduction-
ist interpretation of the approach has led to the publica-
tion of misguided critiques of basis for motor control 
training (e.g. Lederman 2010).

Static progression of control generally involves training 
a patient to control a specific alignment of the spine and 
pelvis while he/she adds load to the system via movement 
of limbs (e.g. leg loading from Sahrmann’s approach 
(2002)) or application of force to the body (e.g. rhythmic 
stabilizations from proprioceptive neuromuscular facilita-
tion (PNF)). A major distinction between some approaches 
to motor control training is that some clinical programmes 
begin the intervention for the patient with this type of 
training without prior assessment and learning of strategies 
to correct posture, movement and muscle activation 
‘faults’. In that case, and to varying degrees, it is assumed 
that implementation of static training encourages auto-
matic correction of motor control ‘faults’ without the 
requirement to specifically address them. Although there 
is some evidence that such approaches (without specific 
attention to correction of patient-specific motor control 
faults) do not automatically restore muscle activation pat-
terns (Hall et al. 2009), there is no current evidence from 
clinical trials that outcomes differ between these view-
points. However, it is broadly considered that specific 
attention to correction of motor control faults is likely  
to achieve the greatest change, and is advocated in this 
volume.

Control of the static alignment of the spine and pelvis 
requires activation of a whole system of muscles. Although 
sometimes purported clinically, it is mechanically impos-
sible for isolated activation of the deeper trunk muscles to 
achieve this task, with an additional contribution of the 
more superficial muscles that have appropriate moment 
arms to oppose external and internal forces. The specific 
pattern of muscle activation depends on the direction of 
torque that is applied to the trunk. For instance, with a 
patient in supine lying with the knees and hips flexed 
(crook lying), for him/her to be able to maintain/control 
the static position of the pelvis and spine when one leg is 
lifted or the hip abducted and externally rotated with the 
foot in contact with the table, it is necessary to activate a 
specific pattern of abdominal and back extensor muscles 
that oppose the rotary torque on the trunk. Although dif-
ferent exercise approaches may advocate different target 
postures to be controlled in supine lying (e.g. flat lumbar 
spine and posteriorly tilted pelvis vs. maintenance of a 
lumbar lordosis), different methods of application of load 
(force applied to the trunk vs. limb load), different 
methods of evaluation of the success (e.g. monitoring of 
lumbopelvic position with pressure cuff placed under the 
spine (Richardson et al. 2004)) and other unique features 
(e.g. coordination with expiration in some version of 
‘Pilates’ exercise), the basic objective of all approaches is 
to control alignment when challenged by additional load. 
The effectiveness of the intervention, to varying degrees, is 
considered to depend on the attention placed on evalua-
tion of the ‘success’ in terms of the patient’s ability to 
control the alignment and to control the symptoms by 
controlling the alignment.

Assessment in this phase revolves around identification 
of: (i) the threshold loads/forces that can be applied 
before the patient can no longer maintain the pelvic and 
lumbar alignment; (ii) asymmetry in the ability to control 
alignment when force is applied in opposite directions; or 
(iii) specific directions/planes of force that present a spe-
cific challenge to the patient. Identification of these fea-
tures guides the planning of treatment for selection of 
appropriate exercises (that challenge the threshold for 
control and specific directions/planes of force) and guid-
ance for progression of exercise. Assessment can involve 
specific assessment tasks (e.g. formal sequence of incre-
mental loads) or can be undertaken by evaluation of 
response to loading in an individualized manner matched 
to the needs of the patient.

It is common, but not universal, to implement static 
training before progression to dynamic training as it is 
generally easier for a patient to assess his/her success 
(easier to identify loss of control of a specific alignment, 
than complex features of a movement response). However, 
many approaches encourage a combination of static and 
dynamic training exercises.

Progression of static training can involve incremental 
increases in loading (increasing lever arm length, 
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control includes two main issues: (i) control of dynamic 
movement of the spine itself (Fig. 21.20) and (ii) control 
of the spine during movement of the whole body. In the 
former, the spine and pelvis may be required to move more 
or less, depending on the function. In the latter, the spine 
deals with aspects such as load transfer and segmental 
control, but may not require considerable motion (e.g. 
running, which involves controlled rotation and lateral 
flexion of the spine within a small range, but with large 
demand for load transfer/shock absorption).

Two key strategies are commonly used to encourage 
dynamic control. First, patients can be specifically 
instructed to increase or decrease motion (as guided by 
the specific deficits that are identified in the patient’s  
presentation) during either: (i) regimented exercise pro-
gressions, or (ii) during performance of the functional 
tasks the patient had indicated he/she finds problematic. 
Second, patients can be progressed to dynamic control by 
maintaining balance on unstable surfaces. When standing 
on a balance board or sitting on a ball it is impossible to 
maintain balance with the trunk held rigidly erect. Main-
tenance of balance in these situations can be used to 
gradually encourage motion, and it is the therapist’s 
responsibility to ensure that the challenge is adequately 
matched to the patient, i.e., it does not exceed his/her 
ability, and appropriately challenges him/her in specific 
directions and amplitude of instability.

increasing load) or by making the control of alignment 
more challenging by modifications such as reduction of 
the support provided to the body (e.g. leg loading from a 
bridged position, or progression from supine to sitting). 
Many exercise devices are available for progression of load 
including devices that provide resistance to limbs (e.g. 
elasticized bands) or devices that apply force of differing 
amplitude when moved at different speeds (Fig. 21.19). It 
is unlikely to be sufficient to focus solely on exercises on 
static control of the spine in supine lying as static control 
of the spine is necessary in weight-bearing (standing and 
sitting) positions and this is likely to involve recruitment 
of different muscles and different patterns of muscle 
activation.

Progression of motor control with a focus 
on dynamic training

Progression to dynamic control is a critical aspect of training 
for most/many patients. Rehabilitation of control of move-
ment of the spine and pelvis is critical as the spine must 
move through a trajectory for most functions (as opposed 
to maintaining a fixed orientation, which is required for 
some activities, such as heavy lifting, but not all functions), 
as well as for shock absorption, load transfer, and for the 
spine to contribute to other functions such as breathing and 
balance control (Hodges and Cholewicki 2007). Dynamic 

Figure 21.19	 Training	of	thoracic	rotation	on	stable	lumbar	base.	
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Figure 21.20	 Advanced	training	involving	whole	kinetic	chain	using	equipment	to	apply	additional	load.	(A)	Bodyblade®;	
(B)	Thera-Band®.	

A

B
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of lumbar position, hands applied to the sternum and 
pelvis to evaluate sagittal alignment of the spine and 
pelvis).

Integration of consideration of ‘additional 
issues’ in development of a treatment plan

Design of a comprehensive package of treatment to ensure 
achievement of optimal control of the spine and pelvis 
requires consideration of a range of issues in addition to 
the primary progression from ‘correction of motor control 
faults’ to ‘function’. These issues may present as: (i) barri-
ers to further improvement in control: e.g. biomechanical 
issues at adjacent joints that prevent or compromise opti-
mization of control at the spine, such as excessively pro-
nated feet that lead to internal rotation of the legs and 
anterior pelvic tilt; or augmentation of the activation of 
the abdominal muscles for enhancement of expiration in 
people with co-morbid respiratory conditions; or (ii) 
issues that are not necessarily linked directly to pain  
provocation, but are necessary to train to ensure return to 
function (e.g. cardiovascular fitness). The inclusion of con-
sideration of these issues in the treatment package depends 
on the clinical picture determined by the therapist. The 
relative priority placed on these aspects will change over 
the course of treatment. The section entitled ‘Clinical 
application of strategies to manage barriers to recovery’ 
provides a comprehensive review of a range of these issues 
that are important to consider (with varying degrees of 
emphasis for different clinical approaches), a range of 
methods to assess their relevance to the patient, and 
options for training.

Clinical application of motor control 
training of posture/alignment

Posture/alignment and motor control 
training

The link between posture and pain at a population level 
is unclear; there are few aspects of posture that have been 
linked to pain or future pain (Griffith et al. 2012). 
However, at an individual level a somewhat clearer rela-
tionship can be observed in clinical practice: some pos-
tures provoke pain and others relieve it for many 
individuals. The lack of a significant relationship of  
postural features to pain when patients are viewed as a 
larger population is likely to be due to the specificity of 
the relationship within individual patients, no single 
posture is uniformly ‘bad’ or ‘good’. The other issue is that 
back pain is multi-factorial and posture will interact with 
other aspects. Some examples include the pathology (e.g. 
spinal stenosis is often associated with pain in lumbar 
extension), psychosocial issues such as self-efficacy 
(O’Sullivan 2005), and stress of work environment (Marras 
et al. 2004), to name a few. A specific posture may only 

Assessment in this phase is focussed on the identifica-
tion of threshold dynamic demand that the patient can 
tolerate, the identification of asymmetries, and the identi-
fication of specific directions/planes of motion that 
present an issue. Treatment planning involves selection of 
appropriate tasks to challenge the issues specific to the 
individual patient’s presentation.

Progression of motor control to high level 
functional retraining

As transfer to function is most likely to be optimal when 
practise is performed as close to the function as possible 
(Shumway-Cook and Woollacott 2006), progression to 
functional exercise is critical. The basic principle is correc-
tion of the ‘faults’ in posture, movement and muscle acti-
vation in the specific functional tasks that the patient has 
identified as most important. Again, the principles of 
motor learning can be applied (e.g. segmentation, simpli-
fication and provision of augmented feedback) to change 
the motor control strategy that is adopted in functional 
contexts.

Assessment techniques vary, but are commonly limited 
to observation of the ‘quality’ of control of the spine. Such 
tests are necessarily subjective, although some new tools 
are being developed such as light, wireless movement 
sensors that can be applied to the spine and pelvis to 
monitor control of lumbopelvic motion during func-
tional tasks, and even over long periods of time. This  
is an area that is likely to progress rapidly over the next 
few years.

Training in this phase is unique to the individual 
patient and is dependent on the skills of the clinician to 
determine when elements of posture, movement and 
muscle activation have not been ideally integrated into 
function, and identification of an appropriate means to 
address the lack of integration. The means to achieve the 
goals of this phase can take the form of either: (i) break-
ing up the movement into smaller parts and practising 
the specific elements with enhanced awareness of control 
of the specific motor control ‘fault’ (i.e. motor learning 
principle of ‘segmentation’); (ii) practise of the function 
in a manner that makes it easier to perform with correc-
tion of the motor control ‘fault’, such as performance 
with reduced speed, increased stability of the base of 
support, decreased range of motion (i.e. motor learning 
principle of ‘simplification’) or augmentation of the 
patient’s ability to sense whether he/she has been success-
ful in controlling the fault by use of additional feedback 
methods such as electromyography, ultrasound imaging, 
movement sensors (i.e. motor learning principle of ‘aug-
mented feedback’). All the techniques that are used to 
enhance learning of the skills for correction of motor 
control ‘faults’ for the first three phases of training can 
be continued into the functional retraining phase (e.g. 
tape applied to the lumbar region to enhance feedback 
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be relevant once accompanied by other elements, which 
‘push’ the patient over some threshold to develop pain or 
to be considered a dysfunction.

Evaluation of posture is a conventional part of clinical 
objective assessment of low back and pelvic pain and 
involves identification of aspects that could be related to 
pain presentation, such as spinal curvature (e.g. is the 
position provocative?) or muscle activation (e.g. is the 
activity excessive, leading to excessive loading of  
the thoracolumbar region into extension?; or too little, 
leading to excessive loading of the spine into flexion by 
slumping?). There is no reason to expect that posture will 
be identical for sitting, standing and other functional posi-
tions. Central to the analysis of posture is determination 
of what is ideal posture. The clinical literature defines a 
range of postures as a ‘neutral spine’ posture (for review 
see Claus et al. 2009b). This ranges from ‘flat’, to a posture 
that approximates the curves identified in standing with 
cervical lordosis, thoracic kyphosis, lumbar lordosis, 
neutral pelvic tilt (Fig. 21.7). Why is this posture consid-
ered to be ideal? This is argued on the basis of a number 
of issues: (i) it provides more optimal loading of spinal 
structures (McGill 1992); (ii) it avoids ‘creep’ of viscoelas-
tic tissues into flexion and extension; (iii) it is associated 
with less overactivity of large, more superficial trunk 
muscles, which would be required to overcome gravity if 
the sagittal balance is biased towards anterior or posterior 
placement of the centre of mass of the trunk or to main-
tain an extreme position of the spine (Dankaerts et al. 
2006; Claus et al. 2009a); (iv) it is thought to encourage 
greater activity of the deeper muscles of the trunk (Claus 
et al. 2009a); (v) it is associated with a breathing pattern 
that is argued to be more relaxed with greater mechanical 
efficiency (Lee et al. 2010), and (vi) it is related to greater 
activity of other muscles thought to contribute to lum-
bopelvic control, such as the pelvic floor muscles (Saps-
ford et al. 2008). This aside, it is important to consider 
that the ideal spinal posture will not be the same for all 
individuals as it will depend on pathology (e.g. spinal 
stenosis), spinal mobility, positions and movements that 
are provocative of pain, function, habitual postures and 
movements, anthropometric features (e.g. lumbosacral 
angle), and many other issues. Further, ideal posture 
cannot be a single static position but a posture that is 
moved into and out of, and used in specific tasks (e.g. 
more optimal loading during lifting and tasks that require 
static positions for a sustained period).

As would be predicted, posture has a strong association 
with muscle activity. Sitting with a lumbar lordosis and a 
smooth transition to kyphosis at the thoracolumbar junc-
tion is associated with greater activation of multifidus and 
the lower regions of transversus abdominis and obliquus 
internus abdominis than flat postures; thoracolumbar 
extension is associated with greater thoracic erector spinae 
and obliquus externus abdominis muscle activity than 
sitting in a more neutrally aligned spine and pelvis; and 

slumped sitting is associated with minimal activity of the 
extensor muscles (Claus et al. 2009a; O’Sullivan et al. 
2006). In a sway back position there may be a tendency 
to ‘hang’ on the obliquus externus abdominis muscle as a 
result of the more posterior alignment of the upper trunk 
relative to the pelvis.

The key to correction of posture relies on careful assess-
ment of posture, the identification of features that are 
considered relevant to the patient’s symptoms, and the 
evaluation of the outcome for his/her symptoms when 
specific features are modified. Many techniques have been 
proposed to assist the patient to correct motor control 
‘faults’ in posture and a trial and error approach to find 
the best solution is optimal.

Assessment of posture/alignment

Posture is assessed in a range of positions, but most com-
monly in the early phases it is assessed in sitting and 
standing. Different approaches to training have different 
priorities for assessment and different features that are 
considered ideal or clinically relevant. Here we present an 
overview of the breadth of features that are considered, 
without placing specific emphasis on one approach. The 
sequence of postural assessment can include a range of 
features that are listed in Box 21.2. Some common pos-
tural types in standing are presented in Fig. 21.5. The rel-
evance of a specific feature of posture for the patient’s 
presentation can be supported if changing the feature 
leads to a positive change in symptoms, although this will 
not always be expected (see ‘Fitting training of spine 
control into the biopsychosocial framework’).

Goals of training posture/alignment 
correction

Use of strategies to change posture has many goals: these 
include, but are not limited to, changing posture to avoid 
those that are provocative or associated with excessive or 
reduced muscle activity. Box 21.3 includes a summary of 
the multiple goals that may be targeted with correction  
of posture, each with varying relevance for individual 
patients.

Techniques to train posture/alignment 
correction

The basic goal in treatment planning is to find a strategy 
to change posture. Once a technique has been trialled it is 
critical to evaluate the outcome. It is acceptable for the 
new posture to feel ‘odd’ or ‘awkward’, but it should not 
be painful or difficult to hold (i.e. muscle activity required 
to maintain the posture should not be excessive). As men-
tioned above, the target posture needs to be considered 
with respect to pathology if it is known (e.g. symptoms in 
patients with advanced spinal stenosis will unlikely be 
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Box	21.2 Postural correction: Assessment

Evaluation in multiple positions
Sitting	–	unsupported	and	supported
Standing
During	functional	task

Identification of provocative/suboptimal 
elements
Presence	of	pain	in	naturally	selected	posture	–	location	

and	response	to	change	in	posture	(e.g.	effect	of	
lumbar	support)

Evaluation of sagittal alignment/sagittal 
balance
Alignment	relative	to	plumb	line	using	traditional	

reference	points
Upright,	sway	(thorax	posterior	to	pelvis),	kyphotic	

(thorax	forward	of	the	pelvis)

Evaluation of spinal curvature
Approximate	level	of	start	and	finish	of	sagittal	spinal	

curves	and	depth	of	curves
Lumbar	lordosis
Thoracic	kyphosis
Transition	between	thoracic	kyphosis	and	lumbar	

lordosis	–	flat,	flexed	or	extended	at	the	
thoracolumbar	junction

Cervical	lordosis	and	head	position
Segmental	changes	–	e.g.	segmental	lordosis,	segmental	

lumbar	kyphosis	(flexion	at	lumbosacral	junction)	with	
long	lordosis	above	this

Pelvic	position
Anterior/posterior	tilt
Rotation

Frontal	plane	(front/back)
Lateral	shift/list	upper	trunk
Lateral	tilt	pelvis
Right/left	weight	bearing
Scoliosis
Infra-sternal	angle	symmetry

Evaluation of muscle activity
Palpation,	observation,	electromyography,	ultrasound	

imaging
Hypertrophy/atrophy
Hyperactivity/underactivity
Asymmetry

Evaluation of posture of adjacent segments
Lower	limb,	including	the	feet

Hip	angle	–	flexed,	neutral,	extended,	adducted,	rotated
Knee	angle	–	flexed,	neutral,	(hyper)extended,	internal/

external	rotation
Foot/ankle	–	pronated/supinated

Shoulder	girdle
Neck/thorax

Effect of correction of postural ‘fault(s)’ on 
pain and muscle activity
Evaluation	of	response	to	sit	erect
Evaluation	of	response	to	slump
Evaluation	of	response	to	change/correction	curvature/

alignment

Differentiation of structural abnormalities that 
cannot change
e.g.	Assessment	of	structural	scoliosis	–	evaluation	of	‘rib	

hump’	with	forward	flexion	test

Box	21.3 Postural correction: Training goals

Optimize lumbopelvic loading
Avoid	provocative	postures
Encourage	relieving	postures
Correct	asymmetry
Minimize	activity	of	overactive	muscles	(often	superficial/

global	muscles)
Enhance	activity	of	underactive	muscles	(often	deep/local	

muscles,	but	not	limited	to	these	muscles)
Avoid	prolonged	postures	or	encourage	posture	change

Optimize respiratory pattern
Optimize control of pelvic floor muscles

reduced by adoption of a lordotic lumbar curve) and the 
individual patient’s motor control presentation. Once the 
optimal posture is identified along with a technique that 
the patient can use to effectively achieve this change, train-
ing may be started with a few sessions throughout the day 
as a home programme to learn to change posture, with 
progression towards adoption of this posture frequently 
throughout the day as required by the functions being 
performed. Finding a strategy to keep reminding a person 
to correct posture, such as correction of posture each time 
the telephone rings, can be helpful. Patients should be 
instructed that they will need to develop endurance in the 
appropriate muscles to allow them to adopt postures for 
any length of time. Box 21.4 presents a range of strategies 
that are used across a range of clinical approaches to 
modify posture.
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Box	21.4 Postural correction: Techniques

Cognitive correction
Instructions
Use	of	verbal	instruction	to	guide	a	patient	to	make	an	

adjustment	to	a	specific	feature	of	their	posture
e.g.	‘Roll	forwards	on	tailbone’	to	improve	anterior	tilt	

and	increase	lordosis	of	the	lumbar	spine,	‘breathe	
into	base	of	ribs’	to	remove	excessive	extension	of	
the	thoracolumbar	junction

e.g.	‘Grow	tall’
e.g.	‘Position	(or	lift)	ischial	tuberosities	while	sitting,	

avoiding	flexion	at	the	lumbosacral	junction’
e.g.	‘Check	that	the	shoulder	girdle	is	relaxed’

Imagery (visual and proprioceptive)
Identification	of	a	‘mental	image’	that	aids	a	patient	to	

understand	the	change	that	is	required
e.g.	image	of	‘lengthening’	the	spine	to	reduce	

thoracic	kyphosis

Manual guidance
Placement	of	treating	clinician’s	hands	or	patient’s	hands	

on	the	body	to	provide	guidance	towards	the	corrected	
position
e.g.	hand	on	sacrum	to	provide	guidance	of	anterior	

rotation	of	pelvis	(see	Fig.	21.21);	hand	on	the	
thoracolumbar	junction	to	provide	guidance	to	relax	
into	flattening	in	this	region

Manual cues
Placement	of	hands	on	key	landmarks	of	the	body	to	

provide	a	reference	to	monitor	position	or	alignment
e.g.	little	finger	and	thumb	of	one	hand	on	the	xiphoid	

and	navel	to	monitor	the	distance	between	these	
two	landmarks	as	indirect	feedback	of	changes	in	
the	angle	of	the	thoracolumbar	junction	(distance	
reduces	and	increases	with	thoracolumbar	flexion	
and	extension)	(Fig.	21.22)

‘Dissociation’ tasks
Attention	to	change	the	relative	motion	of	adjacent	body	

regions
e.g.	‘Waiters	bow’	exercise	to	teach	a	patient	to	flex	at	

the	hips	rather	than	the	lumbar	spine;	attention	to	
control	of	thoracolumbar	junction	curvature	while	
rotating	the	pelvic	and	lower	lumbar	spine	(Fig.	21.23)

Muscle activation
Change	muscle	activation	to	assist	with	change	in	

posture	–	either	increase	activity	of	a	specific	muscle	to	
aid	movement	to	a	new	position	or	decrease	activity	of	
a	specific	muscle	to	aid	movement	from	a	specific	
posture
e.g.	augmented	feedback	of	muscle	activity	to	aid	

increase	or	decrease	in	activity	(palpation,	
observation,	electromyography,	ultrasound	imaging	
for	biofeedback);	application	of	techniques	to	directly/
indirectly	change	activity	such	as	manual	therapies	
(articular	mobilization;	connective	tissue	massage)

e.g.	use	of	serratus	anterior	activation	(reversed	origin	
insertion)	to	facilitate	a	thoracic	kyphosis	(Fig.	21.24)

Cues/reminders
Provision	of	inputs/stimuli	to	provide	reminder	when	

postural	correction	is	no	longer	maintained	or	to	
remind	a	patient	to	frequently	adopt	the	corrected	
position
e.g.	application	of	therapeutic	tape	to	the	spine	when	

in	a	lordotic	position	to	provide	stretch	if	curvature	
flattens;	a	software	program	that	flashes	a	reminder	
on	the	computer	screen	at	predetermined	intervals

e.g.	photos	taken	to	show	patient	his/her	posture	in	
different	positions.	Sticky	dots	can	be	placed	over	
the	tragus,	middle	of	the	shoulder	(anteroposterior),	
middle	of	the	hip,	middle	of	the	knee	and	anterior	
to	the	lateral	malleolus	to	demonstrate	the	
appropriate	line	of	gravity

Figure 21.21	 Correction	of	sitting	posture/alignment:	(A)	thoracolumbar	extension;	(B)	flexed	lumbosacral	junction;	and	(C)	
correcting	sitting	posture	(lumbar	lordosis	and	thoracic	kyphosis).	

B CA
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Figure 21.23	 Forward	bending	with	hip	flexion	and	a	flat	
lumbar	region.	The	person	is	instructed	to	place	his/her	
hands	on	a	flat	surface	(A)	and	put	the	weight	of	the	trunk	
on	his/her	hands	(B).	The	person	is	to	bend	in	the	hip	joints	
by	‘thinking	about	sticking	your	seat	out’.	The	person	is	told	
not	to	bend	in	his	back	(C).	Reproduced from Sahrmann, S., 

2002. Diagnosis	and	Treatment	of	Movement	Impairment	Syndromes. 

Mosby, with permission of Elsevier.

A B C

Figure 21.24	 Use	of	Thera-Band®	to	train	‘reverse	origin	and	insertion’	action	of	the	serratus	anterior	muscle	to	encourage	
control	of	the	thoracic	kyphosis.	

Figure 21.22	 Use	of	manual	feedback	(little	finger	on	
umbilicus	and	thumb	on	sternum)	to	provide	feedback	of	
control	of	thoracolumbar	junction	to	train	dissociation	of	hip	
movement	from	lumbopelvic	movement.	(A)	Hand	position.	
(B)	Patient	using	manual	feedback	to	monitor	control	of	the	
thoracolumbar	junction	while	bending	forward.	

BAA
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Clinical application of motor control 
training of movement

Movement and motor control training

Like posture correction, correction of motor control ‘faults’ 
in movement aims to change aspects of movement con-
sidered to be relevant for a patient’s symptoms either 
because it is provocative or loads the tissues inappropri-
ately because of too much or too little control. This may 
be because of poor interaction between adjacent body 
regions, suboptimal postures, suboptimal muscle activa-
tion, etc. In many ways the principles for consideration of 
suboptimal movement are similar to those outlined when 
considering posture, only in this case it is the movement 
trajectory while changing position (posture) that is being 
considered for relevance to the patient’s symptoms. Faults 
in movement control share many features with postural 
faults in: (i) the absence of any one feature of movement 
that is suboptimal in all patients (the specific features 
relevant for a patient’s symptoms must be identified indi-
vidually); (ii) the relevance of a movement feature must 
be considered in the effect of changing this parameter on 
the symptoms; (iii) different approaches have different 
priority movement features that they address; (iv) there is 
a strong association between movement and muscle acti-
vation strategy; and (v) the challenge is to find a tool/
technique to aid a patient to change the feature that is 
considered to be relevant to his/her symptoms and then 
integrate this into more challenging dynamic contexts. 
Thus, as with all features of motor control training, the 
key to successful correction of movement is the accuracy 
of the assessment of the motor control fault (is the move-
ment fault relevant to symptoms?) and the assessment of 
the outcome of the application of a treatment technique 
(has the technique made a difference to movement?).

Assessment of movement

Evaluation of movement is a usual component of assess-
ment of any patient with low back or pelvic pain. Informa-
tion gained from range of motion and directions of 
provocation are important features. In motor control 
intervention, the focus of movement assessment is inves-
tigation of the strategy of movement and its relevance to 
suboptimal loading of the tissues in a manner that could 
be responsible for the development, provocation or main-
tenance of symptoms. This involves assessment of the pain 
response to individual tests along with quality of move-
ment. An important consideration again is the inherent 
connection between posture and movement. Of special 
note is the possibility that the movement is affected by the 
starting posture/position (e.g. motion of the lumbar spine 
during a function will differ depending on whether the 
lumbar region starts in a position of flexion or extension) 
or changes in preparatory control during the initial 
posture. Box 21.5 provides a summary of key principles of 

assessment of movement and key features that are 
‘searched’ for in different approaches.

Goals of training movement correction

Again, like posture correction, strategies to change move-
ment have many goals, and these include, but are not 
limited to, changing movement to avoid those that are 
provocative. Again the key distinction is that for move-
ment correction the objective is to change aspects that load 
the tissues suboptimally in a dynamic sense as the spine 
and pelvis move through a trajectory. Box 21.6 includes a 
summary of the multiple goals that may be targeted with 
correction of movement, each with varying relevance for 
individual patients.

Techniques to train movement correction

The basic goal in treatment planning is to find a strategy 
to change movement such that it is performed in a manner 
that more optimally loads the tissues. Once a technique 
has been trialled it is critical to identify the outcome. It is 
acceptable for the new movement to feel ‘odd’ or ‘awkward’, 
but it should not be painful or difficult to maintain  
(i.e. muscle activity required to control the movement 
should not be excessive). As mentioned above, the target  
movement needs to be considered with respect to pathol-
ogy if it is known and the individual patient’s motor 
control presentation. Once the optimal movement pattern 
is identified, along with a technique that the patient can 
use to effectively achieve this change, then training may 
be started with a few sessions throughout the day as a 
home programme to learn to change the movement. A 
progression would be to adopt the movement pattern as 
required by the functions being performed. Box 21.7 
presents a range of categories of strategy that are used 
across a range of clinical approaches to modify movement 
and these are similar to those used to modify posture.

Clinical application of motor control 
training of muscle activation 
strategy

Muscle activation strategy and motor 
control training

Central to the control of posture and movement is the 
activation of muscles of the lumbopelvic region. Correc-
tion of muscle control faults can be the first line treatment 
to change posture and movement; or correction of faults 
in posture and movement can be initiated with an objec-
tive to change muscle activation. It is well known that 
muscle activation can be changed with motor control train-
ing, and there is evidence that parameters of muscle activa-
tion strategy at baseline are related to the responsiveness 
of an individual patient to a motor control intervention 
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Box	21.5 Movement control: Assessment

Evaluation in multiple tasks
Basic	physiological	movements	–	flexion,	extension,	etc.	

–	provides	information	of	multiple	components	
including	segmental	motion	(joint	function)	and	guides	
muscle	assessment	(e.g.	a	block	of	many	segments	in	
lateral	flexion	may	be	due	to	tightness/stiffness	of	the	
quadratus	lumborum	muscle)

Standardized	functional	movement	–	sit-to-stand,	etc.
During	functional	tasks	identified	by	the	patient	in	

subjective	assessment	(e.g.	lifting)
Specific	movement	tests

Identification of provocative/suboptimal 
elements
Evaluation of changes in sagittal/frontal/
transverse alignment during movement
Timing
Amplitude
Sequence

Evaluation of muscle activity
Palpation,	observation,	electromyography,	ultrasound	

imaging

Evaluation of posture/movement of adjacent 
segments and ability to dissociate movement 
of lumbopelvic region from adjacent segments
Lumbar	vs.	hip
Lumbar	vs.	thoracolumbar	junction
Lower	limb	and	feet
Shoulder	girdle
Neck/thorax

Specific movement tests
Sitting

Slump/rock	backward
Knee	extension	with	ankle	dorsiflexion

•	 Observe	for	–	inability	to	dissociate	hip	from	
spine	(Fig.	21.25)

Neutral	repositioning	test
•	 Place	in	neutral,	fully	slump	and	return	–	observe	

for	flexion	at	symptomatic	segment
•	 Bend	forward	as	maintaining	neutral	position	

–	observe	for	flexion	at	symptomatic	segment
Sit	upright/erect

•	 Observe	for	–	inability	to	move	lumbar	spine	and	
pelvis	independently	from	thoracolumbar	regions

Sit-to-stand
Stand	after	placing	spine	in	neutral

•	 Observe	ability	to	maintain	lumbar	lordosis	
–	observe	for	where	the	movement	is	initiated,	
increased	lumbar	flexion,	decreased	lumbar	
extension,	increased	thoracolumbar	extension,	
increased	posterior	pelvic	tilt,	anterior	pelvic	sway,	
medial	hip	rotation,	relationship	between	hip	and	
lumbar	motion

Standing
Flexion

•	 Observe	for	–	loss	of	motion,	increased		
lumbar	flexion/lateral	shift,	increased	lumbar	
extension,	increased	thoracolumbar	extension,	
increased	posterior/anterior	pelvic	tilt,		
relationship	between	hip	and	lumbar	motion		
(Fig.	21.26)

Return	from	flexion
•	 Observe	for	–	relationship	between	hip	and	

lumbar	motion,	increased	thoracolumbar	
extension,	anterior	pelvic	sway,	increased	or	
decreased	extension,	anterior	pelvic	rotation

Extension
Side	bending	(lateral	flexion)
Side	‘glide’
Rotation
Response	to	axial	loading

Squat
Observe	ability	to	maintain	lumbar	lordosis:	observe	for	

–	increased	lumbar	flexion,	decreased	lumbar	
extension,	increased	thoracolumbar	extension,	
increased	posterior	pelvic	tilt,	medial	hip	rotation,	
relationship	between	hip	and	lumbar	motion

Include	single	leg	squat	and	mini-squat
Single	leg	stand	(Fig.	21.27)

Observe	ability	to	control	pelvic/trunk	control	during	
single	leg	stance:	observe	for	–	Trendelenberg	sign	
(drop	of	pelvis	on	side	of	lifted	leg),	lateral	shift		
of	thorax/lateral	flexion,	medial	hip	rotation,	pelvic	
sway

Pelvic	rotation
Weight	through	heels	not	toes

Supine
Position	and	effect	of	support	to	hip/lumbar	spine
Hip	and	knee	flexion

•	 Observe	for	–	lumbar	flexion,	pelvic	rotation	with	
lumbar	extension

Anterior	pelvic	rotation
•	 Observe	for	–	ability	to	rotate	pelvis	and	extend	

lumbar	spine	independent	of	thoracolumbar	
junction

Posterior	pelvic	rotation
•	 Observe	for	–	ability	to	rotate	pelvis	and	extend	

lumbar	spine	independent	of	hip
Lateral	pelvic	rotation

•	 Observe	for	–	ability	to	rotate	pelvis	independent	
of	thoracolumbar	junction	and	hip

Hip	abduction/lateral	rotation	with	hips	and	knees	
flexed
•	 Observe	for	–	ability	to	move	hip	independently	

of	lumbar	spine	and	pelvis,	asymmetry
Muscle	length	tests

•	 Tensor	fascia	latae,	rectus	femoris,	psoas
•	 Hamstrings
•	 Paraspinal	muscles
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Box	21.5 Movement control: Assessment—cont’d

Side	lying
Rolling

•	 Observe	rotation	of	trunk	and	effect	of	control	of	
rotation	of	trunk

Hip	abduction/lateral	rotation
Muscle	length	tests

•	 Tensor	fascia	latae/iliotibial	band
Prone

Knee	flexion	(active	and	passive)
•	 Observe	for	–	pelvic	rotation,	anterior	pelvic	tilt

Hip	rotation	–	medial	and	lateral	(active	and	passive)
•	 Observe	for	–	pelvic	rotation

Hip	and	knee	extension
•	 Observe	for	–	excessive	lumbar	extension	or	

segmental	extension,	absence	of	gluteal	muscle	
activation,	excessive	trunk	rotation

Four	point	kneeling
Rock	back	and	forward

•	 Observe	for	–	relative	motion	of	hips	and	lumbar	
spine,	hip	motion	independent	of	thoracolumbar	
junction,	lateral	deviation	of	pelvis,	lumbar	rotation

Arm	lift
•	 Observe	for	–	lumbar	rotation

Anterior	and	posterior	pelvic	tilt
•	 Observe	for	–	relative	motion	of	lumbar	spine	

and	thoracolumbar	junction,	lateral	deviation
Gait

Observe	for	–	symmetry	between	sides,	decreased	
motion,	excessive	pelvic	rotation,	relationship	
between	hip	and	lumbar	motion,	increased	lumbar	
flexion/lateral	shift,	increased	thoracolumbar	
extension,	increased	anterior/posterior	pelvic	rotation,	
lack	of	thoracic	rotation,	limping

Effect of repeated loading
Extension	in	prone
Flexion	in	supine

Effect of correction of postural ‘fault(s)’ on 
pain and muscle activity

Figure 21.25	 Knee	extension	with	ankle	dorsiflexion.	The	person	should	be	able	to	fully	extend	the	knee	and	dorsiflex	the	
ankle	while	maintaining	the	hip	at	90	degrees	and	the	shoulders	in	line	with	the	hips	(A–C).	(D)	The	person	flexes	the	lumbar	
region	with	knee	extension	and	ankle	dorsiflexion.	Reproduced from Sahrmann, S., 2002. Diagnosis	and	Treatment	of	Movement	

Impairment	Syndromes. Mosby, with permission of Elsevier.

A

B

C

D



State-of-the-art approach to clinical rehabilitation of low back and pelvic painPart |	6 |

278

Figure 21.26	 Flexion	movement	sequence.	Movement	initiated	at	the	lumbosacral	junction.	

A B C

Figure 21.27	 Optimal	and	suboptimal	strategies	for	lumbopelvic	control	during	single	leg	stance.	(A)	Bipedal	start	position.	(B)	
Single	leg	stance	with	control	of	frontal	plane	lumbopelvic	alignment.	(C)	Poor	lumbopelvic	control	with	loss	of	frontal	
alignment	of	pelvis,	hip	medial	rotation,	anterior	pelvic	tilt	and	lateral	flexion	of	trunk.	(D)	Poor	lumbopelvic	control	with	
lateral	flexion	of	trunk	over	stance	leg.	(E)	Poor	lumbopelvic	control	with	lateral	flexion	of	trunk	over	lifted	leg	and	shift	of	
pelvis	over	the	stance	leg.	

DCBA E
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Box	21.7 Movement correction: Techniques

Techniques to correct individual specific faults 
in movement
Cognitive	correction
Instructions	(e.g.	hold	lordosis	when	bending)
Imagery	(visual	and	proprioceptive)
Manual	guidance	(e.g.	hand	on	sacrum	to	facilitate	

anterior	rotation	of	pelvis)
Manual	cues	(e.g.	finger	on	xiphoid	and	navel	to	control	

thoracolumbar	junction)
Dissociation	tasks	(e.g.	separate	lumbar	from	

thoracolumbar	junction	motion,	‘waiter’s	bow’)
Muscle	activation	(e.g.	palpation,	observation,	EMG	

biofeedback)
Cues/reminders	(e.g.	taping)

(Ferreira et al. 2009; Unsgaard-Tondel et al. 2012); and 
change in muscle activation strategy is related to clinical 
improvement (Ferreira et al. 2009; Unsgaard-Tondel et al. 
2012; Vasseljen and Fladmark 2010). These outcomes high-
light the potential relevance of rehabilitation of muscle 
activation strategy as a priority in motor control training. 
As highlighted in other sections of this book, muscle acti-
vation may be either too much or too little, and both of 
these extremes are commonly present in the same patient, 
but with considerable variation between individuals in 
terms of the muscles that may be modified. An additional 
consideration is that although the coordination of recruit-
ment of the muscle by the nervous system is the emphasis 
of the muscle activation strategies described here, it is also 

important to evaluate other aspects that affect the ability 
of a muscle to meet its demands in function. This includes 
the strength and endurance of the muscle, and structural 
issues such as muscle size and tissue changes such as fat 
infiltration, both of which will affect the performance of 
the muscle in function. In general it is important to correct 
the pattern first, then load the muscle to induce change in 
strength, endurance and structure (Danneels et al. 2001).

Like the other aspects of motor control training, the key 
to inclusion of retraining of muscle activation strategy in 
a motor control approach is the identification of potential 
deficits in muscle activation, and the determination of the 
relevance of these changes to the patient’s symptoms. The 
challenge then is to find a technique to encourage change 
in muscle recruitment that can be transferred to function.

Assessment of muscle activation strategy

Assessment of muscle activation strategy is complicated by 
difficulty in accurately assessing muscle function in clini-
cal practice as outlined in the section on muscle activation 
(see p. 253). In general every time a patient moves and 
every posture he/she adopts will provide some informa-
tion of muscle activation strategies. The specific features of 
posture and movement that provide insight into muscle 
activation strategy are outlined respectively in ‘Assessment 
of posture/alignment’ and ‘Assessment of movement’. This 
section provides detail of assessments that are directed to 
assess a patient’s ability to activate specific muscles or their 
automatic activation in specific tasks (see Box 21.8). Addi-
tional information of muscle activation is also gleaned 
from assessment of the ability to control alignment of the 
spine and pelvis during tasks that challenge the static 
control of the spine. These tests are discussed in ‘Clinical 
application of motor control training of static control of 
spine and pelvis’.

Goals of training muscle activation strategy

The goal of training muscle activation strategy is to encour-
age control of optimal load on the spine and pelvis, by a 
combination of increasing and decreasing muscle activity. 
Again, the specific features that need to be trained are 
individual-specific, and treatment must be targeted to the 
changes identified in the individual patient and then con-
firmed to be relevant to his/her presentation. Box 21.9 
summarizes the various specific goals that underpin opti-
mization of loading.

Techniques to train muscle  
activation strategy

Ultimately, every technique applied to change motor 
control will influence muscle activation. It is by changing 
muscle activation that posture and movement corrections 
are enacted. However, a range of techniques have been 

Box	21.6 Movement correction: Training goals

Optimize lumbopelvic loading
Avoid	provocative	movements
Encourage	relieving	movements
Correct	specific	faults	in	movement

Dissociation	between	regions
Poor	control	at	a	specific	segment/region
Maintain	spinal	alignment	(lumbar	lordosis,	thoracic	

kyphosis	and	cervical	lordosis)
Avoid	breath	holding

Encourage	sharing	of	load	between	adjacent	regions
Correct	asymmetry
Encourage	functional	use	of	improved	muscle	activation	

patterns
Minimize	activity	of	overactive	muscles	(often	

superficial/global	muscles)
Enhance	activity	of	underactive	muscles	(often	deep/

local	muscles)
Can	also	use	to	train	endurance	(e.g.	sit-to-stand,	

pauses	just	after	lift-off	from	bed)
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Box	21.8 Muscle activation: Assessment

Interpretation from posture and movement
See	‘Clinical	application	of	motor	control	training	of	

posture/alignment’	and	‘Clinical	application	of	motor	
control	training	of	movement’	for	guidance	to	
interpretation	of	muscle	activity	from	assessment	of	
these	features

Specific muscle activation tests
Tests	of	‘independent’	activation	of	muscles

Test principle

Evaluate	ability	to	activate	short/deep	muscles	
independently	from	long/superficial	muscles	–	outcome	
is	related	to	quality	of	control	of	the	muscle	in	function	
(e.g.	Hodges	et	al.	1996)

Task

Ability	to	cognitively	perform	the	motor	skill	of	contraction	
of	transversus	abdominis	or	multifidus	independently	
from	the	other	superficial	trunk	muscles.	Assessments	
have	also	been	devised	along	similar	principles	for	psoas	
and	pelvic	floor	muscles,	to	name	a	few

Measure

Precision
Which	muscles	–	observation,	palpation	(Fig.	21.28),	

electromyography,	ultrasound	imaging	(Figs	21.11,	
21.29–31)

What	sequence
What	quality	–	smooth,	symmetrical,	slow

Ideal	response
Palpable	slow	gentle	increase	in	tension	(Hides	et	al.	2000)
Co-contraction	with	other	deep	muscles
No/little	activity	of	superficial	muscles

Symmetrical
Smooth	and	sustained	(not	jerky)
Normal	breathing
Repeat	multiple	contractions	(up	to	10	×	10	s)

Interpretation

Ability	to	activate	specific	deep	muscles	=	well	controlled	
in	function	with	relevance	for	predicting	treatment	
efficacy	(Ferreira	et	al.	2009)

Strategy	of	overactivity	of	superficial	trunk	muscles	
(combine	with	observation	from	movement	and	posture	
assessment)	–	this	generally	forms	the	foundation	(in	
addition	to	information	gleaned	from	assessment	of	
posture	and	movement)	of	identification	of	the	muscles	
that	may	require	reduction	in	activity	to	optimize	load	
on	the	spine/pelvis

Other muscle activation tests

Assess	whether	strategy	to	stiffen	the	spine	increases	or	
decreases	pain	–	strategies	are	tuned	to	optimize	the	
pain	control

Assessment	of	control	of	static	alignment	in	static	
progressions	(see	‘Clinical	application	of	motor	control	
training	of	static	control	of	spine	and	pelvis’)
Tests	of	‘quality’	of	control	of	static	spinal/pelvic	

alignment	–	see	static	assessment
•	 load	tolerance
•	 symmetry
•	 dissociation	of	movement	of	limbs	from	trunk

Active	straight	leg	raise	(Mens	et	al.	2002)
Perceived	ease	of	lifting	leg	–	greater	heaviness	in	

presence	of	pelvic	girdle	dysfunction
Affect	of	contraction	of	deep	muscles	or	manual	

compression	on	perceived	ease	can	be	assessed

Figure 21.28	 Technique	for	palpation	of	independent	contraction	of	transversus	abdominis	(Hides	et	al.	2000).	(A)	During	
transversus	abdominis	contraction	a	deep	tensioning	should	be	palpated	as	the	anterior	fascias	are	tensioned	by	contraction	of	
the	muscle,	whereas	a	superficial	bulge	will	be	palpated	during	contraction	of	obliquus	internus	abdominis.	(B)	Finger	
placement	for	palpation	of	independent	activation	of	transversus	abdominis	contraction.	

Transversus abdominis
‘deep tension’

Obliquus internus abdominis
‘swelling’

BA
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Figure 21.29	 Use	of	ultrasound	imaging	to	measure	voluntary	contraction	of	the	multifidus	muscle.	

Box	21.9 Muscle activation: Training goals

Optimize lumbopelvic loading
Avoid	provocative	muscle	activity

e.g.	discourage	muscle	activity	that	overloads	tissues/
muscle	activity	that	prevents	an	ideal	posture	or	
motion	path

Encourage	muscle	activity	that	improves	control
e.g.	encourage	muscle	activity	the	controls	aberrant	

motion;	encourage	muscle	activity	that	enables	a	
more	ideal	loading	strategy	of	posture	or	movement

Correct	asymmetry
Encourage	variation	in	muscle	activation	strategy	to	‘share	

the	load’
Encourage	functional	use	of	improved	muscle	activation	

patterns	in	postures	and	movements

Minimize	activity	of	overactive	muscles	(often	
superficial/global	muscles)

Enhance	activity	of	underactive	muscles	(often	deep/
local	muscles,	but	not	limited	to	these	muscles,	e.g.	
common	presentation	of	‘inhibition’	of	the	gluteal	
muscles	that	is	commonly	discussed	in	Janda’s	
approach	(Janda	1996))

Optimize breathing pattern
Optimize control of pelvic floor muscles
Aim to increase endurance in muscles that 
control spinal posture



Figure 21.30	 Technique	for	palpation	of	independent	
contraction	of	lumbar	multifidus.	During	lumbar	multifidus	
contraction	a	bilateral,	symmetrical	deep	tensioning	
should	be	palpated	close	to	the	midline.	
Reproduced from Richardson, C., Hodges, P., Hides, J., 2004. 

Therapeutic	Exercise	for	Lumbopelvic	Stabilization. Churchill 

Livingstone, with permission from Elsevier.

Figure 21.31	 Assessment	of	activation	of	the	lumbar	multifidus	with	ultrasound	imaging.	Position	of	the	ultrasound	
transducer	and	imaging	method	are	shown	on	the	right.	Ultrasound	images	on	the	left	show	relaxed	and	contracted	
multifidus	muscle.	Activation	can	be	observed	with	thickening	of	the	muscle	and	movement	of	the	muscle	fascicles,	
observable	as	displacement	of	the	white	connective	tissue	planes	that	are	identifiable	longitudinally	in	the	muscle.	
Reproduced from Richardson, C., Hodges, P., Hides, J., 2004. Therapeutic	Exercise	for	Lumbopelvic	Stabilization. Churchill Livingstone, with 

permission from Elsevier.

Relaxed

Multifidus contraction
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the spine and pelvis. In fact this type of training (in which 
a patient is encouraged to maintain a specific alignment 
while load is applied to the trunk either directly or via 
limb movement or loading) has become somewhat syn-
onymous with the approach and has led to the misconcep-
tion that motor control training aims to train static control 
of the spine and pelvis as an end point, rather than a focus 
on optimal dynamic control of the spine. Although there 
are many clinicians and researchers who advocate this 
component as the entirety of motor control training, the 
prevailing contemporary view expressed throughout this 
book is that this component is part of the training, and 
not the whole. It is our contention that optimal applica-
tion of this component of training depends on when and 
how it is applied and this should be: (i) after the patient 
has learnt the skill of correction of the motor control faults 
that are considered relevant for his/her presentation; and 
(ii) in combination with a progression of exercise that 
aims to encourage movement of the spine and pelvis for 
dynamic control. This section highlights the guiding prin-
ciples of assessment and training that cut across the various 
approaches that have been advocated in clinical practice.

Assessment of static control of the spine 
and pelvis

Assessment of static control basically involves determina-
tion of the ability of a patient to maintain an alignment 

used in clinical practice with the explicit aim to change 
muscle activation as a primary outcome to modify the 
load on the tissues of the spine and pelvis; either by 
enhancing muscle activation to improve control of aber-
rant movement or reducing muscle activation to decrease 
overload. Box 21.10 provides a summary of a range of 
techniques that are commonly used to train increased or 
decreased muscle activity and Box 21.11 provides guidance 
for treatment progression and planning.

Clinical application of motor control 
training of static control of spine 
and pelvis

Static control of the spine and pelvis and 
motor control training

As outlined in ‘Progression of motor control with a focus 
on static training’, there are many clinical approaches that 
have been designed to train control of static alignment of 

Box	21.11 Muscle activation: Treatment 
planning

Three critical questions
1.	 What	strategy	works	best	for	the	patient?

Find	a	strategy	that	gives	best	contraction	of	
underactive	components

Find	a	strategy	to	reduce	overactive	components
2.	 How	can	you	be	sure	that	the	patient	will	practise	the	

correct	exercise	at	home?
Find	a	(feedback)	technique	to	ensure	correct	practise

3.	 What	would	the	home	programme	be?
Indicate	number	of	contractions	and	duration
2–3	sessions	per	day	initially

Treatment progression
Increase	hold	time,	repetitions
Decrease	feedback,	facilitation	strategies
Aim	for	‘confident’	correction

Independent
Cognitive
Minimal	feedback
Minimal	effort
10	s	hold
Ideal	to	be	able	to	breathe

Box	21.10 Muscle activation: Techniques

Techniques to reduce activity of overactive 
lumbopelvic muscles
Whole	body	posture	(in	general	more	activity	requires	

more	support	to	encourage	reduction)
Spinal	posture	(in	general	‘neutral’	spinal	alignment	

involves	less	activity	of	superficial	muscles)
Instruction
Breathing	techniques
Feedback	(EMG,	palpation)
Decrease	effort
Connective	tissue	techniques,	trigger	point,	dry	needling
Inhibitory	taping
Imagery

Techniques to increase activity of underactive 
lumbopelvic muscles
Whole	body	posture	(stretch	on	muscle)
Spinal	posture	(greater	activity	in	neutral)
Instruction
Co-contraction	with	other	muscles	to	facilitate	

contraction	(e.g.	pelvic	floor	muscles	can	be	used	to	
encourage	improved	contraction	of	transversus	
abdominis	(Sapsford	et	al.	2001))

Manual	facilitation
Imagery
Feedback	(observation,	palpation,	ultrasound)
Taping

Techniques to train co-contraction strategies to 
control lumbopelvic pelvic alignment
See	‘Clinical	application	of	motor	control	training	of	static	

control	of	spine	and	pelvis’
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include static alignment as one component (e.g. static 
control during weight lifting). One consideration for this 
phase of training is that although movements are com-
monly initiated from the extremities rather than the spine, 
many tasks involve a combination of both. For example, 
to kick a ball, the movement is initiated from the hip (with 
a maintained lumbar lordosis), but for full range in this 

of the spine and pelvis. This can be assessed during formal 
assessment tasks that involve a standardized sequence of 
incremental loads (as outlined in Box 21.12); by careful 
evaluation of response to loading in an individualized 
manner matched to the needs of the patient (loads applied 
in specific directions and with specific loads that challenge 
performance); or by careful analysis of functions that 

Figure 21.32	 Inability	to	fully	extend	knee	if	lumbar	spine	is	not	allowed	to	flex	during	knee	extension	in	sitting.	The	person’s	
preferred	alignment	in	sitting	is	lumbar	flexion	(A).	The	person	is	unable	to	fully	extend	the	knee	and	dorsiflex	the	ankle	when	
the	person	is	not	allowed	to	flex	the	lumbar	spine	(B).	Reproduced from Sahrmann, S., 2002. Diagnosis	and	Treatment	of	Movement	

Impairment	Syndromes. Mosby, with permission of Elsevier.

A B

Box	21.12 Static control: Assessment

Assessment principle
Evaluate	control	of	orientation/alignment	of	spine	and	

pelvis	during	loading	or	limb	movement

Components
Evaluation	of	muscle	activation	strategy	–	pattern,	

co-activation	of	deep	and	superficial	muscles
Evaluation	of	the	threshold	loads/forces	(amplitude	and	

direction)	that	can	be	tolerated	before	lumbopelvic	
alignment	is	lost

Evaluation	of	symmetry/asymmetry	of	control	–	
asymmetry	of	control	of	rotation	is	common

Evaluate	dissociation	of	movement	of	limb	from	spine

Assessment task
Control	of	static	orientation	of	spine	and	pelvic	position	

during	addition	of	load	to	limbs/trunk	that	aims	to	
challenge	the	control	of	orientation	–	many	options	are	
available
Leg	loading	exercise	(Sahrmann	2002)
Ball	exercise

Pilates
Proprioceptive	neuromuscular	facilitation	–	rhythmic	

stabilization	(Voss	et	al.	1985)
Limb	loading
Thoracic	rotation	(sitting	or	standing,	with	or	without	

resistance)
Upper	limb	tasks
Loading	in	weight	bearing:	e.g.	dead	lifts,	upright	row
Standing,	hip	flexion,	abduction	or	extension
Can	add	perturbations	to	upper	limb,	e.g.	FLEXI-BAR®	

or	Bodyblade®,	observe	curves	and	muscle	activation	
strategies

Assess	muscle	length/stiffness	(e.g.	tight	hamstrings	
leading	to	inability	to	fully	extend	knee	in	sitting	if	
lumbar	region	is	not	allowed	to	move	(Fig	21.32),	or	
tight	latissimus	dorsi	increasing	the	lumbar	lordosis	
with	overhead	tasks)

Assess	response	to	correction	of	‘fault’	in	posture,	
movement,	muscle	activation

Assess	for	lack	of	endurance	(unable	to	maintain	spinal	
curves)
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activity, the lumbar spine will be required to flex, and 
therefore is more closely aligned with dynamic control 
training. A key consideration in that task is that the move-
ment is not initiated from the spine.

Goals of training static control of the spine 
and pelvis

The goals of static training are common across the various 
programmes developed to address this component of 
training and are outlined in Box 21.13.

Techniques to train static control of the 
spine and pelvis

The specific techniques used to challenge and train static 
alignment depend on the training and preferences of the 
treating clinician, the preferences of the patient, and the 
potential for the patient to apply the intervention as a 
component of a home programme (this may limit the use 
of equipment). One feature that varies between approaches 
is the specific alignment that the patient is encouraged to 
adopt and maintain during the application of the load. 
This is still the subject of debate, although the ‘neutral’ 
alignment defined in ‘Assessment of posture/alignment’ is 
commonly accepted in contemporary practice and advo-
cated by the authors of this chapter. Choice of position of 
exercise is an important consideration. This will lead to 
variation in the strategy of muscle recruitment. For 
example, in supine lying, there may be a bias towards 
recruitment of the abdominal (and psoas major) muscles 
rather than trunk extensor muscles as a result of the gravity 
vector and because the thoracic spine/rib cage and pelvis 
are in contact with the bed. Upright forward leaning posi-
tions may bias recruitment towards the trunk extensor 

Box	21.13 Static control: Training goals

Correct faults into more challenging  
situations – static
Train	integration	of	correct	muscle	activation
Train	integration	of	correct	posture	(Fig.	21.33)
Train	integration	of	correct	movement	(e.g.	dissociation	

of	hip	from	spine)

Focus on improved static control of 
lumbopelvic orientation/alignment
Increase	threshold	load	amplitude	before	loss	of	control	

of	alignment
Restore	symmetry	of	control	of	alignment
Target	the	functional	needs	of	the	patient
Train	endurance
Teach	patients	to	identify	when	they	are	fatigued,	and	

not	to	push	through	fatigue

muscles. In the latter position, patients may find it chal-
lenging to maintain the thoracic kyphosis, which may 
require activation of additional muscles such as the ser-
ratus anterior muscle acting in a reversed origin and inser-
tion manner for control. Endurance and observation of 
muscle fatigue is crucial in this phase of training. Box 
21.14 summarizes key features of application of training 
to control of static alignment and Box 21.15 provides guid-
ance for treatment planning.

Clinical application of motor control 
training of dynamic control of spine 
and pelvis

Dynamic control of the spine and pelvis and 
motor control training

Training of dynamic control of the spine and pelvis is 
more complicated than training of static alignment as 
there is not a single goal (e.g. maintenance of a static 

Figure 21.33	 Common	alignment	‘fault’	during	training.	
Increased	thoracolumbar	extension	during	overhead	exercise	
using	Bodyblade®.	



Figure 21.34	 Advanced	training	of	spine	alignment	using	Thera-Band®	and	Bodyblade®.	Training	is	reliant	on	maintenance	of	
optimal	spinal	alignment	and	breathing.	Ultrasound	imaging	can	be	used	to	provide	feedback	of	control	of	the	lumbar	lordosis	
and	contraction/fatigue	of	the	lumbar	multifidus	muscle.	Thera-Band®	can	be	placed	under	heels	and	through	heel	of	hand.	

Box	21.14 Static control: Techniques

*Faults	in	posture	(alignment/symmetry/etc.),	muscle	activation	(excessive/compromised/pattern/etc.)	and	movement	(dissociation/excessive/
restricted/etc.).

Many clinical programmes aim for static 
control
Common	examples

Leg	loading	exercise	(Sahrmann	2002)
Ball	exercise
Pilates
Proprioceptive	neuromuscular	facilitation–rhythmic	

stabilizations
Limb	loading	with	(Fig.	21.34)	and	without	resistance

Sequence
Ensure	correct	posture
Ensure	correct	muscle	activation
Monitor	lumbar	and	pelvic	position,	and	thoracic	kyphosis

e.g.	pressure	biofeedback,	hand,	mirror

Cognitive	correction	if	motor	control	fault*
e.g.	instructions,	manual	guidance,	etc.

Techniques for correction of motor control 
faults*
Manual	guidance
Manual	cues
Dissociation	tasks

e.g.	separate	motion	of	lumbar	spine	from	
thoracolumbar	junction

Muscle	activation
e.g.	palpation,	observation,	EMG	biofeedback,	

ultrasound	imaging
Cues/reminders

e.g.	taping
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alignment) that needs to be monitored to ensure accuracy 
of the performance. Instead the clinician must have an 
understanding of the ideal and suboptimal features of a 
specific task and monitor those features during the per-
formance of the task. The features of interest depend both 
on the presentation of the patient (i.e. the motor control 
‘faults’ that are specific to the patient) and the components 
of the dynamic task (e.g. control of lumbar lordosis during 
thorax rotation). An important consideration is that 
although the term ‘dynamic’ implies movement, the 
amount of movement varies between tasks and its distri-
bution between the individual planes. Some tasks involve 
more or less motion and this motion may be restricted to 
one of two planes. For instance, running involves transfer 
of load through the spine, this involves some rotation and 
lateral flexion, but with less motion in the sagittal plane 
(Saunders et al. 2005), which contrasts with hurdling, 
where the spine must undergo greater flexion.

The features that are the target of the progression and 
require careful monitoring during training are generally 
those that were highlighted at the initial phase of training 
as the motor control ‘faults’ apparent in the function of 
the individual patient. Thus, training of dynamic control 
requires an individualized approach and requires greater 
skill of assessment and training to be able to ensure that 
the patient is successful and that he/she is sufficiently 
challenged. It is no doubt due to this increment in com-
plexity, beyond that required to train control of static 

Box	21.16 Dynamic control: Assessment

Assessment principle
Evaluation	of	ability	to	maintain	control	of	muscle	

activation,	posture	and	movement	during	movement
Consideration	of	two	components	of	dynamic	control:

•	 movement	of	the	spine	and	pelvis
•	 control	of	the	spine	and	pelvis	during	movement	of	

the	whole	body

Components
Ability	to	maintain	correction	of	motor	control	faults*
	during	formal	movement	tests

As	described	for	‘Movement	correction:	assessment’	
(see	p.	275)

Ability	to	maintain	correction	of	motor	control	faults*	
during	functional	movement

Ability	to	maintain	correction	of	motor	control	faults*	on	
unstable	base

Task
Formal	movement	assessment	task	(e.g.	flexion	in	

standing	with	attention	to	sharing	of	load	between	
lumbar	and	hip	regions)

Any	movement	of	relevance	to	the	patient’s	presentation	
–	requires	understanding	of	the	optimal	performance	
of	the	task	and	consideration	of	control	of	the	motor	
control	faults*	within	the	context	of	the	movement	
task

Assess response to correction

*Faults	in	posture	(alignment/symmetry/etc.),	muscle	activation	
(excessive/compromised/pattern/etc.)	and	movement	(dissociation/
excessive/restricted/etc.).

Box	21.15 Static control: Treatment planning

Target to functional needs of patient
Select approach that patient can use 
frequently
Target specific deficits in muscle system 
– target asymmetries in large superficial 
torque producers
Monitor posture, movement, muscle activation 
strategies

Progression
Load

↑	lever	length
↑	load/resistance

Position
Supported
Unsupported

Dynamics
↑	speed	of	movement
↑	instability

Mental	challenge
Dual	task
Psychological	challenge	(e.g.	fear	of	movement)

alignment, that underpins the less frequent discussion and 
application of training to a dynamic level.

Assessment of dynamic control of the spine 
and pelvis

Assessment of dynamic control is complicated as the 
feature that is assessed depends on the presentation of the 
patient. That is, the assessment aims to determine the 
success with which the patient is able to correct a specific 
motor control ‘fault’ during performance of a task that 
involves movement. This will be difficult to apply in an 
objective manner and often depends on assessment of the 
quality based on observation or methods that are difficult 
to quantify. Box 21.16 defines the principles of assessment 
of dynamic control. Problems in dynamic control may 
involve too much movement, too little movement, subop-
timal trajectory of movement, poor quality of movement, 
excessive out of plane movement, etc.
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Goals of training dynamic control of the 
spine and pelvis

The goal of dynamic training may be straightforward, but 
its application to patients may be complex. The underlying 
objective is to correct the motor control faults that have 
been identified as relevant for a patient’s presentation in 
a dynamic situation. This may involve increased, decreased 
or modified movement trajectory or quality during the 
dynamic task. This may involve control of the spine and 
pelvis as they move, and control of movement of the  
spine and pelvis in the context of whole body function. 
Box 21.17 summarizes key guiding principles related to 
this goal.

Techniques to train dynamic control of the 
spine and pelvis

Although the goal of dynamic training is straightforward 
(i.e., to correct the motor control faults that have been iden-
tified as relevant for a patient’s presentation in a dynamic 
context) the methods to achieve this are complex and 
individual-specific. Box 21.18 presents a range of clinical 
techniques and principles that can be applied to train more 
optimal motor control in dynamic contexts, and guidelines 
for planning treatment are provided in Box 21.19.

Clinical application of motor control 
training of function

Functional retraining of control of the spine 
and pelvis and motor control training

The phase of functional retraining in a motor control 
approach is an extension of the dynamic and static train-
ing phases discussed in the preceding sections, with the 
exception that the objective is to work towards practising 
integration of correction of motor control faults in the 
tasks (movements/functions) that have been identified by 

Box	21.17 Dynamic control: Training goals

Correct faults into more challenging situations 
– dynamic
Train	integration	of	correct	muscle	activation
Train	integration	of	correct	posture
Train	integration	of	correct	movement

Focus on dynamic control of lumbopelvic 
orientation/alignment
Train control during changes in lumbopelvic 
position
Train incorporation of lumbopelvic movement 
into simple dynamic functions

Box	21.18 Dynamic control: Techniques

Train control of posture, movement and 
muscle activity during lumbopelvic movement 
and during movement of the whole body
Correct	motor	control	faults*	in	dynamic	situation
Monitor	lumbopelvic	alignment	in	one	plane	while	

moving	in	another	–	rotation	in	neutral	sagittal	
alignment
e.g.	control	of	sagittal	alignment/posture	during	

practise	of	counter-rotation	of	the	thorax	and	pelvis	
(rotation	of	the	spine	in	the	transverse	plane)	in	
standing	or	standing	with	tandem	stance	in	
preparation	for	walking

Train control of movement, posture and 
muscle activity on unstable surfaces
This	task	can	be	useful	to	initiate	training	of	dynamic	

control	as	it	is	impossible	to	maintain	balance	if	the	
spine	is	held	rigidly;	instead	motion	must	occur	to	
maintain	body	equilibrium.	This	requires	careful	
assessment	of	the	patient’s	ability	to	meet	the	
demands	of	a	specific	degree	of	instability	(e.g.	height	
of	balance	board,	curvature	of	surface,	amplitude	of	
available	motion)

Sequence
Ensure	correct	posture
Ensure	correct	muscle	activation
Monitor	lumbar	and	pelvic	position	and	motion

e.g.	pressure	biofeedback,	hand,	mirror
Cognitive	correction	if	motor	control	fault*

e.g.	instructions,	manual	guidance,	etc.

Techniques for correction of motor control 
faults*
Manual	guidance
Manual	cues
Dissociation	tasks
Muscle	activation
Cues/reminders

*Faults	in	posture	(alignment/symmetry/etc.),	muscle	activation	
(excessive/compromised/pattern/etc.)	and	movement	(dissociation/
excessive/restricted/etc.).

the patient as those that are of particular relevance for 
him/her. This relevance may either be that the tasks are 
those the patient reports to be associated with pain, or 
tasks that the patient wants to be able to perform but is 
restricted from achieving for some reason, which may be 
related to pain. Of particular note, the basic features of the 
task may be focussed on static or dynamic features. Like 
dynamic training, this component of the progression 
requires the treating clinician to be able to analyze the task 
to determine which aspects are critical to retrain (e.g. static 
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control of alignment, or control of movement trajectory, 
or a combination of both) and then to monitor the success 
in achievement and improvement of control of this aspect.

Assessment of control of the spine and 
pelvis in function

The assessment principles for functional retraining are 
outlined in Box 21.20 and are similar to those defined for 
dynamic training with a key focus on evaluation of control 
of the motor control ‘fault’ that has been identified for the 
patient throughout the period of training.

Box	21.19 Dynamic control: Treatment planning

Target to functional needs of patient
Target specific deficits in neuromuscular 
system – target asymmetries
Combine with static control exercise
Monitor posture/alignment, movement, muscle 
activation strategies

Progression
Load

↑	lever	length
↑	load/resistance

Position
Supported
Unsupported

Dynamics
↑	speed	of	movement
↑	instability

Mental	challenge
Dual	task
Psychological	challenge	(e.g.	fear	of	movement)

Box	21.20 Functional retraining: Assessment

Assessment principle
Evaluation	of	ability	to	maintain	control	of	muscle	

activation,	posture	and	movement	during	movement	of	
the	lumbar	spine	and	pelvis

Components
Ability	to	maintain	correction	of	motor	control	faults*	

during	complex	functional	movements	that	have	been	
identified	by	the	patient	as	a	priority

Assess response to correction

*Faults	in	posture	(alignment/symmetry/etc.),	muscle	activation	
(excessive/compromised/pattern/etc.)	and	movement	(dissociation/
excessive/restricted/etc.).

Box	21.21 Functional retraining: Training goals

Correct motor control faults during function
Train	integration	of	correct	muscle	activation
Train	integration	of	correct	posture
Train	integration	of	correct	movement

Specific to patient presentation
Priority	tasks	(functions	that	are	compromised	by	pain	

and/or	dysfunction)

Use principles of motor learning
Segmentation	–	practise	parts	before	practise	of	the	

whole	task
Simplification	–	modify	task	with	reduced/simplified	

speed,	position,	load	to	enable	optimal	performance	
with	progression	as	skill	improves

Feedback	–	of	specific	elements	that	are	to	be	corrected	
during	performance	of	the	‘part’	then	‘whole’	task

Move	from	internal	focus	of	attention	(attention	to	detail	
of	motor	control)	to	external	focus	of	attention	
(attention	to	outcome	of	movement)

Focus on transfer of motor control skills into 
function – practise exercise that is as close to 
function as possible
Consider the potential for loss of control at 
the onset of fatigue
Consideration of need for basic elements of 
athleticism (i.e. range of motion, endurance, 
strength, speed, power, etc.)

Goals of training control of the spine and 
pelvis in function

The goals of functional retraining in the context of motor 
control training are similar to those defined for dynamic 
control and are summarized in Box 21.21.

Techniques to train control of the spine and 
pelvis in function

Techniques applied for retraining control of a motor 
control ‘fault’ in function are defined in Box 21.22. The 
techniques used for a specific patient require careful con-
sideration to ensure the accuracy of correction of the fault 
in a complex functional task. The accuracy is a result of 
the skills of the treating clinician to evaluate the success 
of the technique and to be able to identify a relevant 
technique that is most likely to be effective for the indi-
vidual patient.

Similar to the phase of dynamic control, it is essential 
to both consider control of motion of the spine and pelvis, 
and control of the spine and pelvis during motion of the 
whole body. The elements of this phase can be considered 
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‘Breathing’ below), thoracic rotation/mobility, symmetry, 
running technique and cardiovascular fitness (see the 
section on ‘Fitness’ below) are also important fundamen-
tal issues underlying optimal running performance. 
Careful assessment of each of these elements and consid-
eration of their relevance for the patient’s symptoms  
is necessary. Attention to specific individual aspects is 
required. For instance, it may be important to consider 
when the patient begins to tire when running as this may 
be the point at which load transfer is modified. Subtle 
observations may highlight problems in control. For 
instance the lateral head wobble reported by some runners 
may be explained by excess trunk stiffness, possibly 
explained by over-recruitment of the quadratus lumborum 
muscle that would block lateral flexion of the spine, limit-
ing normal frontal plane movement of the lumbar spine 
during running. As illustrated in this example the phase 
of functional training requires consideration of the patient 
individually and holistically to ensure optimal control of 
load on lumbopelvic structures for the management of the 
biological contribution to his/her symptoms.

Clinical application of strategies to 
manage barriers to recovery
The preceding sections highlight the basic clinical 
sequence in planning and implementation of training of 
motor control for people with lumbopelvic pain, but 
comprehensive management of a patient’s symptoms 
requires consideration of a range of other issues that may 
present to a greater or lesser degree for each individual 
patient. In some cases these additional issues may have a 
minor impact on presentation and recovery, and require 
either no change or a simple modification to exercise pre-
scription. In others they may form a major barrier and 
require detailed assessment and treatment. It is when 
these issues present as a barrier to recovery that they are 
most obvious and generally require attention in order to 
achieve the optimal outcome for the patient. The chal-
lenge for the clinician is to evaluate the relative impor-
tance of each and to determine the amount of time and 
effort to devote to assessment and management. The fol-
lowing section briefly summarizes the major elements of 
the relationship of the most common ‘barriers’ to recov-
ery of optimal motor control. This is presented along 
with tabulated summaries of the major treatment goals, 
assessment tools and strategies, and a selection of con-
temporary treatment techniques. For each issue, assess-
ment is critical in order to determine treatment goals and 
select treatment techniques.

In addition to the potentially modifiable barriers high-
lighted in this section, there are, of course, a number of 
barriers that may limit the potential for motor control 
training to make any impact on symptoms. For instance, 
some specific pathologies will limit the potential for 
improvements in motor control to change symptoms. 

using the example of a runner. Optimal function and  
functional training of a runner who suffers low back  
pain involves consideration of multiple aspects. These 
include spinal loading, impact and the transmission and  
dissipation of forces. Dynamic alignment and biomechan-
ical interaction of the hips, knees and feet of the lower 
limbs are also critical to consider. As running involves the 
entire kinetic chain, a motor control problem anywhere 
along the chain could contribute to the patient’s clinical 
presentation/symptoms. There is emerging evidence that 
the relationship between adjacent regions has conse-
quences in both directions; limb dysfunction has implica-
tions for the spine; and lumbopelvic dysfunction has 
implications for the lower limb. With respect to the latter 
issue, prospective studies have identified that altered 
control of the spine in response to perturbation is predic-
tive of future lower limb injuries in collegiate female ath-
letes (Zazulak et al. 2007). Issues such as hip adduction, 
internal rotation and knee valgus are consistently related 
to lower limb injuries. Consideration of the interaction 
between trunk and lower limb is particularly relevant for 
the relationship between the lumbopelvic region and any 
muscle that attaches from the lower limb to the pelvis. For 
example, tight/stiff hamstrings and poor endurance of the 
multifidus muscle could relate to the adoption (either as 
cause or effect) of a position of posterior tilt during 
running. Coordination of respiration (see the section on 

Box	21.22 Functional retraining: Techniques

Train control of movement, posture and 
muscle activity in a functional task
Correct	motor	control	faults*	in	functional	situation	–	

requires	understanding	of	the	requirement/components	
of	the	task

Sequence
Correct	posture
Correct	muscle	activation
Monitor	lumbar	and	pelvic	position	and	motion
Cognitive	correction	if	motor	control	fault*

Techniques for correction of motor control 
faults*
Use	of	any	technique	that	can	guide	the	acquisition/

correction/reinforcement	of	an	improved	motor	control	
strategy	is	advocated.	Examples	include:
manual	guidance
manual	cues
dissociation	tasks
muscle	activation
cues/reminders

*Faults	in	posture	(alignment/symmetry/etc.),	muscle	activation	
(excessive/compromised/pattern/etc.)	and	movement	(dissociation/
excessive/restricted/etc.).
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Examples could include some post-surgical patients when 
the potential to change control may be limited by disrup-
tion to muscle and fascia, and scarring; diseases that 
change structural mobility (significant structural scolio-
sis); and the presence of pain of neuropathic origin (see 
‘Fitting training of spine control into the biopsychosocial 
framework’).

Beliefs, attitudes and neurobiology of pain

Broader dimensions of pain, beyond the contribution of 
nociceptive input from the periphery, have been detailed 
elsewhere in this chapter and this book (see Chapter 11) 
and are critical to consider in all patients with pain. The 
importance will vary depending on the individual patient 
and aspects of his/her presentation. A key issue is the 
interaction between psychosocial and biological issues; 
that is, a person’s beliefs and attitudes have a direct impact 
on the manner in which he/she holds posture, uses 
muscles, and moves. It is obvious that these issues and 
their interactions require consideration. Management may 
be parallel (targeting motor control and psychosocial 
issues with separate treatments, but at the same time), 
concurrent (targeting motor control and psychosocial 
issues with a combined treatment) or sequential.

Consideration of psychosocial issues related to pain is 
clearly critical. Pain is an emergent experience produced by 
the brain. In fact, one might argue that the brain is unable 
to produce pain, and that pain is an emergent property of 
the entire person (see Thacker and Moseley 2012). Nocic-
eption is an important trigger and modulator of pain, but 
the ultimate experience is dependent on a far more complex 
evaluation that occurs outside of our consciousness (see 
Chapter 11). Beliefs about pain, injury, body vulnerability, 
and possible consequences, are fundamental. A simple rule 
of thumb is this: if an inaccurate belief increases the per-
ception of threat to body tissue, it will serve to increase 
pain and is therefore a target for treatment.

Some key training goals, assessments to determine the 
nature of psychosocial contributors to the pain experience 
and some considerations for treatment are presented in 
Boxes 21.23, 21.24 and 21.25, respectively.

Breathing

Breathing involves all muscles of the trunk in one way or 
the other. This can range from a primary contribution to 
inspiration by the diaphragm muscle, to an occasional 
contribution to expiratory effort under situations of 
increased demand by some regions of the abdominal 
muscles. Even pelvic floor muscles modulate their activity 
with respiration to maintain continence with fluctuation 
in intra-abdominal pressure (Hodges et al. 2007). It is 
obvious that the contribution of trunk muscles for breath-
ing must be coordinated with the contribution to motor 
control of the trunk for control of stability (movement and 
stiffness). There is potential for disruption of this 

Box	21.23 Beliefs, attitudes and neurobiology 
of pain: Training goals

Ensure an accurate picture of the state of the 
tissues
Reduce catastrophization
Reduce kinesiophobia
Train pain coping skills
Gain motivation and resources to self manage
Improve understanding of the biology that 
underpins pain
Reduce and manage depression
Manage social issues
Manage neuropathic pain

Box	21.24 Beliefs, attitudes and neurobiology 
of pain: Assessment

Questionnaires
Catastrophizing

Pain	Catastrophizing	Scale	(PCS)
Coping	Skills	Questionnaire	(CSQ)

Kinesiophobia
Tampa	Scale	for	Kinesiophobia	(TSK)
Photograph	series	of	Daily	Activities-Short	electronic	

Version	(PHODA-SeV)
Fear-Avoidance	Beliefs	Questionnaire	(FABQ)

Pain	biology	knowledge/conceptualization
Pain	Knowledge	Questionnaire	(revised)
Depression

Center	for	Epidemiological	Studies-Depression	
Questionnaire	(CES-D)

Hospital	Anxiety	and	Depression	Score	(HADS)
Depression	Anxiety	Symptoms	Scale	(DASS)

Readiness	to	change
Readiness	to	change	questionnaire

Pain	coping	skills
Coping	Skills	Questionnaire	(CSQ)

Self	efficacy
Pain	Self-Efficacy	Questionnaire	(PSEQ)
General	psychosocial	aspects
Orebro	questionnaire
StarT	back	screening	tool

Assessment of neuropathic pain
LANSS	pain	scale
Neuropathic	pain	scale
Neuropathic	pain	symptom	inventory
PainDetect
Quantitative	sensory	testing
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coordination to be relevant in the presentation of a patient 
with pain or a patient with a breathing disorder. Poor 
ability to coordinate breathing and spine control has been 
observed in situations of increased respiratory demand 
(hypercapnoea) (Hodges et al. 2001) and in disease states 
(chronic airways limitation) (Hodges et al. 2000). There 
is observation of breathing changes in people with lum-
bopelvic pain (O’Sullivan et al. 2002). Posture and muscle 
activity are particularly relevant; even subtle changes in 
posture affect breathing pattern (Lee et al. 2010), and 
muscle activation modifies chest wall compliance with 
effects on respiratory movements.

Although unlikely to be an issue for all patients with 
lumbopelvic pain, it is reasonable to consider that respira-
tory issues may contribute to a patient’s dysfunction of 
motor control of the spine and pelvis and may be a barrier 
to recovery unless addressed. Cycling is a good example of 
a sport that requires optimal breathing during dynamic 
function. Competitive cyclists are positioned in spinal 
flexion, with hip muscles activated in their outer to middle 
range (not into inner range). Cyclists with low back or 
pelvic pain tend to clench their oblique abdominal 
muscles when they tire and this is likely to impede breath-
ing as a result of the restriction to basal rib cage expansion. 
Cyclists can be taught on their own bike (with the bike 
fixed) to maintain the correct spinal position and address 
their breathing pattern.

Methods for assessment of breathing are available and 
can be used to determine the specific nature of deficits and 

Box	21.25 Beliefs, attitudes and neurobiology 
of pain: Techniques

Reduce catastrophization and kinesiphobia
Explain	pain
Graded	exposure
Psychological	therapies	–	cognitive-behavioural	therapy,	

acceptance	commitment	therapy,	operant	therapy

Train pain coping skills
Coping	skills	training,	graded	exposure,	imagery,	family	

involvement

Improve understanding of pain physiology
Explain	pain

Manage depression
Psychological	therapies
Antidepressant	medications
Social	and	family	support	and	engagement

Manage social issues
Workplace	intervention
Psychological	therapies
Group	interventions

Box	21.26 Breathing: Training goals

Optimize respiratory activity of trunk muscles
Reduce	tonic	muscle	activity	that	compromises	respiratory	

motion
Reduce	excessive	respiratory	activity	of	trunk	muscles

Optimize respiratory movements
Encourage	even	distribution	of	movement	between	

regions
Change	breathing	pattern	to	simplify	spine	control
Train	symmetry

Optimize posture to optimize breathing
Optimize thorax dynamic control (thoracic spine 
and rib cage) to optimize breathing (Lee 2003)
Optimize efficiency of breathing pattern in 
disease
Assess and train breathing pattern with each 
progression in the motor control exercise 
programme

Box	21.27 Breathing: Assessment

Assessment of breathing pattern
Movement

Observation	and	palpation	of	breathing	movements
•	 Three	components	–	evenly	distributed	with	no	

dominance
–	 Upper	chest
–	 Basal	chest	expansion
–	 Abdominal	displacement

•	 Symmetry
Muscle	activity

Observation,	palpation,	electromyography,	ultrasound	
imaging	(see	Figs	21.35	and	21.36)

Evaluate and manage (if necessary) the effect 
of correction of motor control ‘fault’ on the 
natural breathing pattern
Muscle	activation,	posture,	movement
Implement training if correction negatively 

interferes with breathing pattern	(e.g.	redistributes	
respiratory	motion	of	the	chest	wall;	encourages	
excessive	muscle	activity	for	breathing)

Consider chest wall flexibility and chest wall 
motor control and their impact on lumbopelvic 
function (Lee 2003)

challenges with which a patient presents. Boxes 21.26, 
21.27 and 21.28 summarize the goals of addressing breath-
ing, key assessment methods and techniques to apply 
clinically to target issues identified in the assessment, 
respectively.
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Figure 21.35	 Ultrasound	method	used	for	assessment	of	diaphragm	muscle	contraction.	(A)	Placement	of	the	ultrasound	
transducer	along	the	intercostal	space.	(B)	Diaphragm	contraction	involves	shortening	of	the	muscle	(reduced	length	of	the	
zone	of	apposition)	and	muscle	thickening.	(C)	Ultrasound	image	showing	the	diaphragm	and	adjacent	intercostal	(IC)	
muscles.	
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Continence

The trunk muscles have an impact on continence. The 
equation is simple: if the pressure in the bladder exceeds 
that in the urethra, or the pressure in the rectum exceeds 
that in the anus, the result will be incontinence. The trunk 
muscles contribute to this equation in a number of ways. 
First, the muscles of the pelvic floor and sphincters are 
important both for maintenance of closure of the urethra 

and anus for both continence and to enable intra-
abdominal pressure to increase – the latter of which pro-
vides a contribution to spine control (Hodges et al. 2007; 
Smith et al. 2007; Stafford et al. 2012). Second, the muscles 
of the abdominal wall and the diaphragm muscle increase 
the bladder pressure (along with contraction of the smooth 
muscle of the bladder wall, the detrusor) and rectum  
via elevation of intra-abdominal pressure. Presence of 
incontinence may impact spine control (by limiting 
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Box	21.28 Breathing: Techniques

Optimize respiratory movements
Respiratory	training	techniques

Manual	facilitation
Quick	stretch
Positioning
Feedback	–	manual,	elastic

Optimize respiratory activity of trunk muscles
Reduce	tonic/excessive	activity	–	see	Box	21.10	‘Muscle	

activation:	Techniques’
Maintain	deep	muscle	activity	during	respiration

Feedback
Gradually	increase	inspiratory	volume	to	threshold
Optimize	breathing	pattern
Commence	with	expiration

Optimize posture to optimize breathing
Retrain	neutral	posture
See	‘Posture:	techniques’

Optimize thorax dynamic control (thoracic 
spine and rib cage) to optimize breathing
Thoracic	spine	mobility/motor	control	–	exercise,	manual	

therapy
Rib	cage	mobility/motor	control	–	exercise,	manual	

therapy

Optimize efficiency of breathing pattern in 
disease

Optimize	breathing	movements	and	muscle	activity
Increase	fitness	–	pulmonary	rehabilitation
Flexibility	–	muscle	length	and	thorax	dynamics

Train breathing pattern with motor control 
progressions

Figure 21.36	 Use	of	ultrasound	imaging	to	provide	indirect	feedback	of	diaphragmatic	descent	by	observation	of	movement	
of	the	liver.	

intra-abdominal pressure control via incompetence of the 
pelvic floor muscles or via effects on abdominal muscle 
activity). Presence of motor control dysfunction in lum-
bopelvic pain may impact continence by placing addi-
tional challenges on the continence system as a result of 
augmented trunk muscle activation to protect the trunk. 
Furthermore, pelvic floor muscle activity is affected by 
lumbopelvic posture (activation is reduced in a slumped 
sitting posture) (Sapsford et al. 2008). Other issues of 
pelvic floor muscle dysfunction are also likely to be 

relevant, such as pelvic organ prolapse, which also has 
potential involvement of compromised support mecha-
nisms (pelvic floor muscle activation) and excessive pres-
sure (abdominal muscle activation), although these have 
not been well tested. Pelvic floor muscle dysfunction is 
particularly prevalent after menopause, and this period is 
associated with other co-morbid spinal conditions such as 
osteoporosis. The associated thoracic spine crush fractures 
and an increased thoracic kyphosis, may be relevant. Prob-
lems related to hyperactivity of pelvic floor muscles, which 
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is implicated in pelvic pain syndromes (Pool-Goudzwaard 
et al. 2005), may also be relevant. Furthermore, the natural 
coordination between the abdominal and pelvic floor 
muscles that has been reported in functional tasks and 
with voluntary contractions may be disrupted with result-
ant effects on efficiency of function.

The potential importance of the interaction between 
pelvic floor muscle dysfunction (including continence and 
other conditions) and lumbopelvic pain and/or dysfunc-
tion means that assessment of this system is important to 
consider in many people with lumbopelvic pain. This may 
range from simple subjective assessment to ascertain 
potential involvement of pelvic floor muscle dysfunction, 
to comprehensive specialist assessment and management 
of a pelvic floor muscle dysfunction. The extent of assess-
ment is limited by the training of the treatment provider. 
Careful assessment is necessary to ascertain the presence 
and relevance of dysfunction. This information then needs 
to be interpreted to determine the most appropriate course 
of action. Boxes 21.29, 21.30 and 21.31 provide a summary 
of the key training goals, assessments and treatment tech-
niques that are available.

Box	21.29 Continence: Training goals

Train activation of pelvic floor muscles
Train	gentle	tightening	and	elevation	of	the	pelvic	floor
Restore	symmetry	of	contraction
Train	timing	of	contraction	of	pelvic	floor	muscles
Increase	holding	time	(endurance)
Increase	muscle	strength
Reduce	overactivity	(hypertonicity)	of	pelvic	floor	muscles	

that	may	impair	lumbopelvic	function

Retrain coordination between pelvic floor and 
trunk muscles
Reduce	overactivity	of	superficial	trunk	muscles
Retrain	co-activation	with	deep	trunk	muscles

Retrain control of pelvic floor muscles with 
breathing

Box	21.30 Continence: Assessment

Subjective assessment
Evaluate	symptoms	and	type	of	incontinence

Do	you	have	any	urine	loss	on	exertion,	coughing,	
etc.?
•	 Could	suggest	stress	urinary	incontinence

Do	you	often	experience	symptoms	of	urge	to		
urinate?
•	 Could	suggest	urge	incontinence

Do	you	have	any	pain/discomfort?
Assess	potential	to	activate	pelvic	floor	muscles

Can	you	stop	the	flow	of	urine	midstream?
•	 Ability	to	activate	(avoid	for	training)

Do	you	have	difficulty	initiating	micturition?
•	 Could	suggest	hyperactivity

Assessment of voluntary activation of pelvic 
floor muscles
Purpose	of	assessment

Identify	presence	of	hypo-/hyper-activity
Evaluate	ability	to	contract
Evaluate	quality	of	contraction
Evaluate	symmetry	of	contraction
Evaluate	muscle	strength and endurance
Evaluate	structural	deficits

Methods	for	assessment
Self-assessment

•	 External	palpation	of	perineal	body	(female	
–	elevation;	male	–	tightening)

•	 Voluntary	stopping	flow	of	urine	–	avoid	for	training

Ultrasound	imaging
•	 Trans-abdominal	(transverse	(assessment	of	

position,	elevation	and	right–left	symmetry)	and	
sagittal	(assessment	of	elevation	and	position))	
(Fig.	21.37A)	or	trans-perineal	(technique	for	
females	is	shown	in	Fig.	21.37B	and	for	males	in	
Fig.	21.38)

•	 Provides	information	of	contraction	ability,	quality,	
symmetry,	direction

Specialized	techniques	–	require	additional	training
•	 Manual	palpation	of	muscle	contraction
•	 Vaginal/anal	EMG
•	 Vaginal/anal	pressure

Assessment of pelvic floor muscle activity 
during breathing
Tonic	hold	with	subtle	lengthening	(expiration)	and	

shortening	(inspiration)

Assessment of affect of posture and posture 
change
Slump	→	decreased	pelvic	floor	muscle	activity;	upright	
→	increased	pelvic	floor	muscle	activity

Assessment of co-activation of pelvic floor and 
deep trunk muscles
Assessment of structural deficit of pelvic floor 
muscles
Manual	palpation,	ultrasound	imaging	–	additional	

training	required	for	these	techniques
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Figure 21.37	 Methods	for	ultrasound	assessment	of	pelvic	floor	muscle	activation.	(A)	The	transabdominal	approach	involves	
evaluation	of	lift	of	the	bladder	base	observed	in	an	ultrasound	image	made	with	the	ultrasound	transducer	placed	
suprapubically	and	directed	inferiorly	to	observe	the	bladder.	This	method	enables	observation	of	elevation	of	the	bladder	
during	pelvic	floor	muscle	contraction,	resting	position	of	the	bladder	base	and	symmetry	of	position	and	contraction.	This	
technique	is	difficult	to	interpret	when	the	abdominal	wall	moves	as	there	is	no	bony	landmark	for	standardization	of	the	
measurements.	(B)	Transperineal	approach	to	imaging.	Measurement	is	made	of	motion	of	the	bladder	neck	and	anorectal	
angle.	Measures	can	be	made	with	respect	to	the	fixed	bony	landmark	of	the	pubic	symphysis	(PS).
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Figure 21.38	 Transperineal	ultrasound	for	assessment	of	pelvic	floor	muscle	activation	in	males.	(A)	Anatomy	of	the	male	
continence	mechanism	showing	the	direction	of	motion	generated	by	contraction	of	the	puborectalis/pubovisceralis	muscle	
(cranio-ventral	motion	of	the	anorectal	angle)	and	striated	urethral	sphincter	(posterior	motion	of	the	urethra).	(B)	Ultrasound	
image	made	with	transperineal	placement	of	the	ultrasound	transducer	and	(C)	features	highlighted	for	measurement	of	
motion	based	on	the	anatomy	in	(A).	
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Box	21.31 Continence: Techniques

Train activation of pelvic floor muscles
Education	and	instruction
Positioning
Feedback
Reduce	overactivity	of	hyperactive	pelvic	floor	muscles

Requires	specialist	training
Timing

Voluntary	pre-activation
Strength	and	endurance	training

Repeated	strong	contractions	–	weights/feedback

Retrain coordination between pelvic floor 
muscles and other trunk muscles
Reduce	overactivity	of	superficial	trunk	muscles	–	see	Box	

21.10	‘Muscle	activation:	Techniques’

Co-activation	with	deep	trunk	muscles
Submaximal/gentle
Depends	on	lumbopelvic	posture	–	neutral	better

Breathing – see Box 21.28 ‘Breathing: 
Techniques’
Optimize	breathing	pattern	→	movement	and	muscle	

activation
Instruction
Feedback	–	palpation,	observation,	EMG,	ultrasound

Posture – see Box 21.4 ‘Postural correction: 
Techniques’
Optimize	posture

Adjacent body regions/segments

Although the contribution of function of adjacent joints 
to a patient’s presentation and the most appropriate strat-
egy to manage their symptoms is discussed elsewhere (e.g. 
‘Clinical application of motor control training of move-
ment’), it is noteworthy to summarize the training goals 

(Box 21.32), assessment (Box 21.33) and treatment tech-
niques (Box 21.34) here to draw together the various ways 
in which the function of adjacent regions impacts the 
lumbopelvic region. These considerations include not 
only the necessity to dissociate the motion of the extremi-
ties from the lumbopelvic region, but also the necessity to 
ensure sufficient ‘proximal’ stiffness of the lumbopelvic 
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Box	21.33 Adjacent regions: Assessment

Evaluation of dissociation of spine and limbs
Specific	tests	–	see	Box	21.5	‘Movement	control:	

Assessment’

Evaluation of dissociation between spine 
regions
Specific	tests	–	see	Box	21.5	‘Movement	control:	

Assessment’

Evaluation of biomechanical interaction 
between regions
Consider	mechanical	interactions	between	adjacent	

regions	(e.g.	association	between	pronated	feet,	
internal	rotation	of	the	legs	and	anterior	tilt)

Careful	and	detailed	observation	and	palpation	of	
position	and	movement)

Evaluation of neuromuscular interaction 
between regions
Consider	muscle	activity,	proprioception

Evaluation of the effect of correction of 
‘faults’ at adjacent segments and lumbopelvic 
region, on the interaction between segments

Box	21.34 Adjacent regions: Techniques

Optimize dissociation of movement of 
adjacent regions
Consider	necessity	to	optimize	muscle	length/stiffness

Control	proximally	while	stretch	distally
Manage	articular	issues

Manual	therapy
Exercise	–	control	with	movement

Correct biomechanical and/or neuromuscular 
influences/interaction
Hip,	knee,	foot,	shoulder	girdle,	thorax	and	thoracic	

spine,	head/neck
Orthotics
Taping
Bracing
Manual	therapy
Active	control

•	 Biofeedback	–	electromyography,	ultrasound,	
palpation,	observation

Sensory	training
•	 Sensing,	localizing	and	discriminating
•	 Balance	board,	taping,	repositioning

Box	21.32 Adjacent regions: Training goals

Optimize dissociation of movement of 
adjacent regions
Optimize	relative	‘stiffness’

Muscle
Articular

Correct biomechanical influences/interaction 
between lumbopelvic region and adjacent 
segments
e.g.	hip	and	lower	limb;	thorax	and	thoracic	spine;	

shoulder	girdle

Correct neuromuscular influences/interaction 
between lumbopelvic region and adjacent 
segments
e.g.	hip	and	lower	limb;	thorax	and	thoracic	spine;	

shoulder	girdle

region/trunk to enable better mobility and power genera-
tion of the extremities. Like all aspects of motor control 
training, careful assessment is required to identify the 
aspects to be addressed in the comprehensive treatment 
approach. Unless functional deficits in adjacent regions 
are resolved, optimal function of the lumbar spine and 
pelvis is unlikely to be achieved.

Balance

Balance is a complex function with motor and sensory 
components. It is an integral part of human function. As 
the trunk involves 70% of a person’s body weight, and 
motion of the trunk is a critical aspect of balance recovery 
mechanisms (Horak and Nashner 1986; Mok et al. 2007), 
balance training may be required in many individuals with 
low back and pelvic pain to ensure return to full function. 
Optimal targeting of a treatment approach is dependent 
on identification of the basis for postural control deficits. 
Balance deficits may involve an inability to involve trunk 
in balance adjustments as a result of pain, poor sensation 
of spinal position or movement, or reduced ability to 
move or generate trunk moments (e.g. increased passive 
stiffness or excessive muscle activation), or balance may 
be compromised as a result of generalized sensory deficits 
(visual, vestibular or somatosensory deficits), leg weak-
ness, or poor coordination. Thus, incorporation of balance 
training into the management of a patient requires careful 
assessment and targeting of an appropriate treatment tech-
nique to overcome the specific deficit affecting balance. 
Boxes 21.35, 21.36 and 21.37 provide a summary of the 
key training goals, assessments and treatment techniques 
that are available.

Sensory function

As outlined in Chapter 19, many patients require consid-
eration of sensory function. Without optimal sensory 
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function the potential to adequately control posture, 
movement and muscle activation will be limited. This may 
present as a major feature of the patient’s presentation 
with important consequences for motor control (e.g. com-
promised control as a consequence of poor awareness of 
position, movement and/or muscle activation), or may be 
a component that simply requires enhancement and 
refinement. Most aspects of a motor control approach to 
rehabilitation have a sensory component. For instance, an 
essential component of a cognitive approach to correction 
of motor control faults in the initial phase is the percep-
tion of incorrect and correct performance of the retraining 
task. Sensory function can be improved with training (Jull 
et al. 2007) and this will have an impact on the quality of 
motor performance. Boxes 21.38, 21.39 and 21.40 provide 
a summary of the key training goals, assessments and 
treatment techniques that are available.

Strength and endurance

In most patients it is necessary to train muscle strength 
and endurance to some extent. This may involve training 

Box	21.35 Balance: Training goals

Encourage incorporation of lumbopelvic 
movement into balance control strategies
Train	hip/trunk	strategy	(multi-segmental	strategy)

Improve quality of balance control for 
function

Box	21.36 Balance: Assessment

Evaluation of balance in function

Comprehensive balance assessment
Standardized	clinical	balance	assessment	tasks

Balance	scales	–	e.g.	Berg	balance	scale
Static	postural	stability	–	e.g.	measurement	of	trunk	

motion	with	pen	attached	to	pole	from	spine
Balance	performance	on	unstable	surfaces
Instrumented	balance	assessment

Balance	assessment	systems

Evaluation of sensory integration
Effect	of	vision	removal/distortion	(e.g.	blindfold;	

movement	of	visual	surround)
Effect	of	stimulation	of	muscle	spindle	input	(e.g.	

muscle	vibration;	unstable	surface)
Effect	of	removal	of	vestibular	inputs	(e.g.	stabilization	

of	head)

Box	21.37 Balance: Techniques

Incorporation of lumbar spine and pelvis into 
balance control (Fig.	21.39)

Encourage	hip/trunk	strategy	(multi-segmental	strategy)
Limit	contribution	of	ankle	torque	to	balance

•	 Stand	on	unstable	base	–	reduces	potential	to	
use	ankle	torque	for	balance	control,	thus	
encouraging	use	of	spine/hip	for	balance
–	 Single	plane	progressing	to	multiple	plane
–	 Increase	range	of	motion

•	 Short	base	(limit	ankle	contribution)
Limit	sensory	signals	from	ankle	muscles

•	 Stand	on	foam
Cognitive	correction/instructions
Manual	guidance
Manual	cues
Cues/reminders

Improve quality of balance control
Challenge	balance	in	static	and	dynamic	progression	

tasks
Balls	(unstable	surface	with	inherent	flexibility	of	

exercise	prescription)
Reduced	base	of	support	–	e.g.	single	leg	stance

Challenge	balance	in	functional	tasks
Challenge	balance	with	dual	tasking	(e.g.	mental	tasks)

these parameters for specific muscles of the trunk control 
system. It has been confirmed that although atrophy of 
multifidus can be reversed with gentle voluntary muscle 
activation in patients after their first episode of acute pain 
(Hides et al. 1996), resistance training is necessary to 
reverse atrophy in people with chronic/persistent back 
pain (Danneels et al. 2001). During the course of progres-
sion through static and dynamic training it may be neces-
sary to train specific strength and endurance deficits. This 
may involve strength for control of a specific direction of 
lumbopelvic rotation.

It is also necessary to consider motor control of the 
lumbar spine and pelvis during general strength training 
for limb and trunk muscles. During performance of con-
ventional paradigms for training hip and knee muscles, for 
example, it is necessary to monitor and control alignment 
of the spine and pelvis, with specific attention to the 
motor control faults that were identified in the initial 
phases of treatment.

Rehabilitation in terms of strength and endurance  
is a staged process. Usually a foundation is laid with  
‘corrective’ exercise to establish patterns of muscle activa-
tion, posture and movement that conserve/protect the 
spine. Then regional stability and mobility is enhanced  
appropriately. It is only on this foundation that considera-
tions for endurance and strength enhancement can begin. 
Several studies have attempted to quantify the forms of 
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Box	21.38 Sensory function: Training goals

Improve sensory function
Sensing	–	acuity
Localization
Discrimination

Improve perception of lumbopelvic posture
Improve perception of lumbopelvic movement
Improve perception of muscle activation

Box	21.39 Sensory function: Assessment

Evaluate accuracy of repositioning
Ability	to	return	to	previously	shown	position
Sitting/standing/four	point	kneeling
Flexion	and/or	extension

Evaluate sensory acuity
Threshold	for	detection	of	motion
Requires	use	of	an	assessment	device

Evaluate discrimination
Threshold	for	discrimination	between	2	movements	of	

different	magnitude	or	direction	(75%	accuracy)
Requires	use	of	an	assessment	device

Evaluation of postural control
Whole	system	assessment	–	not	specific	to	proprioception
Can	include	specific	assessment	of	muscle	spindles	with	

the	use	of	muscle	vibration
See	Box	21.36	‘Balance:	Assessment’

Figure 21.39	 Balance	training.	(A)	Challenge	balance:	sitting	on	unstable	support	surface	and	ballistic	arm	movement.	
(B)	Encourage	hip/trunk	strategy	(multi-segmental	strategy):	lunge	on	unstable	support	surface.	(C)	Challenge	balance	in	
functional	tasks	tailored	to	the	individual	needs	of	the	patient,	e.g.	inline	skating.	

BA C

exercise that spare the spine of exacerbating load and 
movement, while providing sufficient loading of muscle 
to enhance endurance and strength. For example, varia-
tions of the ‘Big 3’ stabilization exercises proposed by 
McGill (modified curl-up, side-bridge and bird dog/
quadruped) are used to control the spine while loading 
the limbs and spine (Fig. 21.41) (Callaghan et al. 1998; 
Kavcic et al. 2004; McGill et al. 2009; Fenwick et al. 2009).

Endurance is worthy of discussion separately from 
strength given that spine stability requires co-contraction 
of trunk muscles for substantial durations, but at relatively 
low levels. This is an endurance and motor control  
challenge – not a strength challenge. Generally, the guide-
line is to constrain the duration of isometric stabilization 
exercises under 10 seconds, and build endurance with rep-
etitions, not by increasing the duration of the holds. Near 

Infrared Spectroscopy (NIRS) of the trunk muscles has 
shown that this method builds endurance without the 
muscles cramping that can be experienced with oxygen 
starvation and acid accumulation (McGill et al. 2000). The 
‘Russian descending pyramid’ is often used in an attempt 
to preserve exercise technique as fatigue builds. In this 



Figure 21.40	 Sensory	function	
training.	(A)	Sensing,	localizing	
and	discriminating	lumbar	
multifidus	with	manual	stimulation	
by	therapist	(or	haptic	control	by	
patient).	(B)	Sensing,	localizing	
and	discriminating	larger	
movement	patterns	with	manual	
stimulation	by	therapist.	(C)	
Conscious	attention	to	lumbar	
posture,	pelvic	movement	and	
muscle	activation:	slow	diagonal	
pelvic	motion	pattern	during	
sitting.	(D)	Conscious	attention	to	
lumbar	posture,	pelvic	movement	
and	muscle	activation:	slow	pelvic	
motion	pattern	during	unipedal	
stance.	

A B

C D

Box	21.40 Sensory function: Techniques

Non-specific training methods
Unstable	surfaces	(balance	training)

Ball,	balance	board,	trampoline	–	challenge	use	of	
sensory	signals

Training of specific aspects of proprioception 
(Fig.	21.40)

Focus	attention	to	sensing,	localizing,	discriminating	
(position,	movement	and	muscle	activation)

Repositioning	training
Cognitive	control	training

Conscious	attention	to	posture,	movement	and	muscle	
activation

Taping,	bracing	to	enhance	somatosensory	input
Motor	imagery	–	simulation	of	motor	action	with	

attention	to	‘feeling’	of	task



Figure 21.41	 The	‘Big	3’	stabilization	exercises	used	by	McGill	to	create	muscle	patterns	that	are	considered	to	ensure	
stability:	(A)	the	curl-up,	(B)	the	side-bridge	and	(C)	the	bird	dog.	Although	many	variations	and	progressions	have	been	
quantified,	several	cues	are	used	for	correct	form.	(A)	During	the	curl-up,	the	aim	is	to	remove	any	motion	from	the	lumbar	
and	cervical	spines.	Progression	includes	‘tuned’	pre-bracing	of	the	abdominal	wall,	elevating	the	elbows	off	the	floor,	and	
breathing,	to	name	a	few.	Note	that	nearly	no	motion	occurs	but	the	challenge	is	self-generated	from	the	concomitant	
‘tuned’	abdominal	bracing.	(B)	The	beginner’s	side-bridge	is	held	for	sets	of	10-seconds	contraction	before	more	challenging	
progressions	are	attempted.	(C)	During	the	bird	dog,	effort	is	directed	at	creating	the	most	tolerable	initial	posture	–	for	
example,	in	this	case,	set	the	lumbar	spine	into	neutral	and	cue	the	rib	cage	up	to	assist	the	thoracic	alignment.	While	
performing	the	loaded	posture,	making	a	fist	and	co-contracting	the	arm	and	shoulder	is	a	progression	that	enhances	the	
contraction	levels	in	the	upper	erector	spinae	muscles.	

A

B

C
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approach the repetitions of each exercise are reduced with 
each subsequent set (McGill 2009). Impeccable form also 
creates a higher volume of tolerable training because the 
joints are spared of loading associated with deviated pos-
tures and inappropriate muscle activation levels (McGill 
and Karpowicz 2009).

Endurance has also been suggested by several studies to 
play some predictive role with respect to individuals who 
will develop back pain in the future. For example, not only 
is a lack of extensor endurance predictive (Biering-Sørensen 
1984), but also the balance of endurance between the 
anterior torso muscles and the side and the back muscles 
is associated with those who have repeated episodes when 
compared to matched controls without pain (McGill et al. 
2003). Imbalances in strength, endurance and range of 
motion, not surprisingly, have been associated with pre-
diction of many musculoskeletal injury types (Van Dillen 
et al. 2008; Knapik et al. 1991). Specific tests that measure 
endurance together with some cut-off scores for different 
populations have been described by McGill (2007) and 
colleagues (1999, 2010).

Strengthening of the back muscles is generally 
approached by loading the back in tasks in which the 
spine/torso form a link within the entire body. This is 
done in order to enhance transfer to daily activities. In this 
way strength may be enhanced in specific patterns such as 
pushing, pulling (Fig. 21.42), carrying, squatting, lunging, 
twisting (or resisting applied twisting torque) (McGill 

2009). True strengthening for the purpose of enhancing 
athletic objectives requires muscle overload, is associated 
with elevated risk, and is not considered for the patient 
with low back or pelvic pain. Such training is reserved for 
a time after the pain has been eliminated. Many people, 
whether they have athletic objectives (such as wanting to 
play golf) or have physically demanding occupations, will 
fall into this category. On the other hand, many patients 
confuse health objectives (minimizing pain, developing 
joint sparing strategies) with performance objectives 
(which require risk) and compromise their progress by 
initiating specific strength training too early in their 
recovery/rehabilitation. Many exercises typically pre-
scribed to patients with low back and pelvic pain are done 
so without the clinician having knowledge of the spine 
load and associated muscle activation levels. For this 
reason, exercises in McGill’s approach have been quanti-
fied with respect to load and activation levels to allow 
evidence-based decisions when planning optimal exercise 
progressions. Finally, training involving movement pat-
terns creates balances of torso strength and functional 
capacity. For example, carrying objects in one hand 
uniquely challenges lateral strength and muscle pairings 
such as statically contracted quadratus lumborum (proxi-
mal stiffness) and the opposite gluteal muscle group 
(power development) (McGill and Karpowicz 2009).

Any conventional strength or endurance training proto-
col can be implemented into a motor control approach 

Figure 21.42	 Many	variations	of	push/pull	exercises	are	used	by	McGill.	Two	beginners’	variations	illustrated	here	that	have	
been	quantified	to	neutralize	shear	load	on	the	spine	are	(A)	‘pull-ups’	and	(B)	‘push-ups’	using	straps,	with	the	feet	on	the	
floor.	Control	emphasis	is	placed	on	stiffening	the	torso	and	enhancing	the	handgrip	while	focussing	motion	only	about	the	
shoulders	and	elbows.	

A B
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Box	21.41 Strength and endurance: Training 
goals

Train deficits in strength and endurance of 
trunk muscle system

Train lumbopelvic/‘proximal’ control during 
strength and endurance training for limbs
e.g.	don’t	break	‘form’	and	maintain	movement	in	an	

optimal	manner	under	load

Maintain sufficient stiffness and stability to 
minimize or eliminate pain
continue	this	objective	with	increases	in	speed	and	load

Train strength patterns that transfer to daily 
living

Develop and ‘tune’ proximal stiffness to 
enhance distal segment athleticism
e.g.	strength	and	speed

Box	21.42 Strength and endurance: Assessment

Any conventional assessments of strength and 
endurance
Limit	of	loading/holding	time/number	of	repetitions	is	

indicated	by:
loss	of	‘proximal’	control	or	re-emergence	of	motor	

control	‘fault’
inability	to	overcome	load

Enhance	strategies	to	spare	the	spine	of	load	while	
enhancing	strength	and	endurance	of	muscles	(e.g.	
McGill’s	‘big	3	exercises’)

Consider	models	for	prescription	of	exercise	for	
endurance	(e.g.	Russian	descending	pyramid)

Every	exercise	forms	a	screening	test	where	poor	control	
is	recognized	and	the	cause	is	appropriately	corrected

Box	21.43 Strength and endurance: Techniques

Train strength and endurance of trunk muscle 
system
•	 Progressive	resistance	training	(PRT)

Follow	conventional	principles	of	PRT
Monitor	control	of	motor	control	‘fault’	during	

performance
Enhance	extremity	mobility	(ball	and	socket	joint	–	

hips	and	shoulders)	and	torso	stability
•	 Endurance	training

Train ‘proximal’ control during strength and 
endurance training for limbs
Monitor	control	of	motor	control	‘fault’	during	

performance

Train strength in patterns
Push,	pull,	carry,	squat,	lunge,	resisting	twist,	etc.

depending on the needs of the patient and the preference 
of the treatment provider. Whatever approach is imple-
mented, careful attention to detail is required to ensure 
that patients do not resort to suboptimal postures/
alignment, movements and muscle activation patterns. 
The basic principles of assessment and treatment are high-
lighted in Boxes 21.41, 21.42 and 21.43.

Fitness

It is not uncommon for patients with low back and pelvic 
pain to be deconditioned. This may be both a cause of 
pain (e.g. muscle changes secondary to disuse (Belavý 

et al. 2011)) or a consequence of pain (e.g. disuse and 
inactivity secondary to fear-avoidance beliefs/behaviours 
(Vlaeyen and Linton 2000)). Regardless of the temporal 
sequence, this may require specific attention in the design 
of the optimal treatment package for the patient. Any 
approach to fitness training can be used, based on the 
experience of the treatment provider and the needs of the 
patient (based on assessment findings). Fitness involves 
many components, including cardiovascular fitness to 
movement flexibility. Like all other aspects of a motor 
control training approach, the specific programme imple-
mented for a patient depends on his/her individual func-
tional needs and his/her individual deficits.

Enhancement of fitness requires repeated and pro-
longed loading to be challenged. This is usually not appro-
priate until pain control has been mastered. As with all 
patients with low back or pelvic pain, programmes must 
be individualized to enhance the load tolerance and the 
capacity to train. Each individual has a loading tolerance 
which – when exceeded – will cause pain and ultimately 
tissue damage. For example, a patient may tolerate a ‘bird 
dog’ extension posture but not a ‘superman’ extension 
over a gym ball, which imposes twice the compressive load 
on the lumbar spine. A person’s capacity is the cumulative 
work that he/she can perform before pain begins. The 
patient’s capacity influences the way he/she can success-
fully enhance fitness. For example, a patient who can only 
walk 20 m before pain develops can be considered to have 
a low capacity. This patient is unlikely to benefit from 
therapeutic exercise that is performed three times per 
week; instead, he/she is more likely to benefit from three 
sessions per day. Corrected walking in three short sessions 
per day, never exceeding the current tolerance and 
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package designed to achieve optimal outcomes for the 
patient. This must be fitted into a biopsychosocial frame-
work to ensure all aspects of the presentation and the 
interaction among them have been addressed. The many 
approaches to motor control training that have been pre-
sented in the literature share many common features, with 
variation in: (i) the emphasis on individual issues; (ii) the 
assessment methods used to define the nature of the 
problem; and (iii) the specific techniques used to manage 
the patient. Despite this variation, the basic underlying 
philosophies are surprisingly similar. Time will tell which 
approaches are more effective. However, the likely outcome 
is that a combination of approaches within a clinician’s 
armamentarium will be the most optimal approach as this 
provides the flexibility to match a package of intervention 
to the needs and preferences of the patient. As discussed 
throughout this chapter and the entire book there is con-
siderable evidence for many aspects of the approach, yet 
there are many questions remaining and it is hoped that 
this book provides a fruitful foundation for ongoing 
research to test the efficacy and physiological rationale for 
the approach, and to refine the implementation of motor 
control training for low back and pelvic pain, and applica-
tion of the principles to other regions of the body.

capacity, is likely to be the only tolerable option. Typically, 
this type of patient will progress to one session per day as 
their pain-free capacity grows.

There are many options to enhance fitness or total 
capacity for work. Unfortunately pain may restrict the 
approach to walking or running, or perhaps using an ellip-
tical trainer. This may be appropriate for one patient but 
entirely inappropriate for another. For example, elliptical 
trainers cause higher back load and motion in individuals 
with reduced hip range of motion, and may therefore 
increase the potential for pain exacerbation (Moreside and 
McGill, unpublished data). Interval training can control 
the exposure and allows quite demanding work rates for 
repeated bursts. For example hand-over-hand rope pulling 
may be very appropriate for the person seeking propor-
tionate strength in their upper body with a stiffened and 
‘buttressed’ spine.

For integration into the motor control training approach 
it is necessary to assess, monitor and train lumbopelvic 
control during performance of fitness assessment and 
training tasks. Like other progressions of training this is 
based on the motor control faults identified throughout 
the training programme and through careful evaluation 
during the fitness tasks. Evaluation can be accomplished 
either through observation or palpation, or by use of addi-
tional assessment methods such as electromyography, 
ultrasound imaging and movement tools. Training goals, 
and principles for assessment and training are presented 
in Boxes 21.44, 21.45, and 21.46.

CONCLUSION

The purpose of this chapter was to provide an overview of 
the basis and application of motor control training to the 
management of a patient with lumbopelvic pain and dys-
function. It is clear that many issues require consideration 
in evaluation of the scope and relevance of motor control 
issues for the presentation of the patient. Design of a 
motor control training approach depends on careful 
assessment and targeting of treatment techniques in a 

Box	21.44 Fitness: Training goals

Improve fitness to match the functional needs 
of the patient
Consider	all	aspects	of	fitness	–	e.g.	cardiovascular	

fitness,	flexibility

Encourage optimization of motor control 
during fitness training protocol

Box	21.45 Fitness: Assessment

Conventional assessments of fitness
Clinical	tests

Not	specific	for	patients	with	LBP
•	 e.g.	Shuttle	run	test

Laboratory	tests
Examples	of	tests	that	are	not	specific	to	low	back	and	

pelvic	pain,	but	could	be	used	to	quantify	fitness	
include:
•	 Maximal	oxygen	consumption	test	(VO2max)

During	assessment	of	fitness	parameters	it	is	essential	to	
monitor:
Loss	of	‘proximal’	control
Re-emergence	of	motor	control	‘fault’

Box	21.46 Fitness: Techniques

Improve fitness
Follow	conventional	program	for	training	any	aspects	of	

fitness	that	are	deemed	to	be	a	priority	for	the	patient
e.g.	interval	training	walking/corrective	walking

Attention	to	motor	control	‘fault’	identified	in	earlier	
phases	of	training	and	correct	if	necessary
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Preface: A meeting 
of minds on spine 

control

There are many different views about how the spine is 
controlled, how this is changed in spinal pain, whether 
these changes are relevant to a patient’s presentation, and 
the best options for rehabilitation. The field is evolving 
rapidly, as are the different opinions. This has led to con-
siderable confusion in both research and clinical practice, 
and there have been widely publicised debates in the lit-
erature and media about the best ways to approach exer-
cise interventions in low back and pelvic pain.

The rapid expansion of knowledge, and the apparent 
divergence in interpretation of the available data, provided 
the impetus to convene a meeting of experts in the field. 
The aims of this meeting were to summarize what is 
known about the field, to identify areas of convergence 
and divergence of understanding and interpretation, and 
to consider the clinical implications. In the context of this 
meeting and book, ‘motor control’ has been broadly 
defined as the combination of neurophysiological and 
biomechanical mechanisms that contribute to control of 
the spine.

A summit meeting of international experts was hosted 
in November 2009 by the Centre of Clinical Research 
Excellence in Spinal Pain Injury and Health, which is com-
petitively funded by a grant from the National Health and 
Medical Research Council of Australia. The organizing 
team of PH, JvD and JC devised a list of international 
experts who represent different disciplines (Biomechanics, 
Chiropractic, Clinical Trials, Engineering, Ergonomics, 
Kinesiology/Exercise Physiology, Medicine, Neuroscience, 
Pain Science, Physiotherapy/Physical Therapy), different 
research methods, and different views. Of the nominated 
invitees, 83% agreed to participate and ultimately 70% 
attended the meeting. The invitees were expert basic sci-
entists and expert clinicians. The meeting was structured 
to involve presentations by all attendees and each was 
requested to nominate the areas of convergence and diver-
gence within the field. These areas were reviewed by the 

organizing team and moderator who then divided them 
thematically into five topics based on prevalence of nomi-
nations for each specific area. The five topics were pre-
sented to the group and each was discussed with the 
ultimate aim of generating a statement that best described 
the theme. Each theme was allocated time for discussion 
based on the identification of:
• What is known?
• What are the main issues?
• What are the areas of convergence and divergence of 

opinion?
• What are the key questions that need to be 

answered?
During each session, discussants were nominated for 

each theme, who provided a list of their responses to  
the above questions, and the group discussed the list. 
There was opportunity to remove, combine or add issues 
based on consensus of the group. This was followed by 
presentation by each discussant to address the issues and 
moderated discussion. The discussion was followed and 
thematically organized under each of the issues. At the end 
of the session the major themes were reviewed and addi-
tional discussion was undertaken as required. After the 
session a summary of the thematically arranged discussion 
of each issue within each theme was sent to the attendees 
for comments and clarification. No attempt was made to 
prioritize the order of importance of the issues, as each 
was considered to add value to the understanding of 
motor control of the spine. The final result was a list of 
key themes and issues that were considered necessary to 
address in order to progress understanding in the field. 
The ultimate goal was to identify important areas of study, 
without providing an exhaustive list. A critical aspect was 
consideration of relevance for clinical management (or 
prevention) of low back and pelvic pain. Each topic was 
then formulated into a summary chapter for inclusion in 
this volume in Part 5. During 2010–2011 these chapters 
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were reviewed, revised and updated, culminating in the 
versions included here.

The field is at an exciting phase of expansion, but there 
remains the challenge to prove the relevance of considera-
tion of motor control issues in the management of spinal 
pain. This volume provides a review of the current state-
of-the-art in understanding on the topic of spine control, 
and a wealth of research and clinical questions that are 

ripe for picking. We hope readers of the book will be chal-
lenged and excited by the information, and ultimately 
stimulated to think deeply about the relevance of motor 
control to low back and pelvic pain and opportunities for 
clinical and laboratory research.

PH, JvD, JC
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F
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information for, 10
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lumbar muscle spindles, 148–153

high sensitivity, 148–149
positional and velocity sensitivity, 

148–149, 149f, 150t
responsiveness, history-dependent 

effects, 151–153, 161
interval training, 305
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intervertebral discs
compressive creep in, 161–162
damage, 157–158, 158f

physical disruption, repair and, 
158

types, 79
degeneration

causes, 51
intervertebral range of motion 

increased, 46
low back pain, 51–52

degenerative disc disease (DDD), 13, 
17–18

fluid flow into/out, disruption, 51, 
161–162

herniation, 157
passive stiffness, 43–45
receptors (proprioception), 221

intervertebral joint
loss of stiffness, increased rotation, 

46
moment–angle relationships, 46,  

46f
single, degeneration, instability due 

to, 46, 46f
intervertebral muscles, muscle spindle 

density, 159, 220–221
intra-abdominal pressure (IAP), 81, 

100–101, 293–295
intrafusal fibres, 151, 221–222
ischaemia, effect on lumbosacral 

proprioception, 223

J
Janda’s distal cross syndrome, 60, 81, 

83–84, 247t–248t
jerk, cost functions, trunk flexion, 

20–22, 21f, 22t
joint capsule, 220–221
joint receptors, 220–221

K
Kendall postural classification, 

247t–248t
kinaesthesia, 219, 221
kinaesthetic imagery, 225–226
kinaesthetic sense, 219
kinematics, trunk, in LBP, 208–209
kinesiopathological model, 89–98

deleterious process, reduced by 
optimal mechanics, 89–90

directional tendency see directional 
tendency (DT)

imbalance between daily and high 
intensity activities, 93–94

LBP and, 90
principle and description, 89–90

studies and study methods, 90–91
contributing factors, 94–96
movement and alignment 

patterns, 91–92
passive elastic energy and, 94, 94f
repetition of movement/

alignments, 92–94, 96–97
sex differences, 94–95

knee extension, 277f, 284f
kyphosis (thoracic), 250f, 285

control, 274f

L
laser therapy, exercise therapy vs in 

chronic non-specific LBP, 
177t–178t, 178–179

lateral bending
impairment, 255f
MSI classification system and, 199
passive elastic energy and DT, 94, 

94f, 199
latissimus dorsi, 81–82
learning, motor control, 189–190

see also motor learning
ligamentomuscular reflex, 159–160, 

221
ligament receptors, 221
ligament ruptures, 46
limb dysfunction, 289–290
limb movement tests, 

movement repetition and 
kinesiopathological model, 
92–93, 93f, 95–96

limb muscles, 78–79
limb pain, spatial representation 

change, 127–128
Linear Optimal Regulators, 22
linear quadratic regulator (LQR) 

control law, 24f–25f
loading/loads, 158–159

incremental increases, static training, 
267–268, 268f

leg, alignment assessment during, 
266f

motor behaviour differences 
affecting, 210

motor control changes causing LBP, 
209–210

optimizing see optimization of load
relationship with pain (not linear), 

265–266
spinal, intra-abdominal pressure 

(IAP) and, 81
spinal instability and, 210
static training assessment, 267
suboptimal

adverse effects, 232–234,  
250–251

lack of evidence for pain link, 
233–234

motor control training benefits, 
259–261

tolerance, 304–305
‘tuning,’ pain relief, 233–234

longissimus muscle
lengthening, spindle discharge and, 

221–222
muscle spindles, 220
reflex activity, 159–160
responsiveness, history-dependent 

effects, 152
sensitivity to position/velocity 

changes, 148–149
see also erector spinae (ES)

lordosis see lumbar lordosis
low back pain (LBP), 1–2, 113

acute, 171–172, 212
classification systems, 201
management, 181
treatment based on McKenzie 

method, 197
altered M1 maps and, 126–127
altered muscle activation, 114, 119
antagonist/agonist muscle

EMG comparison, 49
trunk muscle co-activation, 114, 

117
anticipatory activity delayed, 50
astronauts, 104
bed rest and, 104
beliefs and attitudes affecting, 128, 

234
chronic, 171–172, 195–196, 212

classification systems see 
classification of LBP

compensatory strategies, 49
exercise therapy see exercise 

therapy, in chronic non-specific 
LBP

S1 and M1 body maps, 126–127
stability-based model see 

stability-based model of spine 
dysfunction

classification see classification of LBP
costs, 52
definition, 171
delays in feedback control, 13
development and course, 

kinesiopathological model, 90, 
91f

disrupted working body maps, 127
fear of, motor control changes, 

50–51, 210
heterogeneity, 203
impaired control over trunk posture, 

49
impaired proprioception, 12–13



Index

317

injury model, 157–159
kinesiopathological model and see 

kinesiopathological model
management, 2–3, 52, 172

exercise therapy see exercise 
therapy

guidelines and recommendations, 
172

spinal control as basis, 3
stabilization-based exercise see 

stabilization-based exercise
mechanical changes see mechanical 

changes in spine
motor behaviour in, 49–51
motor control changes see under 

lumbopelvic pain
motor control changes ineffective at 

stabilization, 50
motor control link to see motor 

control and back pain links
movement/alignment as cause or 

effect?, 89
see also under motor control

multi-factorial nature, 234,  
270–271

muscle asymmetries, 106
muscle fatiguability, 114, 119
muscular disorders and, 47–48
non-optimal control, injury 

predisposition, 13
non-specific, 77, 171–172, 195

classification see classification of 
LBP

exercise therapy see exercise 
therapy

performance/robustness weighted 
over efficiency, 46

persistent, 1–2, 90, 195–196
motor control exercise,  

179–180
multi-factorial cause, 234

recovery/remission, motor control 
after, 212

recurrent, 171–172
multi-factorial cause, 234
proprioceptive strategy see 

proprioceptive postural  
strategy

risk factors, 1–2, 20, 113
poor postural balance, 226
prolonged standing, 113–114
rapid bending/twisting, 158

secondary phenomena causing 
recurrence, 52

sensory function changes, 3
socioeconomic problem, 171–172
specific, 171

classification, 201
‘spine control’ relationship, 1–2

spine function, subsystem 
interaction, 41–57

active subsystem disorders, 47–48, 
52

antagonistic vs agonistic EMG 
activity, 49

anticipatory muscle activity, 50
co-activation of muscles as 

compensation, 18, 19f, 50
control subsystem disorders, 

48–49, 52
costs of behavioural adaptations, 

51
motor behaviour, 49–51
muscular compensation for, 49–50
optimizing feedback control, 50
passive subsystem disorders, 

46–47
stable equilibrium maintenance 

see under lumbar spine
superficial muscle recruitment, 50

subacute, 171–172
subgroups

based on lumbar directional 
tendency, 90–92

homogeneous, need for, 195–196
need to use for targeting 

interventions, 195–196
systems, 196–200
see also classification of LBP

systems approach, 14
therapeutic interventions, 52
transient, model see transient LBP 

model 
see also back pain; lumbopelvic pain

lower limb
movement tests, kinesiopathological 

model, 92–93, 93f, 95–96
trunk interaction, 289–290

lumbar erector spinae see erector spinae 
(ES)

lumbar extensor muscles, Flexion 
Relaxation Phenomenon, 114

lumbar joints
more flexible and specific directional 

movement, 90
movement more readily than other 

joints, 90, 96–97
lumbar lordosis, 250f, 271

long, 265f
lumbar multifidus muscle see 

multifidus muscle
lumbar spine

alignment, standing, sex differences 
and directional tendency, 96, 
96t

damping of segment, 13–14, 43–45
poor balance and, 51
rotational degrees of freedom, 22–24

stable equilibrium maintenance, 
42–45, 43f–44f

dog on leash example, 42–43, 
43f, 45

stiffness see stiffness (spinal)
lumbopelvic control, 275–279

augmented, motor control changes, 
61–62

compromised, motor control 
changes, 60–61

increased in pain, 61
motor control training to improve, 

68–69
reduced in pain, 60–61
single leg stance, 276b–277b,  

278f
lumbopelvic dysfunction, effect on 

limbs, 289–290
lumbopelvic loading, optimization, 

281b
lumbopelvic movement, 232

dynamic training techniques,  
288

early, in LBP, 92–93, 93f
men vs women, 94–95, 95f

magnitude, LBP and, 93–94
MSI classification system, 199
patterns, sex differences, 95–96

lumbopelvic pain
adaptation mechanisms see 

adaptations
biological and psychosocial factor 

interaction, 66
breathing dysfunction, 291–292
deep muscle activity reduced see 

muscle activity
‘instability’ association, 62
intramuscular fat content increase, 

66
motor control changes, 59–62

augmented lumbopelvic control, 
61–62

compromised lumbopelvic 
control, 60–61

individual variations, 61, 232
protection from further pain, 

61–63, 123
self-perpetuating cycle, 67
stimuli leading to, 67
time course, 67

pelvic floor muscle dysfunction 
interaction, 295

reflex inhibition and, 65–66
rehabilitation of motor control see 

motor control training
sensory deficit and, 66
theories, 62
see also low back pain (LBP); pelvic 

pain
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lumbosacral junction
flexed, 265f, 273f
flexion movement sequence, 

276b–277b, 278f

M
maladaptation, 18
manipulation, exercise therapy vs 

in chronic non-specific LBP, 
177t–178t, 179

manual feedback, posture correction, 
273b, 274f

manual handling, 159f
fatigue failure of spinal tissues, 

157–158
manual therapy, exercise therapy vs 

in chronic non-specific LBP, 
177t–178t, 179

massage therapy, exercise therapy vs 
in chronic non-specific LBP, 
177t–178t, 178–179

mathematical models, 191
mathematical systems theory, 8, 188
McGill approach, 247t–248t, 253–254

‘Big 3’ stabilization exercises, 
299–300, 302f

provocative testing, 246–249, 249f, 
260f, 264, 265f

push/pull exercises, 303, 303f
McKenzie method, 196–197, 246, 

247t–248t
acuity stages, 201
clinical examination and assessment 

for, 196, 201
derangement subgroups, 196–197
efficacy, RCTs, 197
reliability of examiners, 196–197
response to repetitive trunk motions, 

201
subgroups, 196
TBC system relationship, 197–198
validation, 197, 202

mechanical changes in spine, 31–37
adaptation in lumbopelvic pain, 64
assessment, 31, 32f

EMG arrays, 34–35
indentation testing, 32–34, 34f
stimulation, robot platform, 

35–36, 36f
vibration analysis, 31–32, 33f–34f

mechanical loading, 158–159
mechanical treatment, McKenzie 

system and, 196
mechanoreceptors, 44f, 48, 159–160

afferents in muscle, 159–161
recent loading history affecting 

sensitivity, 160–161
stress sensitivity, 160–161

mental imagery, posture correction, 
273b

microgravity, exposure effect, 104
microtrauma, 209
Mini-Back School, 197
models, 2

biomechanical, 18–20, 25
computational see computational 

models
injury, of back pain see injury model, 

of back pain
integrated clinical approach, 257f
kinesiopathological see 

kinesiopathological model
muscle, 18, 25
‘spine control’, 2, 14, 18

dynamic, 2, 60f, 61–62, 68f
transient LBP see transient LBP 

model
models of motor control, 18, 187–193

approaches, shifts in, 187–188
‘black box’ models, 189
cross-validation, 191
feedback control see feedback control
optimal control theory, 42–43
performance, robustness and 

efficiency, 42, 189
sensitivity analysis, 191
to test treatment paradigms, 46
use for theories of motor control, 

189–190
validation, 191
value in diagnosis/treatment, 

190–191
verification, 191

moment–angle relationships, 
intervertebral joint, 46, 46f

monosynaptic reflexes, 159
Monte Carlo simulations, 191
motion, equation of, 18, 20, 26
motoneurones, 221

discharge rate, 64
gamma- and alpha-coactivation,  

221
recruitment, 64

motor adaptation see adaptations
motor behaviour

effects on spinal loading, 210
in LBP, 48–51, 207–209

costs of adaptations, 51
inefficiency, 210
inter-subject variability, 209, 232

motor control, 2–3, 31, 60f
adaptation

in lumbopelvic pain see 
lumbopelvic pain

short-term benefits, long-term 
consequence, 67, 128, 212–213, 
232

application to spine see ‘spine 
control’

biomechanics and, 76
changed by therapy/exercise, 

234–235
changes as adaptive or maladaptive?, 

67, 128, 212–213, 232
changes as cause or effect?, 89, 

114–115, 118–120, 207–217, 
232–234

changes as effect of LBP, 211–212
experimentally-induced pain, 

211–212
remission/after recovery from LBP, 

212
changes causing LBP, 209–211

epidemiological evidence, 210
experimental evidence, 210–211
mechanisms, 209

changes (muscle activity) in LBP, 208
changes in lumbopelvic pain see 

lumbopelvic pain
changes in pain and injury, 2–3
changes upstream affecting spinal 

function, 48–49
definition, 2, 76
dysfunction, non-specific LBP 

predisposition, 114
‘faults’ see motor control ‘faults’
fine-tuning, deep muscles, 60–61
as homeostatic response, 123–124
impaired, in LBP, 46

O’Sullivan classification system, 
199

intersegmental see intersegmental 
motor control

in LBP, ineffective in stabilizing 
spine, 50

learning and adaptation, 189–190
‘maladaptive’, 18, 114, 212–213

adaptive changes vs, 67, 128, 
212–213, 232

management, elements involved, 
250f

models see models of motor control
modulation, 125

by nociception and 
proprioception, 125

opinions on relevance to LBP see 
motor control and back pain 
links

pain effects on, 211
pain/injury relationship, 2–3, 

245–246, 245f
patterns in LBP, 114–115, 119

as predisposing vs adaptive, 
114–115, 118–120

performance, robustness and 
efficiency, 42, 189
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proprioceptive signals and, 148
proprioceptors see proprioceptors
rehabilitation, 46
resetting of strategies in LBP, 46
response to stimulation, 

quantification, 31–32, 32f
role in LBP development, 17–18
stimulation to assess, 31–32, 32f
suboptimal loading and, 232–233
theories, models to explore, 189–190

see also models of motor control
trunk muscles see trunk muscles 
see also lumbopelvic control; ‘spine 

control’
motor control and back pain links 

(opinions), 2–4, 75–87
all muscles important, 83–84
body building principles polluting, 

80
cause avoidance, clinicians training, 

80
classification schemes, to guide 

treatment, 78
corrective exercise and clinical 

technique, 79
exercise intervention definition, 78
functional variables interrelated, 

literature limitations, 79–80
injury mechanisms and, 79
movement assessment and 

provocative testing, 85
multifidus isolation/activation, 84
need to classify/subclassify patients, 

76–77
prediction of back disorder 

development, 84–85
predisposition vs adaptation?, 

114–115, 118–120
RCT limitations, 76–78
scientists and clinician discourses,  

76
stability vs stiffness, 76
tissue damage from surgery, 84
torso muscles, 78–79
transversus abdominis see transversus 

abdominis 
see also motor control training

motor control exercise, in chronic non-
specific LBP, 179–180

principles, 180
motor control ‘faults’, 263–264

assessment/identification, 264–265
automatic correction, 225, 267
awareness of control, 270
common, 264f–265f
correction, 264–266
movement see movement
muscle activation see muscle 

activation

posture see posture/alignment
subgrouping of patients, 264–265

motor control training, 99–111, 233, 
244

after bed rest, 104
aims/priorities, 68–69, 246–249, 

258
approaches (training), 234, 256–

258, 264, 305
factors influencing selection, 263
static training before assessment, 

267
assessment guiding, 246–249, 

254–256
tests, 254–256

barriers to recovery see barriers to 
recovery, management

biopsychosocial framework, 261–263
cognitive approach required?, 

258–259
comprehensive assessment, 261,  

262f
concept of exercise in, 256–257
cricketers see cricketers (elite 

Australian)
definition/description, 99
exercises, 99–100
footballers, 99–100, 105
framework for, 263–270

additional issue integration into 
plan, 270, 290–305

evaluation of change in motor 
control, 265–266

evaluation of outcome, 265–266
evaluation of symptom reduction, 

265–266
motor control ‘fault’ correction, 

263–266
see also dynamic training; 

functional retraining; static 
training

groups benefiting from, 259–261
groups not benefiting from, 261
ideal methods to enhance, 259
individualized approach see 

individualized interventions
for instability, 259–261
integrated, model see integrated 

clinical approach
in lumbopelvic pain, 67–69

aims and goals, 68–69
effectiveness, 69, 234–235
trials and systematic reviews, 69

minimal intervention comparison, 
99–100

motor learning phases, 257–258, 
258b

see also motor learning
movement see movement

muscle activation see muscle 
activation

objectives, 258
overview, 263–305
passive techniques, 259
planning of treatment, 263–264,  

270
dynamic training, 289b
muscle activation, 283b
static control, 287b

posture/alignment see posture/
alignment

responsiveness of patient subgroups, 
261

see also classification of LBP
sensory stimulation and, 259
size of clinical effect, 259–261
subgroups (patient) see classification 

of LBP
for suboptimal loading, 259–261
‘whole’ approach, 235, 266–267
see also stabilization-based exercise

motor cortex, 48–49
areas, responses to back muscle 

stimulation, 66
increased excitability, 64
output as result of ‘upstream’ change, 

125
primary see primary motor cortex 

(M1)
reorganization of networks, in pain, 

66
smudging, 66

motor imagery, 225–226
motor learning, 189–190, 225, 

256–257, 266
clinical principles, 257–258, 270
objectives, 258
phases, 257–258, 258b
success, 258
see also motor control training

motor output
pain and, associative learning, 

125–126
as result of ‘upstream’ change, 125

motor reflex loops, 48
movement

assessment, 278f
in back pain, 85
motor control training, 252–253, 

275, 276b–277b, 278f
dynamic control of movement of 

spine, 268, 269f, 289–290
dynamic control of spine during 

movement, 268, 268f, 289–290
‘faults’, 275

features shared with postural 
faults, 275

identification, 264
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impairment, O’Sullivan classification 
system, 199

individualized interventions, 
246–258

integration with posture and muscle 
activation, 250, 250f, 253

motor control training application, 
252–253, 275

assessment, 275, 276b–277b, 278f
goals, 275, 279b
training techniques, 275, 279b

patterns, prediction of back disorder 
development, 84–85

repetitive, kinesiopathological model 
see kinesiopathological model

variability, forms, 139, 139f
movement sense, 219

muscle spindle role, 220
testing, 224

Movement System Impairment 
classification see MSI 
classification system

MSI classification system, 198–199, 
247t–248t

acuity stages, 201
assessment/examination, 198, 201
development and validation studies, 

199, 202
reliability of examiners, 198–199
subgroups, 198

multifidus muscle
abnormal control, 147–148
activity

decreased in LBP, 60, 208
deep vs superficial parts, in LBP 

remission, 212
asymmetry/imbalance

in cricketers, 102
in football players, 105

atrophy, 46, 60, 65, 103–104
after bed rest, 104
in football players (post-season), 

105
reflex inhibitory mechanism, 65

compromised function, reduced 
damping, 64

contraction
isometric, in LBP, 208
ultrasound to measure, 281f

control lacking, motor control 
therapy for, 180

cross-sectional area assessment, 
100–101, 100f

after bed rest, 104
delayed activation, after 

perturbations in LBP, 208
endurance, improving, motor control 

training, 101–102
fat content increase, 66

fatty infiltration, 60, 65, 103–104
functions, 147–148
hypertrophy, LBP decrease, 102
independent contraction/activation, 

84
palpation for, 282f
ultrasound assessment, 282f

lengthening, spindle discharge and, 
221–222

lumbopelvic control, 60–61
motor control training, 99, 180

of cricketers, 101
of footballers, 105

muscle spindles, 220
positional and velocity sensitivity, 

148–149
prevalence of changes in LBP, 237
reflex activity, 159–160
responsiveness, history-dependent 

effects, 152
size, injuries in football players and, 

105
as spine stabilizer, 190, 232
symmetry in non-LBP patients, 102
thickness increase, motor control 

training, 102
multi-segmental muscles, 4, 190

postural control strategy, vs rigid 
strategy in LBP, 138–139, 223

ratio with intersegmental muscle 
recruitment, 188, 190

strategy, balance training, 299b, 300f
muscle(s)

hypertrophy, asymmetry in 
sportsmen, 106–107

rapid contraction/relaxation, 79–80
see also trunk muscles; individual 

muscles
muscle activation, 188

altered patterns in LBP, 114, 119
control, 188

strategy for, 233
control of static alignment, 267
coordination of recruitment, 188, 

275–279
‘faults,’ correction, 275–279
identification of motor control 

‘faults’, 264
individual muscles, movement vs, 

258–259
integration with posture and 

movement, 250, 250f, 253
motor control training application, 

235–236, 275–283
assessment, 279, 280b, 280f–281f
goals, 280, 281b
individualized interventions, 

246–258
outcome, 275–279

strategy, 275–279
training techniques, 280, 283b
treatment planning, 283b

objective judgements, limited 
methods for, 253

optimal spine control, 232
over- and under-activation, 13, 

275–279
patterns, therapy and, 233

direction of torque, 267
posture correction, 273b, 274f
prediction (trunk muscles), 189
prolonged standing, transient LBP 

model, 117, 119
reciprocal, for stable tasks, 190
self-organization, 253–254
spinal stability mechanism, 188
stimulation techniques, 35–36
therapeutic strategies, 253–254, 254f

aims, 253–254
range/spectrum, 253

see also muscle co-activation; trunk 
muscles, activation

muscle activity, 208, 232
anticipatory see anticipatory muscle 

activity
deep muscles, reduced in LBP, 60–65

compensation by superficial 
muscles, 63–65, 67

consequences, 64
multifidus muscle, 60, 208
training effect/efficacy, 69

hyperactivity, 13, 135, 253
management, 253–254
pelvic floor, 293–295

under-activity, 135, 253
management, 253–254

variation, by induced pain, 211–212
muscle asymmetry, 105–107

cricketers, 106
footballers, 105
lateral bending and, 255f
in LBP, 208
MSI classification system and, 199
in sportsmen, 106
static training assessment, 267

muscle atrophy
bed rest and astronauts, 104
gluteus maximus, 264f
multifidus see multifidus muscle
transversus abdominis muscle, 60, 

105
trunk muscles, 65

muscle co-activation, 188
agonist/antagonist muscles, 190, 208

EMG activity, 49
in LBP, 114, 117

levels, in LBP, 46
spinal stability mechanism, 188
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training strategy and, 233
see also under trunk muscles

muscle contractions
concentric vs eccentric, 146
isometric, 300–303

muscle endurance see endurance 
(muscle)

muscle fascicle, 42–43
names, abbreviations, 17–25

muscle fatigue, 17–18, 163, 212
characteristics, 163
effects in volunteers, 163
lumbosacral proprioception, effect 

on, 136–137, 223
muscle activation changes during, 

163
muscle reflexes, effect on, 163
repetitive bending/lifting and, 

163–164
transversus abdominis, 81–82
trunk muscle activation in, 163

muscle force, 47–48, 64, 76, 79–80
transverse abdominis, 81

‘muscle-history’ effects, 151–153
muscle imbalance, 105–107

footballers, 105
see also multifidus muscle

muscle mechanics, transversus 
abdominis, 81–82

muscle model, 18, 25
muscle protection, of spine from 

injury, 63, 159–160
muscle protection impairment, 

157–168
time-dependent mechanisms, 

160–164
as cause of back pain?, 163–164
compressive creep in discs, 

161–162
creep effects in volunteers, 

162–163
muscle fatigue, 163
tensile creep in stretched tissues, 

160–161
muscle recruitment strategies, 42–43, 

113
multi-segmental and intersegmental 

muscles, ratio, 188, 190
see also trunk muscles

muscle spindle(s), 148, 160–161
density, 159, 220–221
discharge, history-dependent effects, 

151–152, 161
discharge rate, altered 

proprioception, 136–137, 223
dynamic sensitivity, 151t
importance for proprioceptive 

feedback, 220
deficits, 221

intersegmental motor control, 
148–153

kinaesthetic sense by, 219
lengthening effect, 221–222
in limbs, 220
lumbar vs thoracic region, 220
paraspinal see paraspinal muscle 

spindles
passive shortening effect, 221–222
responsiveness, history-dependent 

effects, 151–153
responsiveness to feedback errors, 

221–222
role/functions, 220
sensitivity to muscle length changes, 

159
sympathetic nervous system effect, 

223
thixotropic behaviour, 151–152, 161, 

221–222
vibration as stimulus, 137, 220

muscle spindle model, 18, 19f
muscle strength see strength
muscle synergies, 46, 113–122, 

232–233
transient LBP model see transient 

LBP model 
see also muscle co-activation

muscle vibration see vibration analysis
muscular disorders, LBP and, 47–48, 

52
musculoskeletal adaptations, for 

repetitive movements, 89–90
see also kinesiopathological model

musculoskeletal pain, repetitive 
movements causing, 89, 90f

see also kinesiopathological model

N
navel, drawing to spine, 82–83
neck pain, 210
neoprene braces, 225
nervous system

protective strategy, pain prevention, 
63–64, 67

see also central nervous system (CNS)
neural feedback, stable spinal 

equilibrium maintenance, 
43–45

neurobiology of pain
as barrier to recovery, management, 

291, 291b
assessment, 291b
training techniques and, 292b

see also nociception
neuroimaging, proprioception testing, 

225–226
neuromatrix theory, 124–125

neuromusculoskeletal system, 17–18, 
210

neuropathic pain, 263
assessment, 291b

neurosignature, 124–125
neurotag, 124–125

upregulation, 124–125
neutral alignment, 251f, 266–267, 271, 

285
neutral zone, 41, 46, 46f, 147–148, 

152, 244–245
functional control difficulty, 

O’Sullivan classification system, 
199

nociception, 123–125, 145–146, 209, 
211

modulation, 124
nociceptive afferents, 263
nociceptive input, 233–234, 263
nociceptive pain, 145–146, 211, 261, 

263
comprehensive assessment, 261, 262f
persistent, 146

nociceptors, 124, 146, 209, 233–234
mechanically sensitive, discharge, 

146
sensitized, 146

noise, in feedback control of spine, 
12–13, 190

noxious stimuli, 61, 128, 211–212

O
oblique abdominal muscles

increased recruitment, 264f
one armed carrying and, 80
see also internal oblique muscle

observational studies, exercise therapy, 
180–181

optimal control theory, 42–43
optimal postural control, 137, 

223–224
optimal posture, 271–272
optimization of load, 233, 244–245

aims, 244–245
individualization, 246
movement treatment, 253
training for, 244–245

lumbopelvic loading, 281b
osteoligamentous spine

intersegmental motor control, 
147–148

maintaining upright posture, 42, 43f
mechanically unstable, 187, 209
as plant in systems terminology, 9, 9f
resistance against movement, 43–45
resistance reduced, compressive 

creep, 161–162
O’Sullivan approach to training, 264
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O’Sullivan classification system, 
199–200, 246, 247t–248t, 250

acuity stage, 201
examination and assessment, 200
reliability of examiners, 200
statistical model development, 200
subgroups, 199
validity studies, 200, 202

P
pain, 145–147, 263

anticipation see anticipation of pain
biological model, 2
conceptualization, 123–125
definition, 125
factors modulating, 124, 211
fear of, motor control changes, 

50–51, 210
as homeostatic response, 123–125
implicit perception of threat, 263
motor control relationship, 211, 

245–246, 245f
motor output and, associative 

learning, 125–126
neurobiology see neurobiology of 

pain
neuropathic see neuropathic pain
nociceptive see nociceptive pain
nociceptive domain contribution, 

261, 262f, 263
non-nociceptive domain 

contribution, 261, 262f, 263
pathological, 146
proprioceptive, 146
protective vs adaptive, 126
psychological, 145
psycho-social aspects, 2
as result of ‘upstream’ change, 

125–126
sensory-motor-incongruity, 146–147, 

152–153
somatic, 145

pain adaptation models, 114–115, 211
pain adaptation theory, 62
pain science, 123, 126
pain–spasm–pain model, 114–115, 211
Panjabi’s model see stability-based 

model of spinal dysfunction 
(Panjabi)

paraspinal (extensor) muscles
atrophy, after bed rest, 104
dysfunction, LBP due to, 147
high sensitivity to positional/velocity 

changes, 148–149, 150t
intersegmental motor control, 

147–148
stochastic resonance stimulation, 

225

thixotropic effects, 151–152, 
221–222

see also erector spinae (ES)
paraspinal muscle spindles, 145–155

history-dependent effects, 151–153
intersegmental motor control and 

pain, 148–153
positional sensitivity, 148–149, 149f, 

150t, 220
passive control, 1, 135

trunk muscle co-activation and, 
135–136

passive elastic energy, 94, 94f, 199
passive subsystem, spinal stability, 

7–8, 42
disorders, 46–47
see also osteoligamentous spine

passive techniques, motor control 
training, 259

passive tissue injuries, 48
passive tissue stiffness, 34, 43–45, 44f

fine-tuning of control, 45
loss, spinal instability, 51–52
moment equilibrium around 

intervertebral joints, 45
pathoanatomic-based classification, 

247t–248t
pattern recognition, 246–249, 255, 265
pelvic floor muscles, 232, 293–295

activation
training techniques, 297b
ultrasound assessment, 296f–297f

dysfunction, 293–295
lumbopelvic pain interaction,  

295
hyperactivity, 293–295

pelvic pain, 1–2
management, spinal control as basis, 

3
see also lumbopelvic pain

performance of system, 9, 42, 189
controlled-related impairment, 13
weighted over efficiency in LBP, 46

peripheral sensitization, 146
plant (isolated system), 9

defining, methods, 14
feedback control impairment due to, 

13–14
in vitro testing, 14

position, stick balancing example, 10, 
12, 188

positional sensitivity, 188
assessment method, 148–149, 149f
impaired, slumped postures, 161, 

161f
lumbar paraspinal muscle spindles, 

148–149, 150t
position-related feedback, 10, 12

see also stiffness (spinal)

position sense, 219
lumbosacral, in LBP, 222–223
muscle spindle role, 220
see also proprioception

post hoc subgroup analysis, 202–203
postural activation, of abdominal 

muscles
in advance of movement, 125
rapid arm movements and, 128

postural balance
altered in LBP, 137–139
altered sensory reweighting, 223
evaluation, 137
poor, risk of LBP, 226
testing, 224
see also balance

postural control
altered in LBP, 135, 137, 209
automatic correction, 225, 267
delays, effects, 14
optimal, 137, 223–224
proprioceptive loss, 222
rigid in LBP vs multi-segmental, 223
testing, 224

postural strategies, 135, 139
decreased variability, 139, 140f
short-term benefits, long-term 

maladaption, 135, 212–213
postural sway, 137, 209, 223

increased in LBP, 49, 51, 223
posture/alignment, 270–271

adjustments, ‘gain’ increased during 
pain, 65

assessment, 271, 272b
static training, 266–267, 266f

changing, approaches, 251
‘faults’ (motor control), 250f

features shared with movement 
‘faults’, 275

identification, 264, 271, 272b
ideal, 251–252, 271
individualized interventions, 

246–258
instability, altered lumbosacral 

proprioception as mechanism, 
137–138

integration with movement and 
muscle activation, 250, 250f, 253

maintenance, proprioceptor role see 
proprioceptors

motor control training application, 
225, 270–272

assessment, 271, 272b
goals of correction, 271, 272b
static training, 266–267, 266f, 

286f
techniques (training), 271–272, 

273b, 274f
neutral, 251f, 266–267, 271, 285
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optimal, 271–272
pain not definitely linked, 251
pain relationship, 270–271
poor, back pain, 82–83
sitting see sitting posture
standing see standing posture

power, muscle, 79–80
primary motor cortex (M1), 126–127, 

234–235, 258–259
altered maps, trunk muscle control 

change, 127
primary sensory cortex (S1), 126–127
‘problem backs’, 195–196
prone leg raise test, 260f
prone shear stability test, 259–261, 

260f
proprioception, 125, 219–230

acuity, changes, 222–223
in LBP, 48, 136–137, 223
mechanisms, 223

acuity of trunk posture, 48, 222–223
adaptation to changing conditions, 

223–224
age-related changes, 136–137, 

222–223
altered weighting, 223, 225
components, 219

see also balance; movement sense; 
position sense

definition, 219–220
feedback, spinal control, 222
future research directions, 225–226
impaired in LBP, 136–137, 191, 222, 

224
central mechanisms (brain map), 

225
mechanisms, 223
sympathetic system effect, 223

loss/impairment, 3, 12–13
decreased postural strategy 

variability, 139, 140f, 223
effect on spine control, 222–224
effects on postural control, 222

measures for assessment, 137
testing, 224–225

challenging conditions for, 
223–224

training, 141, 225–226
proprioceptive control

global impairment, 136
impaired, 136
increasing by training, 141, 225–226
lumbosacral changes, LBP 

mechanism, 136–139, 223
altered postural balance in LBP, 

137–139, 223
altered proprioception in LBP, 

136–137, 223
subconscious nature of, 137

proprioceptive exercises, 225
proprioceptive pain, 146
proprioceptive postural strategy, 

135–144
decreased variability as LBP 

mechanism, 139–140, 140f
proprioceptive signals/input, 148

adverse history-dependent effects, 
151–152

central processing changes in LBP, 
223

sensing, localizing, discriminating, 
exercise, 225

proprioceptive systems, 3
discordant information with visual 

system, 146–147
see also proprioception

proprioceptive tape, 225
proprioceptors, 219–222

central processing of signals, 223
cutaneous receptors, 221
dysfunction, 137, 223
facet joint receptors, 220
joint receptors, 220–221
ligament receptors, 221
muscle spindles, 220

see also muscle spindle(s)
sensory (spine), 221

provocative testing, 246–249, 249f
in back pain, 85
McGill, 249f, 260f, 264, 265f

psoas muscle
changes after bed rest, 104
cross-sectional area assessment, 104
in footballers, 106–107
size, athletes vs non-athletes, 107

psychological domain, 291
spine control training, 261–263

psychosocial aspects, 245–246, 261
as barrier to recovery, management, 

291
of pain, 2

psychotherapy, exercise therapy vs 
in chronic non-specific LBP, 
177t–178t, 179

push/pull exercises, 303, 303f

Q
quadratus lumborum (QL), 78–79

in cricketers, 106
cross-sectional area, after bed rest, 

104
in footballers, 106–107
one armed carrying and, 80
paralysis, 78–79, 83–84

quality, of ‘spine control’, 2
questionnaires, beliefs, attitudes and 

neurobiology of pain, 291b

R
randomized controlled trials (RCTs), 

172, 195
back pain, guidelines, 77–78
back pain, limitations, 76–78

intervention types, 77
need for subclassification, 76–77
unequal clinicians, 77

control groups for, 202–203
exercise therapy, 172

blinding concerns, 180
chronic specific LBP, 172
criticisms, 180–181
as gold standard, 172, 180–181
grading of evidence, 173
see also exercise therapy, in chronic 

non-specific LBP
McKenzie method efficacy, 197
motor control training, 99–100

reafference principle, 127–128
reciprocal activation, 190
recovery, barriers to see barriers to 

recovery, management
rectus abdominis, 78–79

activity during gait in LBP, 208
reductionism, 7–8, 14, 235, 266–267
reflexes/reflex activation (muscles), 

188, 219–220
control, 43–45
delayed, creep causing, 164
in dynamic muscle fatigue, 163
longer response in LBP, 191
in muscle fatigue, 163

reflex inhibition, 65–66
rehabilitation of motor control, 46

groups benefitting, 259–261
whole system, 235–236
see also integrated clinical approach; 

motor control training
repetition of movements

flexion, impaired protective reflexes, 
163

kinesiopathological model, 92–93, 
93f, 95–96

in McKenzie classification system, 
201

repetitive bending, increased spinal 
flexion, 163–164

repetitive loading, injury model of back 
pain, 157–158, 158f, 209

repetitive movements
directional tendency (DT) due to, 90, 

92–93
disc damage, 157–158
musculoskeletal pain due to, 89, 90f

repositioning, foot, 151
repositioning errors, minimal, by back, 

220
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research, extrapolation to therapy, 3, 
231–239

issues with consensus of opinion, 
231–236, 244

benefits of changing motor 
control, 233–234

motor control changed by 
treatment/exercise, 234–235

spine control by interplay of 
muscles, 232–233

treatment progression to activities 
of daily living, 236

‘whole’ approach to treatment, 
235–236, 266–267

issues with difference in opinion, 
236–237, 244

deeper muscle control, 236–237
respiration see breathing
ribcage depression, 81
Riccati equations, 22
Ritz method, 20
robot, stimulation of spinal muscle 

contractions, 35–36, 36f, 46
braking system, 36
limitations, 36

robustness of spinal control, 10, 42, 
51, 189

decreased, reduced deep muscle 
activity, 62

weighted over efficiency in LBP, 46
running, 289–290
Russian descending pyramid, 300–303

S
Sahrmann approach, 254–255, 264
sciatica, 263
segmentation, motor learning 

principle, 270
self-righting reflex, 35–36
sensitivity analysis, models of motor 

control, 191
sensorimotor control, 42, 219–220
sensorimotor hypothesis of aberrant 

learning, 136
sensory conflicts, 146–147
sensory function

assessment, 300b
as barrier to recovery, 298–299
training goals and techniques, 

300b–301b, 301f
sensory-motor-incongruity pain, 

146–147, 152–153
sensory receptors, 221
sensory signals

postural control, 137
reweighting, 138–140

sensory stimulation, motor control 
training, 259

sensory system, 48
adaptation of motor control and, 66
deficit, 66
disorders, 48

serratus anterior muscle, 274f
sex differences

directional tendency, 94–96, 95f, 96t
effect of exercise in LBP developers, 

119–120
shock absorption, 67
simplification, motor learning 

principle, 270
simulation studies, 191

Monte Carlo simulations, 191
single leg stance, lumbopelvic control, 

276b–277b, 278f
sitting posture, 83–84

balance control, training, 225
common positions, 251f
correction, 273f
decreased reflex-control of trunk 

muscles, 140
postural/alignment faults, 265f, 271
prolonged, back pain, 81
slumped, 271

skill learning strategies, 258–259, 266
slumped postures, 251f, 271
smudging, motor cortex, 66
somatosensory cortex, 225
somatosensory system, 219–220, 222
spatial neglect, 127–128
spatial orientation, 219
spatial representation, chronic limb 

pain, 127–128
spinal injury

low back pain, 51–52
mechanisms, motor control strategy 

and, 79
modelling, biomechanical 

phenomena, 18–20
structural instability, light loading, 

18–20
structural stability, high loads, 20

spinal ligaments, 159–160
afferent input, 221
injury, 158

spinal muscles
arrangement/length, 34–35
see also specific muscles

spinal reflexes see reflexes/reflex 
activation

spine
curvature, 45, 81
extension see extension of spine
flexion see flexion of spine
motion, 18

decreased in degenerative disc 
disease, 13

overloading, 51

range of motion in LBP, 208
stability see stability (spinal)

‘spine control’, 1–4, 244
convergence/divergence of opinions, 

3–4
see also motor control and back 

pain links (opinions)
dynamic, strategies, 60f, 61–62, 68f, 

232
see also dynamic control during 

movement
feedback control see feedback control
interplay of muscles for, 232–233
LBP management see low back pain 

(LBP)
models see models; models of motor 

control
motor control see motor control
performance see performance of 

system
quality, 2
strategy, 18, 19f
training see exercise interventions; 

motor control training; 
therapeutic interventions

translation of research into therapy 
see research, extrapolation to 
therapy 

see also stability (spinal)
‘spine sparing movement strategy’, 

78–79
spine stability training see motor 

control training
spine stabilizer, 46
spine systems, 7–16, 9f

PubMed survey, 10
subsystems, 7–8, 14, 17–18, 42

see also active subsystem; control 
subsystem; passive subsystem

stability (spinal), 8–12, 41, 187
assessment by indentation devices, 

34
asymptotic, 8–9
concept, 8–10, 8f, 42

performance, robustness and 
control effort, 42, 189

controllability, 10–12
criteria, computational models, 

26–27
definition, 8, 41, 187–188

adverse long-term effects 
avoidance, 41–42

elastostatic approach, 187–188
subjectivity, 41
weaknesses in, 42

dynamic vs static considerations, 
61–62

feedback control see feedback control
forward flexion of spine, 18, 19f
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lack of/impaired see instability
limits to, prediction, 189
maintenance (lumbar spine), 42–45, 

43f–44f, 61–62
complexity, 42–43, 43f, 123
dog on leash example, 42–43, 

43f, 45
muscle activation providing 

stiffness, 42, 43f, 45
spine control changes, 233

mechanical, definition, 41
mechanisms for achieving, 9
muscles of importance for, 232
static model, 188
stick balancing example, 10–12, 

10f–11f, 188
stiffness vs as best term?, 76
subsystems contributing to, 7–8, 14, 

17–18, 42
see also active subsystem; control 

subsystem; passive subsystem
stability-based model of spinal 

dysfunction (Panjabi), 7–8, 14, 
17–18, 42

see also active subsystem; control 
subsystem; passive subsystem

stabilization-based exercise, 115
pain prevention in transient LBP 

model, 117–118
response in pain developers, 118
see also exercise therapy; motor 

control training
standing, prolonged

co-activation as compensatory 
pattern, 119

as LBP risk factor, 113–114
transient LBP model and, 115–116

response to, 117, 117f
standing posture, 83–84

control strategy to reduce pain, 252f
static control, spine/pelvis, 283

assessment, 266f, 283–285, 284b
static model, stability, 188
static training, 283

before assessment, 267
assessment before, 266–267, 266f, 

283–285, 284b
clinical application, 283–285
effectiveness evaluation, 267
goals, 285, 285b
incremental increases in loading, 

267–268, 268f
optimal application, 283
progression of motor control by, 

266–268
progression to dynamic training, 267
training techniques, 285, 286b, 286f
treatment planning, 287b
see also motor control training

stick balancing, example, 10–12, 10f, 
188

elastostatic approach, 188
in series or in parallel, 10–12, 11f

stiffness (spinal), 10, 50, 232
abdominal bracing to enhance, 

253–254
assessment, indentation testing, 

32–34, 34f
balance with movement, optimal 

spine control, 232
change associated with pathology,  

32
‘compressive’, 13–14
decreased after disc injury, 13, 46
disc degeneration effect, 46
feedback strategies and, 222
heterogeneity, 47
increased by feed-forward strategies, 

49–50
increased by muscle activity in LBP, 

49–50, 64
intervertebral joint degeneration 

effect, 46
LBP and compensatory muscle 

activity changes, 49, 61–62, 
135–136

ligament ruptures decreasing, 46
loss, spinal instability, 51–52, 210
pain relief strategy, 233–234
passive, 34

see also passive tissue injuries
rapid changes, 34
spinal stability maintenance, 42–45, 

43f–44f, 187–188, 210
stability vs as best term?, 76
testing with dynamic loads, 76

strain, 160–161
strength

assessment, 304b
as barrier to recovery, 299–304

strength exercises, 80, 115
techniques, 303

strength training, 299, 303
goals, 304b
techniques, 304b

stress, tissue, 160–161
repeated low magnitude loading of 

spine, 90
stress-relaxation, 160–161
stress–strain relationship, 160–161
stretch reflex, 26
suboptimal loading see loading/loads
supraspinous ligament, 161
surgery, motor control and back pain, 

84
sway back, 251f, 271
sympathetic nervous system, altered 

proprioception, 136–137, 223

systematic reviews, 172, 236–237
motor control exercise in persistent 

LBP, 179–180
systems approach, 7–16, 188

benefits, 7
low back pain (LBP), 14, 188
rationale for, 7–8
subsystems see active subsystem; 

control subsystem; passive 
subsystem

terminology, 9
systems medicine, 7–8
systems science, 7, 188

T
TBC (treatment-based classification) 

system, 197–198, 246, 
247t–248t

acuity stage, 201
clinical prediction rule (CPR), 

201–202
development and validation studies, 

198, 201–202
McKenzie system relationship, 

197–198
reliability of examiners, 198
subgroups, 197

TENS, exercise therapy vs in chronic 
non-specific LBP, 177t–178t, 
178–179

tensile creep, 210, 271
stretched tissues, 160–161

Theraband, 269f, 274f, 286f
therapeutic interventions

extrapolation from research see 
research

more than single muscle/muscle 
activation strategy, 235–236

motor control changed by,  
234–235

stepwise multidisciplinary approach, 
203

targeting to patients, 195–205, 
246–258

patient subgroups needed for, 
195–196, 246

see also classification of LBP; 
individualized interventions

‘whole’ approach, 235, 266–267
see also exercise therapy; motor 

control training
thermal therapy, exercise therapy vs 

in chronic non-specific LBP, 
177t–178t, 178–179

thixotropy, 151–152, 161, 221–222
thoracic kyphosis see kyphosis 

(thoracic)
thoracic rotation, training, 268f
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thoracolumbar extension, 271, 273f
increased, overhead exercise, 285f
unconstrained, normalized cost 

functions, 21f, 22, 23f–24f
thoracolumbar fascia, receptors, 221
thoracolumbar junction, manual 

feedback, 273b, 274f
time-dependent mechanisms see 

muscle protection impairment
tissue stiffness

indentation assessment, 32–34,  
34f

see also passive tissue stiffness; 
stiffness (spinal)

torque, peak, cost functions, trunk 
flexion, 20–22, 21f, 22t

Trackers, 22
training

of clinicians, 246–249
motor control see motor control 

training
transient LBP model, 115–116

assessment of pain, method, 116
baseline response, 116–117, 116f,  

119
flowchart of protocol, 115f
follow-up of test group, 120
impact of preventive intervention, 

117–120
pain developers’ response to exercise, 

118
pain developers vs non-pain 

developers, 115–117, 116f, 119
protocol, 115–116
response to prolonged standing, 117, 

117f
sex differences in effect of exercise, 

119–120
total Gap time, 117, 119–120

transversus abdominis muscle, 80–83
activation, 82–83, 210

enhancement, 81
during LBP remission, 212

activity levels reduced in LBP, 208
atrophy, 60

in football players (post-season), 
105

biomechanical approach, 81
compromised activity, 60, 66
control, independent of abdominal 

muscles, 103
cross-sectional area assessment, 

100–101, 100f
delayed activation, back pain,  

48–49, 81–83, 126–127, 208, 
211–212

correction, pain treatment, 81
patterns, 81–82

evidence vs clinical practice, 80–83

fatigue, 81–82
fatty infiltration, 60
forces, 81
independent contraction, 235

palpation technique, 280f
training of cricketers, 101
ultrasound of, 256f

lumbopelvic control, 60–61
mechanics, ultrasound 

interpretation, 84
motor control training, 81–83, 99, 

180, 235
cricketers, 101
footballers, 105
spine control compromised, 235
trials, 82–83

neuroscience approach, 81
prevalence of changes in LBP, 237
spinal control by, 232
thickening, activation and, 84
thickness

in cricketers with/without LBP,  
103

in football players, 105
increase, motor control training of 

cricketers, 102
treatment-based classification system 

(TBC) see TBC system
trunk

asymmetrical movement, simulation, 
24f–25f

flexion ‘fault,’ erector spinae 
recruitment, 253f

kinematics in LBP, 208–209
lateral bending see lateral bending
loss of control of movement, LBP 

and, 210
lower limb interaction, 289–290
range of motion in LBP, 208
rotations during walking, 209

trunk motion trajectory, 20
see also spinal muscles

trunk muscles, 123–131
activation

amplitude, 162
delayed, creep causing, 164
factors modulating, 123–124
in fatigue, 163
increased in LBP, 114
noise originating, 13, 190
onset latency, 162, 162f
prediction, 189
rapid, sudden perturbations 

causing, 164
stable equilibrium maintenance, 

43–45
times, variability, 211–212
transient LBP model, 117, 119
see also muscle activation

activity variation, by induced pain, 
211–212

anticipatory activity, delayed in LBP, 
50

asymmetry, in sportsmen, 106
atrophy and fatty infiltration, 65
bottom-up control strategy, during 

walking, 117
co-activation, 18, 19f, 42, 50, 135

antagonist/agonist, in LBP see 
muscle co-activation

different patterns, back pain and, 
81–82, 114–115

increased levels in pain developers, 
117, 119, 190

not adaptive but predisposition to 
LBP, 119

positive/negative effects, 135
cognitive factors affecting control, 

125, 128
compensatory changes to stiffen 

spine, 49–50
compromised control, 126
control, pain association, 126–128

altered M1 maps and, 127
altered working body maps, 127
inaccurate evaluation of body 

state, 126–128
inaccurate evaluation of demands 

on body, 128
model, 64–66, 129f

coordination with hip muscles,  
114

deep
activity in ideal posture, 271
reduced activity, lumbopelvic pain, 

60, 62–64
delayed response to sudden 

perturbations, 210
after recovery from LBP, 212
creep causing, 164
LBP risk, 226

differences from limb muscles, 
78–79

disuse, atrophy, 65
fat content, 66
fatiguability in LBP, 114, 119–120

in pain developers, 119
hyperactivity, 135
latencies, 13
morphology/behavioural changes, 

63f
motor control therapy for, 180
motor output, inappropriate with 

disrupted body maps,  
127–128

over-activation, 13
superficial, less in ideal posture, 

271
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proprioceptive acuity, 223
recruitment, to increase trunk 

stiffness, 50–51
altered patterns in LBP, 135

spinal protection, 159–160
stable equilibrium maintenance,  

42
stiffness and damping by, 43–45, 

44f
strength, active subsystem disorders, 

47–48
top-down control strategy, during 

walking, 117
wasting, 13
water content, 65–66
see also abdominal muscles; 

individual muscles
trunk sway, LBP and, 49, 51, 223
two-point discrimination (TPD), 127

U
ultrasound

breathing assessment, 293f–294f
exercise therapy vs in chronic 

non-specific LBP, 177t–178t, 
178–179

feedback for motor control training 
of cricketers, 102–103

multifidus muscle contraction, 
281f–282f

pelvic floor muscle activation, 
296f–297f

transverse abdominis activation, 
256f

unstable state see instability
upright position

instability with light loading,  
18–20

maintenance, 42–45, 43f–44f, 61
see also standing posture

V
validation

McKenzie method, 197, 202
models of motor control, 191
MSI classification system, 199, 202
O’Sullivan classification system, 200, 

202
TBC intervention system, 198, 

201–202
vasoconstriction, 65–66
velocity, 79–80

in LBP, 208–209
replication and discrimination tests, 

224
risk factor for LBP, 20
stick balancing example, 10, 12, 188

velocity-related feedback, 10, 12
see also damping

vertebral movement
position, sensitivity of lumbar 

paraspinal muscle spindles, 
148–149, 149f

velocity, sensitivity of lumbar 
paraspinal muscle spindles,  
149

vertebral position, passive changes, 
thixotropic behaviour, 222

vibration analysis, 34f, 224–225
ankle, 138f
during motor activities, 32
muscle spindle role in position 

sense, 220
normal spine, 31–32, 33f
proprioceptive control assessment, 

137, 138f
during static vs dynamic loading, 32

vibrations, muscle, 220, 224–225
vicious cycle theory, 62, 164
visual analogue scale (VAS), LBP 

assessment in transient LBP 
model, 116

visual system, discordant information 
with proprioceptive system, 
146–147

voluntary contraction of muscles, 
therapeutic, 101, 105, 234–235

see also individual muscles

W
‘Waiters bow’ exercise, 273b, 274f
walking, 78–79, 83–84
wheel-turning, range of motion, 208
‘whole’ approach, 235, 266–267
working body maps, 126–127

disruption in back pain, 127
left/right judgements of pictured 

limbs, 127

Y
yoga, 179
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