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Preface

Over the past decade a major focus of rehabilitation
has turned to exercise to improve the stability of the
lumbar spine and pelvis. There are a variety of clin-
ical and research opinions in this area and many
methods have become popular in both the clinical
arena and fitness industry. This book provides an
overview of our interpretation of the field based on
our research and clinical practice. While the first
edition provided an introduction to our new
models of exercise and the state of knowledge at
that time, this second edition provides an updated
view that integrates the burgeoning research in this
field and the clinical advances.

In relation to therapeutic exercise in low back
pain, we believe that the focus of exercise inter-
ventions by physiotherapists and other health
professionals should be designed to establish the
optimum interaction of muscles necessary to con-
trol and protect the joints, during the performance
of a great variety of functional body movements.

In our first edition, we focused on the system of
deep muscles that our research and clinical evi-
dence suggest are vital in control of the lumbar
segments: the multifidus, transversus abdominis,
diaphragm and the pelvic floor muscles. So how
has our research progressed over the last 5 years?
Several key aspects have progressed. For instance
long term follow-up data now indicates that the
interventions described in the first edition led to
reduction of low back pain recurrence rates. Our
biomechanical studies have confirmed the import-
ant contribution of the deep muscle system to con-
trol of not just the lumbar spine, but also the pelvis.

Clinical studies have also confirmed the presence
of muscle dysfunctions involving the deep muscle
system in pelvic pain syndromes. Other develop-
ments include greater understanding of the mech-
anisms for control and coordination of this system
and the effects of unloading, and pain and injury.
Our recent research involving microgravity envi-
ronments is providing the opportunity to evaluate
the effects of extreme environments that are likely
to have an impact on functional environments on
Earth. An additional area that is continuing to
expand is in the assessment of muscle control in
lumbopelvic pain. In this field we have made
major advances in non-invasive methods to assess
this system.

As research physiotherapists in the area of thera-
peutic exercise for low back pain we have chosen to
investigate, in the first instance, the neurophysio-
logical mechanisms involved in joint protection
of the lumbo-pelvic region and the dysfunctions
which can occur. Even though many of the ideas
and hypotheses presented have not yet undergone
rigorous scientific scrutiny, we feel that we have an
obligation in a text book on therapeutic exercise to
provide details of the new ways to approach exer-
cise prescription as well as providing hypotheses for
why certain exercise techniques traditionally used
by physiotherapists are likely to be very effective.

Thus the research findings plus argued hypothe-
ses in this text have been used to give some insight
into therapeutic exercise techniques which are likely
to be effective and also to develop non-invasive
measures which will reflect the problems in the
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musculoskeletal system in relation to joint protec-
tion. The principles presented can be applied to any
region of the body.

One of the main aims of our past as well as our
future research is to demonstrate that the pre-
scribed therapeutic exercises are resulting in
improvement in the joint protection systems, and
hence demonstrate that changes in these mecha-
nisms are closely linked to the resolution and even
prevention of painful symptoms. As a final note,
we also would like to emphasize the importance of

using therapeutic exercise as a preventative meas-
ure and to promote a change in lifestyle, not only
as a treatment after problems have occurred. This
is a major focus for our ongoing work.

We hope that you find reading the second edition
of this textbook thought provoking and enjoyable.
We are excited that the work continues to evolve
and grow in new directions. We hope that this book
will be useful to clinicians, students and researchers
alike, and may stimulate new ideas which will
ultimately help those with lumbopelvic pain.
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Chapter 1

The time to move forward

Carolyn Richardson

CHAPTER CONTENTS

Introduction 3

Emphasis on motor control problems as a basis
of exercise 3

Exercise based on impairments in the
neurophysiological mechanisms of joint
protection 6

The future 7

INTRODUCTION

Painful musculo-skeletal health problems such as
low back pain contribute significantly to morbidity
in the general population and form a major part of
the high costs of health care in the industrialized
world. [ronically, back pain is very prevalent in the
general ‘health-focused” population who exercise to
prevent health problems in the cardiovascular sys-
tem, and it is also a major problem for those who
train and compete at a high level in sports and ath-
letic events.

Until recently, the prevention and treatment
of insidious-onset mechanical low back pain have
relied on the premise that the cause of mechanical
low back pain is a gradual breakdown (i.c. ‘wear
and tear’) of the joint structures and associated soft
tissues over periods of time. Biomechanical and
ergonomic research has successfully focused on
ways of minimizing high forces on the spine and
has highlighted to the community the value of such
factors as safe working postures and furniturce
design in the prevention of low back pain.

EMPHASIS ON MOTOR CONTROL
PROBLEMS AS A BASIS OF EXERCISE

The first edition of this book addressed, for the first
time, the deep muscles close to the lumbar spine
and pelvis, their possible function in protecting
the joints from injury and their dysfunction in Jow
back pain. From this new information, a new para-
digm of exercise was devised that addressed the
motor control problems in the muscles and focused
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on improving the mechanical support of the spinal
joints through specific deep-muscle contraction exer-
cises. This ‘segmental stabilization training’ tech-
nique aimed at relieving the pain that had resulted
from irritation of pain-sensitive structures, subse-
quent to tissue injury. This initial breakthrough
was possible because of astute clinical observation
of patients with low back pain and through novel
research approaches, which allowed the morph-
ology and control of the deep muscles to be inves-
tigated scientifically for the first time. We also
explained the clinical tests that could be used to
assess the problems in the deep muscles in patients
with low back pain.

This new paradigm of deep muscle function and
dysfunction, and the type of exercise required for
the management of low back pain, was developed
with recognition of the close relationship between
muscle function and the biomechanics of spinal
stability. The models of the spinal stability are
overviewed in detail in Chapter 2.

Widening understanding of joint
protection mechanisms in relation to
exercise for the prevention and
treatment of low back pain

An expanded model for therapeutic exercise for
the prevention and treatment of low back pain has
evolved through a deeper understanding of the
joint protection mechanisms from two different
but essential perspectives. Chapters 2, 3 and 4 dis-
cuss, based on research findings, the role of the
local muscle system in the support of the spinal
segments, and its role in complex functions where
the control of the spine must be matched to the
demands of internal and external forces. To pro-
vide a further basis for exercise to promotce the
integration of the local and global muscle systems
into function, another aspect of the joint protection
mechanisms is introduced in this edition. This
aspect is related to the role of the antigravity muscle
support system.

The antigravity muscle support system
and joint protection

Weightbearing mechanisms and the way load is
specifically transferred through the pelvis have

always been considered important concepts in the
development of mechanical low back pain. The
complexity of this mechanism through the bones,
muscle and soft tissue has attracted the interest of
many researchers. Load transfer has been studied in
relation to biomechanical models dealing with the
stresses across the bones of the pelvis (Dalstra and
Huiskes 1995); other biomechanical models predict
that muscle forces and associated soft tissues (e.g.
fascias and ligaments) have a stabilizing effect on
load transfer and decrease the stress on the pelvic
joints.

Some models have focused more on the way
muscles protect the spine for weightbearing in terms
of their effect on neutral spinal curves in relation to
the pelvis. The biomechanical models of Keifer
et al (1997, 1998), which defined spinal stability in
terms of the compressive load-bearing capacity of
the spine, included pelvic rotation in the model of
neutral postures. This model has contributed to our
understanding of how a lordotic posture enhances
the compressive loading of the spine. In addition,
it demonstrated that the global muscles are suffi-
cient to stabilize and maintain equilibrium for small
sagittal movements, although the addition of the
local muscles, most importantly multifidus, could
decrease the forces in the global muscles and fur-
ther enhance stability.

It has been the extensive biomechanical model-
ling and anatomical studies from Erasmus Univer-
sity in the Netherlands that has alerted researchers
in low back pain to innovative ideas of the role of
muscles and associated soft tissues in decreasing
stress on the structures of the lumbopelvic region
during load transfer. Snijders and colleagues (1995
(review), 1998) have carried out many studies on
the important interaction between gravity, muscle
forces, load transfer and the stability of the sacro-
iliac joints.

Erasmus University also pioneered the load
transfer concept by studying the loading patterns in
terms of the effect on the posterior layer of the tho-
racolumbar fascia (Vleeming et al 1995) and the
effects of the loading patterns on the ligaments of
the pelvis, which are often painful in low back pain
(Vleeming et al 1996). These models and anatomical
studies highlighted the importance of particular
muscles, not only the transverses abdominis and the
erector spinae but also the large superficial muscles
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that attach to the fascia. Gluteus maximus and
the contralateral latissimus dorsi are considered
important in the mechanism of load transfer diag-
onally from arms to legs. These models have pro-
vided the impetus for strengthening programmes
for patients with low back pain, involving a trunk
extension-rotation action (Mooney et al 2001).

While all these models for weightbearing func-
tion of muscles are important in our understand-
ing of the biomechanical action of muscles, it is
our contention that the way in which the central
and peripheral neural system links specific
muscles from each segment of the kinetic chain to
give an effective antigravity supportsystem forms
a basis for optimal exercise for the integration of
the local and global muscles within the framework
of an effective prevention and rehabilitative exer-
cise programme for low back pain.

For an understanding of the antigravity muscle
support system, it will be argued that skeletal
muscles can be classified, from a neurological point
of view, into weightbearing and non-weightbearing
categories. This delineation of skeletal muscle func-
tion relies on the premise that weightbearing is the
entity that separates muscles into two distinct func-
tional categories. In essence, the minimization of
weightbearing (deloading) promotes activity in
the non-weightbcearing muscles and reduces the
contribution of the weightbearing muscles, while
increasing weightbearing promotes activity in the
weightbearing muscles and reduces the contribu-
tion of the non-weightbearing muscles. An under-
standing of this classification is essential both for
prescribing preventative exercise for low back pain
and for generating a well-balanced management
approach.

The scientific significance of the delineation of
skeletal muscle function into weightbearing and
non-weightbearing categories came, in part, from
a study of muscle function by Richardson and
Bullock (1986), where the effects of gravity and
weightbearing, including the gravitational load
cues, were minimized in a rapid, non-weightbearing
motor task. This situation of reduced weightbear-
ing and minimal sensory input resulted in reduced
use of the antigravity (one-joint) musculature and
higher levels of use of the multijoint, multifunc-
tion muscles, which were facilitated in the non-
weightbearing motor tasks.

More convincing scientific support for the delin-
eation of skeletal muscle function into these two
categories has been provided by our involvement
In microgravity (space) research. The microgravity
environment, with minimal gravitational load cues
present but where body movement remains import-
ant, provides the ideal model to test the theories of
the delineation of muscle function into functional
categories. Results of animal and human research
to date strongly support the concept that lack of
information to the body about gravity differentially
affects the antigravity (one-joint) muscles, which
change their patterns of use, and display changes in
physiology. Opposite changes occur in the multi-
joint, multifunction muscles, which experience
increased use in the microgravity environment;
this results in a lack of atrophy and indications are
that they may even increase their levels of recruit-
ment. This change in muscle physiology occurs
through a process known as neuromuscular plas-
ticity, where the physiological structure of muscles
is determined by the pattern of neural impulses
delivered to it.

This evidence has resulted in the change of ter-
minology for muscles from an anatomical to a motor
control perspective, into weightbearing and non-
weightbearing muscle categories, to allow for a
clearer understanding of their role in therapeutic
exercise and in the methods used to prevent and
treat low back pain. Interestingly, from a ‘global’
perspective, the microgravity (deloaded) environ-
ment results in problems to astronauts when they
return to earth. The impairments in the antigravity
joint-support mechanisms (i.e. reduced weightbear-
ing muscle function) that develop in microgravity
would result in their weightbearing joints being
unprotected on their return to a gravitational envir-
onment. For this reason, astronauts could be prone
to significant musculo-skeletal injuries, especially
low back pain, on their return to Earth, emanating
from injury to the joint structures of the lumbopelvic
region. It will be argued that a similar process
occurs on Earth as a result of lack of weightbearing
(deloading) during many functional and recre-
ational activities.

The argument for an emphasis on the antigravity,
weightbearing muscle system in the prevention and
rehabilitation strategies for low back pain is devel-
oped in four separate chapters within this text.
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Chapter 5 provides more detail of how the local
system operates within a framework of joint pro-
tection for weightbearing to provide stiffness and
sensory input locally for the lumbopelvic region.
In Chapter 6, the argument will be developed that
the local muscles form part of a separate, larger
antigravity muscle system, which links the joints
of the entire functional kinetic chain including both
the upper and lower limbs. Chapter 7 describes the
impairments to the joint protective mechanisms
that can develop in the antigravity muscle system
with deloading (i.e. a reduction in weightbearing),
while Chapter 12 describes the impairments that
can develop in pelvic orientation and weightbearing
function in patients with low back pain.

Although the case is put forward for the import-
ance of the spinal stability mechanisms as well as
the antigravity muscle support system in the design
of therapeutic exercise for the prevention and treat-
ment of low back pain, the impairments that occur
in these systems also have a significant influence
on exercise design.

EXERCISE BASED ON IMPAIRMENTS
IN THE NEUROPHYSIOLOGICAL
MECHANISMS OF JOINT PROTECTION

The exercise model explained in this text is based
not only on the joint protective mechanisms but
also on impairments in the neurophysiological
mechanisms of joint protection. New perspectives
of motor control impairments are included, not only
for “deloading’ (Ch. 7) but also for ‘injury” (Ch. 8)
and ‘pain’ (Ch. 9). These have been added to this
edition to provide essential information for improv-
ing the cfficiency of the conservative treatment of
low back pain as well as to provide the basis for
new guidelines for the prevention of chronic, dis-
abling spinal pain.

These effects of deloading, injury and pain on the
protective muscle system have led to new mecha-
nistic models that explain how the development of
impairments in the joint protection mechanism
can result in a continuous cycle of increasing dis-
ability. It will be argued that these three factors
are closely linked with the impairments that
develop in the joint protection mechanisms. In turn,
a lack of joint protection would lead to further
joint injury and pain as well as deloading of the

Deloading/decrease in proprioceptive input
Joint injury
Pain

vV

Development of impairments
in the joint protection mechanism

v

Movement impairment syndromes
Musculo-skeletal pain syndromes

Figure 1.1 The continuous cycle of increasing disability
in the joint protection system and its relationship to
impairments in movement.

musculo-skeletal system. Thus a vicious cycle
results, which eventually leads to progressive and
increasing disability. These impairments in the joint
protection mechanisms will eventually result in
impaired movement patterns and musculo-skeletal
pain syndromes (Fig. 1.1).

A recurring theme, which must be addressed in
clinical treatment trials in the future, is that these
three factors (deloading, injury, pain) may all lead
to changes in motor control and motor function
and that the impairments may vary considerably
between individuals with similar Tow back pain
symptoms. Therefore, patients with low back pain
require individualized exercise management, based
on individual clinical assessment of the impair-
ments within the three stages of the training modcl.

The segmental stabilization training model

This expanded segmental stabilization training
management approach is based on principles of
prevention and trecatment (summarized in Ch. 13)
developed through our increased understanding of
the complex neurophysiological processes involved
in joint protection and the impairments that arc
involved in the development of painful symptoms.

The change in perspective that divides muscles
into local, weightbearing and non-weightbearing
categories rather than into groups based on motor
control categories (or on anatomical descriptions),
and the close relationship between local and weight-
bearing categories, has resulted in an expanded
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view of segmental stabilization exercise. While local
muscles support the joints (i.c. individual segments)
of the spine and pelvis, the weightbearing (usually
one-joint) muscles play an important role, together
with the local muscles, in linking cach segment of
the kinetic chain to give an effective antigravity sup-
port system. Thercfore, segmental control is also
required for the large joints of the girdles and limbs
within a framework of antigravity weightbearing
control. A more clearly defined model of exercise
management of low back pain has been devised that
has been expanded to include three levels of pro-
gressive segmental control.

Stage 1: local segmental control - The aim is to develop
segmental control via activation and training of
the local muscle system (Ch. 14). The deep local
muscles, which form the most basic element of
the joint protection system, are activated and
exercises are given to enhance kinaesthetic aware-
ness and muscular control.

Stage 2: closed chain segmental control  The aim is to

continue to develop segmental control at individ-

ual joints through activation and training of the
local muscles in conjunction with the antigravity
svstem that links the specific weightbearing mus-
cles from cach segment of the kinetic chain to give

an effective antigravity support system (Ch. 15).

This step in the functional rehabilitation process

is devised with a knowledge of the optimal pat-

terns of muscle activation required for weight-
bearing and joint support.

Stage 3: open chain segmental control  The aim is to
continue to develop segmental control at individ-
ual joints in relation to open kinetic chain move-
ment of adjacent segments (Ch. 16). This final step
directs progression so that all muscles (i.e. the local,
weightbearing and non-weightbearing) are inte-
grated into functional movement tasks in a formal
way, so that compensations by more active (i.e.
non-weightbearing) muscles can be detected.

THE FUTURE

Clinical screening assessments must be validated
that retlect the mechanisms of joint protection and
the level of impairment. Evidence must be pro-
vided that an improvement in the joint protection
mechanisms correlates well with the reduction in
pain and disability. From this, evidence-based treat-
ments and prevention strategies that are based on
the impairments present in an individual with pain
can be expected to be developed in the near future.

In addition, new non-invasive laboratory-based
assessment procedures of the antigravity, weight-
bearing function of muscles are currently being
developed at the University of Queensland to help
to understand the possible causes of low back pain.
These procedures, which would be suitable for use
by all health professionals, are now being investi-
gated as part of the European Space Agency Bedrest
Study, which is being undertaken at the Free
University in Berlin.



|

{ I‘ ,\|!‘. l
' “»i"%f\\‘s

The joint protection
mechanisms

R
HERAH T L

SECTION CONTENTS
Part 1 Introduction 11
2. Lumbopelvic stability: a functional model of
the biomechanics and motor control 13
Part 2 Specific joint protection of the spinal
segments 29

3. Abdominal mechanism and support of the
lumbar spine and pelvis 31

4. Paraspinal mechanism and support of the
lumbar spine 59
Part 3 The antigravity muscle support system 75

5. Stiffness of the lumbopelvic region for load
transfer 77

6. The role of weightbearing and non-
weightbearing muscles 93




PART 1

Introduction

PART CONTENTS

2. Lumbopelvic stability: a functional model of
the biomechanics and motor control 13




Chapter 2

Lumbopelvic stability: a
functional model of the
biomechanics and motor control

Paul Hodges

CHAPTER CONTENTS

Introduction 13

Biomechanical considerations of lumbopelvic
control and stability 13

Conceptual model of control of lumbopelvic
stability 15

Muscle system considerations for lumbopelvic
control 16

Motor control mechanisms for lumbopelvic
control 20

Functional model of instability 25

Clinical application 26

INTRODUCTION

Many contemporary approaches to therapeutic
exercise for the spine are based on the premise that
the low back pain results from, and is perpetuated
by, repetitive microtrauma to the spinal structures
resulting from poor control of spinal stability
(Farfan 1975). Although the neurobiology of pain
indicates that this simple biomechanical hypoth-
esis is unlikely to explain the complexity of pain,
there is considerable evidence to validate the bio-
mechanical model. One factor that complicates the
debate regarding the validity of ‘stability exercises’
is the complexity of the biomechanics and motor
control of stability. A key issue is what authors
mean by the term ‘stability”. The aim of this chapter
is to develop a clinical model of stability that can
be used to guide exercise intervention. To develop
the model, it is necessary to consider the general
requirements for spinal stability, the muscle systems
that may contribute to this control and the strate-
gies used by the central nervous system (CNS) to
meet the demands of spinal control.

BIOMECHANICAL CONSIDERATIONS OF
LUMBOPELVIC CONTROL AND STABILITY

Lumbopelvic stability is often regarded to be a static
principle. For instance, exercise interventions that
aim to improve stability commonly involve training
patients to maintain a static trunk posture during
function. However, this is an oversimplified notion
of stability. Instead, stability and control should be
thought of as a dynamic process of controlling static
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position when appropriate in the functional con-
text, but allowing the trunk to move with control
in other situations. Any intervention that focuses
solely on one extreme of this spectrum is unlikely to
lead to an optimal functional outcome. It is impor-
tant to consider a functional definition of stability
and then to consider the elements that may con-
tribute to its control.

Spinal stability is commonly modelled in the
context of Euler mechanics. In this context, stability
is considered in terms of buckling from compres-
sive forces (Crisco and Panjabi 1991, Gardner-Morse
ct al 1995, Cholewicki and McGill 1996). In this
highly developed model, it is considered that the
spine is inherently unstable to compressive forces.
In line with this hypothesis, in vitro studies have
indicated that collapse of the lumbar spine (with
all of the passive elements removed) occurs with
compressive loading of as little as 90 N. In view of
this, the model argues that antagonistic muscle
activity is required to maintain the lumbar spine
in a mechanically stable equilibrium and prevent
buckling (Crisco and Panjabi 1991, Gardner-Morse
etal 1995, Cholewicki and McGill 1996). Although
it is clear that this model explains a component of
lumbopelvic stability and control, it can be criti-
cized from several perspectives. First, it likens the
spine to a mast of a yacht, which must be main-
tained upright without buckling; clearly, this cannot
explain the breadth of human functional require-
ments. Second, it does not emphasize the control
of movement. For instance, as the spine is moved
from flexion to extension, a controlled sequence of
intervertebral rotation and translation is required
(Bogduk ct al 1995). This component of stability
requires a fine-tuned system to coordinate stability
and movement. Several authors have considered
the requirement for control during movement.
Panjabi (1992a,b) has recognized that around the
neutral position, where the spine exhibits least stiff-
ness, the requirement for spinal control is increased.
Towards the end of range, increasing support is
provided by the passive elements.

Anadditional consideration is that lumbopelvic
stability must be considered at several interdepend-
ent levels: intervertebral control, control of lum-
bopelvic orientation and the control of whole-body
equilibrium (Hodges and Jull 2003) (Fig. 2.1). At
the most general level, as the trunk forms a large

proportion of the mass of the body, trunk move-
ment is important for the control of postural equi-
librium with respect to imposed forces (Oddsson
1988). If the equilibrium of the body is disturbed
by external (e.g. unexpected movement of the sup-
port surface) or internal (c.g. by reactive forces
from limb movement) forces, movement of the
trunk occurs to move the centre of mass (COM)
over the new base of support or to alter the orien-
tation of the body (c.g. Keshner et al 1989). Tt is
important to consider this function of the trunk as
the demands for control of cquilibrium may con-
flict with the requirements for control of spinal
orientation or intervertebral motion. For instance,
trunk alignment cannot be maintained if move-
ment of the trunk is required to move the COM
over a new base of support (Huang et al 2001). The
next level in the hierarchy of spinal control is the
control of orientation of the spine and pelvis. At
this level, it is important to consider the control of
the curvature and posture of the spine. It is at this
level that control of buckling is most critical. In
function, a complex array of internal and external
forces, including gravity, are imposed on the body.
For instance, in a simple task such as rapid flexion
of the arm, the reactive moments from the move-
ment generate a flexion moment at the trunk,
while at the same time the forward position of the
arm moves the COM of the body forward, again
causing the spine to flex (Bouisset and Zattara
1981, Hodges et al 1999). If the goal is to maintain
upright posture, these perturbations must be over-
come. Similarly, when a weight-lifter raises a mass
from the floor, buckling of the spine must be pre-
vented by muscle activity (Cholewicki et al 1991).
At the most basic level of spinal control is the con-
trol of intervertebral translation and rotation; how-
ever, this cannot be completely separated from the
control of spinal orientation (Panjabi ct al 1989). That
is, buckling can occur at the intervertebral level
changes in spinal orientation involve intervertebral
motion. However, separate attention must be paid to
control of translations and rotations. For instance,
during an arc of movement it is important to con-
trol the coordination between translation and rota-
tion between segments (Bogduk ct al 1995). It has
been shown that if the spine is modelled with all
segments crossed by muscle, but with one vertebrae
with no muscle attachment, then the spine is as
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stable as having no muscle at all (Crisco and Panjabi
1991). Consequently, segmental control is an essen-
tial component for spinal stability, and this control is
particularly relevant in the context of low back pain
as it js the control of this element that appears to be
compromised in this population.

The same principles of control of orientation
and intervertebral motion also apply to the pelvis.
At one level, there is the need to control orientation
of the pelvis around the three orthogonal axes.
However, there is also the requirement to control
the relationship between segments of the pelvis. In
upright positions, the sacro-iliacjoints are subjected
to considerable shear force as the mass of the upper
body must be transferred to the lower limbs via
theilia (Snijders et al 1993, 1995). The body has two
mechanisms to overcome this; one mechanism
depends on the wedge shape of the sacro-iliac
joints (‘form closure”), and the other involves com-
pression of the sacro-iliac joints via muscle con-
traction (‘force closure’) (Snijders ct al 1993, 1995).

In summary, a composite model is required that
considers the spectrum of demands for stability;
this will include control of buckling forces and con-
trol during movement, as well as the multiple levels

(c) Figure 2.1
Lumbopelvic
stability at
interdependent
levels. (a) Control of
whole-body
equilibrium;

(b) control of
lumbopelvic
orientation;

(c) intervertebral
control.

of control, from the control of whole-body equilib-
rium to the control of intervertebral motion. As yet,
no single biomechanical model considers each of
these elements, and any criteria that aim to optimize
stability based on these separate models is unlikely
to be adequate. In a clinical context, it is important
to consider all elements, although evidence sug-
gests that emphasis should be placed on control of
intervertebral motion, at least initially. The next
layer of complexity is to consider how these multi-
ple demands of stability may be controlled.

CONCEPTUAL MODEL OF CONTROL
OF LUMBOPELVIC STABILITY

Panjabi (1992a,b) introduced an innovative model
of the spinal stabilization system, which serves as an
appropriate model for understanding the mainten-
ance of spinal stability, the entity of instability and
the clinical paradigm for the assessment and treat-
ment of the muscle dysfunction in the patient with
low back pain. The model incorporates a passive
subsystem, an active subsystem and a neural con-
trol subsystem (Fig. 2.2). The first consideration
is that passive structures of the spine and pelvis
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contribute, to some extent, to the control of all of
the elements of stability described in the previous
section. This passive subsystem incorporates the
osseous and articular structures and the spinal liga-
ments, all of which contribute to the control of
spinal movement and stability. While being integral
components of the spinal stabilization system, the
passive elements offer most restraint towards the
end of the range of movement, but they do not
provide substantial support around the neutral
position, where the spine exhibits least stiffness
(Panjabi 1992b).

The active subsystem refers to the force-
generating capacity of the muscles themselves,
which provides the mechanical ability to stabilize
the spinal segment. However, the muscle system is
only as good as the system that drives it, the control
subsystem. This latter system must sense the
requirements of stability and plan strategies to
mcet those demands. This model recognizes that the
neural control subsystem must coordinate muscle
activity in advance of predictable challenges to
stability —and coordinate responses to afferent feed-
back from unpredictable challenges. The system

Figure 2.2 The three systems
that contribute to lumbopelvic
stability. (Adapted from
Panjabi 1992a.)

must activate muscles at the right time, by the right
amount, in the correct sequence and then turn
muscles off appropriately. Based on this model,
Panjabi contended that the three subsystems are
interdependent components of the spinal stabiliza-
tion system with one capable of compensating for
deficits in another (Panjabi 1992a). From the purely
biomechanical perspective, back pain may occur
as a consequence of deficits in control of the spinal
segment when abnormally large segmental motions
cause compression/stretch on neural structures
or abnormal deformation of ligaments and pain-
sensitive structures. These deficits may potentially
be caused by a dysfunction in any of the three sys-
tems, which cannot be compensated for by the other
systems. Instability will be considered in greater
detail later in this chapter.

MUSCLE SYSTEM CONSIDERATIONS
FOR LUMBOPELVIC CONTROL

As described by Panjabi (1992b), the active sub-
system, or muscles, provides the mechanism by
which the control system may modulate the
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stability of the spine. Consideration of the need to
modulate stability is important. Many biomechan-
ical models argue for optimal stability of the spine.
[n this context, it may be considered that stability
would be optimal if stiffness was maximized and
no lumbopelvic movement was allowed. However,
in reality, the muscle system modulates or changes
stiffness to match the demands of internal and
external forces. Why do we not just stiffen the
spine? The answer lies in the fact that movement is
important for optimal spinal health. Movement is
required to assist in the dissipation of forces and to
minimize energy expenditure. For example, energy
expenditure in gait is increased if pelvic motion is
reduced (Perry 1992). If it is important to match the
demands for stability, which muscles are involved?
A large number of muscles cross the spine and may
contribute to modulation of lumbopelvic stability.
All of these muscles can contribute to stability to
some extent. Although considerable effort has been
placed on identification of the muscles that con-
tribute the ‘most” to stability, this is the wrong ques-
tion. With consideration of the complexity of
stability described above, it can be seen that no sin-
gle muscle could provide the greatest contribution
to all elements of stability. Consider the complexity
of muscles required to ensure the dextrous move-
ments of the hand, which contains multiple layers
of muscle, to fine-tune the control motion of indi-
vidual segments of the fingers. Estimation of which
muscle(s) provides the greatest force for finger tlex-
ion hardly encapsulates the requirements for fine-
tuned control. Instead, it is important to consider
the differential control of the separate elements of
the stability. Several classification systems have
been developed that ascribe different muscles to the
control of individual elements of stability. These are
described in the next section.

Muscular control of segmental motion
and spinal orientation

The first suggestion that some muscles surround-
ing the spinc are primarily concerned with control
of intersegmental motion is ascribed to Leonardo
da Vinci (Crisco and Panjabi 1991). In describing
muscles of the neck, he suggested that the more
central muscles stabilized the spinal segment (i.e.
provided intersegmental control of the neck) while

Figure 2.3  Muscles of the lumbopelvic region: (a) local
and (b) global.

the more lateral muscles acted as guy ropes sup-
porting the vertebrae, as they would the mast of a
ship, and were more concerned with bending the
neck (i.e. the control of neck orientation). It has
been realized over succeeding years that the way
in which muscles support and stabilize the spine is
far more intricate than this simple model. Never-
theless, it is pertinent to address this issue of local
(central) and global (guy ropes) muscles systems
in an attempt to understand muscle function in
relation to the stability of the spine.

Bergmark (1989) categorized the trunk muscles
into local and global muscle systems based on
architectural properties (Fig. 2.3). The local muscle
system included deep muscles and the deep por-
tions of some muscles that have their origin or
insertion on the lumbar vertebrae. These muscles
control the stiffness and intervertebral relationship
of the spinal segments and the posture of lumbar
segments. Although this system of muscles is
essential for stability, it is not sufficient for stability
as the muscles are ineffective for control of spinal
orientation. The lumbar multifidus muscle, with
its vertebrae-to-vertebrae attachments (Macintosh
and Bogduk 1986), is a prime example of a muscle
of the local system. The smaller intersegmental
muscles, such as the intertransversarii and inter-
spinales, may not predominate as mechanical
stabilizers but have a proprioceptive role instcad
(Bogduk 1997). In the abdominal group, Bergmark
(1989) suggested that the posterior fibres of the
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obliquus internus abdominis, which insert into the
thoracolumbar fascia, form part of the local sys-
tem. However, the significance of this insertion is
uncertain, as it is only present in a minority of indi-
viduals (Bogduk and MacIntosh 1984). The deepest
muscle, the transversus abdominis, with its direct
attachments to the lumbar vertebrae through the
thoracolumbar fascia and the decussations with its
opposite in the midline, can also be considered a
local muscle of the abdominal muscle group.

The global muscle system encompasses  the
large, superficial muscles of the trunk that do not
have direct attachment to the vertebrae and cross
multiple segments. These muscles are the torque
gencerators for spinal motion and act like guy ropes
to control spinal orientation, balance the external
loads applied to the trunk and transfer load from
the thorax to the pelvis (Bergmark 1989). In this
way, the large variations in external loads that
occur with normal daily function are accommo-
dated by the global muscles so that the resulting
load on the lumbar spine and its segments is con-
tinually minimized. Consequently, this system is
critical for lumbopelvic stability but cannot fine-
tune the control of intervertebral motion. Notably,
data from a biomechanical in vivo model indicate
that, although the large muscles linking the pelvis
to the rib cage provided a significant amount of
stiffness to the spinal column, activity of the local
muscle system was vital in providing stability of
the spinal scgments (Cholewicki et al 1997). Even
when forces generated by the large global muscles
were substantial, the spine was unstable if there
was no activity in the local muscle system. A small
increase in the level of activity of the muscles of
the local system could prevent spinal instability.
Muscles that may be considered as part of the
global system are the obliquus internus abdominis,
the obliquus externus abdominis, the rectus abdo-
minis, the lateral fibres of the quadratus lumborum
and portions of the erector spinac.

Although this system is likely an oversimpliti-
cation of the complex control of spinal stability, it
provides a useful model to consider clinically. An
important consideration is that evidence suggests
that it is the local system which is most impaired in
low back pain, although both systems are necessary
to mect the demands of spinal stability. Therefore,
while modelling studics may argue that the global

\

\)

Figure 2.4 The coordination between the local and
global muscles of the trunk is analogous to the
coordination of musical instruments in an orchestra. Like
the trunk muscles, all instruments contribute to the final
output, but the contribution of each is specialized and all
are needed for optimal function.

muscles provide the optimal control of buckling
forces (McGill et al 1996), training those muscles is
unlikely to resolve the deficits in muscle control.
To put this in perspective, it can be useful to con-
sider the spine as an orchestra. At one extreme we
have loud instruments that give volume with ease,
such as a tuba (Fig. 2.4). This is akin to the super-
ficial muscles, which efficiently provide control of
buckling forces and stiffen the spine. At the other
extreme, we have the instruments that contribute
to the finer elements of melody, such as a violin or
flute. This is similar to the contribution of the deep
segmental muscles, which provide minimal con-
tribution to the control of buckling forces but pro-
vide an efficient mechanism to  fine-tune  the
control of intervertebral motion and the segments
of the pelvis. Neither system alone can provide
optimal spinal control, and both clements must be
coordinated to meet the demands for spinal health.
This does not appear to be the case in low back
pain. We will return to this topic in Chapter 10.
A final consideration is that local muscle control is
required over the spectrum of functional demands
from light tasks such as reaching or moving while
sitting to weight-lifting tasks. This is particularly
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notable as the requirement for strong global mus-
cle activity is likely to be minimal in light activities,
yet the muscles of the local system are needed for
safe function at the segmental level.

Limitations of the global system

In the previous section, it was argued that the
global muscles cannot contribute to the control of
intervertebral motion. This is not completely correct
as the global system can influence intervertebral
motion as a result of compressive forces exerted by
co-activation of antagonist global muscles. While
compression can assist in the control of shear and
rotation forces, this is associated with a ‘cost’.
First, global co-activation increases the compres-
sive load on Jumbar segments (Gardner-Morse and
Stokes 1998). The superficial trunk muscles gener-
ate torque at the trunk. This torque must be over-
come by antagonist activation in order to keep the
spine upright, and this co-activation results in a
compressive load on the spine (Lavender et al
1992, Mirka and Marras 1993, Thelen ct al 1995,
Gardner-Morse and Stokes 1998). Excessive com-
pression, which results in increased intradiscal
pressure and loading through the posterior elem-
ents of the spine, has long been considered to be
a risk factor for spinal degeneration and pain
(Nachemson and Morris 1964). If greater demand
is placed on the superficial muscle system, the
loading may be increased. While
co-contraction is expected during lifting activities

increased

and with increased trunk acceleration (Marras and
Mirka 1990) and unpredictability (van Dieen and
de Looze 1999), increased co-contraction of the
global muscles has been detected in patients who
develop low back pain compared with normal
pain-free subjects (Radebold et al 2000). Excessive
global muscle co-contraction during light func-
Honal tasks may cven be indicative of inappropri-
ate trunk muscle controlin patients with back pain
(Radebold et al 2000). These clinical findings sup-
port the hypothesis of Cholewicki et al (1997), who
studied the stabilizing function of the trunk flexors
and extensors around a neutral spine posture.
Their hypothesis was that a dysfunction in the
passive stabilizing system may be indicated by
increased levels of trunk muscle co-activation. This
hypothesis  challenges  many

current exercise

programmes for low back pain that incorporate
high levels of trunk muscle co-activation.

Second, global muscles can only provide a non-
specific contribution to spinal control. Panjabi et al
(1989) argued that a major advantage of the multi-
fidus muscle was that its segmental organization
provides an ideal mechanism for the nervous sys-
tem to control individual segments. This is not
possible with the global muscles.

Third, global muscles have a limited ability to
control shear forces. This has been argued biome-
chanically (Bogduk 1997) and from in vivo stud-
ies. For example, if shear forces are imposed on the
spine, there is no change in activity of the global
muscles, implying that deeper local muscles must
control this element (Raschke and Chaffn 1996).
A similar situation may exist in the sacro-iliac
joints. As mentioned above, stability of the sacro-
iliac joints is dependent on their compression
(Snijders et al 1995). Although it is argued that this
compression force is, to a large extent, provided by
the large global muscles working in discrete syn-
ergies (e.g. the contraction of gluteus maximus with
the diagonally opposed latissimus dorsi), this is
likely to be ineffective in light tasks in which these
muscles are relatively inactive. Instead, horizontal
forces produced by the local abdominal muscles
(e.g. transversus abdominis) will compress and sta-
bilize the sacro-iliac joints (Snijders et al 1995).

Fourth, antagonist global muscle co-activation
results in a restriction of spinal motion, that is in
‘rigidity” of the spine. It is known that in healthy
subjects the CNS uses movement rather than simple
stiffening of the spine to overcome challenges to sta-
bility (Hodges et al 1999, 2000a) (Fig. 2.5) and reduce
energy expenditure (Perry 1992). A strategy of trunk
stiffening, although requiring less-complex neural
control, may compromise optimal spinal function.

Finally, trunk muscles are involved in functions
other than spinal control and movement (Hodges
and Gandevia 2000a). As the superficial abdom-
inal muscles depress the rib cage and are involved
in forced expiration (DeTroyer and Estenne 1988),
increased activity of these muscles in individuals
with pain may lead to compromised respiratory
function, for example restricted movement of the
chest wall. In contrast, local muscles have limited
effect on rib cage motion (DeTroyer and Estenne
1988). Therefore, reliance on global muscles for
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Figure 2.5 Postural responses use movement rather than simply making the spine rigid. The placement of markers to
measure trunk motion and the angles that are measured are shown in (a) and (b), respectively. (c) The onset of arm
movement is shown with a solid vertical line. The data indicate that when the arm is flexed rapidly at the shoulder
(downward motion in (c)), the spine moves in the opposite direction initially and this spinal motion starts before the onset
of movement. AP, anteroposterior; C, cervical; COM, centre of mass; COP, centre of pressure; H-L, hip-lumbar angle (angle
between the thigh and lumbar spine); L, lumbar; PSIS, pasterior superior iliac spine; S, sacral; Sh, shoulder; T, thoracic.

control may be problematic from a systemic point
of view. In contrast, local muscles allow controlled
spinal motion and have the ability to control indi-
vidual segments, with minimal effect on the rib
cage, thus minimizing conflict with respiration.

MOTOR CONTROL MECHANISMS
FOR LUMBOPELVIC CONTROL

The challenge is immense for the CNS to move and
control the spine, despite constant changes in inter-
nal and external forces. The CNS must continually
interpret the status of stability, plan mech-anisms
to overcome predictable challenges and rapidly
initiate activity in response to unexpected chal-
lenges. It must interpret the afferent input from the
peripheral mechanoreceptors, and other sensory

systems, compare these requirements against an
‘internal model of body dynamics” and then gener-
ate a coordinated response of the trunk muscles so
that the muscle activity occurs at the right time, at
the right amount and so on. To complicate this issue
further, muscle activity must be coordinated to
maintain control of the spine within the hicrarchy
of interdependent levels: control of intervertebral
translation and rotation, control of spinal posture/
orientation, and control of body with respect to the
environment. Notably, under the effects of gravity,
the CNS must integrate the control of external
forces for weightbearing and control of COM. The
specific characteristics of that control of are consid-
ered in more detail in Chapters 5and 6. In addition,
unlike the muscles of the limb, trunk muscles per-
form a varicty of homeostatic functions as well as
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Figure 2.6  Electromyographic activity of the abdominal (rectus abdominis (RA), obliquus externus abdominis (OE),
obliquus internus abdominis (Ol) and transversus abdominis (TrA)), superficial multifidus (MF) and deltoid muscles for
shoulder flexion, abduction and extension in a representative subject. The time of alignment of the traces at the onset of
electromyographic activity of the deltoid is noted, and the onset of activity of the TrA is shown by the dashed line. Note the
onset of activity of the TrA prior to that of the deltoid and the other trunk muscles, and the consistent period between the
onset of activity of the TrA and deltoid. Also note the change in sequence of activity onset of the RA, EQ, 10, and MF as a
function of limb-movement direction. (Reproduced with permission from Hodges and Richardson 19970, p. 364.)

movement and control of the trunk, including res-
piration and continence. This section will consider
the strategies used by the CNS to undertake this
control.

Feedforward control of lumbopelvic
stability

Lumbopelvic stability is controlled in advance
of imposed forces (i.e. feedforward) when the
perturbation to the trunk is predictable. For
instance, activity of the trunk muscles occurs in
advance of the muscle responsible for movement
of the lower (Hodges and Richardson 1997a) and
upper (Belen’kii et al 1967, Bouisset and Zattara
1981, Aruin and Latash 1995, Hodges and
Richardson 1997b) limbs and prior to loading when
a mass is added to the trunk in a predictable man-
ner (Cresswell et al 1994) (Fig. 2.6). In this type of
task, the CNS predicts the effect that this move-
ment will have on the body and plans a sequence
of muscle activity to overcome this perturbation.
This prediction involves an ‘internal system of body
dynamics’, which is an abstract construct built up

over a lifetime of movement experience and hold-
ing information of the interaction between inter-
nal and external force (Gahery and Massion 1981,
Gurfinkel 1994). An important feature of this feed-
forward control of the spine is that it provides
insight into the differential strategies used by the
CNS to control each of the elements of stability
and how these may be integrated. Consistent with
the architectural properties of the trunk muscles
described above, the temporal and spatial param-
eters of activity of the superficial or global trunk
muscles is linked to the direction of forces acting
on the spine (i.e. superficial trunk muscle activity
is earlier and of larger amplitude when their activ-
ity opposes the direction of reactive forces), which
is consistent with the control of orientation of
the spine (Aruin and Latash 1995, Hodges and
Richardson 1997c, Hodges et al 1999). In associ-
ation with limb movements, this activity has been
shown also to be consistent with the control of the
disturbance to equilibrium and to move the COM
in a manner consistent with the maintenance of
upright stance (Aruin and Latash 1995, Hodges
etal 1999). In contrast, activity of the deep intrinsic
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muscles (both transversus abdominis and multi-
fidus) is independent of the direction of reactive
forces (Hodges and Richardson 1997¢, Moseley
et al 2002). This is consistent with the architectural
properties of these muscles to provide a general
increase in intervertebral control. Therefore, the
data suggest that the CNS uses feedforward non-
direction specific activity of the intrinsic local mus-
cles to control intervertebral motion, and it uses
tuned direction-specific responses of the superficial
srlobal muscles to control spinal orientation (Hodges
et al 1999). Recent data suggest that the CNS uses
discrete strategies to control each factor. When the
preparation for movement is manipulated or sub-
jects perform an attention-demanding task, the
latency for limb movement and the postural activity
of the superficial muscles 1s delayed, but there is no
change in the latency of the deep muscle response:
transversus abdominis (Hodges and Richardson
1999b) and decp fibres of multifidus (Moseley et al
2003). This suggests that the decp muscle response
is more rudimentary and may be controlled by a
more basic mechanism by the CNS. Importantly,
these responses have been shown to be linked to the
speed of limb movement (Hodges and Richardson
1997¢) and the mass of the limb (Hodges and
Richardson 1997b,c), suggesting that the CNS pre-
dicts the amplitude of the reactive forces and adjusts
the feedforward responses accordingly.

Repetitive limb movements may also provide
an example of open loop control. However, as the
movement is ongoing, it is not possible to exclude
the contribution of afferent input to the organiza-
tion of the trunk muscle activity, and studics have
suggested that spinal mechanisms dependent on
afferent feedback may be important for this control
(Zedka and Prochazka 1997). Although the mechan-
ism for control of repetitive movement is not com-
pletely understood, there is evidence of differential
activity of the deep and superticial muscles that is
consistent with the different roles of these muscles.
For instance, tonic activity of the intrinsic spinal
muscles occurs in association with repetitive upper
limb movement (transversus abdominis (Hodges
and Gandevia 2000a), multifidus (Moscley ¢t al
2002); Fig. 2.7), repetitive lower limb movement
during gait (Hodges and Saunders 2001) and repet-
itive trunk movement (Cresswell et al 1992a). In
contrast, superficial muscle activity occurs in a
phasic manner linked to the direction of limb move-
ment (Hodges and Gandevia 2000a).

Feedback control of lumbopelvic stability

When the spine is perturbed unpredictably, the
nervous system must respond rapidly. At the more
basic end of the spectrum, feedback-mediated
control may operate at a retlex level. These
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Figure 2.8 Response of the multifidus
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responses may include monosynaptic stretch
reflexes, which involve stretch of a muscle spindle
generating an afferent impulse from the receptor
region of the spindles to excite the alpha motoneu-
rons in the same muscle, resulting in contraction.
Short-latency reflexes have been identified in the
paraspinal muscles when subjects catch an unex-
pected mass in their hands (King et al 1988, Wilder
et al 1996, Moseley et al 2003), and responses have
been recorded in paraspinal (Dimitrijevic et al
1980, Zedka et al 1999a) and abdominal (Kondo
et al 1986, Myriknas et al 2000, Beith and Harrison
2001) muscles in response to a mechanical tap to
the muscle. These reflex responses activate the
paraspinal muscles en masse, with no ditferenti-
ation between deep and superficial components

40 60

EMG onset latency (ms)

(Moseley et al 2003) (Fig. 2.8). Simple responses
are inflexible and represent a basic mechanism for
the motor system to correct an error, for example
toresistan imposed stretch. However, there appcars
to be some integration. For instance, reflex changes
may occur in other related muscles, including con-
tralateral muscles (Beith and Harrison 2001); activ-
ity of transversus abdominis occurs prior to that of
the paraspinal muscles when the trunk is unex-
pectedly flexed by addition of a mass to the front
of the trunk (Cresswell et al 1994). Furthermore,
activity of transversus abdominis and the paraspinal
muscles occurs at the same time as the trunk is
perturbed when a mass is added to the upper
limbs during arm movement (Hodges et al 2001a).
This latter finding suggests that afferent input
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Figure 2.9 Response of the multifidus muscles to electrical stimulation of the intervertebral disk and facet joints in
pigs. (a) The experimental procedure. Responses in multifidus muscle recorded with an intramuscular electrode (F) were
identified with short latency after the stimulus (A). (b) The group data produced. MUAP, motor unit action potential

amplitude. (Adapted from Indahl et al 1995.)

from distant segments may be involved in initi-
ation of the trunk muscle response. When the pre-
dictability of the perturbation is increased and
higher centre input may influence the response,
the paraspinal muscles are differentially active,
with carlier activity of deep multifidus (Moscley
et al 2003) (Fig. 2.8). This also occurs when
paraspinal muscle activity is reduced when load is
removed from the trunk by removal of a load from
the upper limbs (Hodges et al 2002a). This unload-
ing response is commonly argued to be be caused
by removal of the support for muscle contraction
from spindle afferent input (Angel et al 1965, Nitz
and Peck 1986).

Other basic responses have been identified
using clectrical and/or mechanical stimulation of
afferents in the ligaments, annulus, facet joint cap-
sule and sacro-iliac joint in pigs (Fig. 2.9), cats and
humans (Indahl ct al 1995, 1997, 1999, Solomonow

et al 1998, 1999). In general, activity of multifidus
was initiated with short latency, on both sides and
over multiple spinal segments in response to the
stimulus. The nature of the response was affected
by the site of stimulation on the annulus (Holmeet al
2002) and the sacro-iliac joint (Indahl et al 1999)
and could be modified by injection of analgesic or
saline into the facet joint capsule (Indahl et al
1997). These reflexes provide a strategy for
mechanical stimulation of the spinal structures to
influence trunk muscle activity in a reflex manncr.
Alternatively, the response may modulate descend-
ing drive to the muscles.

The long-loop reflexes are more complex than
simple stretch reflexes and involve information
processing at higher levels of the CNS, including
transcortical mechanisms. These responses have a
longer latency than the simple stretch reflex, are
more flexible and can be modified voluntarily
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(Marsden et al 1977). Because of their flexibility,
these responses are thought to have a greater role
in error correction. For instance, when the support
surface on which a person is standing is rapidly
moved, a complex interplay of several body seg-
ments, including response of trunk muscles, is
initiated in order to maintain the equilibrium of
the body (Horak and Nashner 1986, Keshner and
Allum 1990). Two main strategies have been iden-
tified, which involve either ankle movement
(‘ankle strategy’) or hip movement (‘hip strategy’),
depending on the context and the support surface
characteristics (Horak and Nashner 1986). Trunk
movement, and thus activation of the superficial
trunk muscles, is a critical component of these
strategies, particularly the hip strategy.

Contribution of muscle stiffness
to lumbopelvic stability

A third type of control strategy is related to both
feedback and fecdforward control and involves
modulation of the ‘tone’ in specific muscles to
provide an underlying degree of stability to the
joints. This activity increases the stiffness of muscles
that surround the joints (Bergmark 1989, Gardner-
Morse et al 1995). Muscle stiffness is the property of
muscles to act as springs (i.c. the ratio of length
change to force change) and has viscoelastic- and
activity-related components. Muscle stiffness pro-
vides control of forces applied to a joint and con-
tributes to control before even the shortest reflex
response can be initiated (Johansson et al 1991a),
and it has been argued that postural stability may
be controlled by modulation of stiffness of the ankle
muscles (Winter et al 1998). Similarly, stability of the
trunk may be controlled by stiffness of the spinal
muscles. Importantly, the activity-related compo-
nent of muscle stiffness is modulated by feedback
from spindle and ligament afferents (Johansson et al
1991a) (Fig. 2.10). It is the stretch reflex and the con-
trol of the gamma motoneurons that control the sen-
sitivity of the sensory component of the muscle
spindles in this system. In addition, the reflex activ-
ity of multifidus muscle in response to stimulation
of mechanoreceptors in the lumbar disc and liga-
ments (Indahl et al 1995, 1997, 1999) and supra-
spinous ligament in humans (Solomonow et al
1998) may contribute to stiffness control.
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Figure 2.10 Mechanisms by which ligaments may
contribute to the regulation of joint stability and
proprioception. (Reproduced with permission from
Johansson et al 19913, p. 174.)

Integrated control of lumbopelvic
stability and movement

It is important to consider that all the processes
described above may act concurrently and the out-
come of feedforward processes may be moulded
by later feedback-mediated processes. In gencral,
feedforward- and feedback-mediated responses
closely match the demands of the task and are
scaled to the amplitude of the perturbing forces
and the context of the perturbation. As such, muscle
activity directed to the control of stability represents
a finely tuned component of human movement.

FUNCTIONAL MODEL OF INSTABILITY

There is considerable debate regarding what con-
stitutes instability; it has been variously defined as
a loss of joint stiffness (Pope and Panjabi 1985,
Gardner-Morse et al 1995), an increase in mobility
and abnormal spinal motion (Frymoyer et al 1990)
and changes in the ratios of segmental rotations and
translations (Weiler et al 1990). Traditionally, insta-
bility has been more aligned with the presence of
abnormal motion at the end-point of the range,
even though instability has long been associated
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Figure 2.11  The load-deformation behaviour of the
spinal segment highlighting the region known as the
neutral zone. (Reproduced with permission from
Panjabi, 1994.)

with degencrative disease where the segment may
exhibit lesser total motion. In contrast, Panjabi
(1992b) hypothesized that control of intersegmental
motion around the neutral zone is a major param-
cter of spinal instability involved in the mecha-
nism of clinical instability. The load—deformation
behaviour of the spinal segment is non-linear and
is highly flexible in the vicinity of the neutral posi-
tion. This is the region known as the neutral zone
(Panjabi 1992b) (Fig. 2.11). Motion occurs in this
region of the physiological intervertebral motion
against minimal internal resistance, with the liga-
mentous structures providing restraint in the clastic
zone to limitend range of motion. The neutral zone
presents a specific problem for the spinal stability
mechanism, and there is evidence supporting its
contribution to clinical instability. Injuring the
spine in vitro, by dividing ligaments or the disc or
by removing the posterior spinal elements, resuits
in potentially multidirectional instabilities and an
increase in both the neutral zone and the physio-
logical range of motion (Panjabi et al 1989, Abumi
et al 1990). In a study subjecting porcine cervical
spines to high-speed trauma, the neutral zone was
found to increase to a1 greater extent than the range
of motion, and also to be the first indicator of the
onset of injury (Oxland and Panjabi 1992). In a piv-
otal study that suggested a link between excessive
neutral zone motion and pain, the effect of exter-
nal fixation of the cervical segment was evaluated
(Panjabi 1992a). This technique is used clinically to
evaluate the effect of fixation on the likely control of

spinal pain as a prognostic indicator for treatment
by spinal fusion. When the technique was applied
to cadaveric cervical spine specimens, the motion
parameter that decreased the most was the neutral
zone (71% compared with a 38% decrease in the
total range of motion) (Panjabi 1992a). This evi-
dence of the sensitivity of, and increase in the neu-
tral zone relating to, spinal instability has led to a
new definition of clinical instability where insta-
bility occurs when the stabilizing system cannot
maintain the intervertebral neutral zone in physi-
ological limits.

While the concept of the neutral zone was devel-
oped from studying passive structures, it is the
contribution of active muscle contraction or muscle
tone in relation to the control of the neutral zone
that links this theory to the real-life situation.
The ligaments and other passive structures can only
provide support towards the end of the range.
Instability within this broader definition, which
encompasses three interrelated systems, may, there-
fore, relate also to insufficiency of the muscle system
(Panjabi 1992a). Decreased muscle stiffness result-
ing from fatigue, degenerative changes or injury
may lead to spinal instability (Gardner-Morsc et al
1995). Furthermore, damage to spinal structures
may result from insufficient muscle control to main-
tain stability at spinal postural control and/or con-
trol at the intersegmental level (Gardner-Morse et al
1995). Conversely, the muscle system also has the
potential to compensate for instability by increasing
the stiffness of the lumbar spine and decrcasing
the size of the neutral zone (Panjabi 1992a, Gardner-
Morsc et al 1995, Cholewicki and McGill 1996).

This link between muscle function and spinal
stiffness and the neutral zone provides the basis of
the possible conservative management, through
therapeutic excrcise, of spinal instability.

CLINICAL APPLICATION

It is well recognized that the osscoligamentous
spine is inherently unstable and that it requires a
combination of muscle forces and muscle stiffness
(with different combinations of muscles) to make
it a secure and stable structure in vivo (Crisco et ai
1992). From anatomical and biomcechanical stud-
ies, some guidelines can be gained for manage-
ment approaches to enhance the stabilizing role of
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the muscle system of the lumbopelvic region. Such
principles can help in devising appropriate pre-
ventive and rehabilitative exercises for patients
with low back pain.

Basically, there are two broad approaches for
improving the spinal-protection role of the muscles
that can be gleaned from anatomical and biome-
chanical studies on lumbopelvic stabilization. The
first utilizes the principle of minimizing forces
applied to the lumbar spine during functional activ-
ities. The second is to ensure that the muscle system
is coordinated appropriately to optimize control of
each of the elements of lumbopelvic control.

Minimizing forces applied to the spine

There are several different ways to minimize the
forces applied to the lumbar spine during everyday
and work-related activities. The study and practice
of ergonomics has increased knowledge and helped
to establish suitable working postures, lifting tech-
niques and furniture design, which are essential in
decreasing joint forces potentially harmful to spinal
structures. Although not specifically addressed
here, the value in addressing ergonomic principles
in protecting the spine from injury cannot be over-
stated. The other principle involved in reducing
forces placed on the lumbar spine deals with
strength and endurance training of the global mus-
cles to enhance their torque-producing role during
high-level functions such as heavy lifting.

However, global muscle function can cause
potentially harmful cffects if there is excessive
activity. Methods of treatment aimed at decreasing
any unnecessary activity in these muscles will
assist in minimizing harmful forces. Logically, this
could only be safely pursued if the protective
function of the deep local muscles was being re-
established at the same time.

The presence of an operational deep
local muscle system

It is possible that, even if the global muscle system
is working appropriately, the local system may not
be operating well enough to control intersegmen-
tal motion (Gardner-Morse et al 1995) (Fig. 2.12).
A deficit in segmental control while global muscle
activity was near maximal was uniquely captured

Figure 2.12 Lack of spinal intersegmental control.
(Adapted from Gardner-Morse et al 1995))

in vivo in a lifting study done by Cholewicki and
McGill (1992).

It has been realized from the more recent bio-
mechanical studies that the local muscle system is
important in providing support and control to the
individual vertebral segments, whether functional
tasks are light (walking) or heavy (lifting) in nature.
The picture emerging is of local muscles, particu-
larly transversus abdominis, being required to
contract continually, at low levels, no matter what
functional activity is being undertaken. The func-
tional supportive role of these muscles may depend
not only on the development of force in the muscle
but also on the neuromuscular control and coord-
ination of that force. Panjabi (1992a,b), in his
model of spinal stabilization, stressed that the
neural control of these supporting muscles will be
closely linked with development of appropriate
tension. Poor stabilization will ensue if the forces
developed are “too small, too large, too ecarly or
too late’. Gardner-Morse et al (1995) also acknowl-
edged that, while various programmes for the pre-
vention of injury and rehabilitation have been
aimed at minimizing spinal forces, the possible
‘destabilizing cffects of poor neuromuscular coor-
dination” have not been taken into account. Thus,
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the local muscle system and its control have been
brought forward as possibly the most important
factor in providing continuous spinal support. For
these reasons, it can be argued that specific testing
and training of these muscles are required for
patients with low back pain.

This line of thought regarding neuromuscular
control and local muscle function encourages prac-
titioners to note particularly the patient’s mecha-
nism of injury. The history of onset of low back pain
may give the practitioner some insight into the ori-
gin of muscle problems as well as insight into the
challenges likely to be faced in rehabilitation. Low
back pain with insidious onset or associated with a
trivial incident is more likely to be linked to gradual
tissue breakdown that has occurred over a period
of time. The term coined by Gardner-Morse et al

(1995) for this type of back pain is ‘self-injury’,
where the spine has not been adequately ‘self-
stabilized”. Inherent poor muscle control in the local
muscle system, as well as decreased strength and
endurance of the global system, could play a piv-
otal role in the development of such back pain over
time. The potentially harmful effects of ‘deloading’
are considered in Chapter 7. The other extreme in
the spectrum of low back pain is one where direct
overload to the muscles or substantial trauma to the
spine has precipitated an acute injury. Pain and
injury resulting from this trauma are likely to affect
muscle control, commonly the deep local muscle
most significantly (see Chs 8 and 9). In this case,
changes in motor control resulting from the pain
and injury may contribute to the recurrence of low
back pain.
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INTRODUCTION

It has long been argued that the anterolateral
abdominal muscles and the muscles that form
the roof (diaphragm), floor (pelvic floor muscles)
and posterolateral (quadratus lumborum and
psoas) aspects of the abdominal cavity contribute
to the control of the lumbar spine and pelvis.
There is ongoing dcbate regarding the relative
contribution of these muscles to stability and the
mechanisms by which they may mechanically
control spinal and pelvic motion. This section
reviews key anatomical considerations, the mech-
anisms by which these muscles provide mechan-
ical stability to the region, the complex strategics
used by the central nervous system to control inte-
grated activity of the multiple muscle layers and
optimize spinal control, and factors that com-
plicate this control that have relevance to clin-
ical management of patients with low back and
pelvic pain.

ANATOMY OF THE MUSCLES OF
THE ANTEROLATERAL ABDOMINAL
WALL AND ABDOMINAL CAVITY

Transversus abdominis

Transversus abdominis (TrA), the deepest of the
abdominal muscles, arises from the thoracolum-
bar fascia between the iliac crest and the twelfth
rib at the lateral raphe, the internal aspects of the
lower six costal cartilages, where it interdigitates
with the diaphragm, the lateral third of the
inguinal ligament and the anterior two-thirds of
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the inner lip of the iliac crest (Fig. 3.1). The medial
attachment of the muscle is a complex and vari-
able bilaminar aponcurosis. The lower fibres arise
from the inguinal ligament and pass down and
medially, blending with fibres of the obliquus
internus abdominis to form the conjoint tendon,
which attaches to the pubic crest behind the super-
ficial inguinal ring. The remaining fibres pass
medially, where they decussate and blend with the
linea alba (Hollinshead and Jenkins 1981, Williams
et al 1989). Above the umbilicus, the aponeurotic
fibres of TrA pass either upward or downward
and pass posterior to the rectus abdominis (Fig.
3.2). The downturned fibres attach to the upturned
fibres of the opposite TrA or the posterior lamina

Figure 3.1 The

transversus abdominis.

(Reproduced with

permission from ‘
Williams et al 1989, |
p. 599)) '
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of the contralateral obliquus internus abdominis
aponeurosis. In contrast, beJow the umbilicus, both
layers are inclined downwards, with the anterior
portion passing in front of therectus abdominis
and the posterior portion passing behind (Askar
1977, Rizk 1980). Proceeding from the umbilicus to
the pubic crest, the fibres of the posterior layer are
progressively transferred to pass anterior to the
rectus abdominis (Rizk 1980). Because of the decus-
sation in the midline, the TrA can be considered to
be a digastric muscle, attaching to either the con-
tralateral TrA or the obliquus internus abdominis
(Askar 1977, Rizk 1980).

The posterior attachment of the TrA to the lumbar
vertebrae is via the thoracolumbar fascia (Fig. 3.3).
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The thoracolumbar fascia comprises three layers
that are fused at the lateral border of the erector
spinae (i.e. the lateral raphe). The anterior layer
arises from the anterior surface of the transverse
process of the lumbar vertebrae and passes as a
thin fibrous layer over the anterior surface of quad-
ratus lumborum (Bogduk and Maclntosh 1984).

Figure 3.2 The transversus abdominis anterior
attachment. There are two layers of the aponeurosis.

(a) The superomedial fibres on the right are continuous
with the inferomedial fibres on the left. (b) The completed
pattern of the two layers. (Adapted from Askar 1977

p. 318)
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The middle layer is a thick strong aponeurotic
structure passing transversely from the length and
tips of the lumbar transverse processes and inter-
transverse ligaments.

Anatomically, TrA can be divided into three
regions that have distinct morphological difter-
ences (Urquhart et al 2001). Fibres of the upper
region that are rostral to the inferior border of the
rib cage have the most transverse orientation but
have the shortest fibre length and are thinner than
the other regions of the muscle. The fibres that pass
between the rib cage and iliac crest are those with
the only direct attachment to the thoracolumbar
fascia. These fibres are oriented slightly inferome-
dially and have the longest fibre length. The lower
fibres from the iliac crest and inguinal ligament
generally extend inferiorly to two-thirds of the dis-
tance between the iliac crest and pubic symphysis,
are the most inferomedially oriented and are thick-
est. Because of these anatomical variations, the
function is likely to vary between regions.

When the TrA contracts bilaterally, it reduces the
circumference of the abdominal wall and flattens
the abdominal wall in the lower region to increase
the intra-abdominal pressure (IAP) and tension
in the thoracolumbar and anterior fascias. Of the

Figure 3.3 Thoracolumbar fascia. The superficial (a) and deep (b) lamina of the posterior layer. The superficial lamina
can be divided into four major components, as described in the text. Both laminae have an extensive attachment to the
lateral raphe (LR), which also serves as an attachment for the transversus abdominis (ta) and the obliquus internus
abdominis (io). ES, erector spinae. (Reproduced with permission from Bogduk 1997, pp. 116-117.)
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abdominal muscles, activity of TrA has the closest
relationship to the modulation of IAP (Cresswell
et al 1992a, 1994, Cresswell 1993). Because of its
fibre orientation, TrA has a limited ability to gener-
ate trunk motion, although it is active during rota-
tion efforts (Hemborg 1983, Cresswell et al 1993,
Urquhart et al 2002). Therefore, TrA is considered
to have its major effects on lumbopelvic stability
via increases in TAP and fascial tension and via
compression of the sacro-iliac joints and, poten-
tially, the pubic symphysis (Cresswell et al 1992a,
Snijders et al 1995, Hodges 1999). These mechan-
isms are described in detail below. Two issues are
important to consider. First, unless activity of the
diaphragm and pelvic floor muscles accompanies
that of TrA, contraction of TrA will simply displace
the abdominal contents with minimal effect on the
IAP and fascial tension; second, TrA also con-
tributes to control of abdominal contents and respir-
ation, and these functions must be coordinated.
These issues are addressed below.

Obliquus internus abdominis

Obliquus internus abdominis forms the middle
layer of the lateral abdominal wall, with a muscu-
lar attachment to the lateral two-thirds of the
inguinal ligament, the anterior two-thirds of the
iliac crest and the lateral raphe of the thoracolum-
bar fascia in a band 2-3cm wide, attaching to
fibres of the deep lamina arising from the L3
spinous process (Bogduk and Macintosh 1984,
Williams et al 1989) (Fig. 3.4). The posterior iliac
fibres pass superiorly to attach to the inferior bor-
der of the lower three or four ribs and are continu-
ous with the internal intercostal muscles. The
fibres from the inguinal ligament run inferomedi-
ally to attach to the pubic crest as the conjoint ten-
don with TrA. The intermediate fibres diverge
from the origin, ending in a bilaminar aponeurosis
with the upper fibres of the aponeurosis attaching
to the outer surface of the seventh to ninth costal
cartilages. The lower fibres of this intermediate
region pass horizontally in parallel with the fibres of
TrA (Hollinshead and Jenkins 1981, Williams et al
1989). The anterior layer of the obliquus internus
abdominis aponeurosis passes superomedially
towards the linea alba and lies anterior to the rec-
tus abdominis. The position of the obliquus internus

abdominis aponeurosis relative to that of obliquus
externus abdominis varies depending on its posi-
tion relative to the umbilicus (Rizk 1980). The pos-
terior layer of the fascia passes posterior to the
rectus abdominis and has a similar arrangement to
that of the TrA. The anterior fibres ate continuous
with the contralateral obliquus externus abdominis,
while the posterior fibres are continuous with the
TrA (Askar 1977, Rizk 1980).

Similar to the TrA, the obliquus internus abdo-
minis contributes to the support of the abdominal
contents and modulation of JAP (Agostoni and
Campbell 1970). However, because of the fibre
orientation this will be coupled with the production
of a trunk flexion moment (Floyd and Silver 1950,
Williams et al 1989, McGill and Norman 1993), ipsi-
lateral trunk rotation (Partridge and Walters 1959,
Williams et al 1989, Cresswell et al 1992a) and
ipsilateral lateral flexion (Carman et al 1972). In
addition, the lower fibres of obliquus internus
abdominis can compress the sacro-iliac joint and
contribute to the force closure mechanism (Snijders
et al 1995). In a small proportion of individuals, the
posterior fibres of the obliquus internus abdominis
insert into the lateral raphe of the thoracolumbar
fascia (Bogduk and Maclntosh 1984), which can
transmit force to the thoracolumbar fascia.

Obliquus externus abdominis

Obliquus externus abdominis is the most superficial
of the lateral abdominal muscles (Fig. 3.5). It arises
via eight digitations from the external surface of the
lower eight ribs (Williams ct al 1989). The upper five
segments interdigitate with serratus anterior. The
muscle fibres of obliquus  externus  abdominis
descend in various directions, with the most inferior
fibres directed almost vertically down to insert on
the anterior part of the iliac crest, The middle and
upper fibres descend downwards and forwards to
the anterior aponeurosis, interlacing with the
aponeurosis of the opposite muscle to form the linea
alba. The inferior regions of the aponeurosis are
thickened and form the inguinal ligament.
Although obliquus externus may contribute to
the modulation of AP, its mechanical advantage is
inferior to that of TrA. The major functions attrib-
uted to this muscle are a trunk flexion (Floyd and
Silver 1950, Williams et al 1989, McGill and Norman
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1993), contralateral trunk rotation (Partridge and
Walters 1959, Williams ot al 1989, Cresswell et al
1992a) and ipsilateral lateral flexion (Carman et al
1972). The rib cage attachment of this muscle pro-
vides a strong mechanical advantage to reduce the
lateral and vertical dimensions of the rib cage to
generate expiration (DeTroyer and Estenne 1988).
The obliquus externus abdominis has no attach-
ment to the thoracolumbar fascia (Bogduk and
MaclIntosh 1984).

Figure 3.4 The
attachments and fibre
orientation of the
obliquus internus
abdominis. (Reproduced
with permission from
Williams et al 1989,

p. 598.)

abdominis

" Obliquus
internus

Rectus abdominis

Rectus abdominis extends the length of the anter-
ior abdominal wall from the crest of the pubis and
ligaments on the anterior symphysis pubis to the
inferior rib cage in three portions, which attach to
the fifth, sixth and seventh ribs, respectively
(Williams et al 1989) (Fig. 3.6). The right and left
muscles are separate by the linea alba. The muscle
is crossed by three fibrous bands and is enclosed
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Figure 3.5 The attachments and fibre orientation of
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etal 1989)
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Figure 3.6 The attachments and fibre orientation of
rectus abdominis. (Reproduced from Williams et al 1989.)

in the sheath formed from the aponeuroses of the
obliqui and TrA (Rizk 1980).

Rectus abdominis is a major flexor of the trunk
and has minimal contribution to rotation and lat-
eral flexion (Williams et al 1989). It has a minimal
ability to modulate 1AP (Cresswell et al 1992a,
Daggfeldt and Thorstensson 1991).

Diaphragm

The diaphragm is a thin dome-shaped muscle that
separates the thorax from the abdomen. The mid
region of the muscle is tendinous (central tendon)
and is surrounded by muscular fibres that attach
to the internal surface of the rib cage and the ver-
tebral bodies (Williams et al 1989) (Fig. 3.7). Fibres
arising from the vertebrae constitute the lumbar
portion of the muscle and attach to the anterior
surface of the upper lumbar vertebrac by the cru-
rac and the lumbosacral arches. The right crus
is larger and longer than the left and attaches to
the anterior surface of the upper three lumbar ver-
tebrae and the intervertebral discs. The left crus
attaches to the upper two lumbar levels. Inferiorly,
the crurae are continuous with the anterior longi-
tudinal ligament in the lower lumbar region.
Superiorly, the crurae meet in the midline forming
an arch over the aorta. The medial lumbosacral
arches traverse from the crurae and lateral verte-
bral bodies to the transverse process of the first and
sometimes the second lumbar vertebrae (medial
lumbocostal arch) over the psoas muscles. The lat-
cral lumbocostal arches traverse over quadratus
lumborum from the transverse process of the first
lumbar vertebrae to the tip and lower margin of
the twelfth rib.

Fibres of the costal portion of the diaphragm
arise from the inner surface of the costal cartilages
and adjacent regions of the lower six ribs and
interdigitate with the fibres of TrA. Anteriorly, the
fibres that arise from the posterior aspect of the
xiphoid process form the sternal portion. Three
major structures pass through the diaphragm: the
aorta passes between the crurac and vertebral
bodies, the ocsophagus passes through an elliptical
opening in the muscular portion anterior to the
aorta, and the vena cava passes through the cen-
tral tendon (Fig. 3.7).

The major function of the diaphragm is inspir-
ation (Agostoni and Sant’ Ambrogio 1970). During
inspiration, contraction of the muscular portion of
the muscle draws the central tendon down and for-
ward, increasing the vertical dimensions of thorax
and leading to reduction of intraplcural pressure
and inspiration (Agostoni and Sant’Ambrogio
1970). During this descent, the dome shape of
the central region remains largely unaltered and
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Figure 3.7 The attachments and fibre orientation of the diaphragm. (Adapted from Williams et al 1989.)

its descent is permitted by caudal motion of
the abdominal viscera, which is allowed by the
clasticity of the abdominal muscles (Williams et al
1989). 1f the descent of abdominal viscera, and
therefore the domes, is restricted by abdominal
muscle activity, the contraction of the costal fibres
of the diaphragm, which are largely vertical in
orientation, pull up the lower ribs. Because of the
bucket handle action of the rib cage, this increases
the transverse dimension of the rib cage (Mcad
1979). Thus the interrelationship between changes
in vertical and transverse dimensions of the thorax
depend on the activity of the abdominal muscles
(DeTroyer and Estenne 1988). During expiration,
the diaphragm relaxes and the elasticity of the rib
cage and lung reduces the dimensions of the thorax
(DeTroyer and Estenne 1988).

In terms of spinal control, the largest contribu-
tion from the diaphragm is likely to be through its
role as a major contributor to IAP (Hodges ct al

1997a). Furthermore, its activity is required to pre-
vent displacement of the abdominal viscera so that
activity of TrA increases tension in the thora-
columbar fascia (Hodges et al 1997a). If shortening
of the circumferential TrA is unrestricted by the
abdominal contents, it will continue to shorten
with minimal change in tension (McGill and
Norman 1993).

Pelvic floor muscles

There is considerable disagreement regarding the
nomenclature of the muscles of the pelvic floor
(Williams et al 1989). In general, it is considered
that the pelvic diaphragm comprises a group of
muscles that include the pubococeygeus, iliococ-
cygeus and ischiococcygeus (Fig. 3.8). lliococcygeus
arises from the ischial spine and the posterior
tendinous arch of the pelvic fascia and is attached
to the coccyx and the anococcygeal raphe, which,
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Figure 3.8 The attachments and fibre orientation of the muscles of the pelvic floor. (Reproduced from Anderson 1983.)

as its name suggests, is a thin fibrous structure run-
ning from the anus to the coccyx. Pubococcygeus
arises from the back of the pubis and the anterior
portion of the obturator fascia and is directed
backwards so that the major part of the muscle
attaches to the coccyx and the distal segments of
the sacrum. The muscle sits beside the anal canal.
Between the vertebral termination and anus, the
pubococcygeal muscles come together to form a
fibromuscular layer at the join between the iliococ-
cygei. This region may be largely fibrous and has
led many authors to argue that pubococcygeus
does not have a direct vertebral attachment. The
medial fibres attach to corresponding fibres from
the opposite side to form a sling for the rectum
called the puborectalis. Isciococcygeus arises from
the spine of the iscium and sacrospinous ligament
and inserts into the margin of the coccyx and the
lower segments of the sacrum.

The iliococcygeus and pubococeygeus constrict
the lower end of the rectum and vagina and
elevate and invert the lower end of the rectum to
assist with faecal continence (Williams et al 1989).
Ischiococcygeus pulls forward (counternutate the

sacrum) and supports the coccyx. All muscles of the
pelvic floor support the pelvic viscera and this is
critical during forced expiration and for modulation
of IAP (Deindl et al 1993). It is via this latter mecha-
nism that the pelvic floor muscles contribute most to
spinal control, although the muscle may also influ-
ence the sacro-iliac joints via the coccyx attachment.

Psoas major

Psoas major forms part of the posterior aspect of the
abdominal cavity and can be loosely divided into
two portions (Bogduk ct al 1992a): the posterior
fibres that arise from the anterjor surface and
bases of the transverse processes of all the lumbar
vertebrae and an anterior portion that attaches to
the inferior and superior edges of the vertebral
bodies, tendinous arches that extend between the
direct body attachments and intervertebral discs
of the last thoracic and all lumbar vertebrac
(Williams et al 1989) (Fig. 3.9). These fibres attach
to an intramuscular tendon and pass across the
brim of the pelvis, beneath the inguinal ligament
and in front of the capsule of the hip to end in a
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tendon that reccives the fibres of iliacus to attach to
the lesser trochanter. In the upper lumbar regions,
the psoas passes under the medial lumbocostal
arch of the diaphragm.

There has been considerable debate regarding
the function of psoas major. Although it has been
variously argued to have functions associated with
hip flexion, lumbar flexion and lateral flexion, more
recently attention has been directed to differential
functions of the posterior and anterior portions. In
gencral, it is argued that the posterior fibres have
a role in intervertebral compression, whereas the
anterior fibres gencrate compression and move-
ment of the spine and hip (Bogduk et al 1992a). This
has led to the proposal that the posterior fibres con-
tribute to segmental control of the spine (Gibbons
2001), although part of the posterior aspect of the
abdominal wall psoas has minimal contribution to
AP generation (Williams et al 1989).

Quadratus lumborum

Like psoas major, quadratus lumborum s gencrally
regarded to have two major components (Williams
et al 1989). The lateral portion of the muscle arises
from the iliolumbar ligament and adjacent iliac
crest to insert onto the lower border of the twelfth
rib (Fig. 3.9). The medial portion arises from the iliac
crest to attach by four small tendons to the apices
of the transverse processes of the upper lumbar
vertebrae. Other fibres, anterior to the superome-
dially directed fibres, pass superolaterally from the
lower three to four transverse processes to the lower
margin of the twelfth rib. Quadratus lumborum
passes through the lateral lumbocostal arch of the
diaphragm.

Quadratus lumborum is a lateral flexor of the
trunk (Andersson ct al 1996); it can clevate the
pelvis or depress the thorax depending on the rela-
tive flexibility of each component (Williams ct al
1989). In addition, it pulls down on the twelfth rib
and is active during inspiration to stabilize the
attachment of the posterior costal portion of the
diaphragm (Williams et al 1989). The medial
fibres, in particular, have been argued to provide
an important contribution to the control of spinal
buckling (McGill et al 1996). Although nota strong
trunk extensor, unlike the paraspinal muscles it
does not exhibit silence at the end range of trunk
flexion (Andersson et al 1996).

BIOMECHANICAL CONTRIBUTION
TO LUMBOPELVIC CONTROL

As discussed in Chapter 2, there has been consid-
crable discussion of the relative contribution of the
trunk muscles to lumbopelvie stability (Cholewicki
and Van Vliet 2002, McGill 2002a,b). A key factor
to reiterate is that all muscles contribute to stabil-
ity. However, the neural system is unlikely to use
all muscles all of the time, and activity of specific
muscles is likely to be utilized for specific func-
tions. This section will outline how the muscles of
the abdominal mechanism may contribute to the
multiple elements of stability.

Superficial abdominal muscles

The superficial or global abdominal muscles
(obliquus internus abdominis, obliquus externus



40 THE JOINT PROTECTION MECHANISMS

abdominis and rectus abdominis) make a critical
contribution to spinal stability and, as mentioned
above, muscles such as obliquus externus abdo-
minis provide a powerful contribution to the con-
trol of buckling forces (Gardner-Morse and Stokes
1998, McGill 2002a,b). In general, the contribution
of the superficial muscles to lumbopelvic move-
ment and stability is predictable, based on the
moment arm and direction of force provided by the
muscles. That is, flexors gencrate flexion torque
and oppose extension. In many situations, activity
of the superficial muscles is phasically and specif-
ically matched to the direction of internal and exter-
nal forces. For instance, if the surface on which
a person is sitting is rapidly moved forwards,
a rapid burst of abdominal muscle activity is initi-
ated to restore the upright position of the trunk
(Keshner and Allum 1990, Forssberg and Hirschfeld
1994, Henry et al 1998). However, in many situ-
ations, particularly tasks that involve high load or
tasks that are unpredictable, muscles on either
side of the trunk are co-activated to stiffen the
trunk (van Dieen and de Looze 1999). For instance,
abdominal muscles are co-active with the exten-
sors during lifting (Cholewicki et al 1991); they are
active bilaterally during forced rotation (Zetterberg
ct al 1987, McGill et al 1996) and to control the pelvis
during leg lifts (Richardson et al 1990). Although
co-contraction has been observed in numerous tasks
and is commonly included in models of spinal con-
trol, most functions involve finely tuned activity
of discrete muscles (Hodges et al 1999, Radebold
et al 2000).

Predictably, activity of rectus abdominis con-
trols trunk extension; obliquus externus abdominis
contributes to the control of ipsilateral rotation and
to contralateral lateral flexion and extension, and
obliquus internus abdominis contributes to the
control of contralateral rotation and contralateral
lateral flexion and extension. The lower fibres of
obliquus internus abdominis, which are transver-
sly and inferomedially oriented, may also con-
tribute to the control of the sacro-iliac joints (sce
below) (Snijders et al 1995).

Transversus abdominis

There has been considerable debate regarding the
contribution of TrA to control of the lumbar spine

and pelvis. This has been largely caused by its bio-
mechanical complexity. As the muscle has mainly
transversely oriented muscle fibres, it has a limited
ability to flex, extend or laterally flex the spine
(Williams et al 1989). Although it has been shown
to be active during rotation of the trunk (Hemborg
1983, Cresswell et al 1993, Urquhart et al 2002),
it has a limited moment arm to contribute to rotary
torque. Regardless of this fact, several authors
have modelled the contribution of TrA to lumbar
stability from the perspective of control of spinal
buckling (McGill 2002a,b). Not surprisingly, its
contribution to this element of control is not large.
Interestingly, although its contribution was small,
it was the most efficient at generating an effect
(McGill 2002a,b). Alternatively, it has been argued
that TrA may primarily act via modulation of AP,
fascial tension and compression of the sacro-iliac
joints (Cresswell et al 1992a, Snijders et al 1995,
Hodges 1999). Here we review the evidence for
each of these mechanisms and their specific contri-
bution to lumbopelvic stability.

Intra-abdominal pressure

IAP is increased in many cveryday tasks such
as lifting, running and walking (Bartelink 1957,
Grillner et al 1978, Kumar 1980) and since the
1920s it has been argued that it contributes to
trunk control. The initial hypothesis argued that
the abdominal cavity functions as a pressurized
‘balloon” in front of the spine, with a force up on
the diaphragm and down on the pelvic floor to
extend the trunk (Fig. 3.10) (Bartelink 1957, Morris
et al 1962, CGrillner et al 1978). It was proposed
that the extension moment from [ADP would
reduce the demand for back extensor activity and
decrcase the compressive load on the lumbar
spine (Bartelink 1957, Troup et al 1983, Thomson
1988). Although this proposal was supported by
initial models (Thomson 1988) and experimental
data (Wedin ct al 1987, McGill and Sharratt 1990),
more vecently this hypothesis has been questioned
by arguments that early models overestimated
factors such as the surface area of the diaphragm
and the moment arm of TAP (McGill and Norman
1987, 1993). Furthermore, it has been argued that
the extensor torque produced by IAP may be offset
by the flexion moment generated by the abdominal
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Figure 3.10 The contribution of intra-abdominal
pressure to the production of an extensor movement by
exerting a distracting force between the diaphragm and
the pelvic floor. (Adapted from Bartelink 1957, p. 722.)
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muscles (Nachemson et al 1986, McGill and
Norman 1987).

Until recently, no studies had measured whether
IAP can generate an extension moment in vivo.
This has been difficult to assess because, when [A]
isincreased voluntarily by abdominal muscle activ-
ity, it is impossible to disentangle whether any
change is caused by the increased IAP or by trunk
muscle activity (Cholewicki et al 1999a). Recently,
we have directly measured this effect in vivo in
humans (Hodges et al 2001b). In this study, IADP was
increased involuntarily by electrical stimulation of
the phrenic nerves in the neck. The evoked contrac-
tion of the diaphragm increased AP, but without
concomitant abdominal or back extensor muscle
activity (Fig. 3.11). This IAP increase was associated
with a small but consistent extension moment.
Therefore, if IAD is increased by contraction of the
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Figure 3.11  When intra-abdominal pressure (IAP) is increased by electrical stimulation of the phrenic nerves to evoke
contraction of the diaphragm (a), but not the abdominal muscles, the pressure increase is associated with a small but
consistent extension moment (b). EMG, electromyography. (Adapted from Hodges et al 2001b.)
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diaphragm, pelvic floor muscles and the trans-
versely orientated muscle fibres of TrA (and to a
lesser extent obliquus internus abdominis), which
produce IAP with no or minimal concurrent flexor
moment (Cresswell et al 1992a, Daggfeldt and
Thorstensson 1997), the IAP rise may extend the
spine. This has been confirmed in pigs with elec-
trical stimulation of the diaphragm and TrA
(Hodges et al 2003a,b). According to the model of
Daggfeldt and Thorstensson (1991), fibres of the
abdominal muscles with an inclination to the
vertical of greater than 55 degrees can contribute
to unloading. The possibility that situations may
occur where these muscles are recruited preferen-
tially has not been considered in many bio-
mechanical studies (Nachemson et al 1986, McGill
and Norman 1987, Cholewicki et al 1999a,b); activ-
ity of these muscles has been shown to occur in con-
junction with tasks in which 1AP was elevated
(Cresswell et al 1992a, Cresswell and Thorstensson
1994, Hodges and Richardson 1997a—c, Hodges
et al 1997a, 1999, Hodges and Gandevia 2000a) and
correlated better than the other abdominal muscles
with the modulation of IAP amplitude during
movement tasks (Cresswell et al 1992a, Hodges
ct al 1999). Furthermore, previous data have sug-
gested that TrA is the most active of the abdominal
muscles in back extension efforts (Cresswell et al
1992a). However, it must be considered that con-
tractions of the TrA, diaphragm and pelvic floor
muscles do not occur alone during functional tasks,
and activity will be present in the other abdomi-
nal muscles (Cresswell et al 1992a, Hodges and
Richardson 1997b, Hodges ct al 1999). Therefore,
any net effect of the extensor torque depends on
the specific abdominal muscles responsible for the
pressurc increasce in real-life situations, but this is
likely to be small in many situations. Instead, the
concurrent flexion and extension moments may
increase spinal stiffness, similar to co-contraction
of flexor and extensor muscles (Cholewicki et al
19994, b).

Alternatively, IAP may directly increase spinal
stiftness (Hodges and Richardson 1997¢). Recently,
we have shown that increasing IAP in humans ton-
ically by tetanic contraction of the diaphragm
results in increased stiffness of the spine (measured
from the force—displacement response with a motor
placed over the L4 spinous process) (Hodges et al

2001¢). In pigs, intervertebral stiffness (measured
directly from the intervertebral kinematics in
response to movement of [4 using markers
inserted into the spinous processes of the L3 and
L4 vertebrae) was increased in association with
diaphragm and TrA contraction (Hodges et al
2003a) (Fig. 3.12). However, this was only with cer-
tain specific directions of force in association with
diaphragm contraction. Notably, the mechanical
effect of TrA contraction on spinal stiffness only
occurred with bilateral contraction of the muscle
and was reduced in one direction if the fascial
attachments were cut (see below).

Fascial tension

Tension in the thoracolumbar fascia has long been
considered to contribute to spinal stability (Fairbank
and O’Brien 1980, Gracovetsky et al 1985). However,
therc has been considerable debate regarding
the extent of its contribution and the specific
parameters of spinal control that may be influ-
enced.Of the abdominal muscles, TrA is likely to
have the greatest influence on the tension of the
thoracolumbar fascia as a result of its extensive
attachment. The attachment of TrA to the entire
Jateral raphe allows this muscle to exert tension on
the middle and posterior layers of the thoracolum-
bar fascia in the middle and lower regions of the
fascia (Bogduk and Maclntosh 1984) (Fig. 3.3). In
contrast, the attachment of the posterior fibres of
the obliquus internus abdominis is restricted to
the portion of the lateral raphe connected to the
L3-L5 spinous processes (Bogduk and Macintosh
1984). Furthermore, when the fibres of the obliquus
internus abdominis arc tractioned, no visible
displacement of the deep lamina of the posterior
layer is produced (Vleeming et al 1995).
Observations of lumbar extension produced
by bilateral lateral tension of the thoracolumbar
fascia in cadavers (Fairbank and O’Brien 1980) and
theorctical evaluations of thoracolumbar fascia
anatomy (Farfan 1973) led to the proposal that the
TrA could produce an extensor torque owing to
the oblique orientation of the fibres ot the fascia
(Gracovetsky ct al 1985). It has becn suggested
that the orientation of the fibres of the posterior
layer of the thoracolumbar fascia may assist in the
production of an extensor moment by converting
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Figure 3.12 Effect of intra-abdominal pressure on intervertebral stiffness. (a) Intra-abdominal pressure was increased
by electrically evoked contraction of transversus abdominis or the diaphragm in pigs. (b) Intervertebral stiffness was
investigated by measurement of relative motion between the L3 and L4 vertebrae when the L4 vertebra was moved by a
motor. Increased stiffness would be indicated if the intervertebral motion was reduced. (c) Intervertebral motion was
reduced (i.e. stiffness was increased) by contraction of the diaphragm and by bilateral, but not unilateral contraction of

transversus abdominis. (Adapted from Hodges et al 2003a.)

lateral tension to longitudinal tension (Fig. 3.13)
(Gracovetsky et al 1977, 1985). At any point along
the lateral raphe, there is a fibre of the superficial
lamina passing caudomedially and a fibre of the
deep lamina passing caudolaterally towards the
spine; these form a series of triangles, each subtend-
ing two levels (Gracovetsky et al 1985). Because of
the obliquity of the attachment, the force exerted

at the basal angle would have a horizontal and a
vertical vector. With bilateral tension, the sum of the
horizontal vectors is zero, while the vertical vectors
produce opposite movement approximating the
spinous processes (or preventing separation of the
spinous processes) and resulting in trunk extension
(Gracovetsky et al 1977, 1985). This would provide
a mechanism for TrA to contribute to control of
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Figure 3.13 The mechanics of the thoracolumbar fascia.
From any point in the lateral raphe (LR), lateral tension in
the posterior layer of thoracolumbar fascia is transmitted
upwards through the deep lamina of the posterior layer,
and downwards through the superficial layer. Because of
the obliquity of these lines of tension, a small downward
vector is generated at the midline attachment of the deep
lamina, and a small upward vector is generated at the
midline attachment of the superficial lamina. These
mutually opposite vectors tend to approximate or oppose
the separation of the L2 and L4, and L3 and L5 spinous
processes. Lateral tension on the fascia can be exerted by
the transversus abdominis (TA), and to a lesser extent by
the few fibres of the internal oblique muscle when they
attach to the lateral raphe. (Reproduced with permission
from Bogduk 1997, p. 123.)

spinal orientation. However, more recent studies
have suggested that the effect of this mechanism is
minimal (Macintosh et al 1987, McGill and Norman
1988) when realistic fibre angles and muscle tension
arc used; when tension of the thoracolumbar fascia
was replicated in a cadaver, no approximation of
the spinous processes (i.c. extension) was observed
(Tesh et al 1987). However, the small amount of
compression produced by this mechanism may
contribute to the control of shear forces.
Alternatively, tension in the thoracolumbar fascia
may contribute to the control of intersegmental
motion via production of lateral tension to restrict
vertebral displacement (Hodges and Richardson
1997¢, Hodges et al 2003a,b) (Fig. 3.14). This mech-
anism is dependent on the bilateral contraction of

Figure 3.14 Control of intersegmental motion via
lateral tension in the thoracolumbar fascia. Motion of the

vertebrae is associated with changes in the length of the
fascia (a). This motion can be restricted by preventing
lengthening of the fascia. As the tensile stress in the
fascia is increased the amount of rotation and
translation can be limited.

TrA and is likely to be greatest in the mid lumbar
levels, which have a direct attachment of TrA to
the transverse processes. The thoracolumbar fascia
has also been suggested to contribute to the con-
trol of coronal plane motion via the convergence of
the fibres of the middle layer of the fascia onto the
transverse processes of the lumbar vertebrae (Tesh
et al 1987). It was proposed that approximation of
the transverse processes would occur i a similar
manner to that proposed for the production ot
trunk extension, involving conversion of a lateral
force into a longitudinal force (Fig. 3.15). The ver-
tical vector producing an approximation of the
transverse processes has a large mechanical advan-
tage because of the distance from the centre of
rotation of the lateral flexion (Tesh et al 1987). The
ability of this mechanism to control the spine in
the coronal plane was assessed by placing cadavers
in a laterally flexed position and measuring the
force required to maintain this position as the
tension in the fascia was increased by inflating a
balloon in the abdominal cavity (Tesh et al 1987).
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Figure 3.15 Stabilization of the lumbar spine in

the coronal plane via tension in the middle layer of the
thoracolumbar fascia. The oblique orientation of

the fibres of the middle layer allows lateral tension of the
fascia to produce a vertical vector acting to approximate
the adjacent vertebrae. When the spine is laterally
flexed, the magnitude of the resultant vertical vector is
greater on the convex side, potentially contributing to
the return of the spine to the neutral position. (Adapted
from Tesh et al 1987, p. 504.)

The balloon was prevented from exerting pressure
against the diaphragm and pelvic floor, which
would simulate an increase in IAP. The maximum
lateral flexion moment acting to straighten the spine
as a result of this procedure was 14.5 mN. Therefore,
up to 40% of trunk stability in the coronal plane may
be produced by tension of the middle layer of the
thoracolumbar fascia (Tesh et al 1987).

In a recent study, we electrically stimulated
contraction of TrA in pigs and showed that when
tension was developed in the middle layer of
the thoracolumbar fascia, without an associated
increase in TAD, there was no significant effect of
contraction on intervertebral stiffness (Hodges
etal 2003a). However, the importance of the fascial
system was highlighted by the finding that when
the fascial attachments were cut, an increase in
IAP had the potential to decrease spinal stiffness
in specific directions of movement.

Figure 3.16 Cross-section of the pelvis at the level of
the sacro-iliac joints. The application of force by the
transversus abdominis and oblique abdominal muscles
(Fy), in combination with stiff dorsal sacro-iliac ligaments
(R), compresses the sacro-iliac joints (F). Because the
lever arms of the muscle and ligament force are different,
the joint reaction force is much greater than the muscle
force. 1, Sacrum; 2, iliac bone; 3, joint cartilage; 4, joint
space; 5, ventral sacroiliac ligament; 6, interosseous
sacro-iliac ligaments; 7, dorsal sacro-iliac ligaments.
(Reproduced with permission from Snijders et al
1995, p. 423.)

In summary, this suggests that it is the inter-
action between pressure and fascial tension that is
critical for spinal stability. A final consideration is
that numerous authors have argued that fascial
tension can be further increased by contraction of
the erector spinac muscles in the envelope formed
by the middle and posterior layers of the thoraco-
lumbar fascia (Gracovetsky 1990).

Pelvic stability

As outlined in Chapter 2, the mechanism of stabil-
ity of the sacro-iliac joint is dependent on com-
pression between the ilia and the sacrum (i.e. force
closure) in addition to the shape and structure
of the joint surfaces (i.c. form closure) (Snijders
et al 1995). The anterior attachment of the TrA (and
the obliquus internus abdominis) to the iliac crest
ideally places this muscle to act on the ilia to pro-
duce compression of the sacro-iliac joints anteri-
orly. Because of the lever arm of the ilia, the force
generated by the TrA is amplified by a factor of four
(Fig. 3.16), thus contributing eftectively to the sta-
bility mechanism of this joint (Snijders et al 1995).
The ability of TrA to stiffen the sacro-iliac joints has
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recently been confirmed in vivo, where the laxity
of the sacro-iliac joints was measured using ultra-
sound to detect motion of the sacrum and ilium as
a measure of the transmission of vibration across
the sacro-iliac joints (Buyruk et al 1999). When sub-
jects performed a specific voluntary contraction of
TrA, the laxity of the sacro-iliac joint was reduced
(Richardson et al 2002). Furthermore, this reduc-
tion was greater than during a bracing contraction
of the other oblique abdominal muscles. However,
it is not possible to exclude changes in activity of
other muscles, such as the pelvic floor muscles,
which may reduce the laxity of the joint via
counternutation of the sacrum (Snijders et al 1995).
Regardless, these data provide convincing evidence
of the effect of TrA for control of the sacro-iliac
joints. The importance of this effect in controlling
shear forces atthe sacro-iliac joints in weightbearing
positions is revisited in Chapter 5.

Summary

In summary, these data suggest that TrA has a
limited ability to control the orientation of the
lumbar spine but has a significant function in the
control of intervertebral motion and intersegmen-
tal control of the pelvis. While further investiga-
tion is required, it appears that a combination of
IAP and fascial tension are responsible for the
effect of contraction of this muscle on the spinc.
These data provide convincing evidence that TrA
makes an important contribution to stability and
control of motion of the segments of the spine and
pelvis. Consequently, interventions that aim to
improve the control of this muscle are likely to
influence, specifically, the fine-tuning of interver-
tebral motion.

Diaphragm and pelvic floor

As mentioned above, the contributions of the
diaphragm and pelvic floor muscles to spinal con-
trol are primarily through their role in the gener-
ation of AP and the restriction of movement of the
abdominal viscera, so that the hoop-like geometry
of the abdominal muscles can be maintained and
tension can be developed in the thoracolumbar
fascia (Cresswell et al 1992b, Hodges ct al 19974,

Hodges 1999, Hodges and Gandevia 2000a,b). The
contribution of these elements to stability is out-
lined above. Notably, clectrical stimulation of the
diaphragm in humans and in pigs has shown that
contraction of this muscle can generate a minor
extension moment (Hodges et al 2001b); however,
more importantly, it can increase spinal stiffness
to posteroanterior force in humans (Hodges et al
2001c) and increase the intervertebral stiffness
of the spine to imposed lumbar motion in pigs
(Hodges et al 2003a). An additional consideration
is the potential for the lumbar fibres of the
diaphragm to contribute to control of the upper
lumbar spine via the direct attachment of the muscle
to the spine (Hodges et al 2001¢, Shirley et al 2003).
This has been supported by the observation that
the effect of electrically evoked contraction of the
diaphragm on spinal stiffness is greater at the
upper lumbar levels than on the lower region
(Hodges et al 2001¢, Shirley et al 2003).

Although no studies have directly assessed the
effect of pelvic floor muscle activity on spinal stiff-
ness, it may be reasonable to assume that its effect
will be similar to that of the diaphragm. An add-
itional consideration is the role of the pelvic floor
muscles on the control of the sacrum and coccyx.
In general, contraction of these muscles will coun-
ternutate the sacrum, which places the sacro-iliac
joints out of the closed packed position (Snijders
etal 1995). Therefore, while the pelvic floor muscles
may support these structures, they may also desta-
bilize. This highlights the necessity to coordinate
the activity of all muscles of the system. Hyper-
activity of the pelvic floor muscles would requires
additional consideration.

Muscles of the posterior abdominal wall

Although the posterior muscles of the abdominal
wall have only a limited role in the development
of IAP, they have becn argued variously to have
significant effects on the control of the spine
(Bogduk ct al 1992a, McGill ¢t al 1996).

Psoas

PPsoas has been considered extensively in the clin-
ical literature in back pain. To many, the muscle
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is regarded as one that has a tendency to over-
activity and tightness, and clinical techniques have
been developed to stretch the muscle and reduce
its activity (Janda 1978, 1986, Travell and Simons
1983). More recently, the argument that this muscle
is really two separate muscles has been presented.
Bogduk ¢t al (1992a) argued that the posterior
fibres, which arise from the transverse processes,
have a limited capacity to move the spine or hip
but generate compression at the lumbar segments.
In contrast, the anterior fibres make a larger con-
tribution to movement. Therefore, the posterior
fibres could have a mechanical contribution to the
control of intervertebral motion (Gibbons 2001).
This proposal requires further investigation.

Quadratus lumborum

The lateral portion of quadratus lumborum, which
spans the lumbar spine, belongs to the global sys-
tem and is primarily involved in lateral bending. In
contrast, the medial portion, which attaches directly
to the lumbar vertebral transverse processes, is
capable of providing segmental stability via its seg-
mental attachments (McGill et al 1996), although it
is unlikely to make a substantial contribution to
lateral flexion (Bogduk 1997). McGill et al (1996)
provided evidence that the quadratus lumborum
plays a significant role in the stability of the spine.
Muscle activity was measured during a symmet-
rical bucket-holding task. Activity increased with
increasing spinal compression provided through
progressive axial loading. Further evidence for the
seneral stabilizing role of the quadratus lumbo-
rum was provided by Andersson ct al (1996), who
found that, unlike with the erector spinae (Kippers
and Parker 1985), there was no electrical silence of
the muscle in full forward flexion. These data clearly
support theidea that this musele is a powerful con-
tributor to control of buckling forces. Interestingly,
in patients with back pain, overactivity, tightness
and trigger points are often reported by clinicians
(Travell and Simons 1983, Janda 1996). Treatment
is focused on decrcasing activity in the quadratus
lumborum rather than increasing it with exercise.
The medial portion of the quadratus lumborum may,
in the future, be shown to be functionally separate
from the lateral part of the muscle and contribute
directly to the segmental support of the spine.

MOTOR CONTROL OF THE ABDOMINAL
MECHANISM FOR LUMBOPELVIC
CONTROL

Chapter 2 described, in general terms, the strat-
egies used by the neural system to control the
multiple elements of stability. It was argued that
different strategies and different muscles are used
to control lumbopelvic orientation and interseg-
mental control. This section will describe the role
played by specific muscles of the abdominal cavity
for these functions.

Global abdominal muscles

As mentioned in Chapter 2, feedforward- and
feedback-mediated controls of the global muscles
are linked to the demands for control of spinal ori-
entation. In general, the strategies take two forms:
either discrete activity matched to the demands of
the task or co-activation to stiffen the spine gener-
ally. Limb movement tasks provide a window of
opportunity to investigate the characteristics of
the feedforward strategies planned by the neural
system (Belen’kii et al 1967, Bouisset and Zattara
1981, Massion 1992). In general, activity of rectus
abdominis, obliquus externus and internus abdo-
minis have been shown to occur earlier and with
greater amplitude during extension of the shoulder
or hip, which is appropriate to control the exten-
sion moment generated at the trunk (Cresswell
et al 1992a, Aruin and Latash 1995, Hodges and
Richardson 1997b,c, Hodges ot al 1999) (Fig. 3.17).
Activity of these muscles was also matched to con-
trol of motion in the frontal and transversc planes
(Hodges and Richardson 1997¢, Hodges et al
2000a). Similarly, in feedback-mediated responses,
activity of the global abdominal muscles was ear-
lier with forward translation of the support surface
in sitting when the trunk was caused to extend
(Forssberg and Hirschfeld 1994, Hodges ct al
2003c). Furthermore, activity of the global abdom-
inal muscles was reduced when an extension load
was removed from the trunk (Radebold ct al 2000).
In that task, activity of the abdominal muscles
must be reduced to maintain the trunk in an
upright position.

When the predictability of the perturbation is
reduced, co-activity of the global abdominal and
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Figure 3.17 Mean time of onset of electromyographic
activity of the abdominal (rectus abdominis (RA), obliquus
externus abdominis (OE), obliquus internus abdominis (Ol)
and transversus abdominis (TrA)) and superficial
multifidus (MF) muscles relative to the onset of deltoid
activity for all subjects (n =15) for shoulder flexion,
abduction and extension. All bars are aligned to the onset
of deltoid activity at zero. The end of each bar indicates
the group mean time of onset of the activity of the
muscles of the trunk. Standard errors of the mean are
indicated. Note the significantly different onsets in
activity of Of, OE, RA and MF between movement
directions and the non-significant variation in the latency
between the onset of deltoid and TrA activities. *p < 0.05.
(Reproduced with permission from Hodges and
Richardson 1997b, p. 365.)

back extensors muscles has been identified.
Examples include lifting a box with unpredictable
or uneven mass (van Dicen and de Looze 1999).
Several other factors are also associated with
co-activity of the global abdominal and posterior
muscles. For instance, in situations in which com-
pressive loading is high, such as lifting (Cholewicki
et al 1991) or forceful trunk movement such as
rotation (Zetterberg et al 1987), co-activation is
required to deal with buckling forces. This is the
optimal function of the global muscle system.
A key factor to note is that these data suggest that
co-activation is an appropriate strategy for situ-
ations with high load and high unpredictability
(Cholewicki et al 1991), but it is our contention that
this strategy is not ideal in lighter tasks. This issue
will be addressed in detail in Chapters 9 and 10. An
additional consideration is that, because the global
muscles move the trunk in multiple planes, activ-
ity of the abdominal muscles is often required to
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Figure 3.18 Mean recordings of intra-abdominal
pressure (IAP) and abdominal (rectus abdominis (RA),
obliquus externus abdominis (OE), obliquus internus
abdominis (Ol) and transversus abdominis (TrA)) and
erector spinae (ES) electromyographic activity during four
consecutive oscillations between flexion and extension.
Note the constant (but variable) activation of the TrA and
the direction-specific activation of the other trunk
muscles. (Reproduced with permission from Cresswell

et al 1992a, p. 413.)

counteract unwanted torques and maintain orien-
tation. For instance, when the oblique muscles
rotate the trunk, activity of contralateral muscles
is required to overcome other unwanted torques
(Zetterberg et al 1987). The results of many studies
concur with these findings. For example, activity
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Figure 3.19  Electromyographic activity of the abdominal (rectus abdominis (RA), obliquus externus abdominis (OE),
obliquus internus abdominis (Ol) and transversus abdominis (TrA)), superficial multifidus (MF) and deltoid muscles rectified
and averaged over 10 repetitions of shoulder flexion at three different speeds of movement: fast (~300°/s), natural
(~150°/s) and slow (~30°/s). The time of alignment of the traces is the onset of deltoid activity at zero; the onset of

activity of the TrA is shown. The figure demonstrates the delay in the onset of activity of each of the trunk muscles relative
to that of the deltoid, with natural compared with fast movement, and the absence of trunk muscle activity compared with
slow movement. ES, erector spinae. (Reproduced with permission from Hodges and Richardson 1997c, p. 1224))

of the global abdominal muscles has been shown
to be linked with trunk movement demands dur-
ing gait (Hodges and Saunders 2001), and if there
is an unexpected addition of a load to the trunk
(Cresswell et al 1994).

Local abdominal muscles

In contrast to the global muscles, activity of TrA
is gencerally independent of the direction of force
applied to the trunk. As mentioned in Chapter 2,
the timing and amplitude of this muscle does not
differ between directions of limb movement and,
thercefore, directions of force acting on the trunk
(Hodges and Richardson 1997a,b, Hodges etal 1999,
2000a) (Fig. 3.17). For this reason, non-direction-
specific feedforward activity of TrA is not consistent
with a contribution to the control of orienta-
tion of the trunk (the demand for which differs

between directions of movement) but is consis-
tent with the proposed contribution of TrA to
general intervertebral control (Hodges 1999). Data
from other tasks provide supporting evidence. For
instance, activity of TrA was shown to occur toni-
cally during repeated trunk flexion and extension
efforts (Cresswell et al 1992a) (Fig. 3.18) and during
gait (Hodges and Saunders 2001). In response to
unexpected perturbations to the trunk, TrA activity
was initiated with short latency during tasks that
extended or flexed the spine (Cresswell et al 1994,
Hodges et al 2001a).

Although the activity of TrA is independent of
the direction of force acting on the sping, its activity
is linked to the demands for control of spinal sta-
bility. For instance, a threshold velocity of arm
movement can be seen below which a response of
TrA doesnot occur (Hodges and Richardson 1997¢)
(Fig. 3.19), and during repetitive arm movements
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activity of transversus abdominis (TrA)
and the diaphragm (Dia), and the
associated increase in intra-abdominai
pressure (P,,) is linearly related with
the peak shoulder acceleration (and,
therefore, the amplitude of reactive
moment) during repetitive arm
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the amplitude of TrA activity could be correlated
with the peak acceleration of the limb (Hodges and
Gandevia 2000a) (Fig. 3.20). Furthermore, move-
ment of the more massive lower limb was associ-
ated with an earlier burst of activity of this muscle
(Hodges and Richardson 1997a) (Fig. 3.21). One fac-
tor to consider is that the response of TrA may also
be delayed or reduced if the stability of the spineis
increased. For instance, if TrA activity is already
increased by respiratory tasks, the postural res-
ponse is delayed (Hodges et al 1997b). This is con-
sistent with other studies that indicate changes in
postural responses in tasks in which background
activity is increased (Stokes et al 2000). Therefore,
the response of TrA is matched to the demands of
movement, at least in terms of the amplitude of
forces acting on the spine. It is plausible that if the
nervous system interprets that stability of the spine
is already achieved, although potentially inappro-
priately, by excessive contraction of the global mus-
clestostiffen the spine, a local muscle response may
not be initiated. This may explain some of the find-
ings in patients with low back pain (see Ch. 10).

As mentioned previously, there are several
similarities between the TrA and the obliquus
internus abdominis. Anatomically, the fibres are
similarly oriented in the lower region of the
abdominal wall (Williams ct al 1989, Urquhart ct al
2001). Consequently, obliquus internus may con-
tribute to similar functions as TrA. It is notable that,
unlike TrA, the activity of obliquus internus differs
between directions of force acting on the spine and
thus functions in a manner consistent with control
of orientation (Hodges and Richardson 1997,
Hodges et al 1999). One criticism is that this activ-
ity has been recorded from the mid region of
the muscle, which has a greater moment arm for
torque production. However, recent recordings
from the lower region of the muscle have similar
differential activation to TrA (D. M. Urqghuart
and P. W. Hodges, unpublished observations).
Additional issues to consider are that, while the
lower region may contribute to sacro-iliac joint
control, this region has no attachment to the thora-
columbar fascia and has only a minor mechanical
advantage to increase IAI’ (Bogduk and Maclntosh
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Figure 3.21  Mean electromyographic activity of the abdominal (rectus abdominis (RA), obliquus externus abdominis

(OE), obliquus internus abdominis (Ol) and transversus abdominis (TrA)), superficial multifidus (MF) muscles and the
prime movers of hip flexion (rectus femoris (RF)), abduction (tensor fascia latae (TFL)) and extension (gluteus maximus
(GM)) averaged over 10 repetitions for hip flexion, abduction and extension. The time of alignment of the traces at the
onset of activity of the prime mover is noted, and the onset of activity of the TrA is shown. The figure demonstrates the
onset of activity of the TrA prior to that of the prime mover and the other trunk muscles. (Reproduced with permission

from Hodges and Richardson 1997a, p. 139.)

1984). Further studies are required to clarify
the contribution of this muscle to intervertebral
control.

Diaphragm and pelvic floor muscles

Therc is increasing evidence that the diaphragm
and pelvic floor muscles contribute to the postural
response of the trunk muscles and are active in a
manner that is consistent with the control of inter-
vertebral motion rather than the control of spinal
orientation. Feedforward activity of the diaphragm
has been observed in advance of upper limb move-
ments with a latency that was similar to that of
TrA (Hodges et al 1997a) (Fig. 3.22). Notably, these
responses were found during inspiration and expir-
ation and were confirmed by ultrasound measure-
ment of muscle shortening in advance of the
movement of the limb. In addition, tonic activity of
the diaphragm has becen observed during repetitive
limb movements (Hodges and Gandevia 2000a,b).
The integration of the postural and respiratory func-
tions of the diaphragm is discussed below. Recent

studies have also investigated the activity of the
diaphragm in response to support-surface
tion. These studies indicate short-latency activity
of the diaphragm with movement of the support
surface, and the spatial and temporal aspects of
this activity did not differ between directions of
movement (Hodges et al 2003c). Other studies have
reported non-respirarory activity of the diaphragm
during arm cycling tasks (Sinderby et al 1992).

In terms of the pelvic floor muscles, activity has
been recorded with surface electrodes in advance
of limb movement and that is not dependent on
the direction of limb movement; in addition, tonic
activity was shown to occur during repetitive arm
movement tasks (Hodges et al 2002c). Additional
studies have investigated the relationship betwceen
the activity of TrA and the pelvic floor muscles. This
question arose from the clinical observation that
activity of TrA often accompanies pelvic floor
muscles and that pelvic floor muscle activity accom-
panies TrA activity. Two studies have investigated
these questions. In the first study, recordings of
activity of the abdominal muscles were made

transla-
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Figure 3.22 Representative single recordings of the electromyographic activity of the costal diaphragm and deltoid,
rib-cage motion, intra-abdominal pressure (Fy,), intrathoracic pressure (F,.) and transdiaphragmatic pressure (F;) with rapid
shoulder flexion occurring during inspiration (a) and expiration (b). The onset of diaphragm activity and the initiation of
movement of the limb are denoted by the dashed lines, and the onset of deltoid activity is denoted by the dotted line. The
time scale is identical in the left- and right-hand panels. The figure demonstrates the onset of increase in Py, and P prior
to the initiation of movement of the limb, thus providing evidence that the feedforward contraction of the TrA and the
diaphragm is associated with a mechanical response that precedes the onset of movement. The figure also shows the
onset of an increase in costal diaphragm activity prior to that of the deltoid, providing evidence of a contribution of the
diaphragm to the preparatory spinal stability mechanism. (Reproduced with permission from Hodges et al 1997a, p. 542.)

during maximaland submaximal contractions of the  and, third, that the specificity of the response was
pelvic floor muscles (Sapsford et al 2001). The key — better when the lumbar spine and pelvis were in a
observations were, first, that maximal contraction of neutral position rather than in posterior pelvice tilt.
the pelvic floor muscles was associated with activity — This has been confirmed in recent studies in which
of all abdominal muscles; second, that submaximal  activity of the abdominal muscles was judged with
activity of the pelvic floor muscles was associated  ultrasound imaging (Critchley 2002). In a second
with a more isolated contraction of TrA (Fig. 3.23);  study, activity of the pelvic floor muscles was
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Figure 3.23

Representative raw electromyogram of each of the abdominal muscles and the superficial multifidus

(MF) during the performance of a submaximal pelvic floor contraction in supine crook lying. Contractions were
performed in three conditions: anterior (anterior pelvic tilt with padding placed under the lumbar curve to maintain
the position); neutral (with the spine and pelvis in a neutral position); posterior (posterior pelvic tilt with padding
under the sacrum to maintain the position). Note the relatively isolated activity in the transversus abdominis (TrA)
with pelvic floor muscle contraction in the neutral position, and the additional activation of other abdominal muscles
in the anterior and posterior conditions. OF, obliquus externus abdominis; Ol, obliquus internus abdominis; RA, rectus

abdominis.

increased in association with gentle contraction of
the abdominal muscles (Sapsford and Hodges
2001). This latter finding has potential implications
for the management of incontinence, but turther
studies of clinical populations are required.

Posterior muscles

In contrast to the other muscles that surround
the abdominal cavity, few studies have directly

recorded from the posterior abdominal muscles.
A major factor has been the difficulty in making
recordings from these muscles owing to their
placement. Several studies have made recordings
with intramuscular clectrodes; however, these
have largely been confined to studies of activity of
these muscles during static postures and during
exercise manoeuvres (Andersson et al 1995, 1996,
McGill et al 1996). In gencral, these studies indi-
cate that quadratus lumborum is a lateral flexor
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(Andersson ct al 1995) and psoas is a tlexor or
lateral flexor of the trunk (Andersson et al 1996,
McGill et al 1996); however, the studies throw little
light on the role played by these muscles in lum-
bopelvic stability. One study does report activity
of quadratus lumborum during compressive load-
ing, which is consistent with the hypothesis that
this muscle is associated with the control of buck-
ling under compressive forces (McGill et al 1996).
Further studies are required to investigate whether
the fibres of these muscles that attach to the lum-
bar vertebrae are controlled in a manner that is
consistent with the control of intervertebral stabil-
ity. Studies are currently underway to investigate
the control of the posterior and anterior fibres of
psoas during a range of postural tasks.

THE CHALLENGE TO COORDINATE
MULTIPLE FUNCTIONS

A key issue to consider in the rehabilitation of
muscle function in people with low back pain is
that many of the muscles of the trunk that appear
critical for the control of intervertebral motion are
also involved in homeostatic functions such as
respiration and continence (Hodges 1999). In add-
ition, these muscles must support the abdominal
contents in upright positions (DeTroyer 1983).
Although strategies exist to coordinate these often
conflicting functions in the normal situation, this
may notbe true when the demand for one of these
functions is increased, for instance if respiratory
demand is increased by exercise or discase. This
section considers the strategies for coordination of
these multiple functions and situations in which
the coordination may be compromised.

Abdominal support

One function attributed to the abdominal muscles
is support of the abdominal contents. Based on the
circumferential arrangement of TrA, this muscle is
considered to have the most appropriate mechan-
ical efficiency to perform this role (DeTroyer et al
1990). Concurrently, activity of TrA (Strohl et al
1981) and the other abdominal muscles (Floyd and
Silver 1950, Campbell and Green 1955, Carman et al
1972) is commonly reported in standing. However,
this activity can be abolished casily with minor

adjustment to posture or by voluntary ctfort
(Campbell 1952, Agostoni and Campbell 1970,
Hodges et al 1997b). Increased activity of TrA as
patients are progressively tilted from supine to
standing are consistent with the role of this activ-
ity in visceral support (Campbell 1952, DeTroyer
1983, Goldman et al 1987). As this activity is tonic,
this is consistent with the function of this muscle
for lumbopelvic stability and is unlikely to present
a conflicting demand.

Respiration

Normal quict respiration involves cyclical activity
of the diaphragm, parasternal intercostal and sca-
lene musdes during inspiration, with expiration
generated passively by the elastic recoil of the
lung and chest wall (DeTroyer and Estenne 1988).
However, when the demand for respiration is
increased and the rate and depth of expiration is
increased, abdominal muscles are phasically acti-
vated during the expiratory phase (Campbell 1952).
If respiration is increased involuntarily (c.g. hyper-
capnoea) TrA is recruited at lower minute ventila-
tion than the other abdominal muscles (DeTrover
et al 1990, Abe et al 1996, Hodges ct al 1997b).
Recent data indicate that this may vary between
regions of the abdominal wall, with activity of the
mid region of TrA recruited with lower respiratory
demand (D. M. Urquhart and P> W. Hodges, unpub-
lished observations). Thercfore, both TrA and the
diaphragm have important respiratory functions
that must be coordinated with the contribution to
lumbopelvic stability. Recent studies of repetitive
limb movements confirm that when the arm is
moved repetitively to challenge the stability of the
spine, tonic activity of the diaphragm and TrA
is sustained but is modulated with respiration to
meet respiratory demands (Hodges and Gandevia
2000a,b) (Fig. 2.7). In a mechanical sense, the
diaphragm and TrA co-contract tonically; yet dur-
ing inspiration, diaphragm activity is increased and
shortens (concentric), and TrA decreases its activity
and lengthens (eccentric) (Fig. 3.24). The converse
pattern occurs during expiration (Hodges and
Gandevia 2000a,b). Recent data confirm that this
coordination also occurs during natural repeti-
tive movements such as locomotion (Hodges and
Saunders 2001). This coordination occurs as if
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Figure 3.24 Coordination of eccentric and concentric
activity of transversus abdominis and the diaphragm for
breathing during tasks in which stability is maintained by
tonic activity of these muscles. During inspiration, the
diaphragm contracts concentrically, whereas transversus
lengthens and contracts eccentrically. The converse
pattern occurs during expiration. In this manner, tonic
activity can be maintained with respiration.

there is summation of the respiratory and postural
drives to these muscles, which may occur at the
motoneuron, providing a mechanism for the CNS
to coordinate these functions. More recently, we
have shown that pelvic floor muscle activity is also
modulated during respiration. This occurs during
inspiration in association with the increased AP
caused by diaphragm contraction and during both
inspiration and cexpiration when respiration is
increased (Hodges et al 2002¢). Notably, this activ-
ity is coordinated with the activity associated with
lumbopelvic stability.

However, when respiratory drive is increased
by respiratory disease (Hodges et al 2000b) or by
breathing with an increased dead space to induce
hypercapnoea (Hodges and Saunders 2001, Hodges
ct al 2003¢), the coordination between respiratory
and stability functions of TrA and the diaphragm
is reduced (Fig. 3.25). This compromise involves
reduced tonic activity of the diaphragm and TrA,
and a reduction in phasic bursts of activity of these

muscles with each movement. Notably, this reduc-
tion in activity was associated with reduced mechan-
ical response, and a smaller increase in IAP was
measured in association with the repetitive arm
movement (Hodges and Saunders 2001). Recent
data indicate that response of TrA, the diaphragm
and pelvic floor muscles is reduced in response to
support-surface translation when subjects breathed
with an increased dead space (Hodges et al 2003c¢).
This impaired contribution of the local muscles to
lumbopelvic stability was associated with increased
activity of obliquus externus abdominis and rectus
abdominis (Hodges et al 2003c). Similarly, McGill
et al (1995) have shown that the load on the spine
from muscle activity was increased when lifting
tasks were performed during increased respiratory
demand. The normal fine-tuning of interverbral
motion is likely to be reduced in this situation. The
potential long-term effects of this change are dis-
cussed in Chapter 10. A novel recent finding is that
the postural function of TrA was reduced during
the inspiratory pause in speech when talking
while walking (P. W. Hodges et al, unpublished
observations).

Respiratory movements of the rib cage and
abdomen also generate a cyclical disturbance to
stability of the trunk and to body equilibrium
(Gurfinkel et al 1971). However, most studies have
failed to identify a cyclical disturbance to the
centre of pressure at the ground with respiration
(Gurfinkel et al 1971, Bouisset and Duchene 1994).
This is because of small-amplitude cyclical move-
ments of the lumbar spine, pelvis and lower limb
that arc time-locked to respiration and that match
and counteract the disturbance to postural stabil-
ity (Gurfinkel ct al 1971, Hodges et al 2002b).
Importantly, this postural compensation does not
occur when people have low back pain (Gagey
1986, Grimstone and Hodges 2003).

Continence

In contrast to the potential conflicting demands
of respiratory and stability functions of the local
muscles, in general the demands for continence
are consistent with the demands for spinal control
(Hodges 1999). That is, tonic activity is required
for both functions. Whether this occurs in people
with continence problems has not been established,
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Figure 3.25 Repetitive arm movement is normally associated with tonic activity of the diaphragm and transversus abdominis
(TrA) as well as phasic modulation of these muscles in association with breathing and arm movement, which is observable in
the raw data (upper panel) and frequency spectra (lower panels). When the arm is moved repetitively after breathing with an
increased dead space for 180 seconds to induced hypercapnoea, the tonic activity and the phasic activity with each arm
movement is reduced in these muscles. ES, erector spinae; EMG, electromyography. (Adapted from Hodges et al 2001d.)

although reduced activity in association with cough-
ing have been reported (Deindl et al 1993, 1994).

Other considerations for task conflict

As mentioned above, the trunk muscles contribute to
control of intervertebral motion, trunk orientation
and whole-body equilibrium, as well as performing
coordinated movements of the trunk. Theoretically,
this coordination may also compromise the accu-
racy of stability. For instance, when body equilib-
rium is disturbed, movement of the trunk is required
to maintain the position of the centre of mass over
the base of support, and this demand may be
inconsistent with the demand to maintain stability
(Oddsson 1989, Hodges et al 1999, Oddsson et al
1999, Huang et al 2001). Although trunk muscle
activity has been found to be consistent with both

tasks in specific situations (Hodges et al 1999), this
may notbe the case in all situations. For instance, if
the support surface is moved when a mass is being
lifted, conflict between postural and movement
tasks may arise (Oddsson et al 1999, Huang et al
2001). In this situation, postural control has been
shown to be compromised.

CLINICAL APPLICATION

The contribution of the individual elements of
the abdominal mechanism to lumbopelvic stability
has significant implications for planning clinical
strategies for rehabilitation of the patient with low
back pain. An important consideration is that,
although all muscles contribute to lumbopelvic
stability, the biomechanical and motor control cvi-
dence supports the proposal that local and global
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muscles of the abdominal cavity contribute to dif-
ferent elements of control. Specific assessment of
all elements of the system are required to investi-
gate fully the extent of dysfunction in the trunk
muscles. This will be readdressed in Chapter 10,
after consideration of the specific nature of the
control dysfunction identified in low back pain.

Consideration of the functional anatomy and
control of trunk muscles indicates that rehabilita-
tion approaches that involve trunk torque are
unlikely to restore the control of TrA, as this
muscle is not a torque producer. Furthermore, the
data suggest that fascial tension, IAP and sacro-
iliac joint compression are important. Therefore,
bilateral contraction of TrA is required to optimize
spinal control. As identified in the porcine studies,
unilateral contraction of TrA is unlikely to impact
on spinal intervertebral control (Hodges et al
2003a). Similarly, the effect of TrA on the spine and
pelvis is dependent on integrated activity of the
diaphragm and pelvic floor muscles.

When considering the strategies used by the
neural system to control the muscle of the abdom-

inal wall, it is important to address the issues
of tonic activity and early activity of TrA and
the pelvic floor in particular. However, attention
to the superficial global muscles must address
the requirement to match the demands of spinal
control, being co-active as required and phasic
when appropriate. If excessive co-activation of
global muscles is present, this clearly must be
addressed.

A final issue to consider is that any factor which
compromises the accuracy of control of any of
the components necessary to coordinate respiratory
and continence functions with stability may
require attention. For instance, it is critical for
patients to develop coordination of the stability
and respiratory functions of these muscles, and
people with respiratory disease may have greater
difficulty in achieving this control. Additional
consideration of timing of treatment around medi-
cation may be important. These issues will be
considered again in Chapter 10.
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INTRODUCTION

The muscles of the lumbar region that contribute
to the local stabilizing system of the spine are:

intersegmental muscles:

— intertransversarii

— interspinales.

lumbar muscles:

— lumbar multifidus

- longissimus thoracis pars lumborum
— iliocostalis lumborum pars lumborum.
quadratus lumborum (medial fibres).

INTERSEGMENTAL MUSCLES

The intertransversarii and interspinales are small
segmental muscles connecting the transverse
processes and spinous processes, respectively, of
two adjacent lumbar vertebrae (Bogduk 1997).
Their small size and location close to the centre of
rotation of the segment indicate that they would
have little torque-producing capability. They have
a segmental nerve supply (Bogduk et al 1982) and
arc highly rich in muscle spindles (Nitz and Peck
1986). McGill (2002b) proposed that these muscles
are actually length transducers and position sen-
sors, and Bogduk (1997) also proposed that these
muscles may have a predominant proprioceptive
role. As such, they could influence kinacsthetic
sense in the lumbar region and, therefore, affect
patterns of muscle activity. At this time, it is
not possible to undertake an evaluation of this
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functional role, and therefore detection of any
impairment in their function in patients with low
back pain is, likewise, not possible.

THE LUMBAR MUSCLES
Anatomy

Lumbar multifidus

Lumbar multifidus is the most medial of the
lumbar muscles and of the three lumbar muscles
has the unique arrangement of predominantly ver-
tebra-to-vertebra attachments within the lumbar
and between the lumbar and sacral vertebrae
(Macintosh et al 1986). The muscle has five separate
bands, each consisting of a series of fascicles that
stem from spinous processes and laminae of the
lumbar vertebrae (Fig. 4.1a). In each band, the deep-
est and shortest fascicle arises from the vertebral
lamina. The lamina fibres insert into the mamillary
processes of the vertebra two levels caudad, with
the L5 fibres inserting onto an area of the sacrum
above the first dorsal sacral foramen. The other fas-
cicles arise from the spinous process and are longer
than the laminar fibres (Macintosh et al 1986). Each
lumbar vertebra gives rise to one group of fascicles
that overlap those of the other levels. The fascicles
from a given spinous process insert onto mamillary
processes of the lumbar or sacral vertebrae three,
four or five levels inferiorly. The longest fascicles,
from L1, L2 and L3, have some attachment to the
posterior superior iliac spine (Fig. 4.1b). Some of
the deepest multifidus fibres attach to the capsules
of the zygapophyseal joints (Lewin et al 1962,
Macintosh et al 1986). The lumbar zygapophyseal
joints are covered by the multifidus on all sides,
except ventrally where the joints are in direct con-
tact with the ligamentum tlavum (Lewin et al 1962).
This close relationship can be demonstrated using
ultrasound imaging (Fig. 4.2). The ligaments that
form the capsule of the zygapophyseal joints are
rich in proprioceptive organs (Pacinian and Ruffini
corpuscles) (Cavanaugh et al 1996, McLain and
Pickar 1998). The attachment of the lumbar multi-
fidus to the zygapophyseal joint capsules keeps the
capsule taut and free from impingement between
the articular cartilages (Lewin et al 1962, Macintosh
et al 1986).

Longissimus thoracis pars lumborum

Longissimus thoracis pars lumborum lies lateral
to the lumbar multifidus and consists of five fas-
cicles that arise from the medial end of the transverse
processes and connect the lumbar vertebrae to the
ilium (Fig. 4.3). The fascicle from L5 inserts onto
the medial aspect of the posterior inferior iliac spine,
while the fascicles

caudal end that converge like a common tendon to
form the Jumbar intermuscular aponcurosis. This
attaches to a narrow area on the ilium lateral to the
insertion of the L5 fascicle (Bogduk 1997).

(@)

Figure 4.1 The fascicles of the lumbar multifidus.

(a) Anatomical dissection of the five fascicles. (b) i, the
laminar fibres at every level; ii-vi, the longer fascicles
from the caudal edge and tubercles of the spinous
processes at levels L1-L5. (Reproduced with permission
from Bogduk 1997, p. 106.)
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lliocostalis lumborum pars lumborum

The iliocostalis lumborum pars lumborum is the
most lateral of the lumbar back muscle group. It
has four fascicles that arise from the tips of the
transverse processes of L1-L4, and an area extend-
ing on to the middle layer of the thoracolumbar
fascia (Bogduk 1997). The four fascicles insert onto

the iliac crest, with the L4 fascicle deepest and the
L1 fascicle most dorsal (Fig. 4.4). There is no muscle
fascicle of the iliocostalis lumborum from L5 to the
ilium in the adult. Any muscle fibres present at
birth are replaced by collagen during growth and
maturation to help to form the iliolumbar liga-
ment (Bogduk 1997).

(continued).

Figure 4.1
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Figure 4.2  The multifidus. (a) Ultrasound image in parasagittal section, showing the intimate relationship between the
deep multifidus and the zygapophyseal joints. (b) The tissues visible: S, skin; ST, subcutaneous tissue; M, multifidus

muscle; L5-S1, L4-L5 and L3-L4, zygapophyseal joints.

Figure 4.3 Longissimus thoracis pars lumborum.
(Reproduced with permission from Bogduk 1997, p. 109)

Function

The back muscles are primarily extensors of the
spine when acting bilaterally, but the lumbar
longissimus and iliocostalis can also assist in lateral

Figure 4.4 lliocostalis lumborum pars lumborum.
(Reproduced with permission from Bogduk 1997, p. 111.)

flexion when acting unilaterally. None of the
muscles is a primary contributor to axial rotation,
but activity in this movement may reflect their sta-
bilizing counter to the flexion moment produced by
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the oblique abdominals (Bogduk 1997, Macintosh
and Bogduk 1986a or b). In trunk flexion, the multi-
fidus and lumbar longissimus and iliocostalis con-
trol the anterior rotation and anterior translation.
On return to upright, the multifidus induces poste-
rior sagittal rotation, assisted by the lumbar erector
spinae, which also control the posterior sagittal
translation (Bogduk 1997). Nevertheless, it is the
thoracic components of the erector spinae that pro-
duce the majority of torque to extend the thoracic
cage on the pelvis. The multifidus contributes only
20% of the total extensor moment calculated at
the L4 and L5 vertebral levels; the lumbar erector
spinac contributes 30%, while the thoracic compon-
ents of the erector spinae contribute 50% (Bogduk
et al 1992b). Even though the multifidus is the
largest muscle at the lumbosacral junction, it is at
a mechanical disadvantage to produce extension
of the thoracic cage on the pelvis.

All three of the lumbar muscles contribute to the
support and control of the orientation of the lum-
bar spine and the support or stabilization of the
lumbar segments. The importance of their sup-
porting function may be reflected in the distribu-
tion of muscle fibre type. In contrast to most human
muscles, which have a relatively even type | and
type Il fibre distribution, several postmortem stud-
ies have revealed that the lumbar multifidus and
the lumbar and thoracic components of the erector
spinac muscles have a high proportion of type T
fibres (Johnson et al 1973, Fidler et al 1975, Jowett
et al 1975, Sirca and Kosteve 1985, Thorstensson
and Carlson 1987, Jorgensen et al 1993). These par-
avertebral muscles are also characterised by a large
type 1 fibre cross-sectional area relative to other
human extremity muscles and abdominal muscles
(with the exception of the transversus abdominis)
(Jorgensen ctal 1993). The presence of both a larger
percentage of type I fibres and a larger type 1 fibre
size compared with type II fast twitch fibres sup-
ports the hypothesised tonic role of these muscles.
The proportion of type [ fibres in the thoracic
crector spinac muscles has been reported to be as
high as 70% (Sirca and Kosteve 1985), while that
in the lumbar erector spinac muscles varies in the
range 58-69% (Fidler et al 1975, Sirca and Kosteve
1985, Mattila et al 1986, Jorgensen et al 1993). When
comparing the composition of the multifidus
with the lumbar erector spinac muscles, a larger

percentage of type [ fibres, in the range 8-13%, has
been reported in the multifidus compared with
the lumbar longissimus (Sirca and Kosteve 1985,
Verbout et al 1989). The exception was in the study
by Jorgensen et al (1993), who found similar per-
centages of type I fibres in the multifidus and the
lumbar longissimus.

The histochemical composition, capillarization
and muscle enzyme activities of the lumbar multi-
fidus and lumbar longissimus and iliocostalis
muscles have been studied in vivo (Jorgensen ct al
1993). Multifidus muscle fibres have a large cap-
illary network, with approximately four to five
capillaries in contact with each muscle cell. The
concentration of oxidative enzymes in all lumbar
muscles is large and the endurance capacity high.
This histochemical composition of the paravertebral
muscles, with a high composition of type I fibres,
indicates the tonic holding function, and thus sup-
portive function, of these muscles.

Our particular concern with regard to the patient
with low back pain is the ability to rehabilitate the
muscles that have the greatest potential to provide
and substitute active support to the individual
spinal segment that, from injury, has some passive
insufficiency. What will be argued here, on the basis
of morphological and biomechanical studies as well
as studies monitoring the activity of the back
muscles, is that the lumbar multifidus, especially
the deep fibres, has better capabilitics for segmen-
tal support and control and lesscr capabilities for
torque production. The lumbar longissimus and ilio-
costalis, by comparison, have better capabilities for
torque production and control of spinal orientation
but may not have as much specificity for function
for one vertebral segment as does the lumbar mul-
tifidus. Furthermore, the more consistent activity
of the lumbar multifidus in low-load functional
activitics may reflect its supporting function.

Morphology

The unique segmental arrangement of the multi-
fidus fascicles in the lumbar region indicates that
it has the capacity for fine control of movements of
individual lumbar vertebrae. This is reflected in its
segmental innervation. Each fascicle of the lumbar
multifidus and the zygapophyscal joint of that level
is innervated by the medial branch of the dorsal
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Figure 4.5 Cross-sectional anatomy of the lumbar spine. (a) Cadaveric transverse section. (b) Magnetic resonance axial
image of the lumbar spine. (c) Ultrasound axial image of the lumbar spine. (d) Schematic drawing o f a transverse section
showing the multifidus and erector spinae muscle (separated by an intermuscular septum), other muscles surrounding the
spine and the layers of the thoracolumbar fascia (posterior, middle and anterior). L, lamina; SP, spinous process;

TP, transverse process; VB, vertebral body. (Reproduced with permission from Porterfield and DeRosa 1991, p. 56.)

ramus (Lewin et al 1962, Macintosh et al 1986,
Bogduk 1997). Each nerve innervates only the fas-
cicles that arise from the spinous process or lamina
of the vertebra with the same segmental number as
the nerve (Macintosh et al 1986), illustrating the
direct relationship between a particular segment
and its multifidus muscle. This suggests that the
segmental multifidus can adjust or control a partic-
ular segment to match the applied load (Aspden
1992). The lumbar longissimus and iliocostalis do
not show this tight segmental nerve-muscle rela-
tionship, suggesting a slightly more general relation-
ship to the spinal segments. The lumbar longissimus
is supplied by the intermediate branches of the
L1-L4 dorsal rami, which form an intersegmental

plexus in the muscle, although its fibres from L5 are
innervated by the corresponding nerve (Bogduk
et al 1982). The lumbar portion of iliocostalis is sup-
plied by the lateral divisions of the L1-L4 dorsal
rami, which run caudally, dorsally and laterally
through the muscle (Bogduk et al 1982).

The cross-sectional anatomy of the lumbar
spine is shown in Figure 4.5, including the normal
appearance on magnetic resonance imaging (MRI)
and real-time ultrasound imaging. What is of inter-
est in the cross-sectional area of the umbar back
muscles is that multifidus muscle bulk increases
on progression caudally from L2 to ST (Amonoo-
Kuofi 1983, Ecleshymer and Schoemaker 1970)
(Fig. 4.6). We have recently measured the multifidus
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(e) ()

Figure 4.6 The multifidus muscle in a normal subject. (a) Ultrasound axial image appearance at the level of the third
vertebra. (b) The tissues visible in (a). (¢) Ultrasound axial image at the level of the fourth vertebra. (d) The tissues visible
in (c). (e) Ultrasound axial image at the level of the fifth vertebra. (f) The tissues visible in (e). (g) Ultrasound axial image
at the level of the first sacral vertebra. (h) The tissues visible in (g). S, skin; ST, subcutaneous tissue; SP, spinous process;
L, lamina; MULT, multifidus; F, fascia; LES, lumbar erector spinae muscle; R, reflection.
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Figure 4.6 (continued).

Table 4.1  Average age, height and weight for
40 subjects without a history of low back pain

Variable Males Females Total
No. 13 27 40
Height
mean cm 181.85 164.85 170.37
SD 5.49 5459 9.75
Weight
mean kg 82.92 60.11 67.52
SD 16.49 6.27 15.06
Age
mean years 28.92 28.1 28.37
SD 5.75 5.83 5.74

.

SO, standard deviation.

cross-sectional area at five vertebral levels in sub-
jects without a history of low back pain. Table 4.1
shows the average age, height and weight of the 13
male and 27 female subjects measured. Table 4.2
shows the multifidus cross-sectional areas for the
different lumbosacral vertebral levels (). Hides et al
2003, unpublished data). It was found that males
have significantly larger multifidus muscles than
females at all vertebral levels (Hides et al 1992,
S. Kelley et al 2003, unpublished data) and that the
cross-sectional area of the multifidus is significantly
different for each vertebral level (Hides et al 1995,
S. Kelley et al 2003, unpublished data). In subjects
without a history of low back pain, multifidus
cross-sectional area is symmetrical between sides
(Hides et al 1994). The multifidus is the largest mus-
cle spanning the lumbosacral junction (Macintosh

Table 4.2 The multifidus cross-sectional areas
for the different lumbosacral vertebral levels in
40 subjects without a history of low back pain

Vertebral level Cross-sectiondl area . Confiderte
(mean cm interval ®
o U

Female "*
L2 2.1:(0. 13{ 1.85-2.35
L3 3.35(0.17) 13.0-3.7
L4 478(02). , . . 437-5.18
L5 6.38 (0.18) 6.01-6.75

Male
L2 3.01 (0.18) 2.65-3.38
L3 4.31 (0.25) 3.81-4.82
L4 6.27 (0.29) 5.68-6.85
L5 6.79 (0.27) 6.25-7.32

SE, standard error.
J. Hides et al, unpublished data.

et al 1986). In contrast, the cross-sectional area of the
lumbar Jongissimus and iliocostalig decrcases on
progression caudally. The large size of the multi-
fidus muscle at the lumbosacral junction, compared
with the adjacent lumbar erector spinae muscles,
also suggests that it is the muscle most capable of
providing support at this level. Notably, it is the
[L4-L5 and L5-51 segments that have the highest
incidence of pathology in low back pain. The multi-
fidus has a close relationship to the zygapophyseal
joints (Fig. 4.2) and by controlling the sliding move-
ment of the zygapophyseal joints in the craniocau-
dal direction it controls the distribution of stresses
and loading on the vertebral triad. It is considered



Paraspinal mechanism and support of the lumbar spine

67

that the multifidus is the only muscle the primary
function of which is to protect the vertebral triad
(Lewin et al 1962). -

Biomechanical factors

Control of the neutral zone

Several studics have investigated the lumbar mus-
cles’ capacity to increase the spinal segmental stiff-
ness and, in particular, the control of neutral zone
motion in line with Panjabi’s (1992b) hypothesis of
clinical instability. Studies have been done on vari-
ous combinations of muscles to.investigate their
influence on these parameters. Kaigle et al (1995)
developed an in vivo animal model of lumbar seg-
mental instability. Passive stabilizing structures
(disc, zygapophyscal joints and ligaments) were
transected. and' the effects of active musculature
on spinal kinematics were examined in 33 pigs.
Muscles, surrounding the spine, including the
multifidus, t

quadratus lumborum and psoas major and minor,
were examined® The injured segments were sub-
jected to muscle stimulation using wire electrodes.
Results showed that increased, combined muscle
activation stabilised the injured motion segment*
by reducing aberrant patterns of motion in the
neutral zone.

Goel et al (1993) used a combined finite-element
and optimization approach to study the effects of
the actions of the interspinales and intertransver-
sarii, the lumbar multifidus and the quadratus
lumborum. The introduction of muscle forces led
to a decreasce in displacements in the sagittal plane,
anteroposterior translation and anterior rotation.
It was shown that these muscles imparted stability
to the ligamentous system. The load bearing of
the zygapophyseal joints was found to increase,
indicating that these joints play a significant role
in transmitting loads in a normal intact spine.
Muscle dysfunction (simulated by decreasing the
computed force in the muscles) destabilised the
motion segment. This led to a shift of loads to
the disc and ligaments and decreased the role of
the zygapophyscal joints in transmitting loads
(Gocl and Gilbertson 1995).

Panjabi et al (1989), in an in vitro study of intact
and sequentially injured freshlumbarspinal units,

more specifically simulated the effect of interseg-
mental muscle forces on spinal instability. Simu-
lated forces represented the multitidus (deep,
shorter fascicles), interspinales and
muscles. The segments were subjected to threc-
dimensional loads with increasing muscle forces.
This study, like the one by Goel et al (1993), exam-
ined the effect of the segmental muscles without
the influence of the larger lumbar longissimus and
iliocostalis. Panjabi et al (1989) concluded that
the intersegmental nature of the deep multifidus
fibres gave a tremendous advantage to the neuro-

rotatores

‘muscular system for controlling the stability of the

lumbar segment.

Wilke et al (1995) investigated the influence of
five different muscle groups on the monosegmental
motion of the L4-L5 segment. The muscles exam-
ined were the multifidus (caudal and cranial direc-
tions), lumbar longissimus, lumbar iliocostalis and
psoas major. Seven human lumbosacral spines
were tested on a spine tester that allowed simula-
tion of muscle forces. The combined muscle action
of the muscles tested was found to decrease the
total range of motion and neutral zone motion of
the L4-L5 segment. The total neutral zone motion
in flexion and extension was decreased by 83%.
In lateral flexion, the total range of motion was
decreased by 55% and the ncutral zone by 76%.
Under axial rotation, the total range was reduced
by 35%, but there was no significant change in
neutral zone motion. Muscle forces were found
to stiffen the motion segment. The strongest influ-
ence was created by the lumbar multifidus, which
was responsible for more than two-thirds of the
increase in segmental stiffness. The multifidus
action was responsible for a significant decrease
in the range of motion of all movements except
rotation. These results supported those obtained
by Steffen et al (1994) in another in vitro study,
who also found that the influence of lumbar mul-
tifidus decrcased the neutral zone in flexion and
extension.

The lateral stabilizing potential of the lumbar
intersegmental and polysegmental muscles has also
been investigated by Crisco and Panjabi (1991).
They found that the polysegmental fascicles of
multifidus and lumbar longissmus and iliocostalis
fascicles were more efficient in this direction
than were the short deep multifidus fascicles and
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intertransversarii and interspinales muscles. It can
be surmised that the role of the multifidus in lum-
bar spine stabilization is complex. The multifidus
is capable of controlling the neutral zone in the
sagittal plane with its deeper, intersegmental fibres,
but it requires the assistance of the lumbar longis-
simus and iliocostalis in the lumbar muscles’ con-
tribution to the control of neutral zone motion in
the frontal plane.

Some biomechanical studies have investigated
the effects of co-activation of muscles on spinal
stability. A recent study investigating co-activation
of the multifidus and the psoas showed that the
stability of the L4-L5 segment was enhanced in
lateral flexion and rotation but it was destabilised
in flexion (Quint et al 1998). It was concluded that
the importance of the neural control strategy of the
stabilization of the spine cannot be overempha-
sized. The neural controller must not only select
the appropriate muscles to stimulate but also
decide on their appropriate activation level (Quint
et al 1998).

The deep multifidus fibres in particular are
placed close to the centres of rotation of spinal
movements and connect adjacent vertebrae at
appropriate angles. McGill (1991) confirmed the
role of lumbar multifidus in a three-dimensional
study of lumbar spine mechanics and concluded
that the unchanging geometry of the multifidus
through a range of postures indicated that the pur -
pose of this muscle is finely to adjust vertebrac
with small movements rather than to function as a
prime mover. This study showed that the multi-
fidus could function in this way in any physio-
logical posture.

Control of the lordosis

It has been well accepted in the area of biomech-
anics and ergonomics that the spinal curves are
an efficient way for the body to deal with forces of
gravity. When the spinal curves are maintained,
this is the most energy-efficient, position for the
body to stay upright against the forces of gravity
and to withstand further forces that are applied to
the spine. For the lumbar region, it has been pro-
poscd that the multifidus can contribute to stability
of the spine via control of the lordosis, allow-
ing equal distribution of forces (Aspden 1992).

Contraction of the polysegmental multifidus fasci-
cles can restore the lumbar lordosis. Recent studies
have confirmed this finding; the compressive load-
bearing capacity of the passive thoracolumbar spine
was significantly enhanced by pelvic rotation
caused by minimal muscle forces in the sagittal
plane (Keifer et al 1997). When local muscles were
examined in the model, multifidus was found
to contribute 80% of the required activity (Keifer
et al 1998).

To maintain the spinal curves requires a balance
between and integration of local, mono-articular
and global muscles. This relationship has been
examined in biomechanical studies (Keifer et al
1997, 1998). The studies used a finite clement model
(passive osseoligamentous spine) with optimiza-
tion of the muscles (active and passive compon-
ents of muscle force). In the first study, Keifer
et al (1997) loaded the spine using compressive
axial forces. They showed that the thoracolumbar
spine translated into hypermobility under axial
loads less than physiological loads without the
muscles (indicated by displacement of the T1 ver-
tebra). Addition of local and global muscles into
the model increased the ability of the spine to
withstand compressive forces without buckling.
Pelvic rotation (anterior tilt) stiffened the spine,
and only 2 degrees of anterior rotation allowed the
spine to carry axial compression of up to 400N,
with only ¥mm of anterior displacement of T1.
There was less anterior displacement of Tl with
local and global muscles incorporated into the
model than with global muscles alone, highlight-
ing the importance of integration of the two
muscle systems. In the second study, Keifer et al
(1998) investigated the synergy of the spine in neu-
tral positions. Using the same model, they displaced
T1 40 mm anteriorly and 20mm posteriorly. Results
showed that the global muscles and passive struc-
tures are sufficient to stabilize the spine for very
small displacements. However, the system is far
more efticient with inclusion of the local muscles.
Activation of the local muscles decreased muscle
forces in the global system, provided stiffness,
increased stability and increased compression.
Considering the contribution of the local muscles,
80% was .prnvideél by multifidus, with some con-
tribution by iliocostalis. Another finding was that
the position of the thoracolumbar junction is
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important. If T12 was held back, then the upper
lumbar spine was forced into flexion, and the syn-
ergy was disturbed. This had a resultant ntarked
effect on the distribution of intersegmental rota-
tions and lessened the capacity of the passive sys-
tem to carry sagittal moments.

1y

Tensioning the thoracolumbar fascia

Muscles enhance spinal stability, by increasing the
stiffness of the spinal segment. It has already been
shown that the multifidus acts to stiffen the motion
segment (Wilke et al 1995). From a mechanical
perspective, the bending stiffness ot the spine will
also be influenced by other factors. One structure
that can contribute to lumbar stabilization by
increasing the bending stiffness of the spine is the
thoracolumbar fascia. The thoracolumbar fascia is
a strong tissue with a well-developed lattice of col-
lagen fibres, suggesting that its function may be
that of an extensor muscle retinaculum (Bogduk
and Macintosh 1984). In addition, the fascia does
contain both Ruffini and Pacinian corpuscles
together with diffuse innervation (Yahia et al 1988).
It is important to recognize that it is a musculo-
fascial system that protects the lumbosacral region,
and the influence of the muscles on tensioning
fascias is vitally important. The transversus abdo-
minis (plus or minus the internal oblique muscle)
may tension the thoracolumbar fascia (see Ch. 3).
In addition, the thoracolumbar fascia constrains
the radial expansion of the three lumbar back
muscles (Aspden 1992). It has been proposed that
contraction of these muscles exerts a pushing force
on the fascia (Farfan 1973). The influence of
the multifidus and the lumbar longissimus and
ilicocostalis on the thoracolumbar fascia was
investigated by Gracovetsky et al (1977) using a
mathematical model. It was proposed that the tho-
racolumbar fascia could serve to brace the back
muscles because it surrounded them. The authors
called this the “hydraulic amplifier mechanism’.
While this mechanism has been dismissed on the
grounds that it is unlikely to gencrate extensor
forces (McGill 2002b), it is more than likely that the
thoracolumbar fascia, through its muscular attach-
ments, contributes to increased lumbar stiffness
and lumbar stabilization. It may well also have a
proprioceptive role.

Control of shear forces

Shear fortes are those that cause two vertebrae to
slide with respect to one another (Bogduk 1997).
During flexion of the lumbar spine, a forward or
anterior shear is exerted on the intervertebral joint.
Particular attention has been given to these shear
forces, which are induced by bending and lifting
tasks (Cholewicki et al 1991, Porterfield and DeRosa
1991). The control of anterior shear forces is essen-
tial for the protection of the intervertebral joint,
especially at the lower lumbar levels where these
forces are greatest. This control is provided not
only by the passive elements and articular config-
uration of the vertebral column but also by the
muscle system.

Traditionally, the lumbar extensor muscles have
been assigned this role. When contracting bilat-
erally, on the one hand, the Jumbar longissimus
and the lumbar iliocostalis can draw their vertebra
of origin posteriorly, owing to their posterior and
caudal direction, and hence oppose the anterior
shear. On the other hand, contraction of the multi-
fidus fascicles produces posterior sagittal rotation
of the vertebra of origin rather than posterior
translation. It is likely that during activities such
as forward bending and lifting the induced forces
are controlled by the lumbar erector spinac
muscles and the multifidus together. McGill et al
(2000) propose that, for lifting, the lumbar longis-
simus and lumbar iliocostalis lose their oblique
line of action if the lumbar spine flexes and, as a
result, the lumbar spine is unable to resist damag-
ing shear forces. This would highlight the impor-
tance of the neutral spine position and may show
how the lumbar longissimus, lumbar iliocostalis
and multifidus could work together, as one of the
known roles of the multifidus is adjustment and
control of lumbar lordosis.

However, the control of shear forces appears
to be a far more complex issue. A model of back
muscles that mapped the actions of individual
fascicles (Bogduk ct al 1992a) showed that shear
forces can be induced by these muscles on maxi-
mal exertion. From L1 to 1.4, the net result was a
posterior shear force. However, the net balance
was an anterior shear force at the L5 level. This
would suggest that various muscles in addition to
the back extensors may be involved in the control
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of anterior shear forces during lifting and bending
tasks. Interestingly, Farfan (1975) proposed that
anterior shear forces were resisted more by the
zygapophyseal joints, with countering forces in
the reverse direction being provided by the abdom-
inal musculature.

The back muscles in posture
and movement

It is possible that there are different primary func-
tions for the different fascicles of multifidus. The
longer fascicles, which originate from the spinous
processes, have a mechanical advantage over the
shorter, deeper fibres. The longer fascicles may con-
tribute more to extensor torque, while the shorter
deeper fibres, which have little leverage for torque
production, may be more involved in a tonic stabi-
lizing role. There is evidence to suggest this from
electromyographic (EMG) studies, where tonic acti-
vation of the deeper fibres has been examined during
the maintenance of upright postures and during
active trunk movements. EMG analysis has allowed
the function of the multifidus to be studied in vivo.
Many classic studies have been performed using
in-dwelling electrodes to access the activation of
the deeper fascicles, which are likely to be involved
In a stabilizing role. A tonic or almost continuous
level of activation of the multifidus has been demon-
strated in many of these studies of upright pos-
tures and primary active movements. Moseley et al
(2002) studied the response of the multifidus dur-
ing perturbation produced by movement of a limb
in response to a stimulus. Results confirmed that
the decp fibres of the multifidus behave differently
from the superficial fibres and the lumbar crector
spinac muscles. During both flexion and extension
of thearm, the onset of EMG in the deep multifidus
occurred prior to arm movement and at the same
time as deltoid. In contrast, the other muscles
behaved differently during flexion and extension,
suggesting that, while most of the posterior trunk
muscles appear to counteract perturbation of global
spinal orientation, the deep multifidus may be more
involved in segmental stabilization (Moscley et al
2002). Furthermore, during repetitive upper limb
movement, tonic activity of the deep multifidus
was observed, in line with its role in stabilization of
the spine (Moscley et al 2002). There is evidence

that the multifidus muscle is continuously active in
upright postures, compared with relaxed recum-
bent positions. Along with the lumbar longissimus
and iliocostalis, the multifidus provides antigrav-
ity support to the spine with almost continuous acti-
vity (Asmussen and Klausen 1962). The multifidus
is probably active in all antigravity activity (Morris
et al 1962, Donisch and Basmajian 1972, Valencia
and Munro 1985) and is tonically active during
walking (Morris et al 1962). In the standing posi-
tion, slight to moderate activity of the multifidus
has been demonstrated (Jonsson 1970, Donisch and
Basmajian 1972, Valencia and Munro 1985), exem-
plifying its tonic postural role. In fact, maintaining
a neutral spine may be the one clement that is cru-
cial to maintain this tonic activation. Evidence has
been provided by a neurophysiological in vivo study
where lumbar spines of cats were placed into mod-
erate sustained flexion and intramuscular EMG of
the multifidus was recorded (Williams et al 2000).
Prolonged flexion of the lumbar spine resulted
in tension-relaxation and laxity of its visco-elastic
structures, loss of protective reflexive muscular
activity within 3 minutes followed by EMG spasms
in the multifidus and other posterior muscles.
Although performed on cats, this study holds impli-
cations for humans and would lend support to pro-
ponents of the importance of the ncutral spine
concept.

Results of studies performed in the sitting posi-
tion have varied. It has been reported that the
multifidus was inactive in relaxed sitting as well
as when subjects were instructed to ’sit upright’
(Valencia and Munro 1985). In contrast, Donisch
and Basmajian (1972) reported that the multifidus
was active in straight unsupported sitting, which
accords with a tonic antigravity function. The dif-
ference in results between the two studies may
relate to the way in which subjects assumed
an upright sitting posturc, and this becomes an
important point in the clinical re-education of
upright postural position.

Activation of the multifidus has been examined
in forward trunk flexion and extension from the
flexed position, trunk extension in the prone pos-
ition and trunk rotation. An argument can be pre-
sented that the function of this activity appears to
include primarily one of stabilization. As the spine
bends forward from the standing position, there is



Paraspinal mechanism and support of the lumbar spine 71

an increase in multifidus activity (Floyd and Silver
1951, Morris et al 1962, Pauly 1%(7,' Valencia and
Munro 1985). At a certain point during flexion, the
activity of the back muscles céases; this is known
as the ‘critical point’ (Floyd and Silver 1951,
Morris et al 1962, Kippers and Parker 1984, 1985).
The EMG activity of the lumbar erector spinae
ceases at about 90% of lumbar spine flexion. The
critical point for the multifidus is not such a char-
acteristic’ feature as it is for the erector spinae
muscles. Although a decrease in activity is evident,
EMGs of the multifidus show silence infrequently,
in contrast to those for the lumbar longissimus
and iliocostalis (Valencia and Munro 1985).

Extension of the trunk from the flexed position
predictably evokes high levels of multifidus activ-
ity (Floyd and Silver 1951, Morris et al 1962, Pauly
1966, Donisch and Basmajian 1972). Marked activ-
ity of the multifidus also occurs when the trunk is
extended or hyperextended in the prone position
(Pauly 1966, Jonsson 1970, Donisch and Basmajian
1972, Valencia and Munro 1985). Even though, as
has been mentioned, activity in the multifidus is
marked in extension, the majority of the actual
trunk extension torque (80% at the L4 and L5 ver-
tebral levels) is provided by the thoracic compon-
ents of the erector spinae muscles (Bogduk et al
1992b). The multifidus has been shown to be
active bilaterally in both ipsilateral and contralat-
eral rotation of the trunk in sitting and standing
(Morris ot al 1962, Pauly 1966, Jonsson 1970,
Donisch and Basmajian 1972). For this reason, it
has been suggested that the multifidus acts as a
stabilizer rather than as a prime mover during
rotation (Valencia and Munro 1985).

As a general observation in movement studies,
Donisch and Basmajian (1972) reported that activ-
ity of the multitidus was related to its proposed
action for only 50% of the time. Pauly (1966) also
showed almost continuous activity during the
majority of the different directional activities
tested. These findings can be interpreted as evi-
dence for a stabilizing role of the multifidus rather
than a primary role in torque production only.

The other important role of the multifidus in
posture and movement is a proprioceptive one. In
studics on humans, the importance of the multi-
fidus as a muscle that provides feedback on spinal
position has been highlighted. Solomonow et al

(1998) have proposed the existence of a feedback
system from the spinal ligaments to the multifidus.
Certainly, the supraspinous and interspinous liga-
ments contain free nerve endings, Ruffini cor-
puscles and Pacinian corpuscles (Yahia et al 1988,
Jiang et al 1995). Position-reposition tasks have
been used for evaluating the position sense of the
spine, and it has been shown that young healthy
individuals are capable of repositioning the pelvis
and back (absolute error of approximately 2 degrees)
both during standing and sitting (Brumagne et al
1999a,b). Both exercise-induced fatigue and mech-
anical low back pain have a deleterious effect on
lumbosacral positioning accuracy (Brumagne et al
2000). It is thought that the degraded position
sense results from altered multifidus muscle spin-
dle afference and central processing of this sensory
input, and that deficits in the spinal reflex system
might also contribute.

Summary

The lumbar multifidus, lumbar longissimus and
iliocostalis play an important role in lumbar spine
stability. Because of its unique morphology and
segmental innervation, the multifidus would appear
to be a muscle well suited to this role of segmental
support and control. Biomechanical research has
confirmed this important role. The biomechanical
study by Wilke et al (1995), which included both
the multifidus and the erector spinae muscles in the
model, found that the multifidus had the strongest
influence on lumbar segmental stability. The mor-
phology of the multifidus, our clinical findings of
a dysfunction in the segmental multifidus (Hides
et al 1994, 1996b) and work such as that by Wilke
et al (1995) all provide a basis for focusing specifi-
cally on the lumbar multifidus in patients with low
back pain.

QUADRATUS LUMBORUM
(MEDIAL FIBRES)

The quadratus lumborum consists of several lam-
inac and is enclosed by the anterior and middle
layers of the thoracolumbar fascia (Bogduk 1997,
Williams et al 1989) (Fig. 4.5d). The medial portion
of the muscle runs from the ilium to the anterior
surface of the transverse processes of the lumbar
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vertebrae, and other fibres travel from the trans-
verse processes to anchor onto the twelfth rib. The
lateral portion of the muscle, which belongs to the
global system, spans the lumbar area, attaching on
the lateral ilium to insert into the twelfth rib with-
out attachment to any vertebrae. The lateral fibres
produce primarily a lateral bending moment. The
medial portion, while unlikely to make a substan-
tial contribution to lateral flexion (Bogduk 1997),
is capable of providing segmental stability via its
segmental attachments (McGill et al 1996). Studies
investigating the pattern of activation of the quad-
ratus lumborum in functional tasks have been
limited because the depth of this muscle means
that invasive EMG techniques are required
(Andersson et al 1996, McGill et al 1996). In add-
ition, needle insertion for fine-wire EMG is both
unpleasant and painful because of the thickness of
the fascia surrounding the muscle (P. W. Hodges,
M. Comerford, C. A. Richardson, unpublished
observations 1995). In two recent studies, which
did use fine-wire EMG, recordings were made
from a mid portion of the muscle, but there was no
clear indication of whether activity was recorded
from the lateral or medial portion of the muscle.
McGill et al (1996) provided evidence that the
quadratus lumborum plays a significant role in the
stability of the spine. Muscle activity was measured
during a symmetrical bucket-holding task. Activity
increased with increasing spinal compression
provided through progressive axial loading. Fur-
ther evidence for the general stabilizing role of the
quadratus lumborum was provided by Andersson
et al (1996), who found that, unlike the erector
spinae (Kipper and Parker 1984), there was no
electrical silence of the muscle in full-forward
flexion.

While the results of these two studies support
the thesis for a stabilizing role for the quadratus
lumborum, we regard this muscle as a global sta-
bilizing muscle, capable of controlling the external
loads placed on the spine. Interestingly, in patients
with back pain, overactivity, tightness and trigger
points are often reported by clinicians (Janda 1996,
Travell and Simons 1983). Treatment is focused on
decreasing activity in the quadratus lumborum
rather than increasing it with exercise. The medial
portion of the quadratus lumborum may in the
future be shown to be functionally separate to the

lateral part of the muscle and contribute directly to
the segmental support of the spinc.

PARASPINAL MECHANISM AND SUPPORT
OF THE LUMBAR SPINE: CLINICAL
RELEVANCE

The key morphological features of the multifidus
that can be related to a role in lumbar stability are
the segmental arrangement of the multifidus fas-
cicles (Macintosh et al 1986), the large size of
the multifidus at the lumbosacral junction and the
close relationship between the multifidus and the
zygapophyseal joints. The segmental morphology
of the multifidus has implications for rehabilita-
tion. As it is a muscle with segmental innervation
and control, rehabilitation can be aimed at specific
segments.

The relationship between the multifidus and the
thoracolumbar fascia is also important for rehabili-
tation, as it has been proposed that contraction
of the multifidus and the lumbar erector spinae -
tensions the fascia. It is our contention that the
muscles of the abdominal corset that tension the
fascias fulfill a vital role in protection of the lum-
bopelvic region. This mechanism is described and
illustrated in Chapter 5.

The multifidus has a high proportion of type 1
muscle fibres and is well perfused, meaning that
it is well suited to a tonic, holding function. EMG
analysis has provided further evidence of a tonic
or almost continuous activation of the multifidus,
particularly the deep fibres. Exercise therapy should
be aimed at restoring this function, and an empha-
sis on activation of the deep fibres for stability is
justified. Re-education of the multifidus to promote
segmental stabilization is extremely subtle. It is an
important principle for therapeutic exercise that
isometric contraction of the deep multifidus occurs
without spinal or pelvic movement. Patients should
be able to contract the muscle slowly.

It has been proved that the multifidus controls
the neutral zone and increases segmental stiffness.
It has been proposed that contractions of only a
very small percentage of the maximum voluntary
contraction are required to increase segmental
stiffness (Cholewicki and McGill 1996). Further-
more, the deep fibres of multifidus are placed
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close to the centres of rotation of spinal movement.
This means that the length of the muscle fibres
remains unchanged in any physiological posture.

The implication for rehabilitation is that iso-
metric contractions of a very small percentage of
the maximum voluntary contraction are appropri-
ate, as only small amounts of muscle contraction
will be required to protect the vertebral segment.
Peripheral feedback from the joint and ligament
afferents affects the gamma spindle system
(Johansson et al 1991a), and the gamma system
biases the spindle towards an increased sensitiv-
ity. For this reason, sensory techniques that affect
the joint and muscle receptors are important in
rehabilitation of the multifidus. Furthermore, the
role of the multifidus in maintenance of the

normal lordosis provides another important goal
of rehabilitation, as it is important that the spine
can be adjusted precisely to match the applied
loading. Maintenance of the lumbar lordosis
requires integration of local, one joint (antigravity)
and multijoint/multifunction muscles. Activation
of global muscles alone provides insufficient con-
trol of the lordosis. As activation of the local mus-
cles (80% of the contribution from the multifidus)
decreases forces in the global system, provides
stiffness, increases stability and increases compres-
sion (Keifer et al 1997, 1998), the multifidus must
be re-educated in this role for successful rehabili-
tation. Integration of local, one joint (antigravity)
and multijoint/ multifunction muscles must be
undertaken for optimal results.
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INTRODUCTION

This chapter initiates the expanded antigrav-
ity model of joint protection, which links (via the
neural system) the muscles of the trunk, pelvis
and limbs for safe load transfer through the body
to protect all the weightbearing joints from injury
against the high forces of gravity. It explains, as
a basis for effective load transfer through the
region, how the local muscle system can specifi-
cally improve joint stiffness of the lumbar spine
and pelvis and enhance the sensory detection of
load. Chapter 6 provides the evidence for an anti-
gravity muscle system that links the local and
global muscles of the trunk, pelvis and limbs for
safe load transfer.

LINKS BETWEEN JOINT STABILIZATION,
MUSCLE STIFFNESS AND KINAESTHETIC
SENSE
Control of the continuous muscle recruitment
for joint stability depends not only on the prepro-
grammed motor patterns from the cortex but also
on the state of the feedback system emanating from
the kinaesthetic input. The feedback system is com-
plex and relates to the receptors within the muscle,
which provide continuous information to the cen-
tral nervous system (CNS) on the length and ten-
sion being generated in the muscle (for a review see
McCloskey 1978). A highly sensitive and accurate
information system is required to ensure the con-
trol needed to achieve joint support during func-
tional joint movement.
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Muscles behave in a similar way to a spring.
They resist deformation resulting from internal or
external joint loading and tend to return to their
original position following lengthening. ‘Muscle
stiffness’, which is a quality reflecting the ratio
of force change to length change in the muscle
(Johansson et al 1991a,b), is a term used to describe
the spring-like qualities of the muscle. Therefore,
when a muscle has high stiffness, increased force
is required to cause lengthening of the muscle.

Johansson et al (1991a,b) have undertaken much
of the neurophysiological research linking muscle
stiffness to joint stability. They have described
muscle stiffness as having two components: intrin-
sic and reflex-mediated stiffness. Intrinsic stiffness
refers to the viscoelastic propertics in the muscle
and the existing bonds betwcen the actin and
myosin. Reflex-mediated stiffness depends on the
excitability of the motor neuron pool, which, in turn,
is dependent on the primary spindle afferents sct
by the degree of stretch of the muscle and the
activity of the fusimotor neurons. Muscle stiffness
is very closely related to the sensitivity of the pro-
prioceptive sensory organs contained within the
muscle itself.

High levels of muscle stiffness in muscles sur-
rounding a joint have been considered a very desir-
able feature to ensure good stabilization. Recently,
descriptions of muscle stiffness have appeared in
the biomechanical (Cholewicki and McGill 1996)
and the ncurophysiological (Johansson et al 1991a,b)
literature, with suggestions that muscle stiffness is
onc of the most critical variables in joint stabiliza-
tion, with low muscle stiffness generally linked to
poor joint stabilization. Muscle stiffness is consid-
ered the function of muscle that is most closely
related to joint protection and support, rather than
the property of muscle strength or endurance. In the
development of an in vivo biomechanical model
of lumbar stability, Cholewicki and McGill (1996)
added muscle stiffness coefficients to their lumbar
stability biomechanical model in order to gain more
insight into muscle function associated with lum-
bar stabilization.

Several features of muscle stiffness can be used
as the basis for understanding how muscles con-
tribute to joint stabilization. The generation of stiff-
ness in a muscle is linked to the activation of the
tonic (postural and slow twitch) motor units (for a

review see Burke and Edgerton 1975). The pri-
mary muscle afferents potently influence the small
gamma motoneurons projecting to the slow-twitch
fibres (Johansson and Sojka 1991). Antigravity mus-
cles have a large proportion of gamma motoneuron
(fusimotor) representation at the cortex level (Guyton
1981), suggesting that fusimotor activity is a par-
ticular feature of muscles controlling the bony
skeleton when under the influence of gravitational
forces.

The role of muscle stiffness and feedback sys-
tems for stabilization, especially under high, unex-
pected loading of the joint, has always been a
matter of debate. Protective reflexes have been
shown to be too slow to prevent joint injury (Pope
et al 1979). Nevertheless, Johansson et al (1991a,b)
viewed the contribution of the spindle system and
its fusimotor support more positively. They con-
sidered that there is a state of changeable, continu-
ously regulated muscle stiffness at the time of the
displacement or trauma that can contribute to
joint protection in unexpected loading of the joint.
In the knec joint, a link has been established
between receptors found in the ligaments of the

joint and muscle stiffness (Johansson et al 1991b)
(Fig. 5.1).

LIGAMENTS
Mechanical Sensory F----—- -
properties | properties

|

|

: The ymuscle
: spindle system
|

|

' &

Control of muscle
stiffness and
coordination

Y

Joint Movement and
stability , position sense

Figure 5.1  Mechanisms by which ligaments may
contribute to the requlation of joint stability and
proprioception. (Reproduced with permission from
Johansson et al 1991a, p. 174.)
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The sensory properties of the ligament have
been shown to be related to the gamma (fusimo-
tor) spindle system, which, in turn, can determine
both muscle stiffness and coordination as well as
movement and position sense. In the lumbar spine,
stimulation of mechanoreceptors located in the
supraspinous ligament, zygapophyseal joints and
discled toreflex recruitment of the multifidus mus-
cle to stabilize the spine (Solomonou et al 1998). The
gamma system appears to be the key feature of
muscle stiffness. Decreased gamma motoneuron
support to a muscle may, therefore, be closely linked
to poor joint stabilization.

It is possible that the sensory properties of struc-
tures within the joints could be modified by the
contraction of the local stability muscles. Besides
providing mechanical stability to the joint, local
stability muscles could also contribute to the sens-
ory feedback mechanisms associated with the joint
structures themselves (i.e. the joint capsules and
ligaments). Contraction of these muscles can be
associated with a tightening of these passive joint
structures and thus indirectly influence their ability
to detect movement. In a study involving shoulder
movement, tightening of the joint structures with
active muscle contraction was found to increase
the proprioceptive acuity of the joint (Blasier ct al
1994). This may occur in the lumbar spine, where
there exists an intimate relationship between the
multifidus and the joint capsule of the zygapophy-
seal joints (sce Ch. 4).

This knowledge of the feedback motor control
mechanisms and their link to joint stabilization pro-
vides the evidence basc to address muscle stiffness
and proprioception when investigating muscle func-
tion associated with joint stabilization. As the tonic
motor units of a muscle are linked to these factors,
their contribution to the function of a muscle like-
wise needs to be considered. Tonic motor units are
involved in tonic continuous low-load activation
of the muscle (Burke and Edgerton 1975). This is
in contrast to the strength (high-load) capabilities
of muscle function, which are linked to the phasic
(fast-twitch) motor units. This emphasis on low-
load continuous muscle activation to enhance the
ability of a muscle to stabilize joints is strengthened
by recent cvidence that maximum stiffness can
occur at relatively low levels of maximum volun-
tary contraction because of the multiple factors

contributing to muscle stiffness (i.e. intrinsic fac-
tors) (Hoffer and Andreassen 1981). In addition, it
could be argued that it is the muscle contraction in
its shortened range of muscle length that is most
critical in establishing the sensitivity and optimal
functional capacity of the sensory feedback system
of the muscle (Richardson and Sims 1991). A short-
ened muscle requires increased sensitivity of its
spindle system, via gamma motoneuron or fusimo-
tor support, to maintain the shortened length
(Guyton 1981).

STIFFNESS OF THE LUMBOPELVIC REGION
FOR HIGH-LOAD WEIGHTBEARING

It is our contention that the contraction of a decp
musculo-fascial corset, initiated with the mainten-
ance of a neutral spinal posture and firmly pulling
in the lower abdominal wall, provides the basic sup-
port of the lumbopelvic region for weightbearing,
especially under high loading.

The deep musculo-fascial corset

One of the most important functional aspects of the
local muscle function (and dysfunction) is the rela-
tionship between co-contraction of the transversus
abdominis and multifidus muscles and the deep
fascial system which surrounds the lumbopelvic
region. Our current research is demonstrating that
each muscle belly of transversus abdominis, with
insertions into the thoracolumbar fascia posteriorly
and the abdominal fascia anteriorly, is capable of
exerting an effect on lumbopelvic stability through
the fascial system.

The realization of the importance of the deep
muscle corset concept for the support of the lumbo-
pelvic region has come through the clinical usc
of real-time ultrasound (Hides et al 1998) (sce
Appendix, p. 89) and our current research, involv-
ing the use of magnetic resonance imaging (MRI).
These imaging techniques have allowed the deep
musculo-fascial system to be viewed in its normal
and dysfunctional state. One important feature of
using imaging modalities to examine the corset is
that these techniques allow observation of tension
and sliding of fascias. As tensioning of the musculo-
fascial unit is thought to be a crucial mechanism of



80

THE JOINT PROTECTION MECHANISMS

(a)

(b)

Figure 5.2 Magnetic resonance images of a transection through the abdomen at the L4 level to view the 'muscle
corset’ with (a) a relaxed abdominal wall and (b) during a drawing in of the abdominal wall. Note the shortening

contraction of each belly of transversus abdominis.

joint protection and stabilization, this method of
investigation has inherent advantages not offered
by electromyography (EMC). For example, while
fine-wire EMG of the transversus abdominis can
detect activity of the muscle, it is impossible to
judge whether a concentric or eccentric contraction
has occurred and it is impossible to ascertain if ten-
sioning of the fascial system has occurred.

In selected pain-free individuals, a muscular
corset is formed automatically in response toa sim-
ple instruction to pullin the lower abdomen (with-
out spinal movement occurring). Figure 5.2 shows
MRI data demonstrating the relaxed (a) then con-
tracted (b) deep musculo-fascial corset. Importantly,
pulling in the abdomen involves symmetrical
muscle shortening of cach side of transversus
abdominis (Fig. 5.2b).

This is visualized using real-time ultrasound
imaging in the clinical situation. Real-time ultra-
sound imaging has a much smaller field of view
than MRI. However, its advantages arc that it is
readily available, is relatively inexpensive and is a
safe mode of imaging. Images of the anterolateral
abdominal wall can be seen in Figure 5.3. On ultra-
sound imaging, the fascias are clearly visible, and
the three muscles of the anterolateral abdominal
wall (obliquus externus abdominis, obliquus inter-
nus abdominis and transversus abdominis) arc
clearly differentiated. There are definite features
that can be obscerved during the drawing in of the

abdominal wall. The features of an optimal pat-
tern of activation include:

1. Transversus abdominis shortens and tensions
the anterior abdominal fascia

2. Transversus abdominis thickens in diameter
slightly, indicating that it has contracted

3. Transversus abdominis wraps around the
waistline (corset action)

4. The dimensions of the obliquus externus
abdominis and obliquus internus abdominis
remain relatively unchanged

5. The pattern is symmetrical for both sides.

If the abdominal wall is vicwed anteriorly, the rec-
tus abdominis on both sides and the anterior fascia
can be viewed. If the patient performs a correct acti-
vation pattern for the transversus abdominis, the
anterior abdominal wall should be seen to move in
a posterior direction (Fig. 5.4).

The features of a global pattern of activation
include:

1. Transversus abdominis, obliquus externus
abdominis, obliquus internus abdominis all
thicken and increase their diameters
simultancously, often rapidly

2. Despite contraction of the transversus
abdominis, it is cvident that the transversus
abdominis does not shorten and tension the
anterior fascia
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Figure 5.3 Sonographic appearance of the anterolateral abdominal wall in transverse section, showing correct
pattern of activation for the transversus abdominis. (a) Relaxed abdominal wall. (b) The tissues visible in (a). (c) Correct
pattern of activation of the transversus abdominis. Note that transversus abdominis shortens and tensions the anterior
abdominal fascia and thickens in diameter slightly, indicating that it has contracted; transversus abdominis wraps
around the waistline (corset action) and the dimensions of the obliquus externus abdominis, obliquus internus
abdominis remain relatively unchanged. (d) The tissues visibie in (c). S, skin; ST, subcutaneous tissue; OE, obliquus
externus abdominis; Ol, obliquus abdominis internus; TrA, transversus abdominis; AC, abdominal contents; L, lateral;
M, medial; *denotes tensioning of the anterior abdominal fascia; <>, thickening of the transversus abdominis.

3. The transversus abdominis does not wrap
around the waistline, and the waistline may
in fact, widen rather than narrow

4. The pattern may be asymmetrical between sides.

The sonographic appearance of a global contrac-
tion of the abdominal wall is shown in Figure 5.5.

Similarly, the multifidus and lumbar erector
spinae are also capable of contributing to the chan-
ging tension in the thoracolumbar fascia. The
influence of the multifidus and the lumbar erector
spinac on the thoracolumbar fascia was investigated
by Gracovetsky et al (1977) using a mathematical

model. It was proposed in the hydraulic amplifier
mechanism that contraction of the muscles exerts
a pushing force on the fascia, thus tensioning it
and increasing the stiffness of the spine. The inser-
tion of abdominal muscles into the thoracolumbar
fascia posteriorly can be seen in Figure 5.6.
Isometric contraction of the multifidus can
also be observed using ultrasound imaging
(Fig. 5.7). This is best observed in parasagittal sec-
tion. If the distance from the top of the zygapophy-
seal joint to the thoracolumbar fascia is measured,
this distance is seen to increase on contraction as
the myofibrils overlap. It is an important feature to
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(d)

Figure 5.4 Sonographic appearance of the anterior abdominal wall on correct activation of transversus abdominis.
(a) Relaxed abdominal wall. (b) The tissues visible in (a). (c) Split screen view showing displacement of the anterior
abdominal wall posteriorly resulting from the correct activation pattern of the transversus abdominis. The image on
the left-hand side shows the relaxed abdominal wall. The distance from the skin to the fascia is 1.98 cm. The image
on the right-hand side shows evidence of displacement of the anterior abdominal wall, and the distance from the skin
to the fascia is 2.36 cm. Imaging anteriorly will also show if there is asymmetry of activation of the transversus
abdominis between sides. (d) The tissues visible in (c). S, skin; ST, subcutaneous tissue; RA, rectus abdominis; .

AC, abdominal contents.

observe that the spine does not move. As the trans-
ducer is in contact with the skin, it appears on
imaging that the zygapophyseal joints move infer-
iorly rather than the skin and thoracolumbar
fascia move superiorly. In subjects who are unable
to perform this isometric contraction, it may
be observed that the muscle simply does not
contract, or that aberrant patterns are used. These

may include a domination of the superficial multi- -

fidus fasicles in the pattern, which will generate
spinal movement. 1t is difficult to observe multi-
fidus contraction by the MRI, as the subjects are
positioned in supine lying, which compresses the
muscle.

In summary, contractions of transversus abdo-
minis as well as the lumbar musculature are capable
of changing tension in the fascia. This is demon-
strated diagrammatically in Figure 5.8.

The deep corset model of stability would also
include the pelvic floor muscles, as explained in
Chapter 3 which overviews the abdominal mech-
anism. It will be argued later in this chapter that
thedeep corset contraction is also closely linked to
other deep muscles of the pelvis and hip.

In order to develop and explain the role of the
deep, dynamic muscle corset in relation to weight-
bearing, it is important to review the biomech-
anical models that have been devised in relation to
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(c)

(d)

Figure 5.5 Sonographic appearance of the anterolateral abdominal wall in transverse section, showing global
activation pattern. (a) Relaxed abdominal wall. (b) The tissues visible in (a). (c) Global pattern of activation. Note that
all three muscles of the anterolateral abdominal wall thicken, indicating contraction. However, the contraction of the
transversus abdominis does not tension the anterior fascia in this global contraction and does not wrap around the
waistline (corset action). (d) The tissues visible in (c). S, skin; ST, subcutaneous tissue; OE, obliquus externus abdominis;
Ol, obliquus abdominis internus; TrA, transversus abdominis; AC, abdominal contents; L, lateral; M, medial.

weightbearing through the spine as well as weight-
bearing through the pelvis.

The function of transversus abdominis
and multifidus in providing joint
stiffness

The importance of neutral spine  position  for
optimal weightbearing and load transfer through
the lumbar spince has been emphasized in Chapter
4 in the studies of Keifer et al (1997, 1998). These
studies addressed the issue of integration between
local and global muscles and highlighted the

role of multifidus in maintaining the lumbar
lordosis.

The importance of a neutral spinal posture has
also been highlighted in other biomechanical per-
spectives. For example, in a recent text on low back
pain, McGill (2002b) detailed the harmful effects of
spinal flexion and the ‘destabilizing consequences
of full flexion” of the spine. This is especially in
relation to creep in the passive support structures,
which occurs in the dorsal (extensor) aspects of the
lumbar spine after prolonged flexion, and which
takes some time to re-establish its joint-protective
qualities. Therefore, to prevent tissue creep and
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(b)

Figure 5.6  Sonographic appearance of the posterolateral aspect of the abdominal corset. (a) This image is taken at
the level of the third lumbar vertebra and shows the insertion of the transverses abdominis and obliquus externus
abdominis into the thoracolumbar fascia. (b) The tissues visible in (a). S, skin; ST, subcutaneous tissue; LD, latissimus
dorsi; TLF, thoracolumbar fascia; QL, quadratus lumborum; Ol, obliquus internus abdominis; TrA, transversus abdominis;

LES, lumbar erector spinae muscles; L, lateral; M, medial.

hence prevent the vunerability of the spine for injury
in flexed postures, McGill (2002b) recommended
the neutral spinal posture for safety and protec-
tion of the lumbar spine for all functional upright
tasks as well as for formal strengthening exercises.
These models of spinal loading have resulted in
increased emphasis on the importance of the neu-
tral spine position for weightbearing, as well as
its importance as an optimal position for the inte-
gration of the local and global muscle function
(expanded in Ch. 6).

The biomechanical aspects of weightbearing in
the lumbopelvic region have also been extensively
rescarched by Snijders and collcagues (1995). This
team of researchers from Erasmus University in the
Netherlands have developed models to explain
how the pelvic joints, most importantly the sacro-
iliac joints, can resist shear from the force of gravity,
as well as resist the extremely high forces developed
by the skeletal muscles that have large attachments
to the pelvis. Figure 59 provides a diagrammatic
representation of these concepts (Snijders et al 1995).

The biomechanical model predicts that the action
of the transverse fibres of pelvic muscles, such
as transversus abdominis, ishiococcygeas and pir-
iformis, can stiffen the sacro-iliac joints (i.e. force
closure) and stabilize and support the pelvis for
weightbearing, in a similar way to the effects of a

belt around the pelvis (Snijders et al 1998). Thus a
key function of these transverse muscles for the
pelvis is likely to be the control of weightbearing
through the lumbopelvic region. Figure 5.10 (from
Snijders et al 1995) explains the way a transverse
muscle force can be magnified approximately
five times (owing to the unique architecture of the
human pelvis) to give a compressive force to the
sacro-iliac joint. Such an angled force in a more hor-
izontal direction is designed to produce joint stiff-
ness in the coronal planc in order to form a firm
platform of pelvic support. Such stiffness is required
for efficient and safe, loaded antigravity function-in
the sagittal plane.

Our recent study completed in collaboration with
Snijders and colleagues has studiced the bjomechan-
ical effect of an independent contraction of trans-
versus abdominis and lumbar multifidus (clicited
through instructing the subjects to pull in their
abdomen without moving their spine) on the laxity
of the sacro-iliac joints (Richardson ct al 2002).

Subjects were recruited for the study if they
had no low back pain and, on testing with real-time
ultrasound, could perform a shortening contrac-
tion of transverses abdominis with a drawing in of
the abdominal wall. This shortening contraction of
transverses abdominis was recorded during the
experiment as a rcal-time ultrasound image in hard
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Figure 5.7 Ultrasound images of the lumbar multifidus in longitudinal section: (a) relaxed state; (b) after isometric
contraction. The line AB represents the depth of the muscle from its superior aspect to the superior aspect of the L4-L5
zygapophyseal joint. In the relaxed state (a), this is 2.37 cm; on contraction (b), this depth increases to 2.73 cm. S, skin;
ST, subcutaneous tissue; ¢, the direction of the fibres in the multifidus.

copy (Fig. 5.11a,b). At this point, it is relevant to
emphasize, as explained earlier in this chapter, that
the concept of a shortening contraction of transver-
sus abdominis during the draw in manoeuvre is
currently being validated in our functional MRI
studies.

The subjects were also required to do a *bracing’
contraction, involving all of the abdominal
muscles, so that the effect of two different muscle
recruitment patterns on pelvic support could be
compared. This sccond abdominal muscle pattern
was also assessed visually then recorded using real-
time ultrasound (Fig. 5.11a,c). In addition, surface
EMG on the abdominal muscles allowed the global
response of these muscles, as a result of manoeu-
vres, to be quantified.

Sacro-iliac joint laxity was mcasured using
Doppler imaging of vibrations. This is a new
measurement technique from Erasmus University
in which laxity is assessed in the prone, non-
weightbearing position. By adding a known vibra-
tion to the pelvis frombelow (via the region of the
anterior superior iliac spine), the difference in the
resultant frequency of vibration between the sacrum
and ilium is measured using Doppler imaging. As
these two bones are connected via the sacro-iliac
joint, the larger the difference in resultant frequency
as it passes through each bone, the greater the laxity
in the joint.

The results demonstrated that a specific contrac-
tion of the transversus abdominis and multifidus
{(confirmed using real-time ultrasound) with
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Figure 5.8 The muscle contraction of ‘drawing in’ of
the abdominal wall with an isometric contraction of the
lumbar multifidus. The interrelationship and the
interaction between these two muscles and the fascial
system can be appreciated, and the diagram illustrates
how they can work together to give spinal support.

Figure 5.9 Concept that compression of joint surfaces
by muscle force helps to prevent shearing. (Reproduced
with permission from Snijders et al 1995, p. 420.)

minimal contraction of the superficial abdominal
muscles (confirmed with EMG) increased stiffness
(or decreased laxity) of the sacro-iliac joints to
a greater degree than a higher level ‘bracing’

Figure 5.10 Cross-section of the pelvis at the level

of the sacro-iliac joints. The application of force by the
transversus abdominis and oblique abdominal muscles
(F,). in combination with stiff dorsal sacro-iliac ligaments
(F), compresses the sacro-iliac joints (F). Because the
lever arms of the muscle and ligament force are different,
the joint reaction force is much greater than the muscle
force. 1, Sacrum; 2, iliac bone; 3, joint cartilage; 4, joint
space; 5, ventral sacroiliac ligament; 6, interosseous sacro-
iliac ligaments; 7, dorsal sacro-iliac ligaments. (Reproduced
with permission from Snijders et al 1995, p. 423.)

contraction involving all the muscles of the
abdominal wall (Fig. 5.12).

These findings confirm the biomechanical model
of the mechanics of the sacro-iliac joint proposed
by Snijders et al (1995) in which the transversely
oriented muscles such as transversus abdominis
are well able to increase the stiffness of the sacro-
iliac joints for weightbearing whercas the superfi-
cial abdominals are not as cfficient. This study has
provided some initial evidence of how the trans-
versus abdominis can directly help to stabikize
and control the pelvis for weightbearing, and also
explains how specific activation of the deep local
muscles could exert an effect on pain and pathol-
ogy of the sacro-iliac joints.

The arguments presented in this chapter have led
to two recommended manoeuvres that are essen-
tial for loaded function of the lumbopelvic region.

Stiffening manoeuvres to protect and
support the lumbopelvic region for
weightbearing

The arguments presented in this chapter have led
to two recommended manoeuvres that are cssen-
tial for loaded function of the lumbopelvic region.
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Figure 5.11  Real-time sonographic appearance of muscles of the anterolateral abdominal wall in transverse section
during (a) relaxed prone lying; (b) ‘draw in" test; (c) 'brace’ test. S, skin; ST, subcutaneous tissue; OF, obliquus externus
abdominis; Ql, obliquus abdominis internus; TrA, transversus abdominis; AC, abdominal contents; L, lateral; M, medial.
(Reproduced with permission of Richardson et al 2002, p. 402.)
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Figure 5.12  Sacro-iliac joint laxity recorded during rest,
draw-in exercise and brace exercise. A lower threshold unit
represents a stiffer sacro-iliac joint. The draw-in and the
brace result in a reduction of joint laxity, but the draw-in
test with independent transversus abdominis contraction is
more effective. Average values of all subjects measured in
two repeated trials. (Reproduced with permission of
Richardson et al 2002, p. 404.)

These two conditions apply to activate the local
muscles and support the lumbopelvic region for
weightbearing.

1. Maintain a neutral lumbar spine (maintain all
spinal curves)

2. Draw in the lower abdominal wall, without
spinal movement. Check that the corset is acti-
vated, i.e. transversus abdominis is forming a
shortening (corset) contraction with the
manocuvre, and the lumbar erector spinae
are co-contracting isometrically.

Chapters 12 and 15 will explain how the ability to
hold necutral spinal curves can be assessed and
will discuss research findings that patients with
low back pain cannot hold neutral spinal curves in
upright working postures. In addition, Chapter 15
explains how to check if transverses abdominis is
forming a shortening (corset) contraction automat-
ically in responsc to the instruction ‘draw in the
lower abdominal wall” and in this way also assess
when the corset cannot be formed, for example, in
patients with low back pain.

CLINICAL EVIDENCE OF EFFECTIVENESS
OF RETRAINING THE CORSET ACTION

The deep musculo-fascial corset has been impli-
cated in providing the stiffness of the joints of the

lumbopelvic region for both movement and weight-
bearing function. However, the most significant
evidence for importance of the corset in relation
to lumbopelvic stability has been in clinical trials
where training of this action has resulted in the
relief of low back pain symptoms and prevention
of recurrence (Hides et al 1996b, 2001, O’Sullivan
et al 1997, Golby et al 2001). In these studies, the
exercise that is effective in the management of
low back pain involves teaching patients to form a
dynamic muscle ‘corset” involving contraction of
transverses abdominis and multifidus. Our current
MRI research is also demonstrating that dysfunction
in this musculo-fascial system is closely related to
the presence of low back pain (Ch. 12).

However, clinical evidence of the effectiveness of
retraining the corset action in chronic low back pain
has demonstrated that strength training (with the
addition of load) is also required to obtain signifi-
cant improvement in muscle function of multifidus,
as assessed by its cross-sectional area (Danncels
et al 2000). This can also be inferred from a study
where specific stabilizing exercises (teaching the
deep corset action) given for 4 weeks did not
change the cross-sectional area of multifidus in
subjects with chronic low back pain who had
undergone surgery (S. Kelley et al 2003, unpub-
lished data). Both these studies lend support for
our contention that stabilization and protection of
the low back in patients with chronic low back
pain also involves higher level strengthening exer-
cise. Our research would seem to suggest that this
strengthening exercise should focus on the anti-
gravity system, which controls high-load weight-
bearing function (Chs 6 and 13).

However, although high-load weightbearing
function is important, the initial stage of rchabili-
tation and prevention (i.e. activation of the decp
muscle corset) is recognized as the essential com-
ponent of developing the joint-protection mech-
anisms of the lumbopelvic region and forming the
‘motor control” building blocks for weightbearing.
For this reason, training of the deep corset should
remain the initial focus of prevention and rehabili-
tation programmes (Ch. 14). Once the automatic
corset action has been trained, progress to the func-
tional integration of the deep corset with the global
muscle system for loaded, antigravity weightbcar-
ing can be begun.
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APPENDIX: THE USE OF REAL-TIME
ULTRASOUND IMAGING IN
PHYSIOTHERAPY

Real-time ultrasound imaging has been exten-
sively used in medicine since the 1960s. It allows
rapid evaluation of the morphology and patho-
morphology of numerous organs and tissues. Its
most common application has been in the field of
obstetrics, where it has been of special benefit
because it does not involve exposure of the fetus to
jonizing radiation. Other areas of use in medicine
include gynaccology, internal medicine, surgery,
orthopaedics, sports medicine, neurology and
pacdiatrics. Ultrasound has proven to be very
useful in sports medicine, allowing imaging of
muscles, tendons, joints, ligaments and bursae.
Real-time ultrasound has proven to be of specific
benefit in research and rehabilitation of patients
with lumbopelvic pain.

Basic principles and instrumentation

Ultrasound technology is not new and dates back
to World War 1, where ultrasound was used to
detect submarines. It involves sending short pulses
of ultrasound into the body and using reflections
received from tissue interfaces to produce images
of internal structures. Pulsed ultrasound is
described by frequency, propagation speed, inten-
sity, attenuation and pulse length (Kremkau 1983).
For musculoskeletal imaging, frequencies from 3.5
to 10MHz are usually used. Similar to the princi-
ples taught for therapeutic ultrasound, higher fre-
quencies provide less penetration into the tissues,
and lower frequencies are used for penetration into
deeper tissues. For imaging, higher frequencies
provide less penetration but better image resolu-
tion. Lower frequencies provide images of decper
structures, but the trade-off is decreased image res-
olution. The velocity, or speed, of sound waves in
soft tissue is an average of 1540 m/s, and in bone is
about 4000m/s. The sound waves attenuate as
they progress through the tissues as a result of
reflection, refraction, scattering, absorption and
divergence of the beam. At diagnostic frequencies,
ultrasound obeys the laws of light in that it is
reflected at interfaces, refracts at interfaces and can
be focused.

Imaging systems consist of a pulser, transducer,
receiver, memory and display. An example of ultra-
sound equipment is shown in Figure 5.13. Similar
to therapeutic ultrasound, diagnostic ultrasound is
generated by the piezo-electric effect. This involves
conversion of electrical voltages into ultrasound,
which is sent into the body, reflected back and
reconverted into electrical voltages. For ultrasound
imaging, the same transducer is used to send pulses
and receive echoes reflected back to it. Various types
of transducer are available: multielement trans-
ducers of both straight linear and curvilincar
arrays. For imaging the multifidus, we have used
a SMHz curvilinear transducer (Fig. 5.14). It pro-
duces a well-defined image of the complex fascial
planes of this muscle. This transducer can also be
used for the transverses abdominis and generally
would be the most useful transducer for this area.
For larger patients, a 3.5 MHz transducer may be
required. The distance from the transducer to the
tissues is determined by travel time. This form of

Figure 5.13
equipment.

Example of real-time ultrasound imaging

Figure 5.14 A 5MHz curvilinear transducer used to
image the multifidus muscle.
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imaging is known as B-mode (brightness mode).
Grey scale imaging is a B-mode scanning tech-
nique that permits the brightness of the B-mode
dots to be displayed in various shades of grey to
represent different echo amplitudes (Van Holsbeeck
and Introcaso 1992). On an ultrasound image,
fluid appears black, whereas reflection from a
bone has increased echogenicity and appears white.
Muscle often appears black on ultrasound imag-
ing as it is full of fluid (blood).

The advantages of ultrasound imaging are that
it is relatively inexpensive and does not involve
exposure to ionizing radiation. Its disadvantages
are that it is operator dependent, has a limited field
of view and its resolution is inferior to MRI and
computed tomography scanning.

Use of ultrasound imaging in
rehabilitation

The two main uses of real-time ultrasound imaging
in rehabilitation are for research and for feedback
of muscle activation patterns.

Research

Real-time ultrasound imaging has been used to
guide fine-wire electrode placement into the trans-
versus abdominis, internal oblique and external
oblique muscles (Cresswell et al 1992a, Hodges and
Richardson 1997¢). Ultrasound imaging allows
visualization of the muscle tissue and the fascias
while the needle is being inserted, ensuring accur-
ate placement of the electrodes.

Another rescarch application of real-time ultra-
sound imaging is measurement of muscle size. This
is possible as ultrasound imaging allows measure-
ments in - cross-section, thus directly assessing
muscle atrophy and hypertrophy. Various muscles
have been measured in this way, including quadri-
ceps, anterior tibial muscles and the lumbar multi-
fidus (Stokes and Young 1986, Loo and Stokes
1990, Martinson and Stokes 1991, Hides et al
1992, 1994, 1995, 1996b, Sipila and Suominen 1993,
S. Kelley et al 2003, unpublished data, T. Wallwork
et al unpublished data). For the multifidus, initial
trials were conducted to ascertain if measurement
by ultrasound imaging was repeatable (Hides et al
1992). Forty-cight subjects without a history of low

back pain were studied, and multifidus cross-
sectional area measurements were performed bilater-
ally. Results showed good duplication of the mea-
surements and that the multifidus is symmetrical
in subjects who have never suffered low back pain.
The shape of the muscle varied between male and
female subjects. Validity of the measure has also
been examined by comparison with MRI (Hides et
al 1995). Ten subjects without a history of low back
pain were measured using both ultrasound imaging
and MRI by blinded assessors. Despite the differ-
ence in position of the subjects (prone for ultra-
sound and supine for MRI), every attempt was
made to standardize subject position, as joint posi-
tion and muscle length may influence cross-sectional
arca. Figure 5.15 shows a subject in the study under-
going assessment. Multifidus was measured bilat-
erally at five vertebral levels. Results showed a
significant difference in multifidus cross-sectional
area between vertebral levels, but no significant
difference between the two modalities used. This
measure was then used in a longitudinal randomized

Figure 5.15 Subject undergoing ultrasonic investigation
of multifidus cross-sectional area. To replicate the position
of the hips in the magnetic resonance scanner, which
were flexed, the hips were flexed to the same angle in
the prone position by tilting the bottom half of the bed
for ultrasound examination.
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clinical trial involving subjects with acute low
back pain. One group underwent specific multi-
fidus rehabilitation and there was a control group
(Hides et al 1996b, 2001). It had been essential to
establish repeatability, reliability and validity of the
measure prior to its adoption as the study depended
upon repeated measures. If measurement error was
large, it would have masked the effects of the
intervention. Examination of the multifidus in
parasagittal section revealed its unusual morphol-
ogy. Becausce of depth differences over the course
of one vertebral level, landmarks had to be used
to ensure that measurements were accurate. The
vertebra lamina provided such a landmark. The
measurement of multifidus is a difficult parameter
and should only be adopted after repeatability
and reliability studies have been established.

Ultrasound imaging has also been used to assess
the stiftness of the sacro-iliac joint (Damen et al 2002,
Richardson et al 2002). Subjects were positioned
in prone lying, and vibrations from a mechanical
vibrator were applied unilaterally to the anterior
superior iliac spine. The vertical vibrations propa-
gated from the ilium to the sacrum, depending
on the laxity of the intervening sacro-iliac joint.
The vibrations of the ilium and the sacrum were
detected by a colour Doppler imaging transducer
(Doppler imaging of vibrations). The measure has
been validated on measurements made on a model
pelvis and on embalmed human pelvises (Damen
et al 2002). Reliability has also been demonstrated
(Damen ct al 2002).

Feedback of muscle activation

One of the main advantages of real-time ultrasound
imaging is that muscle contraction can be imaged
as it actually occurs. This is very useful in rehabili-
tation as it can provide direct feedback to the sub-
ject and enhances learning.

The use of ultrasound imaging to provide feed-
back of multifidus muscle activation was reported
by Hides et al (1996b). The multifidus was imaged in
longitudinal (parasagittal section) and patients were
asked to ‘swell” the multifidus gently, which was
a gentle isometric contraction. On the ultrasound
image, the muscle was seen to increase in depth as
the muscle contracted, providing immediate visual
feedback of muscle activation to the subjects as they

contracted the muscle. The effect of ultrasound as
a form of feedback on motor learning of the multi-
fidus isometric contraction has been investigated
(K. Van et al 2003, unpublished data; Fig. 5.16). Two
groups of subjects without a history of low back
pain were taught how to contract the multifidus iso-
metrically but only one group received visual feed-
back of the contraction. The group who received
the feedback of multifidus activation via the ultra-
sound maintained the skill significantly better than
the subjects of the control group. This measurement
of the increase inn muscle depth of the multifidus on
isometric contraction has been shown to be repeat-
able and reliable (K. Van et al 2003, unpublished
data, T. Wallwork et al, unpublished data).

The transversus abdominis, internal oblique and
external oblique muscles can be imaged quite casily
using ultrasound imaging. The transducer is placed
lateral to the umbilicus, on the anterolateral aspect
of the abdominal wall. The intimate relationship
between abdominal muscles and their fascial attach-
ments can be clearly witnessed using ultrasound
imaging. The corset action of the transversus abdo-
minis is easily observed. When the muscle contracts
and shortens, it is seen to pull its anterior fascial
attachmentsina lateral direction. This should occur
evenly bilaterally, and if it does, it will pull the
anterior abdominal wall in a posterior direction.
The features welook for in a good activation pattern
are (a) that transversus abdominis tensions its fascial
attachment and pulls it laterally; (b) that transver-
sus abdominis wraps around the waistline (corset
action); (c) that transverscs abdominis thickens
slightly; and (d) that intcrnal oblique and external
oblique remain relatively inactive. We are currently
validating the ultrasound assessment of abdominal
activation patterns by comparison with MRI in sub-
jects with and without a history of low back pain.
The advantage of the MRI is that the whole corset
can be imaged at once, as it has a much wider ficld
of view than the ultrasound imaging. We believe
that a symmetrical concentric contraction of the
transversus abdominis is the ideal pattern of acti-
vation. This study is providing fascinating insights
into the corset mechanism and should help to gen-
erate simple measurements of corsct efficiency.

The relationship between the increase in
muscle thickness observed during contraction on
ultrasound imaging and EMG activity has been
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examined for the transversus abdominis (Hodges
et al 2003d). Results showed that the relationship
was good for the transversus abdominis and the
internal oblique muscle at low levels of maximum
voluntary contraction. The relationship was not as
close for the external oblique, probably related to
the architecture of the muscle and orientation of
its fibres. Surface EMG should, therefore, be used

Figure 5.16 Subject performing isometric
contraction of the multifidus with visual feedback
provided by ultrasound imaging. The subject is
viewing the contraction through a hole in the bed,
and the ultrasound image is being displayed on a
TV monitor and reflected by a mirror, to allow the
subject to view the screen with the head placed in
the midline.

in addition to ultrasound imaging of the internal
oblique and transversus abdominis to give an
adequate indication of activation of the three mus-
cles of the anterolateral abdominal wall. We used
this combination of measures to verify the pat-
terns of abdominal activation in our recent study
of the effects of muscle activation on the stiffness
of the sacro-iliac joint (Richardson et al 2002).
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INTRODUCTION

The development of exercise principles for the
integration of local and global muscles for stability
of the lumbopelvic region has been based on an
increased understanding of the antigravity joint
protection mechanisms. This awareness was also
important in order to appreciate how to expand
and integrate local muscle function into high-
load joint support. In this way, load can be safely
and effectively added to the joint support sys-
tems during a progressive exercise programme
for the treatment and prevention of low back
pain.

The antigravity joint protection mechanisms
depend not only on the stiffness developed in the
lumbopelvic region for weightbearing (Ch. 5) but
also on the close links with the antigravity muscle
support system of the trunk and limbs. It will be
argued in this chapter that effective antigravity
joint protection mechanisms rely on the balanced
integrated function of weightbearing and non-
weightbearing muscles. In order to explain this
concept, it is first important to explain how the
muscle function involved in protecting joints from
injury sits within the framework of upright func-
tional postures.

ANTIGRAVITY MUSCLE SYSTEMS AND
THE CONTROL OF POSTURE

Massion (1998) in a review of postural control sys-
tems has explained that the function of posture
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can be divided into two main functions:

e antigravity function, where the opposing force
of gravity is considered; and

e providing an interface with the external
environment or a reference frame for organizing
movement (grasping, reaching).

It is considered that posture develops initially
from providing a way to interact with the external
environment and that antigravity organization is
the last phase of development. This is logical when
one considers that the adaption to a weightbearing
erect posture is an important task for the sensory
motor system in early childhood development.
Massion (1998) also proposed that the antigravity
organization function of posture can, in turn, be
divided into two aspects of function:

e providing the mechanical support necessary to
perform movements, including providing joint
stiffness and muscle recruitment in the
antigravity extensors; such stiffness needs to be
adjusted to provide joint support for movement;

e controlling balance and body sway.

Most research into the antigravity organization
function of posture has considered the second
aspect, that is, controlling balance and body sway
in an erect standing posture (Fig. 6.1a), while little
research has focused on investigating joint stiff-
ness and muscle recruitment of the antigravity
extensors in a flexed, working or loaded posture
(Fig. 6.1b).

This chapter deals with the integrated function
of weightbearing and non-weightbearing muscles,
to produce antigravity joint stiffness and joint
protection. The functional patterns of use for the
weightbearing and non-weightbearing muscles
required for joint protection are not necessarily the
same as for the muscles recruited to control bal-
ance and body sway.

MODELS TO DEFINE SKELETAL MUSCLE
FUNCTION IN ANTIGRAVITY JOINT
PROTECTION

An anatomical model

To understand the function of the antigravity joint
protection mechanisms and the integration of the

&

(a) ()

Figure 6.1 Comparison between (a) an upright posture
and (b) an erect, working or loaded posture.

local and global systems for joint protection, it is
first important to differentiate the global muscle
synergists into two different anatomical based cat-
egories: one-joint (or uniarticular) and multijoint
(multiarticular, two or more joints) muscles.

To this point, the focus of the joint protection
mechanisms has been on the local and the global
(torque-producing) muscles. From a mechanical
viewpoint, one-joint muscles are closely related to
a single joint position and movement direction,
which can be controlled through the muscle
contracting isometrically, concentrically or eccen-
trically. In comparison, multijoint muscles are
mechanically multifunctional, affecting many joint
movements and are often involved in the control
of a single joint in many different directions (van
Ingen Schenau et al 1992). Theoretically, these two
types of muscle synergist pass over a single refer-
ence joint under load and will both contribute to
force production in one movement direction (e.g.
knee extension).

This chapter focuses on the evidence for the dif-
ferent roles of the two categories of global muscles
for antigravity protective function. Joint protection,
when opposing the force of gravity, is required for
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Figure 6.2
during (a). AD B, adductus brevis; AD L, adductus longus; AD M, adductus magnus; BF, biceps femoris; GR, gracilis; RF,
rectus femoris; SR, sartorius; ST, semitendinosus; VM, vastus medialis; VL, vastus lateralis; VI, vastus intermedius.

(Reproduced with permission of Tesch 1993, p. 47.)

safe loaded weightbearing. Such joint protection is
determined by the muscle recruitment patterns at
eachjointof the limb opposing gravitational force.
As far as the global muscles are concerned, it will
be argued that it is predominantly the one-joint
(or one area of the spine) extensors of the trunk
and limbs that are the weightbearing muscles,
providing the mechanical support and joint pro-
tection for functional loaded postures (see Fig.
6.1b) and that these muscles are closely linked to
the function of the local muscle system. The multi-
joint muscles, which have multiple functions in
relation tojoint movement, do not, in normal erect
working postures, have a weightbearing role (i.e.
they are non-weightbearing muscles).

This concept will be developed using the muscles
and joints of the lower limb as the model. The role
of the muscles of the upper quadrant in antigravity
weightbearing function, and their links to weight

SR

ADL

GR

(b)

(a) Resisted knee extension in sitting. (b) Magnetic resonance images depicting quadriceps pattern of use

transfer through the trunk, is a topic for our on-
going research into weightbearing mechanisms
and joint protection.

Recruitment patterns of synergists in
open chainexercise loading

Before describing a differential function for one-
joint and multijoint muscles, it is first important to
recognize that in most loaded exercise situations,
both one-joint and multijoint synergists are
recruited together to provide the force to oppose the
external resistance. For example, resisted knee
extension in sitting (Fig. 6.2a) requires the recruit-
ment of all of the quadriceps muscles, including the
one-joint vasti and the multijoint vastus medialis
oblique. This is illustrated schematically in the
functional magnetic resonance images (MRI) by
Tesch (1993) depicting high muscle use (white),
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medium muscle use (grey) and lack of use (black).
These MRI images, which are taken before and after
a loaded knee extension exercise, demonstrate the
pattern of use of the muscles. Figure 6.2b demon-
strates the high use (white) of all quadriceps syner-
gists during the exercise. Also important to note is
the lack of use (black) of the mutijoint hamstring
muscles (antagonists) as well as lack of use of all the
adductors muscles of the hip. Consequently, exer-
cise to increasing strength, power and endurance of
muscles around a single joint by traditional means
involves the use of all muscles in the movement
direction of the force, with relaxation of the main
antagonist set of muscles. It is likely that such exer-
cise in this example does not include the adductor
muscles (Fig. 6.2b). Therefore, it could be argued
that reduced function of the adductor magnus,
which functions as an extensor of the hip in weight-
bearing (reviewed by Hodges and Richardson 1993)
could, over a period of time, result in reduced pelvic
stabilization for weightbearing.

Recruitment patterns of synergists in closed
chain exercise loading

Completely different recruitment patterns of the
one-joint and multijoint muscle synergists of the
quadriceps occur in closed chain loading. Closed
chain loading involves joint compression, with
proximal and distal segments moving together to
load longitudinally through the body including
through the feet.

Compared with open chain loading, closed
chain exercise loading highlights the differential
function of the one- and multijoint muscles, with
the one-joint muscles recruited optimally to
oppose external resistance. For example, resisted
knee extension in lying (closed chain) (Fig. 6.3a)
requires the recruitment of all of the one-joint vasti
muscles but does not use the multijoint rectus
femoris. This is illustrated schematically in the
functional MRI illustrations by Tesch (1993)
depicting quadriceps level of use after a loaded,
closed chain knee extension exercise in the form
of the leg press. Figure 6.3b demonstrates the high
use (white) of the vasti synergists during the exer-
cise. Most importantly, there-is lack of use (black)
of the multijoint hamstring muscles as well as the
multijoint hip muscles (e.g. sartorius). This type of

\

ADE

(b)

Figure 6.3 (a) Closed chain resisted knee extension.

(b) MRI depicting quadriceps pattern of use during (a). AD
B, adductus brevis; AD L, adductus longus; AD M, adductus
magnus; BF, biceps femoris; GR, gracilis; RF, rectus femoris;
SR, sartorius; ST, semitendinosus; VM, vastus medialis;

VL, vastus lateralis; VI, vastus intermedius. (Reproduced
with permission of Tesch 1993, p. 59.)

exercise is also well suited to recruitment of the
large one-joint adductor muscles of the hip (e.g.
adductor magnus and brevis).

A more functional closed chain exercise would
be a ‘squat’ or ‘lunge’ exercise. Importantly, the
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VM RF VL

SR

ADL

GR

ADM ST BF

(b)

Figure 6.4 (a) Lunge exercise. (b) MRI depicting
quadriceps pattern of use during (a). AD B, adductus
brevis; AD L, adductus longus; AD M, adductus magnus;
BF, biceps femoris; GR, gracilis; RF, rectus femoris;

SR, sartorius; ST, semitendinosus; VM, vastus medialis;
VL, vastus lateralis; VI, vastus intermedius. (Reproduced
with permission of Tesch 1993, p. 46.)

9

OOOOO = Local muscles
NAAAAA - = One joint muscles
= Multiple joint muscles

Figure 6.5 The one joint muscles are stretched
under the force of gravity in weightbearing, while
the multijoint muscles are more likely to be in a more
shortened (relaxed) position.

lunge exercise with shoulder load (Fig. 6.4a) has
thesamemuscle recruitment patterns (Fig. 6.4b) as
the leg press (Fig. 6.3b; Tesch 1993).

However, although squatand lunge exercise per-
formed in the erect posture are more functional
than the leg press, it should be recognized that these
exercises also include the balance and sway aspects
of antigravity, upright posture function, and it may
be more difficult to control the joint loading and
levels of individual antigravity muscle recruitment
for treatments. This aspect of progressive exercise
will be discussed in detail in Chapter 15.

Increasing strength, power and endurance of
muscles involving several joints in the kinetic chain
in closed chain exercise involves a different set of
muscle synergists. From a biomechanical point of
view, some muscles (i.e. the one-joint muscles) are
stretched under the force of gravity in weightbear-
ing (i.e. closed chain) activities (Fig. 6.5), while the
non-weightbearing, multijoint muscles are more
likely to be placed in a more shortened relaxed
position, as while they are stretched over onejoint,
they arerelaxed over another (Fig. 6.5).

Consequently, it can be argued that the anti-
gravity (one-joint) muscles, which are under
stretch (tend to lengthen) with gravity load, are

TR
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providing joint protection and support in the erect
working or loaded posture. These muscles would
also be important for the transfer of load in this
position.

There is some initial evidence that the local
muscles and one-joint muscles are closely linked
together in antigravity function. An EMG study of
Hodges and Richardson (1993) demonstrated that
co-activation of adductor magnus (one-joint hip
muscle) and vastus medialis oblique (a local muscle
of the knee) was significantly higher in weight-
bearing than in non-weightbearing situations. This
study also suggested that a strong link may exist
between weightbearing function of the muscles of
the hip and the knee joints.

Closed chain exercise involving the trunk and
upper limbs is likely to present the same pattern of
activation that isobserved for the trunk and lower
limbs (i.e. recruitment of the one-joint antigravity
muscles with relaxation of the multijoint muscles).
In an MRI assessment of the three heads of the tri-
ceps brachii during overhead (antigravity) upper
limb extension with heavy weights, Tesch (1993)
reported that there was maximal recruitment of
the one-joint heads of the muscle, with relaxation
of the multijoint head of the muscle (Fig. 6.6).
Future research into the possible relaxation of the
latissimus dorsi and pectoralis muscle during this
type of closed chain exercise for the trunk and
upper limbs may prove useful in establishing the

Figure 6.6 Antigravity upper limb extension with heavy
weights.

joint protective mechanisms of the lumbopelvic
region as well as being useful in the prevention
(and treatment) of many shoulder pathologies.

Although the antigravity (one-joint) muscles are
recruited in closed chain activity, there is evidence
that these muscles providing joint protection and
support are not used in some non-weightbearing
conditions, for example where body weight is
minimized and increasing speed is used to increase
the level of muscle contraction for training,

Recruitment patterns of synergists in fast
ballistic, open chain exercise

Interaction of the one-joint and multijoint syner-
gists with open chain, ballistic movement (speed
loading) results in recruitment patterns that are
the direct antithesis to the patterns seen in closed
chain loading conditions. That is, this pattern of
exercise favours the multijoint muscles, with the
antigravity one-joint muscles not responding.
Some of the first evidence for this differential
function of one-joint and multijoint muscles came
from research involving fast ballistic flexion/
extension movements of the knee, involving the
quadricep and hamstring muscle groups.
Richardson and Bullock (1986) studied subjects
performing knee flexion/extension movements in
a prone position at progressive increases in speed
and with individual muscle recruitment measured
with surface EMG. A spring was attached to the
ankle at a set angle (Fig. 6.7) to deload the lower

Figure 6.7 The exercise model with a spring
attachment to reduce the load of the lower leg
to zero during the high-speed ballistic task.



leg and minimize the effect of gravity during the
movement. Biomechanical analysis showed how
the spring negated the leg load. The movement
model, which involved ballistic movement with
no time for sensory feedback, was considered
to be a largely preprogrammed action (Desmedt
and Godaux 1978) and, therefore, operated under
‘open loop” motor control conditions. In ballistic
movement conditions where the gravitational
load cues had been eliminated, recruitment of the
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Vastus lateralis Rectus femoris Vastis medialis Lateral hamstring

Figure 6.8 Electromyographic activity measured over
three movement cycles with the ballistic exercise. Note
the relative increase in activity of the rectus femoris and
hamstrings (multijoint muscles). (Reproduced with
permission from Richardson and Bullock 1986, p. 55.)

AD B = Adductor brevis
AD L = Adductor longus
AD M = Adductor magnus
BF = Biceps femoris ADL
GR = Gracilis

RF = Rectus femoris

SR = Sartorius

ST = Semitendinosis GR
VM = Vastus medialis

SR

VL = Vastus lateralis
VI = Vastus intermedius

Stand, look down at your right leg,
and imagine looking into a slice
(cross-section) of your right thigh.

multijoint rectus femoris and hamstrings increased
significantly with increasing speeds while the
recruitment of the one-joint vastus lateralis and
the local muscle vastus medialis oblique was not
affected (Fig. 6.8). This is demonstrated schemati-
cally in Figure 6.9.

Mostimportantly, thelocalmusclevastus medi-
alis oblique was recruited tonically in 90% of sub-
jects during the high-speed phasic movement,
indicating that it was not involved in lower leg
movement when gravitational load cues were
eliminated. Interestingly, vastus lateralis was also
recruited tonically in 40% of subjects. These results
provide some evidence that both the local muscle
vastus medialis oblique and the one-joint muscle
vastus lateralis do not respond to movement cues
given through fast ballistic knee movement. This
may indicate that these synergists are recruited
together, as proposed earlier in this chapter, for the
antithesis of this exercise movement: the antigrav-
ity, weightbearing function.

Following this knee muscle research, Ng and
Richardson (1990) studied the effect on the func-
tion of the lower leg muscles of a 6-week exercise
programme involving rapid (ballistic) ankle plantar
flexion. While jumping height improved, the iso-
metric strength of the soleus was significantly

Figure 6.9 The high
use of the multijoint
muscles and low use
of the one joint
muscles during non-
weightbearing ballistic
exercise, adapted from
the model used by
Tesch.

ADB
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Table 6.1

Summary of Rood's approach to the differentiation of muscle

Muscles active in patterns of functional
mobility (mobilizers)

Muscles active in patterns of
functional stability (stabilizers)

Example muscles

Multiarthrodal muscles, flexors, adductors (vasti)

One-joint extensors and abductors
Bipennate (fan shaped or irregular),
fibres run obliquely

Located deeply and more medial
Fibres cross one major joint
Function in heavy work, associated

Fibre type Fusiform, fibres parallel to the long axis

Location More superficial (and more lateral)

Relationship to joint Muscle fibres further from the joint on which they act

Activity More active when distal lever is free and
non-weightbearing

Leverage More active in light work of smaller lever acting on

the larger one, in skill activities
Active period
activity (phasic)

Threshold of stimulation  Low
Motor units affected Mainly quick acting

Work to initiate movement and perform bursts of

with joint compression as in
weightbearing

More active in movement of heavier
larger object while lighter lever is fixed
Capable of prolonged holding especially
in a stretched position (tonic,
continuous activity)

High

Mainly slow acting

From Stockmeyer 1967.

reduced. Therefore, rapid movement favoured
recruitment of the multijoint gastrocnemius, with
decreased use of the one-joint muscle soleus. This
research is in line with the argument that repeti-
tive rapid movement is more likely to recruit pre-
dominately the multijoint muscles.

Of interest, this type of speed loading, espe-
cially in non-weightbearing, results in high muscle
activation levels, which are accompanied by joint
distraction rather than joint compression. With
less joint loading involved, this type of exercise
is usually more comfortable for the patients with
joint injury and pain. However, it is important to
consider that this type of exercise loading heavily
favours the multijoint muscles and reduces the
contribution of the one-joint muscles.

A neurophysiological model

Neurophysiologists Desmedt and Godaux (1978)
contributed significantly to knowledge in this area
of muscle control. They described two types of
voluntary movement. ‘Ramp’ movements (which
can be fast or slow) are those that are continuously
controlled by sensory input from the periphery,
with motor commands guided by the feedback

system. This type of movement is similar to closed
kinetic chain function, which demonstrates a
dominance of the one-joint, weightbearing mus-
cles. The antithesis of ramp movement is ‘ballistic’
movement, involving largely a preprogrammed
action with minimal possibility of modification
(sensory feedback) because of its rapid nature.
This is demonstrated in the rapid knee flexion/
extension model, which demonstrates a domi-
nance of multijoint, non-weightbearing muscles.
Desmedt and Godaux (1978) acknowledged that
these represent the extremes of motor function,
with most functional activities consisting of a
combination of both types of movement.

The differing recruitment patterns of human
weightbearing and non-weightbearing muscles
at the two extremes of function are very similar
to the functional categorization of muscles in
animals. Since the last part of the 19th century, phys-
iologists have recognized that ‘fast’ and ‘slow’
muscles exist in animals. Denny-Brown (1929) com-
pleted histological studies on various animal mus-
cles and came to the conclusion that, as a general
rule, the red slow muscles (which exhibit longer
twitch contraction duration) form the deeper layers
of skeletal muscle, have shorter tendons and consist
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Table 6.2 Muscle recruitment with extremes of exercise conditions

Weightbearing muscles

Non-weightbearing muscles

One-joint muscles (and local muscles)
Separation in extreme closed loop motor function

Exercise: closed chain exercise
Static weightbearing
Antigravity working postures
Joint compression

Multijoint/multifunction muscles
Separation in extreme open loop motor function

Exercise: open chain exercise
Rapid, ballistic movement
Eliminate gravity

Joint distraction

of units with low threshold for postural reflexes. The
extensors at each joint, as an undifferentiated group,
belong to this type of muscle, except for the double
joint, more superficial extensors, which, together
with all flexor groups, develop as more rapidly con-
tracting muscles (i.e. the pale, fast muscles).

Interestingly, it was with these types of study
in mind that Rood (1962) developed her theor-
ies on muscle types as a basis for rehabilitation. She
suggested that fast ‘mobilizers’ (multijoint mus-
cles) were made up of fast contracting motor units
and were involved in rapid skilled movements,
while the slow ‘stabilizers’ (one-joint muscles)
consisting of slow-contracting motor units were
involved in weightbearing stabilizing function. In
1967, Stockmeyer wrote a clinical interpretation of
the Rood approach, which has implications for
treatment and prevention of musculo-skeletal
injuries such as low back pain. This approach is
summarized in Table 6.1.

It could be argued from information provided
earlier in this chapter that the ideas of Denny-
Brown (1929) and Rood (1962) may be, in many
ways, acceptable today. However, as more recent
studies of muscle fibre types in humans have
established that, unlike animals, skeletal muscles
consist of a variable 50:50 mixture of fastand slow
twitch muscle fibres, the differences in function of
muscle synergists can only be explained in terms
of differences in motor control rather than fibre
type predominance. This would be an important
area for neurophysiological research on which to
base exercise models.

In summary, the global muscle synergists
(weightbearing and non-weightbearing muscles)
demonstrate differential muscle recruitment
patterns at the extremes of the ramp (closed chain)

and ballistic exercise conditions. Table 6.2 summar-
izes the extreme conditions of exercise and the
muscle synergists involved.

THE CONTROL AND CO-ORDINATION OF
ONE-JOINT AND MULTIJOINT MUSCLES

The co-ordination of one-joint and multijoint musles
in the dynamic interaction of body segments
remains an issue of intense debate in the current
motor control literature. Prilutsky (2000) high-
lighted the ‘spring like” behaviour of multijoint
muscles, and their efficiency in multijoint move-
ments in facilitating energy transfer between joints;
he also provided arguments, from an evolutionary
viewpoint, that having only one-joint muscles
would produce inefficient movements.

Bobbert and van Soerst (2000), in a commentary
on Prilutsky’s paper, provided more evidence
for the multijoint muscles being considered the
solution to the problems of evolutionand increasing
efficiency of movement. They presented arguments
to explain how multijoint muscles are coordinated
to favour their force-velocity relationships to give
an efficient, skilled performance. The problem from
a health science perspective is how the nervous sys-
tem deals with the resultant unfavourable length-
tension relationships in the one-joint muscles,
which must offer ‘directional restraint’ to the joints
through all ranges of functional movement. This
would be the most challenging to one-joint muscle
control when they are in their shortened position,
with resultant unfavourable length—tension relation-
ships (see Ch. 7).

Interestingly, Bobbert and van Soerst (2000)
reflected on the hypothesis of van Ingen Schenau
et al (1994) who suggested that one-joint muscles
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are recruited in high-energy tasks based on spin-
dle information in order that these muscles can be
activated in their shortened range. They suggested
that other sensory information relating to move-
ment information, including the line of action of
the forces, would be more important for the multi-
joint muscles. Chapter 7 lends support to these
theories that one-joint and multijoint muscles can
be separated in terms of reliance on different types
of sensory information, and it goes on to argue
that the one-joint system primarily has a weight-
bearing (antigravity) role while the multijoint
system has a non-weightbearing role.

Therefore, although a better movement per-
formance would be expected if all muscles were
multijoint, we propose that, for the health field,
the one-joint muscles should be considered the
solution to the problems of evolution, where their
roles in the adjustment of the body segments to an
erect posture (against the forces of gravity) and in
supporting and protecting the weightbearingjoints
during functional movement become the most
important issues of motor control, in relation to the
co-ordination of the one- and multijoint muscles.

BASIS FOR AN ANTIGRAVITY
EXERCISE MODEL

The separation of function of non-weightbearing
and weightbearing muscles at the extremes of the
motor control continuum has important implica-
tions for rehabilitative and preventative exercise.
Non-weightbearing muscles are facilitated in ballis-
tic motor tasks at one extreme of the control model
while weightbearing muscles are facilitated at the
other extreme (i.e. in ramped (closed chain) motor
tasks). This could be how impairments develop
through lack of use of the weightbearing muscles,

and overuse of the non-weightbearing muscles,
when the ballistic motor function is dominant. This
model could also form the basis of treatment of
overactive non-weightbearing muscles, and under-
active weightbearing muscles, as the closed chain
exercise models are likely to facilitate weightbear-
ing muscle function and ‘turn off’ the more active
non-weightbearing muscle system.

It was argued in Chapter 5 that providing joint
stiffness (and muscle stiffness) to the lumbopelvic
region for high-load antigravity function of mus-
cles requires very specialized motor control stra-
tegies for that region. The second part of the
integration phase, with the local muscles integrat-
ing with the global muscles, is gained through
focusing on the close links between the local and
the weightbearing muscles and, therefore, the
muscle corset (Ch. 5) combined with closed chain
exercise for the weightbearing muscles (and which
differentiates weightbearing from non-weight-
bearing muscles) would be the rehabilitative and
preventative exercise of choice.

Training and improving the joint protection
mechanisms is based on normal function of the
muscle system for joint protection (Chs 2-6) as
well as on changes that occur in the muscle system
with dysfunction associated with prolonged
deloading (Ch. 7), injury (Ch. 8) and pain (Ch. 9).
This chapter has focused on the functional categor-
ization of synergistic muscles, and the various pat-
terns of muscle function related to the addition of
load to the joints in exercise. Chapter 7 will deal
with deloading and loss of antigravity function
and how it differentially affects the weightbearing
muscles (including local muscles) in a different
way to the non-weightbearing muscles; this leads
to impairments in the joint protection mechanisms
and to the development of joint injury.
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INTRODUCTION

Numerous research studies have been undertaken
by many health-related professions in an effort to
find the aetiology of mechanical low back pain
and generate effective preventative strategies. The
development of mechanical low back pain is con-
sidered by many clinicians and researchers to be
a consequence of tissue loading, which results
(often over long periods of time) in tissue failure
in structures associated with the vertebral discs
as well as other joint structures of the spine (e.g.
zygopophyseal joints) and pelvis (e.g. sacro-iliac
joints). McGill (2002b), an internationally respected
researcher in low back pain disorders and their
prevention, explained that the prediction of risk of
tissue damage occurs when the applied load is
greater than tissue strength. Tissue damage is most
commonly considered to result from the applica-
tion of high forces to the body (e.g. high impact or
compressive loading to the spine or throughincor-
rect lifting and working techniques). Such tissue
failure can result in the development of painful
symptoms from a variety of potential pain sources
in the region. This process could occur in one sin-
gle incident or through accumulated trauma over
longer periods of time.

In line with these concepts of increased tissue
loading leading to tissue failure and subsequent
pain, most strategies for prevention address the
issue of high tissue loading and concentrate on
methods of reducing the forces and loads on
the spine. Biomechanical and anatomical research
studies have led to an evidence base for the many
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methods of lowering spinal loads (review by
McGill 2002b). These include the very important
strategies of posture training, focusing on neutral
spine, and instructing on safe ways of lifting and
moving heavy objects and reducing asymmetry
during lifting and other functional tasks.

It is important to realize that tissue failure
results in joint injury and pain, with subsequent
changes in muscle function, including muscle size
(inhibition) as well as motor control changes. These
issues need to be considered for management of
low back pain and are detailed in Chapter 8 (injury)
and Chapter 9 (pain).

This chapter deals with the aetiology of low
back pain from a different, new perspective to that
of the high-load model of injury. Prediction of tis-
sue damage to the joints increases owing to the
neuromuscular plasticity of muscle in response to
a reduction in weightbearing (deloading). While
this concept is not, in itself, new, the argument
presented in this chapter is that weightbearing
muscles and non-weightbearing muscles are dif-
ferentially affected in deloaded situations. The
former, which are primarily involved in joint pro-
tection, tend to atrophy, become more fatiguable
and exhibit specific sensory motor changes. The
latter, by comparison, tends to hypertrophy, become
less fatiguable and display the antithesis of the
sensory motor changes depicted in the weightbear-
ing muscles. It is these selective impairments in
weightbearing and non-weightbearing synergists
that we propose may affect joint stress and even-
tually lead to injury of the joint structures and pain.

MUSCULO-SKELETAL CHANGES WITH
DELOADING THE WEIGHTBEARING
KINETIC CHAIN

In this context, ‘deloading’ refers to a reduction in
weightbearing load, or a decrease in the sensory
information available to the central nervous sys-
tem about gravity and loads. It is important to
emphasize that deloading refers to an absence of
weightbearing rather than a reduction in overall
activity.

The muscle dysfunction occurring with deload-
ing may take several decades to reach the point
where joint injury and pain develop. Therefore,
research requires specialized methodology that

can quicken the process. These approaches include
animal studies involving immobilization, tenotomy
or suspension of lower limbs; bedrest studies
involving subjects (with no pathology) lying in
bed for 2—-3 months; and humans and animals liv-
ing for short periods in microgravity.

The opportunity to study this area of motor
control has been provided through our current
involvement in space (microgravity) research,
where skeletal muscle function, owing to the
reduction in gravitational sensory load cues, can
be deduced from the impairments that develop
when gravity is minimized.

Neuromuscular plasticity in response
to deloading

Neuromuscular plasticity represents the ability of
the nervous system to adapt and change the con-
trol as well as the properties of skeletal muscle
(including the properties of the slow and fast
twitch fibres) in response to both therapeutic
input (i.e. treatment modalities) and environmen-
tal stimuli (Kidd et al 1992). An environmental
stimuli that could cause changes in the muscle
system and its control is deloading the skeleton
through minimizing the effect of gravity on the
body. Many physiological research studies have
investigated the effect of minimization of gravity
on the body and the neuromuscular system.

The new model of injury proposes that mus-
culo-skeletal injury can occur as a result of deload-
ing the skeleton in a situation where there is a
decrease of sensory information available to the
nervous system about gravity and loads. This
causes loss of function and weakness in the ‘anti-
gravity’ muscle system: the local and one-joint
muscles, which have a major role of protecting
the joints from injury (see Chs 2, 3, 4, 5and 6).

In addition, it will be argued that the antigrav-
ity muscle system will become less active and
begin to be recruited more phasically during
movement. Importantly, this change in function,
which affects the muscles responsible for the
control and protection of the underlying joint, is
likely to change significantly the weightbearing
loading patterns of the joint and thus increase
the likelihood of joint injuries developing over
extended periods of time.
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Muscle changes

One of the most obvious impairments with deload-
ing is muscle atrophy. Atrophy and decreased
cross-sectional area (White and Davies 1984, Appell
1990 (review), McComas 1996) are the most obvi-
ous effects of deloading, with power more affected
than expected from the degree of muscle atrophy
(Antonutto et al 1999). The significance of these
‘atrophy’ impairments in relation to function lies
not only in the fact that they are mainly present
in the one-joint antigravity extensors but also that
they are closely related to motor control problems
that develop in the recruitment patterns of these
extensors.

General muscle atrophy is combined with pref-
erential type 1 atrophy (Appell 1990 (review), La
Dora 2002) and increased contractile velocities
(Fitts and Brimmer 1985). There is a loss of tonic
function in antigravity one-joint muscles as deload-
ing triggers fast fibre function with fast myosin
expression (Fitts et al 1998). Microgravity and other
deloaded conditions result in a change in fibre
type in the one-joint extensors with a loss in type |
(slow-twitch) fibres to the more fatiguable type 11
(fast twitch) fibres (Edgerton et al 1995, Fitts et al
2000). Increased fatiguability as a result of deload-
ing has been found in rats (Grichko et al 2000).
Zetterberg et al (1983), in a study of idiopathic scoli-
osis, reported that muscles on the deloaded side
of the spinal curve demonstrated an increase in
fatiguability, with less tonic (type I) fibres and
increased IIb /Ila ratios. The muscles on the weight-
bearing convex side of the spine had reduced
fatiguability, with an increase in type I fibres and
increased Ila/IIb ratios.

There is some evidence that local muscles of the
joint may be more affected in deloading. Studies
on the vastus medialis (a muscle related to joint
protection) have demonstrated that this muscle
changes the most of all the quadriceps in micro-
gravity conditions (Musacchia et al 1992). Muscles
such as vastus medialis, deep fibres of soleus and
intrinsic lumbar muscles appear to show the
greatest loss of mass in microgravity (reviews: Fitts
et al 2000, LeBlanc et al 2000). This may indicate
the sensitivity of deep local muscles to deloading.

There is evidence that the multijoint muscles
are unaffected in microgravity conditions. It has

been reported by Hather et al (1992) that the cross-
sectional area of the quadriceps is decreased by
double that of the hamstrings. Most importantly,
the rectus femoris showed no change in cross-
sectional area. LeBlanc et al (2000) reported that
hamstrings were unaffected by microgravity after
17 days in space. In addition, while knee exten-
sion strength was reduced by 19% with head-
down bedrest, there was no change in knee flexion
strength (i.e. hamstrings, Dudley et al 1989).

Few studieshave been performed on the muscles
of the lumbopelvic region in relation to the effects of
deloading. In a microgravity study involving rats in
a non-restricted environment, the external obliques
were found to hypertrophy because of their fre-
quent use as trunk rotators (Fijtek and Wassersug
1999). This finding was reversed in experiments
where the rats movement was restricted (Fijtek and
Wassersug 2001).

Thus research is beginning to produce evi-
dence that changes in weightbearing and non-
weightbearing muscle synergists occur as a result
of deloading, and that local muscles may be the
most affected of the weightbearing group. This
mechanism-based hypothesis has been described
previously in Richardson (2002).

There is also evidence that the changes in
muscle could result from the effects of deloading
on the sensory system. Sensory receptors affect
recruitment patterns to the muscle, which then,
via neuromuscular plasticity, may lead to changes
in the muscle fibres themselves.

Changes in the sensory-motor system

By far the most compelling evidence for an inde-
pendent antigravity system that is controlled
independently to movement has come from micro-
gravity research on both human and animal
subjects, where pain and injury are not present.
Roy et al (1991) suggested that ‘Space flight to
include recovery appears to be an excellent model
to study the rapid remodeling of the neuro-muscu-
lar unit in the absence of disease and direct neural
trauma’.

A loss of proprioception (load cues) has been
linked with the muscle changes observed in
deloading. Recktenwald et al (1999), in a study
on monkeys, reported that microgravity induces
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changes in the ‘gravitational or load related cues’,
which results in a ‘biased recruitment away from
the antigravity muscles’. For example, the anti-
gravity (monoarticular) extensors of the lower
limb are more affected in microgravity conditions
than the flexors (Dudley et al 1989, Oganov et al
1991, Recktenwald et al 1999). In addition, rats
exposed to 120 days of hypokinesia, demonstrated
a lower excitability of the motoneuron pool of the
extensors, with no change in the flexor pool (Jiang
et al 1992). This research suggests that the lack of
gravitational load cues affects the one-joint exten-
sors but has no effect on the flexors.

Further, animal studies have indicated that,
rather than the receptors (e.g. spindles) being
affected directly, it may be the gamma (fusimotor)
system which is the most affected in environ-
ments where minimal gravitational force is pres-
ent. Through studying the effect of microgravity on
the lower leg muscles of rats, Kawano et al (2002)
deduced that muscular adaptation in gravity is
closely related to how afferent input is modulated.
According to Kanemura et al (2002), minimizing
gravity reduces the gamma motoneuron activity
and, therefore, implicates gamma efferent input to
the muscle spindles as an important feature caus-
ing the impairments in muscles that occur with
deloading of the skeleton. In line with these argu-
ments, physiologists have reported that the anti-
gravity muscles have more gamma representation
in the cortex (Guyton 1981).

These findings have important implications for
the development of injury when one considers the
close relationship already shown to exist between
joint protection mechanisms and the gamma
muscle system. In relation to sensory motor changes,
Johansson et al (1991a,b) (Johansson and Sojka
1991) have demonstrated that an essential element
in the protection of joints by the muscles comes
through the gamma support of the muscle spindle
system, a proprioceptive receptor mechanism used
to enhance the muscles’ ability to detect load (see
Ch. 5). Through their research on the ligaments
of the knee, these researchers have linked the
sensory properties of ligaments (i.e. the mechano-
receptors present in the ligaments), with increas-
ing the activation of the gamma motoneuron pool.

This picture becomes even more intriguing
when joint mechanoreceptors, which are closely

linked to the gamma fusimotor system, were found
to be reduced in number as a result of deloading
in animal studies (Kanemura et al 2002). This argu-
ment that mechanoreceptors are directly affected
by deloading has important implications for low
back pain, as mechanoreceptors could not be found
in the thoracolumbar fascia of patients’ chronic
low back pain, where usually they are present
(Yahia et al 1992, Bednar et al 1995).

Therole of the proprioceptive system in deload-
ing has been further developed by Roll et al (1998).
These researchers studied the sensory—motor loops
involving proprioceptive afferents and found an
adaptation with a reduction in gain in the loops
especially in the antigravity muscles. This could
explain the changes from tonic to more phasic
motor unit activity in these muscles. Interestingly,
it is reported that a reversal of flexor and extensor
muscle activity occurs, with the tonic vibratory
reflexes increased significantly in the flexor
muscles, which demonstrate increased tonic acti-
vity, and significantly reduced in the antigravity
extensors, which demonstrate reduced tonic acti-
vity (Roll et al 1993).

The link between deloading and the motor con-
trol of posture has also been studied. Baroni et al
(2001) studied postural mechanisms in two astro-
nauts exposed to long-term weightlessness. The
subjects could still control their centre of mass in
dynamic posture but had major problems with
static postural control, namely orientation of the
body segments. The authors argued that this may
indicate that static and dynamic postural regula-
tions are controlled separately in humans. These
issues have also been addressed in Chapter 6.

It is important that the point is made that
the changes reviewed in this chapter refer to the
antigravity weightbearing mechanisms. Deloading
(immobilization) seems to have the opposite
sensory—-motor effect on the hand muscles, which
are mainly used for skilled function (Duchateau
and Hainaut 1990).

RELEVANCE OF MICROGRAVITY
RESEARCH TO PREVENTION OF
MUSCULO SKELETAL INJURY

Microgravity (deloa ding) research has many 1mp11—
cations for the prevention of musculo-skeletal
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injury. It has verified the differentiation of muscles
into weightbearing and non-weightbearing cat-
egories and has assisted in developing the methods
which we use clinically to reload the weight-
bearing muscles and reduce activity in the non-
weightbearing muscles.

Differentiation of muscles into two
functionally different synergistic groups

It has been argued that, because of the neuroplas-
ticity of the nervous system, deloading gradually
causes muscle changes as well as motor control
changes in both the antigravity muscles and the
multijoint muscle system. These are summarized
in Table 7.1. Based on the muscle changes that
occur in microgravity, weightbearing can be used
to distinguish muscle function with reference to
the joint protection mechanisms. Weightbearing

The deload model of injury

against the force of gravity in flexed working pos-
tures is closely linked to antigravity muscle func-
tion, closed chain exercise (Ch. 6) and closed loop
motor control, relying heavily on sensory feed-
back. This is the domain of the antigravity (one-
joint and local) muscles. At the other extreme,
open chain movement with the absence of weight-
bearing and gravitational load cues (sensory feed-
back) is the domain of the multijoint muscles.
Table 7.2 gives a summary of the two functional
muscle groups.

Methods of reloading the weightbearing
muscles

In essence it is the antigravity weightbearing sys-
tem that is under the stretch of gravity which may
lose the ability to detect load in the deloading
process. For this reason, it will be the synergist

Table 7.1 Muscle changes in ‘deload’ conditions

Characteristics

Antigravity weightbearing muscles

Non-weightbearing muscles

Muscle type

the kinetic chain

Cross-sectional area Decreases
Effect of deloading

Fibre type change

Motor unit change

Gamma motoneuron support Less
Tonic vibratory reflexes Decreased
Fatiguable More

One joint muscles (and local muscles) of

Slow twitch fibres to fast twitch
Tonic to phasic shift

Multijoint/multifunction muscles
No change or an increase

No change

Phasic to tonic shift
No change
Increased

Less

Table 7.2 Muscle recruitment with extremes of motor control conditions

Antigravity weightbearing muscles

Non-weightbearing muscles

Muscle type
From Chapter 6 Closed chain exercise

Static weightbearing
Antigravity working postures

Joint compression

Fast and slow ‘ramp’ contractions

From Chapter 7 Closed loop conditions

Maximize sensory feedback

Maximize proprioceptive load cues

Focus = antigravity function

Injury/pain Prevention/treatment

One joint muscles (and local muscles)

Multijoint/multifunction muscles
Open chain exercise

Rapid, ballistic movement
Eliminate gravity

Joint distraction

Phasic on/off contractions

Open loop conditions

Minimal sensory feedback
Minimal proprioceptive load cues
Focus = non-weightbearing movement
Cause
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group most affected by deloading. Importantly,
Kanemura et al (2002) suggested that exercise
under gravitation loads (weightbearing) is import-
ant for rehabilitation after deloading (especially
in relation to the knee).

One of the most important observations from
microgravity research in relation to training is the
critical nature of the gamma (fusimotor) system.
This system, which is closely associated with the
joint protection mechanisms, appears to be targeted
in deloaded situations, and this could lead to the
muscle impairments developing in the antigravity
musculature. This lack of gamma support to the
load detectors (muscle spindles) of antigravity
muscles would be more crucial in weightbearing
activities in erect postures, where the one-joint
(antigravity) extensors would be in their short-
ened position. Muscles that need to detect load in
their shortened positions (i.e. one-joint antigravity
muscles) require efferent input (fusimotor activity)
to the spindles to ensure that these receptors are
sensitive to stretch, even though the muscle is short-
ened. This would especially relate to joint protection
in upright, walking activities on uneven ground,
where load cues must be detected even when the
weightbearing muscles are not in a stretched pos-
ition. This would be even more difficult when the
one-joint muscles have been lengthened by poor
postural position and the length-tension relation-
ship has changed to favour a lengthened position
(Sahrmann 2002). This likely poor joint protection
by the muscle system in upright weightbearing
activities may be one reason why patients with low
back pain report difficulties and pain when walk-
ing in soft sand or on very soft surfaces (S. Roll,
personal communication).

Thelocal muscle system may be even more sen-
sitive to the deloading process because of its
likely close relationship to the joint proprioceptors
and the large percentage of muscle spindles found
in these muscles (Peck et al 1984). The develop-
ment of a muscle corset, through drawing in the
abdominal wall (Ch. 5), requires a shortening con-
traction. The level of fusimotor support to achieve
and hold this shortening contraction cognitively
in order to develop lumbo-pelvic stiffness (Ch. 5)
may be important in the local muscles, which are
not directly stretched by gravity. If the effect of
deloading was to reduce fusimotor support and

influence the sensitivity of the proprioceptive sys-
tem (to detect and respond to load), then patients
with low back dysfunction would lose the ability
to perform a corset action (Ch. 12). It is very inter-
esting that patients with low back pain also have a
loss of mechanoreceptors in the thoracolumbar
fascia (Bednar et al 1995). As the mechanorecep-
tors are closely associated with the activation of
the gamma motoneurons, impairment of the pro-
prioceptive system of the lumbopelvic region in
patients with low back pain could be explained by
these changes.

Methods of reducing overactivity
in non-weightbearing muscles

Problems in the gamma support system with
deloading may also influence the non-weight-
bearing system, where increased reflex muscle
activity may result. Importantly for rehabilitation,
reloading of the weightbearing muscles may
reduce this activity in the non-weightbearing mus-
cles. Future research studies may show that exer-
cise specifically for the weightbearing muscles is
an effective method of lengthening tight, overac-
tive non-weightbearing muscles.

As deloading causes problems in the joint pro-
tection mechanism and considerably increases the
risk of musculo-skeletal injury, it is relevant to
review the many situations that can lead to deload-
ing, in an effort to optimize injury prevention.

LIFESTYLE FACTORS RESULTING
IN DELOADING

There are many human lifestyle factors that may
lead, over time, to significant deloading of the
skeleton and the development of common musculo-
skeletal problems, such as low back pain. Lifestyle
factors that can cause deloading of the skeleton can
be grouped as factors associated with (a) deloaded
upright and sitting postures, (b) non-weightbearing
exercise/environments, and (c) decreased gravita-
tional load cues

Deloaded upright and sitting postures

Maintenance of flexed postures

One way in which high forces of gravity can cause
injury and pain to the joint structures is when
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there are changes to more flexed static and work-
ing postures, both in sitting and standing. This
would occur if individuals ‘gavein’ to the high force
of gravity and the body gradually progressed into
a flexed ‘relaxed’ posture, resting on the passive
joint structures, with the trunk and hip extensor
muscles ‘turning off” and with the possible domi-
nation of the trunk and hip flexor muscles over
time (Fig. 7.1).

These events are best understood by consider-
ing the evolutionary development of the human
musculo-skeletal system, which has required that
muscles and bones slowly adapt their function to
the high gravitational forces acting on the body
during upright functional tasks (Fig. 7.2).

If humans succumb to the force of gravity
during daily activities, for example having poor
(tlexed) sitting postures in comfortable chairs
while watching television or when working at

Figure 7.1 Relaxed lifestyle in the sitting position.

computers, or when lifting with a flexed or bent
spine, the dangers of injury and the development
of low back pain are known but the exact aetiology
has remained elusive. It is usually considered in
terms of changes in tissue creep with lumbar
flexion and the resulting reduced passive joint
protection mechanisms (Chs 5 and 6). However,
considering the muscle system, it is the trunk and
hip extensor support system of muscles that keep
the body lifted and erect in extension and prevents
its collapse into flexion (Fig. 7.2). Therefore, with
gradual increase in flexed postures, the resulting
deloading of the weightbearing extensor muscles,
with reliance on passive structures, would lead to
the development of motor control impairments, as
previously described.

There are also several other physiological
changes that may occur in the weightbearing
muscles with changing postures which could be
important in the development of pathology. These
factors would also need to be reflected in clinical
assessment and exercise treatment techniques.
The main problem would be the change in the
length—tension relationships in muscles length-
ened under gravity loading (e.g. gluteus max-
imus). It is considered that the extensor, one-joint
muscle system would gradually become weak and
lengthened, with the addition of sarcomeres and
changes in the length—tension curves (reviewed by
Sahrmann 2002). This would affect the ability of
these muscles to contract and support the lum-
bopelvic region in their shortened range.

These impairments in the weightbearing muscles
would lead to a cycle of increasing deterioration in

Figure 7.2  The evolutionary development of an antigravity erect posture and the gradual lifestyle changes that

are reversing these postures.
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(a) (b)

v

Normal posture

Sway back posture

Figure 7.3  Normal and sway back posture: (a) upright
normal posture; (b) sway back. (Adapted from Kendall
and McCreary 1983.)

their antigravity function. The right side of Figure
7.2 shows how starting to bend from the full
upright position during daily tasks would give
rise to deterioration in antigravity function of the
extensor muscle system, which would gradually
weaken and lengthen; further bending with grav-
ity would follow.

There is also evidence that the local multifidus
muscle is ‘turning off” when the lumbar spine is
in a flexed position for an extended period. In an
electromyographic (EMG) study on cats, Williams
et al (2000) showed that holding the lumbar spine
in flexion led to changes in the firing patterns
of the multifidus. Within minutes, the multifidus
began firing in phasic erratic bursts and lost its
joint protective role. This has been described in
Chapter 11.

Maintenance of other deloaded postures

It is not just the flexed postures that will result in
deloading of muscles which normally protect the
joints of the body from gravity. Many variations
of upright postures, for example the sway back
posture (Fig. 7.3) would lead to a reliance on
the passive structures of the spine and result in
increased activity of the less-fatiguable, multifunc-
tion external obliques and hamstring muscles to
hold the weight-bearing postures. O’Sullivan et al
(2002) studied levels of muscle activity in slumped
and sway back postures and found that internal
oblique, superficial lumbar multifidus and thor-
acic erector spinae were less active in passive
postures.

Non-weightbearing exercise

Repetitive sports or occupational skills that involve
fast repetitive ballistic activities, especially if open
chain, would also gradually result in decreased use
of the antigravity weightbearing muscles (Fig. 7.4).
This was explained in Chapter 6. There is some evi-
dence that increased training involving rapid (bal-
listic) repetitive sports can lead to the development
of musculo-skeletal injury. An example of chang-
ing patterns of motor control, similar to that seen
in deloading, has been detected in a common
musculo-skeletal injury, patellofemoral pain syn-
drome. This pain syndrome is very common in
sports such as running and cycling, involving
rapid repetitive muscle work with reduced static
weightbearing components.

Rehabilitation of chronic patellofemoral pain
syndrome involves retraining the vastus medialis
oblique, the quadriceps muscle that is responsible
for the control of the patella. It is an imbalance
between a ‘weak and inefficient’ local muscle, vas-
tus medialis, compared with the rest of the quadri-
ceps muscles, especially vastus lateralis, that has
been considered to be an important factor in the
aetiology of the condition (Pevsner et al 1979,
Paulos et al 1980).

A non-weightbearing test that assessed the
activation patterns of muscles in relation to a fast
repetitive movement of the knee appears to be
very sensitive in detecting the changes in the
motor control patterns in the quadriceps muscles
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(Richardson and Bullock 1986, also described in
Ch. 6). Richardson (1987a,b) reported that changes
in the pattern of recruitment of vastus medialis
oblique occurred in patients with chronic patel-
lofemoral pain syndrome compared with that
in healthy matched controls. The latter had a
predominantly tonic activity in vastus medialis
(Fig. 7.5a), whereas the muscle in the former dis-
played phasic patterns of recruitment (Fig. 7.5b).
This would concur with the predicted changes

Figure 7.4 Examples of repetitive ballistic sports.

resulting from deloading of the weightbearing
muscles. Perhaps lack of gravitational load cues
over long periods of time could be the cause of
patellofemoral pain syndrome in some athletes.
Other changes in the control of vastus medialis
in patellofemoral pain syndrome are also of inter-
est. In healthy control subjects, the vastus medialis
was shown not only to work tonically in response
to rapid movement cuesbut also to display the same
levels of muscle activity over three increasing



Vastus lateralis

Rectus femoris

Vastus medialis

Hamstrings

00
Knee angle

45°
(a)

Rectus femoris

Vastus medialis WMMMNW

|
Hamestrings :
|
|
WWM/\MWWWWWWWMM/V
|
RN VAL A A VA L
|
|
|
0 |
Knee angle \/\/\/\/m/\

(b)

Figure 7.5 Activity in the vastus medialis. (a) Tonic
activity in normal subjects. (b) The phasic patterns
present in patello-femoral pain syndrome.
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speeds of the movement cycle. This was in con-
trast to the rectus femoris and hamstrings (non-
weightbearing muscles), which contracted in a
phasic way in line with the biomechanical analysis
of the movement and increased their activity in
response to increases in speed of the non-weight-
bearing knee flexion—extension movements (see
Ch. 6). In contrast, patients with patellofemoral
pain syndrome demonstrated highly significant
increases in the magnitude of integrated EMG in
vastus medialis, with increasing speeds of the test
movement, in a similar pattern of recruitment to
that detected in rectus femoris and hamstrings.
That is, the local (weightbearing) muscle, vastus
medialis, in a dysfunctional state began to respond
to movement cues in a similar way to the multi-
joint (non-weightbearing) muscles. This is indica-
tive of motor control changes occurring in the
muscle. Deloading may have played a large role in
these changes, developing over periods of time.
Similar changes occurring in the transversus
abdominis muscle (Ch. 10) and in the deep multi-
fidus (Ch. 11) have been detected in patients with
low back pain. Deloading could contribute to the
changes reported in these muscles.

This non-weightbearing knee flexion—-extension
test is being used by our group as an outcome
measure for the Berlin bedrest study currently
being undertaken in Europe. Initial results on four
subjects have indicated that a tonic-to-phasic shift
in recruitment patterns does occur in vastus medi-
alis oblique after removal of weightbearing for an
8-week period.

Interestingly, a study by Richardson and Sims
(1991) demonstrated that, compared with non-
cyclists, competitive cyclists were unable to main-
tain an inner range holding contraction of gluteus
maximus. This would appear to reflect an impair-
ment that could develop in the gluteus maximus
of cyclists owing to the ballistic, non-weightbearing
nature of their sport and the reduced use of the
weightbearing muscles. Water sports and repeti-
tive running activities may also reduce the use of
the weightbearing muscles and gradually lead to
impairments developing *in the weightbearing
muscles.

A 6-week training programme, involving ankle
plantarflexion in standing, was undertaken by Ng
and Richardson in 1990. Instead of increasing
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weightbearing load (e.g. as may be used to
strengthen the ankle plantarflexors (gastrocne-
mius and soleus)), the exercise progression involved
increasing the speed at which the exercise was
undertaken, at weekly intervals. Results indicated
that jump height had increased after the 6-week
training period but that the isometric contraction
of the soleus muscle had significantly decreased
during training. Therefore, speed loading had
improved the skill of the activity but had resulted
in decreased function of the one-joint extensor at
the ankle. The impairment in soleus may affect
ankle protection and support and may, in time,
result in injury to the ankle.

Non-weightbearing environments

Several types of environment lead to a decrease in
gravitational load and loss of weightbearing, for
example immobilization, bedrest, prolonged sit-
ting, less loading of the antigravity extensors in
sedentary lifestyles (e.g. age or occupation related)
and microgravity (space) (Fig. 7.6). In addition,
some occupational groups working in environ-
ments with less gravitational load would be at risk
of loss of their joint protective mechanisms over
time because of the effect of deloading on the con-
trol of the muscle system. Changes in the joint pro-
tective mechanisms can be expected, not only in
astronauts but also in occupational groups such as
deep water divers and pilots of high-performance
aircraft, where normal gravitational loading condi-
tions are not present (Fig. 7.7). Interestingly, James
(2001) commented that these occupations are sub-
ject to ‘skeletal degeneration’, although the reasons
for the changes have not been fully explored.

Decreased gravitational load cues

Other situations that effectively deload the
musculo-skeletal system occur in lifestyles that
lack input from gravitational load cues related to
uneven or changing surfaces of support. Muscle
recruitment from direct vertical loading (i.e. in
squatting activities where the body weight is lifted
against gravity) may be regularly performed by
most individuals. However, it has been argued
earlier in this chapter that maintaining muscle
recruitment for joint support in erect postures

Figure 7.7 Deepsea divers.

during activities such as walking on uneven, soft,
moving surfaces or slopes requires a highly sensi-
tive proprioceptive system to react to the gravita-
tional load cues. Individuals may not be regularly
subjected to this type of loading, that is, when the
antigravity muscles are in a shortened position but
must still detect changes in load. Therefore, walk-
ing in solid shoes on even, firm surfaces (Fig. 7.8)
may lead, over time, to lack of use of the anti-
gravity muscle system, and muscle impairments
could develop.
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Figure 7.8 Walking on hard walking surfaces.

IMPLICATIONS FOR PREVENTION OR
TREATMENT EXERCISE PROGRAMMES

Neuromuscular plasticity in response
to specific exercise training

Skeletal muscle tissue is very mutable and neuro-
muscular plasticity can also occur in response to
therapeutic input (i.e. treatment modalities). There-
fore, specifically directed exercise can prevent or
reverse the effects of deloading and the subse-
quent breakdown of tissue.

The specific exercise prevention and treatment
strategies for the expanded ‘segmental stabilization
training’ model of exercise are directed to chang-
ing the pattern of joint loading so that the joint can
safely cope with the high forces of gravity and
other types of loading. This specific type of exercise
involves slowly increasing gravitational load cues
in weightbearing or simulated weightbearing,
including the process of reloading the antigravity

(one-joint) muscles, while unloading and minimiz-
ing the activity of the multijoint muscles (Ch. 6).

From a neurophysiological viewpoint, the one-
joint and local muscles operate independently at
the opposite extreme of motor control continuum
(i.e. ramp or ‘closed loop’ conditions). Therefore, a
suitable countermeasure exercise technique would
be closed chain exercise with gradually increasing
gravity-related load cues while ensuring that the
local muscle system of the lumbopelvic region is
activated during the exercise (Ch. 5).

It would be important to recognize in preven-
tion/rehabilitation programmes that adding too
much load or allowing fatigue to develop would
lead to compensation patterns, with dominance of
the multijoint muscles and decreased activation of
the antigravity muscles.

The key to the activation of the antigravity
muscles lies in the sensory mechanisms provid-
ing information of the body weight via the weight-
bearing joints and muscles. Antigravity muscles
need continuous sensory information for the
maintenence of continuous muscle tone or state of
‘preparedness’ to allow their optimal functional
integration with the multijoint non-weightbearing
muscle system.

Sensory information from all the weightbearing
joints and muscles would contribute to maintaining
or developing the tonic background activity in
the antigravity weightbearing musculature, which
gradually would change its morphology through
neuromuscular plasticity. This process is the anti-
thesis of the neuromuscular plasticity occurring
with deloading. Table 7.2 summarizes the type of
exercise suitable for not only reloading the anti-
gravity weightbearing muscles but also unloading
the multijoint non-weightbearing muscles. Maxi-
mizing proprioceptive load cues (Table 7.2), which
includes the use of uneven surfaces (Fig. 7.9), bal-
ance boards, mini trampolines, as well as whole
body vibration given in combination with anti-
gravity closed chain exercise (Fig. 7.10), will be
described in more detail in Chapter 15.

Assessments of muscle/motor control
problems

The consideration of muscle control as divided into
two groups related to gravity and weightbearing
has allowed muscle dysfunctions to be predicted
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Figure 7.9 Closed chain exercise with uneven surfaces.

and measured. Clinical assessments of muscle/
motor control problems have been devised to
enable predictions on the relative contribution to
joint support and protection by individual muscle
synergists. These clinical assessments will be
explained in Chapters 12 and 15. In addition,
laboratory assessments of the recruitment patterns
allows patterns that optimize functional and safe
weightbearing to be studied and analysed.
Microgravity creates an environment in which
the development of injury and pathological
processes caused by minimizing the effects of
gravity can be studied within a short time frame.
Consequently, our research team is using space
research to study the effects of deloading on the

i

Figure 7.10 Closed chain exercise with whole body
vibration.

lumbopelvic region and to examine the aetiology
of gravity-related skeletal health problems such
as mechanical low back pain and arthritis of
the weightbearing (hip) joints. Currently we are
involved in the European Space Agency’s Berlin
Bedrest Study, where our new laboratory meas-
ures of the weightbearing function of muscles of
the lumbopelvic region are being tested.

Chapter 12 will discuss the problems in the
weightbearing and non-weightbearing system
that have been detected in patients with low back
pain on Earth.
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INTRODUCTION

Injury to a joint or associated passive structures will
have direct effects upon muscle function and control
and needs to be understood if rehabilitation pro-
grammes are to be efficient and effective. Most
importantly, it appears that the effects of joint injury
on muscles are different for the three categories of
muscle (local, one-joint and multijoint/multifunc-
tion). It will be argued in this chapter that inhib-
ition of muscles appears to occur most frequently
in local and one-joint muscles, and that the dys-
function occurring is related to a loss of tonic func-
tion in these muscles. Multijoint/multifunction
muscles are rarely inhibited. In fact, their activa-
tion may increase as a compensation strategy
(see Ch. 12). Investigations of muscle inhibition
have been conducted on both human and animal
subjects. Most human studies have used the knee
as the joint of choice for investigation of the effects
of injury, as this is one of the few joints of the body
with ready access to the individual muscles which
control the joint, allowing direct measures of reflex
inhibition to be performed. In comparison, studies
of inhibition of the spinal muscles that have used
indirect measures as direct measures are too diffi-
cult to perform in this region. Pain has devastating
effects upon muscle control, and pain models will
be discussed in Chapter 9. The focus of this chap-
ter will be reflex inhibition, which can occur in the
absence of pain and can persist well after pain has
completely subsided. It is important to study the
effects of joint injury on the muscles and the pos-
sible neurophysiological mechanisms involved
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to guide and develop principles for optimal
rehabilitation.

REFLEX INHIBITION
Definition

Reflex inhibition of a muscle has been defined as the
situation that occurs when sensory stimuli impede
the voluntary activation of a muscle. These afferent
stimuli usually arise from injury to ajoint at which
the muscle functions (Morrissey 1989). Hurley and
Newham (1993) similarly defined reflex inhibition
as being elicited by abnormal afferent information
froma damaged joint, resulting in decreased motor
drive to muscle groupsactingacrossthejoint. Reflex
inhibition causes weakness directly and may also
contribute to muscle atrophy. Weakness then pre-
disposes the joint to further damage (Stokes and
Young 1984a). This atrophy may occur rapidly
(Stener 1969). It is not clear what causes reflex inhib-
ition or which specific receptors are stimulated
(Stokes and Young 1984b). Reflex inhibition is
reported to hamper alpha motorneuron activity in
the anterior horn of the spinal cord (Stokes and
Cooper 1993), but animal research has implicated
the gamma motorneuron system (He et al 1988).
To understand the phenomenon of reflex inhib-
ition and how it could influence therapeutic exer-
cise design, it is necessary to review briefly the
possible neurophysiological pathways involved.

Neurophysiological pathways

The specific sensory pathway involved in reflex
inhibition is not known. It involves joint afferents
and articular nerves, terminating in the spinal cord.
Interestingly, the main sensation attributed to the
joint is pain (Schiable and Grubb 1993). Joints are
supplied by articular branches descending from
main nerve trunks or their muscular, cutaneous and
periosteal branches (for review of joint innervation,
morphology, types and location of joint receptors,
see Freeman and Wyke 1967, Schiable and Grubb
1993). Studies performed on inflamed joints have
shown that inflammation increases the mechanosen-
sitivity of articular afferents and that sensory units
are sensitized during inflammation (Schiable and

Grubb 1993). Mechanosensitivity is altered by both
physical changes that occur during inflammation
(e.g. synovial effusion) and chemical changes.
The pathways from joint afferents have extensive
projections in the spinal cord (Craig et al 1988).
Animal research has shown that the sensory input
from the knee joint is conveyed to interneurons,
motoneurons and supraspinal structures, including
the cerebral cortex and the cerebellum. Infor-
mation from the afferents ascend in the dorsal
columns and in the spinothalamic, spinoreticu-
lar and spinocerebellar pathways (Johansson et al
1991b). Electrical stimulation of the posterior articu-
lar nerve of the cat knee joint has been shown to
excite interneurons (Gardner et al 1949), motoneu-
rons (Eccles and Lundberg 1959a,b) and neurons of
the spinocerebellar (Haddad 1953) and spinocervi-
cal (Harrison and Jankowska 1984) tracts in the
lumbar spinal cord. A number of transmitters, neu-
romodulators and receptors are involved in spinal
cord activity when nociceptive input from joints is
processed (Schiable and Grubb 1993). Variables
such as joint inflammation affect the levels of trans-
mitters and neuromodulators present in the dorsal
root ganglion and the spinal cord.

The sensory pathways involved in reflex inhib-
ition are complex. Animal research has been con-
ducted to investigate motor reflexes, where reflexes
in limb muscles and reflex discharges in motoneu-
rons have been elicited by either electrical stimula-
tion of articular nerves or activation of receptors in
the joint capsule or the joint ligaments. Electrical
stimulation of articular nerves provided the first
evidence that reflex motor pathways actually exist
(Gardner 1950, Eccles and Lundberg 1959a,b,
Hongo et al 1969, Lundberg et al 1978). Activation
of receptors in the joint capsule (either directly or
by pressure applied by inflation of the joint) and
the joint ligaments confirmed this motor response
(Ekholm et al 1960, Grigg et al 1978, Baxendale et al
1987). Motor reflexes may be considered as a feed-
back mechanism from the joint back to the joint
since sensory information arising in the joint may
influence the motor output to themusclesthat move
and stabilize the joint (Schiable and Grubb 1993).
It is interesting to examine the pattern of muscle
wasting found in studies of reflex inhibition, as
this information may help to guide specific
rehabilitation approaches.
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Patterns of muscle wasting

Most research concerning patterns of muscle wast-
ing in reflex inhibition has been conducted at the
knee joint. Evidence of pétterns of motor responses
has been provided by the classic study of Ekholm
et al (1960), which involved stimulation of joint
receptors by pinching the joint capsule. This led
to inhibition of knee extensors and facilitation of
knee flexors. These results have been used to
explainthe common finding of isolated wasting of
the quadriceps with hamstring sparing in knee joint
injuries. Furthermore, several studies have shown
that the pattern of reflex responses in the spinal
cord can be changed by the induction of joint
inflammation using chemical stimulants that acti-
vate fine afferent fibres (Woolf and Wall 1986, Ferrell
et al 1988, He et al 1988). The response to inflam-
mation was a pronounced and prolonged increase
in alpha motoneuron excitability in the flexor
muscles. The prolonged facilitation of the flexor
reflex did not require any ongoing input (i.e. periph-
eral activation) of the afferent fibres (C fibres) to
modify the functional response of the spinal cord.
This shows that sensory and motor alterations are
found after peripheral tissue injury. These findings
may describe a possible mechanism for the devel-
opment of flexion contractures as seen in arthritic
patients (Ferrell et al 1988) and also may relate
directly to joint resting positions in acute joints.

In summary, these studies have demonstrated
that sensory stimuli can exert potent effects on
motorneuron excitability. Preferential inhibition of
extensor motoneurons and facilitation of flexor
motoneurons has been demonstrated when recep-
tors in the joint capsule have been activated
(Ekholm et al 1960). Evidence of flexor motoneu-
ron facilitation has been provided by joint inflam-
mation studies.

Reflex inhibition and selective muscle
atrophy

While classic studies have provided evidence of
inhibition of extensors and facilitation of flexor
muscles at the knee joint, further investigations
have provided evidence that the inhibition
response may be specific to parts of muscles.
Studies have used the H reflex to assess the effects

of experimental effusion on the different parts of
the quadriceps in human subjects (Kennedy et al
1982, Spencer et al 1984). The H reflex was elicited
by selective recruitment of Ia spindle afferents in
the femoral nerve by a consistent low-voltage stimu-
lus. This generated a reproducible quadriceps con-
traction. Within the spinal cord, this transmission
comes under the influence of modulating sensory
inputs, acting through the internuncial pool. The
inputs arriving from the articular receptors can
facilitate or inhibit the H reflex. By maintaining a
constant stimulus, Kennedy et al (1982) and
Spencer et al (1984) were provided with an indir-
ect assessment of the activity of articular afferents
by measuring the degree of the quadriceps con-
traction using elctromyography (EMG) as they
increased the volume of the intra-articular fluid in
the subjects” knees. Experimentally induced effu-
sions used to stimulate joint receptors in human
kneejointsled to preferential inhibition of the vastus
medialis muscle. Similar findings of selective vas-
tus medialis muscle inhibition measured using
EMG have been reported by Wise et al (1984) in
patients with patellofemoral pain syndromes. It has
been reported that the rectus femoris muscle is the
component of the quadriceps muscle group least
affected by inhibition following injury (Stener
1969, Wolf et al 1971). Imaging techniques have
similarly been employed to provide information
on selective atrophy of parts of muscle groups;
however, results are conflicting. Gerber et al (1985)
reported selective atrophy of the vastus medialis
muscle, while others suggested a more uniform
atrophy (Halkjaer-Kristensen et al 1980, Young
et al 1982, Richardson 1987b). Although some of
the findings in this area are contradictory, the
weight of the evidence provided would suggest
that parts of muscles can be selectively inhibited.
Evidence of dysfunction of the multifidus in
patients with acute low back pain has been pro-
vided in the form of a segmental decrease in mul-
tifidus cross-sectional area (Hides et al 1994, see
Ch. 11). Subjects with acute/subacute, unilateral,
first-episode low back pain were investigated. The
decrease in multifidus cross-sectional area occurred
rapidly (within days) and was found to be signifi-
cantly greater in subjects with a duration of symp-
toms of less than 2 weeks than in those with a longer
duration of symptoms. The decreased multifidus
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size was localized to the side of painful symptoms
in patients with unilateral low back pain. Possible
causes of decreased multifidus size include reflex
inhibition, pain inhibition and disuse atrophy. The
rapidity of onset and localized distribution of the
decrease in muscle size suggest that disuse atrophy
was not the cause and that a selective mechanism
(most likely reflex inhibition) was in operation
(Hides et al 1994).

Examination of the possible mechanism of select-
ive inhibition of part of a muscle group is intri-
guing. In the case of the knee joint, there is no
neurophysiological explanation as yet for the com-
mon clinical finding of isolated wasting of the
quadriceps with hamstring sparing in knee joint
injuries. It is the sensory innervation of the injured
joint or structure that is the crucial element in
reflex inhibition. From definitions of reflex inhib-
ition, sensory stimuli impede the voluntary acti-
vation of a muscle. The afferent stimuli arise from
injury to a joint at which the muscle functions.
However, in the case of the knee joint, the nerves
that supply the joint are derived from the obturator,
femoral, tibial and common peroneal nerves
(Kennedy et al 1982). The segmental supply of the
knee joint and capsule is, therefore, widespread
(from L2 to S3). On the basis of the sensory innerv-
ation of the knee joint, almost any muscle in the
lower limb could potentially be inhibited. Yet, the
actual response is isolated to the quadriceps group,
which is innervated by the femoral nerve (L2-1.4),
and an even more specific effect has been observed
in part of the quadriceps (the vastus medialis). This
finding implies that input from the joint is pro-
cessed and modulated in the spinal cord to produce
a specific effect in specific muscles and even parts
of muscle. This has led to clinical definitions of
reflex inhibition, such as that by Hurley and
Newham (1993), who defined reflex inhibition as
resulting in decreased motor drive to muscle
groups acting across the joint, as the specific nature
of the actual response seen clinically is not yet clear.

A similar argument applies in the case of local-
ized segmental inhibition of the lumbar multifidus
in patients with acute low back pain. The innerv-
ation of the zygapophyseal joints is derived from
branches of the dorsal rami (Bradley 1974). The
capsule receives a number of branches from either
two nerves (the medial branch of the dorsal ramus

at that level and the level above (Bradley 1974,
Bogduk and Twomey 1987) or three nerves (one
spinal nerve higher, one lower and the spinal nerve
of the level in question (Wyke 1981, Paris 1983).
Lumbar discs are supplied by the sinuvertebral
nerves, which are recurrent branches of the ventral
rami that re-enter the intervertebral foramen to be
distributed within the intervertebral canal (Bogduk
and Twomey 1987). Each lumbar sinuvertebral
nerve supplies the disc at its level of entry into the
vertebral canal and the disc above; that is the
L3-L4 disc is supplied by the L3 and L4 sinuverte-
bral nerves. There are countless other vertebral
structures that are innervated and could be injured
in acute low back pain. Yet the response to injury
in the case of the multifidus, as with the knee joint,
is specific and localized to the part of the multifidus
muscle that crosses the affected vertebral segment
(Hides et al 1994). As the effects of reflex inhibition
are localized and specific to the injured joint or
segment, this information will influence the
approach to rehabilitation, which will need to be
equally specific to be effective.

Reflex inhibition and joint position

Studies have been conducted on joint position to
determine if position affects reflex inhibition.
Investigators have used experimentally and non-
experimentally induced joint inflammation, nerve
stimulation and joint effusion to investigate this
relationship.

Models of experimentally induced joint inflam-
mation have been used to investigate the position in
which animals hold their injured limbs. This pos-
ition has been described as a semiflexed or ‘resting
position’. Induction of joint inflammation by chem-
ical stimulants that activate joint afferents is known
to alter the pattern of reflex responses in the spinal
cord (Woolf and Wall 1986, Ferrell et al 1988, He
et al 1988). He et al (1988) showed that inflamma-
tion of the cat knee produced significant and often
large increases in the response of flexor motoneu-
rons to local pressure and movement of the leg.
However, some flexor motoneurons were inhib-
ited by the inflammation. The inhibitory reflex
response modified the stereotype flexion response
to allow the joint to be kept at a midrange, or
‘resting’, position. This position is one where the



nociceptive joint afferents are least activated
(Schaible and Grubb 1993).

Acute experimental joint inflammation at the
ankle showed that the resting activity and reflex
excitability of the majority of fusimotoneurons sup-
plying specifically the ankle extensors was inhib-
ited (Berberich et al 1987). Investigations using
electrical stimulation of afferent nerves have also
shown effects on specific muscle groups. Flexor
gamma motoneurons were particularly excited,
where mixed effects were demonstrated in the
extensor gamma motoneurons (Johansson et al
1986). This evidence of facilitation of the flexor
neurons and inhibition of extensor neurons in
inflamed joints indicates that joint position may be
relevant when selecting the position of the joint for
facilitation of muscle activation.

In human subjects, knee joint effusion is known
to produce quadriceps inhibition (DeAndre et al
1965, Jayson and Dixon 1970, Stratford 1981,
Kennedy et al 1982, Spencer et al 1984). It has been
proposed that joint distension stimulates the type
corpuscles and produces afferent impulses lead-
ing to quadriceps inhibition (Jayson and Dixon
1970). In one classic study that investigated this
phenomena, the effects of human knee joint effu-
sion and increased articular pressure were investi-
gated in normal patients and patients with
rheumatoid arthritis (Jayson and Dixon 1970).
Intra-articular pressure and quadriceps inhibition
was least in 30 degrees of knee flexion. Similar
findings with respect to joint position were found
when EMG was used to assess the electrical activ-
ity of the quadriceps in a group of patients with
painless acute knee effusions (Stratford 1981). The
findings were also confirmed in animal studies,
where changes in discharge patterns were
observed in inflated cat knees. Lowest discharge
rates were observed when the joint was in mid
position. Synovial pressure was normally lowest
when joints were positioned in a resting position
but rose and often became positive during knee
flexion (Ferrell et al 1986).

In summary, evidence of the importance of a
neutral or mid-range position has been provided
through investigations of inflamed and effused
joints. To minimize the effects of inhibition, the joint
should be positioned in a neutral position (Krebs
et al 1983). This is especially relevant in the acute
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situation, where both inflammation and effusion
may be present. Evidence of the importance of a neu-
tral position, particularly for the extensor muscles,
has been provided from inflammation studies.

Magnitude and duration of reflex
inhibition

The effects of reflex inhibition are known to be
extremely rapid, with inhibition reported to occur
within hours (Stokes and Young 1984b). The
magnitude and duration of reflex inhibition follow-
ing injury is also unexpectedly high. In a study
of patients undergoing menisectomy, quadriceps
inhibition became more pronounced over the first
24 hours (80%) and was still very severe at3—4 days
after the operation (70-80%) (Stokes and Young
1984). Even 10-15 days postoperatively, there was
still 35-40% inhibition. This occurred despite the
fact that patients were discharged from hospital,
were experiencing minimal or no pain and were
fully weightbearing. Other EMG studies of quadri-
ceps muscle have supported these findings with
regard to the persistence of reflex inhibition. Krebs
et al (1983) found decreased quadriceps activity 3
or more weeks postmeniscectomy, and Santavirta
(1979) found EMG changes up to at least 12 weeks
after surgery.

A similar persistent effect of injury was seen in
the multifidus muscle in patients with acute low
back pain. Subjects were monitored weekly for
4 weeks, and then at 10 weeks after injury. In 90%,
pain was completely diminished at 4 weeks. Sub-
jects then resumed full premorbid activity levels
for work, sport and leisure for 6 weeks. Despite
full resumption of activity over this period, multi-
fidus muscle size was not restored at 10 weeks in
subjects who did not receive specific intervention to
reactivate the multifidus (Hides et al 1996). This
provides further support for the argument that the
most likely cause of decreased multifidus cross-
sectional area in patients with acute low back pain
is reflex inhibition.

Further evidence regarding the rapidity and
duration of reflex inhibition comes from biopsy
studies. Biopsy analysis has been used in an
attempt to determine the relative effects of reflex
inhibition on different muscle fibre types.
Haggmark et al (1981) showed that type I atrophy
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occurred very rapidly (within the first week) fol-
lowing knee joint injury. In a cross-country skier
who was treated operatively, there was a fall of
81% to 57% in slow-twitch fibres of the quadri-
ceps. Despite the fact that the patient received
very early active rehabilitation, it took some
months for the quadriceps to return to its pre-
injury fibre distribution.

POSSIBLE EXPLANATIONS FOR
RAPID MUSCLE RESPONSE TO
REFLEX INHIBITION

Muscle atrophy is known to occur very rapidly in
the case of reflex inhibition (Stener 1969). In the
clinical situation, rapid atrophy of muscle is also a
commonly observed phenomenon. Yet, the actual
mechanism of rapid muscle atrophy in reflex inhib-
ition is as yet not fully understood.

The size of muscle fibres is determined multi-
factorily, with influence exerted by various factors
including activity and innervation, hormones,
growth, stretch and nutrition (Jennekens 1982).
Muscle atrophy is one of the most common
responses of a muscle fibre to a loss of neural influ-
ences, to processes that prevent normal contractile
activity and to various pathological stimuli (Cullen
and Mastaglia 1982). It involves a phase of nega-
tive growth and a regression in volume. The mech-
anisms underlying myofibre atrophy are not fully
understood. Shrinkage of a cell or tissue may be
brought about by an increase in the normal rate of
protein degradation, by a reduction in protein syn-
thesis or by both processes together (Goldberg
1975). The actual enzymes involved in the degrad-
ation of muscle protein have not been identified.
Proteinases that are present in muscle and capable
of breaking down myofibrillar proteins have been
examined in animal studies. In rats, myofibrillar
protein breakdown can be rapid during myofibre
atrophy, with a potential for total myosin degrad-
ation within 6-9 days (Schwartz and Bird 1977).
However, the intracellular control mechanisms of
protein degradation are not understood (Cullen and
Mastaglia 1982).

In order to understand the mechanism of rapid
muscle atrophy in reflex inhibition, it is useful to
review explanations of decrease in muscle size in
conditions such as denervation atrophy and disuse

atrophy. Reports of the time taken for a decrease in
muscle fibre size as a result of denervation vary. It
is common to find reports of atrophy of human
muscles taking a few weeks to become evident
following denervation (Jennekens 1982). Animal
research models have commonly been adopted
for atrophy studies because of ethical restrictions.
Muscle fibres of the Australian opossum atrophy
rapidly in the initial weeks following denervation.
Atrophy becomes evident in cats after a month,
and rats show evidence of decreases of approxi-
mately 20% within 3 weeks (Jennekens 1982).
A more rapid rate of muscle atrophy in humans
has been documented in immobilization studies.
Muscle weight, fibre size and muscle strength
decrease most dramatically during the first week
of immobilization (Appell 1990). In the rat gastroc-
nemius muscle, a weight loss of 30% had occurred
within the first 3 days of immobilization (Max et al
1971). Similar findings have been reported for
muscle fibre size, with little further reduction in
fibre diameter after 1 week (Appell 1986). Conse-
quently, the rapid atrophy described in immobil-
ization studies provides a basis for examining pos-
sible mechanisms at a muscular level involved in
reflex inhibition.

Rapid muscle atrophy is a commonly observed
clinical phenomenon in various conditions. Fol-
lowing spinal cord injury, a decrease in quadriceps
depth of 16% within days of injury has been
reported using ultrasound imaging (Taylor et al
1993). Up to 50% of quadriceps depth was lost in
the first 3 weeks following injury. Clinical obser-
vations would suggest that rapid atrophy is more
evident in certain muscles following injury, for
example the quadriceps and especially the vastus
medialis muscle in knee joint injuries. This may
reflect varying susceptibility of different fibre
types. It has been suggested that extensor (i.e. anti-
gravity) muscles undergo more severe atrophy
than flexors in reflex inhibition. This has also been
demonstrated in immobilization studies and has
been explained in terms of the greater amount
of type I fibres in vastus tnedialis than in other
components of the quadriceps, making the former
the most vulnerable to immobilization-induced
atrophy (Appell 1990). Furthermore, Appell (1990)
suggested that muscles that function as anti-
gravity muscles, cross a single joint and contain a



relatively large proportion of slow fibres that are
most vulnerable to atrophy owing to immobiliza-
tion. This may well also be the case in reflex inhibi-
tion and may explain the finding of rapid atrophy
of the multifidus, which has similar muscular
characteristics. Dysfunction of the multifidus has
also been found in the deep ventromedial corner
of the muscle. The known anatomical distribution
of type I and type II fibres may provide an expla-
nation for this finding. The numerical proportions
of the fibre types are not constant throughout the
cross-sectional area of the muscle, with type I
fibres tending to predominate in a deeper plane,
nearer to the trunk or limb axis than type II fibres
(Jennekens et al 1971, Johnson et al 1973, Pullen
1977). If these deep type fibres are more suscepti-
ble to atrophy, this could explain the location of
the changes found in the multifidus. Furthermore,
type 1 muscle fibres are innervated by beta
motoneurons (Landon 1982), which are frequently
activated and receive a more continuous impulse
flow from the motoneurons in the spinal cord than
the type II fibres, which receive stimulation in the
form of bursts of impulses (Burke and Edgerton
1975, Burke 1980). The greater susceptibility of
slow fibres may relate to their dependence on
tonic and ongoing neural input, and it may also
depend on their more rapid rates of turnover and
thus a higher rateconstant for protein degradation
(Goldberg 1967).

Atabiochemical level, rapid muscle atrophy may
be explained in terms of increased protein degrad-
ation, the autophagic response and decreased
succinate dehydrogenase (Appell 1990). Increased
protein degradation results in a net loss of muscle
protein during atrophy. Evidence of autophagic
activity has been demonstrated in atrophic muscle.
Lysosomal enzymes may be important in the initi-
ation of muscle atrophy. Succinate dehydrogenase
activity decreases as a consequence of muscular
disuse in animals (Booth 1978) and humans
(Haggmark et al 1981). These changes further high-
light the susceptibility of type I fibres, as they are
dependent on oxidative metabolism.

In conclusion, rapid muscle atrophy is known to
occur in reflex inhibition. The mechanisms involved
at a muscular level may be similar to those
described for disuse atrophy, which also leads
to rapid muscle atrophy. Disuse atrophy presents

a similar pattern of muscle dysfunction as
demonstrated in the multifidus, with type I
muscle fibres being predominantly affected, parts
of muscles more affected than others and deep
portions of the muscle specifically affected. This
pattern is also seen in conditions of deload-
ing (Ch. 7).

Summary

Injury tojoints and joint structures has devastating
effects on muscles surrounding the joints. The
effects are rapid, localized, potent and long lasting.
The muscles surrounding and intimately linked to
the joints are the most affected when joint injury
occurs. Antigravity muscles are more affected than
flexor muscles. Multijoint/ multifunction muscles
are rarely affected by reflex inhibition. Muscle
inhibition may persist well after painful symp-
toms have subsided. The link between reflex inhib-
ition and the gamma motoneuron system may
help to answer some of the intriguing unresolved
questions surrounding the reflex inhibition mech-
anisms. There are distinct similarities between the
patterns of muscles that are affected by reflex inhib-
ition and by deloading. It is important to under-
stand the susceptibility of the muscles that protect
the joints in conditions of joint injury and deload-
ing, as this information is vital for developing
principles of therapeutic exercise. These are dis-
cussed in Chapter 14.

CLINICAL RELEVANCE

In the patient with lumbopelvic pain, there could
be many mechanisms at play that could disturb
muscle function. Consideration of neurophysiolog-
ical mechanisms provides many basic principles
for rehabilitation. Principles of therapeutic exercise
that can be derived from the research on reflex
inhibition include:

excite the motoneuron pool;
commence rehabilitation early;
performrehabilitation regularly;
decrease stress on joint structures;
exercise under painless conditions;
use low-load exercise.
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Excite the motoneuron pool

Reflex inhibition involves inhibition of the spinal
motoneurons. Retraining must, therefore, focus on
exciting the inhibited motoneuronal pool. Stener
and Petersen (1962) stated that retraining was very
important after injury, as the muscles that are
inhibited will not be retrained automatically. Vari-
ous strategies exist to enhance muscle retraining.
The two possibilities are actively to decrease inhi-
bition and/or facilitate the inhibited muscles.
Decreasing muscle inhibition involves decreasing
stress on joints and avoidance of pain. Facilitation
will be more successful if factors actively causing
or perpetuating reflex inhibition can be minim-
ized. Facilitation may actually work in two ways
in inhibition. It is known that sensory stimuli can
block other afferent sensory stimuli in the spinal
cord (Wolf 1978). Cutaneous sensory nerve stimu-
lation can increase motoneuron excitability in
humans. Facilitation techniques may reduce inhib-
ition either by preventing activation of inhibi-
tory synapses (disinhibition) or by increasing the
excitability of anterior horn cells (Stokes and Young
1984a) or the gamma spindle system.

Techniques of facilitation have been described
in the proprioceptive neuromuscular facilitation
literature (Knott and Voss 1968). Techniques include
manual contact, verbal commands, stretch facilita-
tion, traction and approximation, and resistance.
Manual contacts use pressure as a facilitating
mechanism. Communication with the patient
may include manual contact and the use of visual
and verbal cues. Preparatory commands can be
made more meaningful by demonstration of the
desired movement and by providing a visual cue.
Patient motivation may be positively influenced by
verbal cues. Muscle stretch may be used to facili-
tate muscle contraction because of the physiology
of the stretch reflex. The stretch reflex can be used
to initiate voluntary motion as well as increase
strength and enhance a response in weak motions.
Vibration may also be used to stimulate muscle via
the stretch reflex. Traction (or separation of joint
surfaces) and approximation (compressing the
joint surfaces) affect the joint receptors, which are
receptive to alterations in joint position. Traction
and approximation are used to stimulate the pro-
prioceptive centres supplying the joint structures

themselves. Remembering that peripheral feed-
back from the joint and ligament afferents affects
the gamma spindle system (Johansson et al 1991b)
and biases the spindle towards an increased sensi-
tivity, provides a good basis for the inclusion of
sensory techniques in the ‘segmental stabilization
retraining’ approach, when the aim is to promote
tonic contractions of the appropriate muscles.
EMG biofeedback has been successfully used to
retrain inhibited quadriceps muscles (LeVeau and
Rogers 1980, Krebs 1981, Wise et al 1984). Biofeed-
back techniques provide auditory and visual feed-
back, which are important for re-education of
muscle function especially in the motor learning
phase (Martenuik 1979). In isometric strengthening
programmes, the addition of EMG biofeedback
has been shown to lead to greater strength gains
than with isometric exercise alone (Lucca and
Recchuiti 1983). Increases in strength associated
with biofeedback could result from both motor
unit firing rate and recruitment patterns (Asfour
et al 1990). Real-time ultrasound has also been
used to provide feedback of muscle activation.

Commence rehabilitation early

It is important to commence rehabilitation of
inhibited muscles early following injury, as the
effects of reflex inhibition are known to occur as
rapidly as within hours (Stokes and Young 1984a).
This is an important principle to consider if rever-
sal of the inhibition is the goal of the intervention.
The frequency, intensity and duration of the exer-
cise regimen should be tailored to the individual
(Morrissey 1989) and should be of an intensity, fre-
quency and duration that results in a training effect
but does not result in increased inflammation (and
increased muscle inhibition) of the injured joint.
The fact that reflex inhibition lasts for such a long
period of time following injury supports the con-
cept that facilitation of the motoneuronal pool
should be commenced as early as possible in an
attempt to curtail these prolonged effects.

Perform rehabilitation regularly

As the goal of treatment is to increase the excitabil-
ity of anterior horn cells and to stimulate the
gamma spindle system, it can be argued that
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bombardment of the inhibited motoneuronal pool,
through regular performance of exercises, would
be necessary to promote overriding of the inhi-
bitory sensory stimuli. The greater sensitivity of
type I muscle fibres to disuse, pain and reflex inhi-
bition than type 11 fibres also has implications for
the frequency of rehabilitation required. It has
been demonstrated that the type I fibres (which
are connected to low-threshold motoneurons)
receive a more continuous impulse flow from the
motoneurons in the spinal cord than the type 11
fibres, which receive stimulation in the form of
bursts of impulses (Burke and Edgerton 1975).
Haggmark and Eriksson (1979) proposed that
occasional exercise sessions would maintain type
Il fibres, but that type I fibres would require a
more constant nervous activation. More constant
nervous activation would require frequent and
regular rehabilitation sessions, aimed at restoring
the oxidative potential of the type I fibres.

Decrease stress on joint structures

The importance of decreasing stress on joint struc-
tures for rehabilitation relates to preventing or
minimizing the effects of reflex inhibition. Evidence
of the importance of a neutral or midrange pos-
ition has been provided through investigations of
inflamed and effused joints. To minimize the effects
of inhibition, the joint should be placed in a neu-
tral position (Krebs et al 1983). This is especially
relevant in the acute situation, where both inflam-
mation and effusion may be present. Effused and
inflamed joints should be exercised only within a
range of motion that does not stimulate afferent
inhibitory impulses (DeAndre et al 1965). Evi-
dence of the importance of a neutral position,
especially for the extensor muscles, has been pro-
vided from inflammation studies.

Exercise under painless conditions

Although reflex inhibition can occur in the absence
of pain, pain is capable of causing inhibition in its
own right. With respect to pain inhibition and
its possible effects on fibre type, Gydikov (1976)

demonstrated that painful stimulation of the sural
nerve caused selective inhibition of type I muscle
fibres, whereas ‘tactile’ stimulation caused facilita-
tion. If pain directly affects type I fibres, this must
also direct the rehabilitation programme towards
specific exercises that stimulate these fibres. This
relates to the frequency of exercise, the amount of
load applied during exercise and the type of con-
traction. It has been proposed that isometric exer-
cises are more appropriate especially when pain is
an inhibitory factor, as isometric exercises involve
less joint movement and, therefore, in general, less
pain production (Bower 1986).

Use low-load exercise

One of the strongest arguments for implementation
of low load initially for patients with lumbopelvic
pain relates to the response of inhibited muscles to
resistance. Resistance to muscle contraction is gen-
erally considered as one of the most effective muscle
facilitation techniques, as the number of activated
motor units increases approximately in proportion
to the magnitude of the resistance (Knott and Voss
1986). However, muscle activity can be inhibited
by resistance to contraction in the pathological situ-
ation (Janda 1986). Janda (1986) proposed that
increased loading in this case will cause a decrease
of activity in the muscle being loaded. To con-
tinue the exercise against the applied resistance,
the inhibited muscle will be eliminated from the
movement pattern and replaced by other non-
inhibited muscles. Repetition of exercises in this
case could further intensify muscle inhibition and,
under these circumstances, exercise against resist-
ance may harm the patient.

Further evidence for low-load exercise relates to
fibre type. Stimulation of type I fibres, which are
affected by reflex inhibition and pain inhibition,
requires low-intensity holding contractions suit-
able for type I oxidative fibres. It has been shown
that repeated isometric training increased the
oxidative potential of the quadriceps muscle
(Grimby et al 1973), suggesting that frequent low-
load exercises of this type may be of benefit in
rehabilitation of patients with inhibition.
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INTRODUCTION

In recent years, there has been increasing interest
in the neurobiology of pain. This field has grown
out of the realisation that the spectrum of chronic
back pain disorders cannot be reduced to a simple
biomechanical model asserting that stimulation
of peripheral nociceptors is responsible for pain
(reviewed by Butler 2000). Instead a model must
include consideration of the multiple plastic
changes in the nervous system that may mediate
the perpetuation of pain and the interaction
between biological, psychological and social
elements of the pain experience. With this paradigm
shift, there has been a tendency in some circles to
reject the biological in favour of the other two
elements. It is not the purpose of this chapter to
review the field of pain neurobiology but instead
to consider the interaction between the experience
of pain and the motor control of spinal stability.
Readers interested in reading further in the area of
pain neurobiology and the psychosocial aspects of
pain are referred to key texts in that area by Butler
(2000) and Waddell (1998).

Many authors report changes in the control
of the trunk muscles in people with low back
pain. Although there is considerable disagreement
regarding the nature of these changes, we have
consistently found that the effects are different on
the deep local muscles than on the superficial
global or multisegment muscles of the lumbopelvic
region. The specific changes in motor control of
the multiple muscles systems will be described in
Chapters 10-12. This section will review two key

129



130 IMPAIRMENT IN THE JOINT PROTECTION MECHANISMS: CONCEPTS

issues: first, whether changes in motor control pre-
cede or follow the onset of low back pain and, sec-
ond, the possible mechanisms for the effect of pain
on motor control. Recent data indicate that experi-
mentally induced pain may replicate some of the
changes identified in people with low back pain.
In Chapter 7, it was argued that ‘deloading’ induces
changes in the muscle system that may lead to
changes in control, resulting in irritation of noci-
ceptors and pain. Although this may be true, it is
also plausible to consider that pain may lead to
changes in motor control and that these changes
may be responsible for the recurrence of low back
pain. Similarly, the effect of injury on motor con-
trol may play a role, as described in Chapter 8.
Considering the spectrum of pain disorders, it is
plausible to consider that elements of all may be
involved in the incidence of low back pain.

WHICH COMES FIRST: PAIN OR MOTOR
CONTROL CHANGES

It is not certain whether pain causes changes in
motor control or whether motor control changes
lead to pain, or both. Farfan (1973) and Panjabi
(1992a, b), amongst others, have presented models
suggesting that deficits in motor control lead to
poor control of joint movement, repeated micro-
trauma and pain. Consistent with this model, Janda
(1978) has argued that people who have mild neu-
rological signs (e.g. minor coordination difficulties)
are more likely to have pain as adults. Further-
more, slow reaction times have been linked to
increased risk of musculo-skeletal injury (Taimela
and Kujala 1992). As described in Chapter 7, deload-
ing may lead to changes in motor control that
could lead to pain via similar mechanisms. How-
ever, the converse may also be true. Perhaps pain
leads to changes in motor control. While neither
possibility can be ruled out, numerous studies
have replicated the changes in motor control iden-
tified in people with low back pain by the experi-
mental induction of pain. For instance, injection of
hypertonic saline into the lumbar longissimus
muscle to produce transient pain induces changes
in the feedforward responses of the local muscle
(transversus abdominis) that are similar to those
identified as clinical pain (Hodges et al 2003e, see

Ch. 10, Fig. 9.1). Changes in global muscle activity
differed between individuals. However, activity of
at least one superficial trunk muscle was increased
in all subjects. This variability in the response of
the superficial muscles to pain is consistent with
clinical observations. In separate studies, loss of
relaxation of the erector spinae muscles, which is
present in low back pain, has been replicated dur-
ing trunk flexion (Zedka et al 1999a; Fig. 9.2) and
gait (Arendt-Nielsen et al 1996) by experimentally
induced pain. These are just a few specific examples
of replication of clinical changes in motor control.
Therefore, if pain occurs, this may provide the ini-
tial trigger for changes in motor control. It may be
hypothesized that minor injury and pain may result
if demand placed on the spine exceeds an individ-
ual’s ability to maintain spinal stability, for example
during lifting or in a motor vehicle accident, this
may initiate a vicious cycle. Similarly, if pain is
initiated for another cause, for instance from disc
swelling from unloading, a similar cycle of events
may be initiated. Considering that pain can be
responsible for changes in motor control, it is
important to consider the possible mechanisms for
this effect.

POSSIBLE MECHANISMS FOR THE EFFECT
OF PAIN ON MOTOR CONTROL

A number of mechanisms have been proposed to
explain the effect of pain on motor control (Fig. 9.3).
These include changes in excitability at the spinal
or cortical level, changes in proprioception or affer-
ent mediated control, or specific cortical effects
imparted by aspects of pain, such as its demand
on central nervous system (CNS) resources, stress
or fear. The following sections consider each of
these possible mechanisms.

Direct effects of pain on motor control

Widespread changes in excitability have been
identified at many levels of the motor system dur-
ing pain. Acute experimental pain has been shown
to cause changes in spinal motoneuron activity
(Matre et al 1998, Svensson et al 1998, 2000). For
instance, increased stretch reflex amplitude of the
soleus muscle has been reported after intramuscu-
lar injection of hypertonic saline (Matre et al 1998).
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Others have reported reduced amplitude of motor
potential evoked by transcranial magnetic stimu-
lation over the motor cortex in response to experi-
mental pain (Valeriani et al 1999). However, these
responses may be specific to task or specific to
muscle, as other studies have reported no changes
in excitability of the motoneuron or motor cortex
(Gandevia et al 1996, Zedka et al 1999b). Those
authors argued that changes in motor drive may
occur ‘upstream’ of the motor cortex, for instance
involving areas associated with motor planning.
As mentioned in Chapter 8, reflex inhibition of
motoneuron excitability has also been suggested
to occur in association with swelling (Spencer et al
1984) and injury to joint structures (Ekholm et al
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Figure 9.1 Effect of
experimentally induced pain on
motor control of transversus
abdominis (TrA). (a) Pain was
induced by injection of
hypertonic saline into the
paraspinal muscles at the L4
level. (b) When subjects rapidly
moved an arm in response to a
light, the response of the TrA was
initiated before the deltoid in
trials without pain and in trials
with injection of non-painful
isotonic saline. When the arm
was moved during pain, the onset
of TrA activity was delayed. There
was no change in activity of
obliquus internus (OI) or externus

y abdominis (OE) for this subject.
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1960), which has been argued to indicate poly-
synaptic inhibition at a spinal level (Stokes and
Young 1984a). While this may be a factor in clinical
populations, it cannot explain the findings of stud-
ies of experimental pain that is not associated with
oedema and injury, and similar effects cannot be
produced by injection of similar volumes of iso-
tonic saline into muscle (Graven-Nielsen et al 1997,
Hodges et al 2003e).

Evidence from several groups argues that
changes in trunk muscle activity in low back pain
may not be mediated by simple changes in
excitability. Zedka et al (1999a,b) were unable to
identify changes in the short-latency response of
the paraspinal muscles to a mechanical tap to the
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Figure 9.2 The effect of movement to the end of range of trunk flexion. Normally, when a subject moves, the erector
spinae (ES) muscles are silent on electromyography (i.e. the flexion-relaxation phenomenon). However, when a person is
given experimental pain the period of silence disappears. This also occurs in people with clinical back pain. (Adapted

from Zedka et al 1999a.)

muscle following pain induced by injection of
hypertonic saline into the muscle (changes in this
component would be consistent with changes in
motoneuron excitability) (Fig. 9.4). These authors
did find changes in later components of the
response that can be influenced by input from
higher centres. Similarly, we have shown several
changes in coordination of the trunk muscles in
association with pain that are inconsistent with a
change in excitability or delayed transmission of the
motor command. For example, when people move
an arm rapidly, normally the response of transver-
sus abdominis is independent of the direction of
arm movement (Hodges and Richardson 1997b). If
the delay in response observed during pain was a
result of a change in excitability, it may be pre-
dicted that the response would remain consistent
between movement directions, although delayed
when people have pain. However, this is not the

case (Hodges and Richardson 1996, 1998, Hodges
et al 2003e; see Ch. 10).

Consistent with the identification of changes in
motor planning, there is compelling evidence that
pain has strong effects at the supraspinal level
(Venna et al 1994, Derbyshire et al 1997, Lorenz and
Bromm 1997, Kuukkanen and Malkia 1998, Luoto
etal 1998, 1999, Hodges 2001). Both short- and long-
term changes are thought to occur with pain in the
activity of the supraspinal structures including the
cortex. Many studies have reported changes dur-
ing experimental pain in the activity of regions of
the brain involved in movement planning and
performance (see Derbyshire et al 1997). One area
that has been consistently found to be affected is the
anterior cingulate cortex (Peyron et al 2000). The
anterior cingulate cortex has also been reported to
be chronically active in people with chronic low
back pain (Hsieh et al 1995) and has long been
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Figure 9.4 When a tap is applied to the right paraspinal muscles, there is a short-latency reflex response. This is not
changed during experimental pain (injection of hypertonic saline, NaCl). This indicates that there is no change in
excitability of the motoneuron following pain. ES, erector spinae; EMG, electromyography; R, refex response. (Adapted

from Zedka et al 1999a.)

thought to be important in motor responses, with
its direct projections to motor and supplementary
motor areas (Price 2000). Hypothetically, at least,
activation of these cortical regions during pain may
influence movement control directly and mediate
the changes reported above. Other authors have

identified increased areas of somatosensory cortex
activated by noxious cutaneous stimulation of
the finger and back in people with low back pain
(Flor et al 1997). Furthermore, the activated area
increased as a function of the duration of their pain.
These changes may contribute to the perpetuation
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of pain in the absence of peripheral nociception,
but they may also contribute to the motor changes.
Further work is required to clarify these findings as
they relate to motor control.

Effect of the attention-demanding
aspects of pain on motor control

Although nociceptive stimulation and pain may
disrupt motor output directly, it is also possible
that an effect is caused by aspects of pain, such as
its attention-demanding requirements, stress or
fear. In terms of attention demand, it is widely con-
sidered that pain utilizes attentional resources,
probably by virtue of its direct relevance for sur-
vival (reviewed by Price 2000). In view of the finite
nature of information-processing resources, this
may compromise the attention associated with
movement performance. Several studies support
this hypothesis. For example, increased latencies
and/or error rates in the presence of pain have
been indicated by recordings of event-related
potentials in the cortex (Rosenfeld et al 1992), brain
imaging studies (Derbyshire et al 1997), cognitive
performance tasks (Crombez et al 1998, 1999;
Eccleston and Crombez 1999) and a combination of
these methods (Lorenz and Bromm 1997).
Therefore, pain may lead to changes in movement
coordination as a result of the increased demand
placed on information-processing resources. While
several authors have identified slower reaction
times in people with low back pain, which may be
attributable to this mechanism (Luoto et al 1999),
we have recently shown that performance of an
attention-demanding task does not replicate the
changes in trunk muscle activity seen in people
with low back pain (Moseley et al 2001). In this
study, subjects rapidly moved an arm in response
to a visual stimulus while performing an attention-
demanding task. Although the reaction time of the
arm movement was delayed, the response of the
deep local trunk muscles (transversus abdominis
and deep multifidus) occurred earlier relative to
the deltoid response (i.e. opposite to the changes
seen in low back pain). There was no change in the
activity of the superficial abdominal or paraspinal
muscles. Therefore, although attention demand
may influence many elements of movement

performance, it is unlikely to explain the effects seen
in the local and global muscles in low back pain.

Effect of stress on motor control

A further possibility is that the stress associated
with pain produces the change in control of the
trunk muscles. Numerous studies have shown
that stress (i.e. perception of threat) may affect
motor control (Jones and Cale 1997, Weinberg and
Hunt 1976, van Galen and van Huygevoort 2000).
Notably, trunk muscle activity during a lifting task
was altered when the task was performed in the
presence of psychosocial stressors (Marras et al
2000) and shoulder muscle activity during a key-
board task was altered by work-related stress
(Ekberg and Eklund 1995). Furthermore, changes
in paraspinal muscle activity in patients with
chronic pain have been linked to subjective meas-
ures of distress and anxiety, rather than just the
intensity of pain (Flor and Turk 1989, Flor and
Birbaumer 1992, Vlaeyen et al 1999). We have
tested the effect of stress on the postural response
of the trunk muscles during rapid arm movements
by repeating the attention-demanding task
described above, but with negative feedback of
performance and other negative psychosocial cues
(Moseley et al 2001). Although the addition of
stress did not replicate the changes observed with
experimentally induced pain, there was a delay in
the response of the deep local trunk muscles rela-
tive to tasks when the attention demand was non-
stressful, indicating some effect of stress.

Effect of fear of pain and (re)injury on
motor control

An alternative argument is that the changes in con-
trol may relate to the fear associated with pain.
The notion that fear is important in behavioural and
motor output associated with pain is not new, and
the fear-avoidance model has gained considerable
support in the literature (reviewed by Vlaeyen and
Linton 2000). In brief, the fear-avoidance model
argues that fear of pain and (re)injury prevents
normal return to activity, which leads to decondi-
tioning and disability (Vlaeyen and Linton 2000).
Although the primary application of the fear-
avoidance model has been in consideration of
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behavioural response to pain and injury, corres-
ponding findings have been reported in the pat-
tern of motor control (Main and Watson 1996).
Several studies have reported differences in trunk
muscle activity between fearful and non-fearful
patients with back pain. For instance fearful
patients have a greater reduction in endurance of
the paraspinal muscles (Biedermann et al 1991) and
less relaxation of the paraspinal muscles at the end
of trunk flexion (Watson and Booker 1997) than
non-fearful patients and controls. Furthermore, it
has been suggested that patients with chronic low
back pain have increased paraspinal muscle activ-
ity when they are exposed to personally relevant
stressors but not when they are exposed to general
stressors (Flor and Birbaumer 1992). Finally, when
pain-free subjects rapidly move an arm but are
subjected to moderately painful electrical shocks to
the back that are unpredictable in time and ampli-
tude, the response of transversus abdominis and
deep multifidus is delayed in amannerthat is simi-
lar to that seen with experimentally induced low
back pain (Moseley et al 2001). While the last find-
ing does not confirm that fear or anticipation of
pain causes the changes seen in people with low
back pain, it does suggest that fear may at least
replicate the changes. Moreover, it is possible that
both pain and fear of pain act directly on the motor
centres through a common mechanism. It is impor-
tant to consider that fear of pain may explain why
people who have a history of pain, but no present
pain, have delayed activity of transversus abdo-
minis (Hodges and Richardson 1996). Furthermore,
if fear of pain can disrupt the normal control of the
trunk muscles, this may provide a link between
psychosocial factors and physiological changes that
lead to recurrence of pain. It could also be inter-
preted that these changes in motor control are an
adaptation to limit loading and prevent recurrence.
However, we propose that these adaptive strategies
may provide a short-term solution with long-term
sequelae (see below).

Effect of inaccurate sensory input on
motor control

An additional factor to consider is that accurate
control of movement is dependent on the sensory
element of the motor system. Inaccurate afferent

input would affectallaspects of motor control from
simple reflex responses (e.g. those arising from
stimulation of mechanoreceptors in the muscles
(Zedka et al 1999a) or other elements of the spine
(Indahl et al 1995, Solomonow et al 1998)) to com-
plex movements that are dependent on an accurate
‘internal model of body dynamics’ (see Gurfinkel
1994), which allows the CNS to predict the interac-
tion between internal and external forces. Several
studies have reported decreased acuity to spinal
motion in low back pain (Taimela et al 1999) and
impaired ability to reposition accurately in those
with low back pain (Gill and Callaghan 1998,
Brumagne et al 2000). In addition, muscle spindle
sensitivity is altered by pain (e.g. Pedersen et al
1997) and muscle activity (Gandevia et al 1992).
Consequently, any change in activity may
adversely affect perception of movement. Finally,
several studies have argued that sensory acuity
may be reduced by fatigue (Carpenter et al 1998);
thus decreased muscle endurance with injury or
pain may lead to impaired sensory acuity via
increased fatiguability. In view of these changes, it
may be argued that inaccurate sensory input may
be responsible for many of the changes in motor
control that have been identified. It has been
argued that altered proprioceptive input may
resultfrom changes in activity of the deep muscles,
caused by damage to receptors, or structures in
which the receptors are situated, or by changes in
the interpretation of proprioceptive input in the
presence of pain. For instance, reorganization of
the somatosensory cortex has been identified in
chronic pain (Flor et al 1997) and proprioceptive
input may stimulate central nociceptive pathways
and be perceived as pain (reviewed by Hoheisel
and Mense 1989). Whatever the mechanism, pro-
prioceptive re-education should form part of inter-
vention for low back pain.

Why are there consistent changes in
the local system?

If pain or other supraspinal mechanisms such as
fear can disrupt motor control, why does thislead to
the relatively consistent finding of reduced activity
of deep local spinal muscles and increased activity
of the superficial global muscles? The explanation
may lie in the pain-adaptation model of Lund and
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colleagues (1991). This model stipulates that, in the
event of pain, the alteration in motor control serves
to limit movement. During movement, this involves
a decrease in agonist muscle activity and increased
antagonist activity to limit the velocity, force and
range of movement (Svensson et al 1995). This
pattern of response has been observed in clinical
and experimental pain studies for many regions of
the body including the jaw (Svensson et al 1995)
and trunk (Zedka et al 1999a). In terms of control
of a segment such as the trunk, the response may
also involve general stiffening of the body seg-
ment(s) by muscle co-activation. Panjabi (1992a,b)
and Cholewicki et al (1997) predicted that such a
response would increase vertebral control and is
consistent with augmented activity of the large,
superficial trunk muscles.

Consistent with this proposal, there is evidence
of relative stiffening of the spine in pain. Moe-
Nilssen et al (1999) reported reduced trunk move-
ment during gait during experimentally induced
pain, and Henry (2001) showed that trunk move-
ment following a support surface translation is
reduced during pain. Hypothetically, if the gen-
eral stiffness of the spine is increased, the CNS
may perceive the demand for ‘fine-tuning’ to be
diminished, leading to reduced activity of the
deep local spinal muscles despite the potential
long-term sequelae of this strategy (see below).
This is consistent with data which suggest that
postural activity of the trunk muscles is reduced
or delayed when the perceived stability of the
spine is increased (Hodges et al 1997b, Stokes et al
2000). After resolution of the pain, this adapted
strategy may also resolve or, in the presence of
ongoing fear of pain or other reinforcement,
persist to chronicity. This hypothesis requires
investigation.

CLINICAL SIGNIFICANCE

If the experience of pain can cause changes in
motor control, this has several key implications for
re-education of motor control in people with low
back pain. A key issue to consider is that while the
changes outlined above may not be responsible for
motor control changes in all people with back
pain, the effects of pain and its wider elements is
likely to impart ongoing effects on the accuracy of

motor control and may require specific attention
in clinical management.

Consequence of changes in control

As outlined in Chapter 2, the local and global
muscles impart specific elements of the control of
spinal stability. Any change in the coordination of
these systems is likely to lead to reduced accuracy
of spinal control. Briefly, a reduction of the fine-
tuning of intervertebral control and increased global
stiffening of the spine may decrease overall spinal
motion, but with reduced accuracy of control of
intervertebral motion. Furthermore, excessive acti-
vity of the global muscles may increase spinal load-
ing and reduce the contribution of spinal motion to
spinal control strategies. These issues will be con-
sidered in more detail in Chapter 10.

Implications for exercise intervention

These datahave several important implications for
exercise for muscle control. First, although pain
may not be the key factor in development of motor
control changes in all people with back pain, its
presence is likely to be associated with perpetua-
tion of ongoing motor control changes, contribut-
ing to the ongoing cycle of ‘pain-motor control
dysfunction—pain’. An important issue from the
preceding discussion is that actual pain may not
need to be present, as ‘fear’ or anticipation of pain
and (re)injury may have similar effects. This may
be a major factor why people who have recovered
from an episode of low back pain have motor con-
trol changes even when they are in remission.
Second, the demand for accurate motor control
is likely to be increased in people with low back
pain because of microtrauma to the passive elem-
ents of the spine and of peripheral sensitization
(see Butler (2000) for review of peripheral sensitiza-
tion). If passive support for the spine is reduced,
this must be compensated by changes in motor
control. Numerous studies of experimental trauma
have indicated large changes, particularly in the
neutral zone (Panjabi 1992a). Therefore, motor con-
trol must adapt to compensate for this reduction in
stability and control (Panjabi 1992b). The second
issue is that numerous changes occur in the nerv-
ous system, including plastic changes in the spinal
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cord and higher centres, as well as changes in the
periphery. If peripheral sensitization is present, then
the requirement for control of intervertebral motion
is likely to be increased to avoid nociceptive stim-
ulation. In either case, this may lead to recurrence
if motor control is compromised by pain or poten-
tial pain.

Third, the potential for pain to lead to changes in
motor control indicates that other strategies which
may assist in the resolution of pain, either in the
short or long term, are likely to be beneficial
Therefore, the pain-relieving effects of other thera-
peutic modalities play an important role in man-
agement of muscle and control dysfunction.
Furthermore, consideration of the psychosocial
aspects of pain may require consideration. If an
individual has elements of fear of pain or (re)injury
in their presentation, these may need to be
addressed before motor control changes can be
resolved. Many studies indicate that these changes
are prevalent in people with low back pain, and

methods have been devised to assess and manage
these elements. The reader is referred to Butler
(2000), Main and Spanswick (2000) and Moseley
and Hodges (2003) for further consideration of
these issues. A key finding of the studies of pain,
fear and stress is that there is interdependence of
the biological, psychological and social aspects of
the pain experience, and in many cases all elements
will require consideration. It is also important to
consider that physical intervention may lead to
improvements in other non-physical aspects of a
patient’s presentation. For instance, as motor control
education makes a patient responsible for their own
recovery, this may lead to positive outcomes in terms
of changing the patient’s locus of control, which
is an important aspect of cognitive behavioural
approaches (reviewed by Main and Spanswick
2000). A final considerationis thatit would be naive
to argue that all back paincanbe resolved by motor
control re-education, and all dimensions of the neu-
robiology of pain must be considered.
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INTRODUCTION

There has been considerable interest in the function
of the abdominal muscles in people with low
back pain. Early studies of trunk muscle function
focused on the strength and endurance of these
muscles in patients with chronic low back pain
(Thorstensson and Arvidson 1982, Suzuki and
Endo 1983). The results of these studies have been
variable. For instance, some show reduced strength
and endurance (Suzuki et al 1977) while others do
not (Thorstensson and Arvidson 1982). It has been
suggested that these changes may be more related
to inactivity than to pain (Thorstensson and
Arvidson 1982). Furthermore, the importance of
changes in strength and endurance is unclear, as
maximum strength and endurance are infrequently
required in function and these parameters indicate
little of how the muscles are used. More recently,
the increased understanding of the importance of
the motor control of lumbopelvic stability has led
to the emergence of investigations of the control and
coordination of the abdominal muscles. Although
considerable variability has been identified in terms
of changes in the control of the global muscles,
we have found consistent evidence of changes in
activity of the transversus abdominis. This sec-
tion reviews the scope of changes in the abdominal
muscles and highlights the relevance of these find-
ings for clinical practice in light of biomechanical
models of spinal stability. Changes are described in
terms of the specific motor control strategies and
thenthe clinical relevance of these findings in terms
of the effect on the control of lumbopelvic stability.




CHANGES IN CONTROL OF THE LOCAL
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Changes in feedforward con"(rair -

As mentioned in Chapter 2, feedforward strategies
are preplanned by the nervous system and repre-
sent the pattern of muscle activity initiated by the
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central nervous system in advance of predictable
challenges to lumbopelvic stability to prepare for
the perturbation. As such, these strategies provide
evidence of changes in the manner in which the
neural system considers it appropriate to meet the
demands of internal and external forces. Several
studies have investigated the onset of muscle
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: i I Figure 10.1  Onset of activity of the
y : trunk muscles with movement of the arm
ol = 5 "a_' "g in each direction for individuals with and
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! : ; line indicates the onset of deltoid activity.
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ES HCH | s abdominis; RA, rectus abdominis; ES,
Ht ; L *1 = ml e a = erector spinae; LBP, low back pain; NLBP,
gl 2 T ‘0 oy U 169 no low back pain. (Adapted from Hodges
Time (ms) and Richardson, 1996.)
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Figure 10.2 Raw electromyographic activity of the abdominal (rectus abdominis (RA), obliquus externus abdominis
(OE), obliquus internus abdominis (Ol) and transversus abdominis (TrA)), superficial multifidus (MF) muscles and the
prime movers of hip flexion (rectus femoris (RF)), abduction (tensor fascia latae (TFL)) and extension (gluteus maximus
(GM)) with hip flexion, abduction and extension performed by a patient with low back pain. The onset of activity of the
prime mover of the limb is denoted by a line and TrA is denoted by a fine dashed line. There is delayed onset of the TrA,
occurring after that of the prime mover. (Reproduced with permission from Hodges and Richardson, 1998, pp. 46-56.)
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activity in association with rapid limb movements
(Hodges and Richardson 1996, 1998). These stud-
ies investigated people with chronic recurrent low
back pain when their pain was in remission. The
most consistent finding was delayed activity of
transversus abdominis with movements of the arm
(Fig. 10.1) and leg (Fig. 10.2) in all directions.
Activity of transversus abdominis was absent in
the period before movement and, therefore, failing
to prepare the spine for the perturbation resulting
from limb movement. In view of the evidence
described in Chapters 2 and 3, this is consistent
with a compromise in the control of intervertebral
motion. In association with the changes in activity
of transversus abdominis, the activity of the
superficial abdominal muscles was only delayed
with specific movements. A major finding was that
the change in transversus abdominis activity
could not be explained by ‘inhibition” of the
response or delayed transmission in the central
nervous system. As discussed in Chapter 9, the
normal response of transversus abdominis is not
dependent on the direction of force acting on the
spine, and the muscle provides a non-direction-
specific contribution to lumbopelvic stability. The
response of transversus abdominis in people with
low back pain is earlier with shoulder extension
than the other movements, which is similar to the
response of the superficial trunk muscles (Hodges
and Richardson 1996, Moseley et al 2003). In other
words, the normal differential control between the
local and global systems is no longer present. As
mentioned in Chapter 9, this change in differential
control has been replicated in healthy individuals
by experimentally induced pain.

Further evidence for a change in motor planning
has come from studies in which the preparation
for movement is varied. In a healthy population,
the reaction time of the arm movement is delayed
when the preparation for movement is reduced
(Fig. 10.3). This is associated with a slowing of the
response of the global abdominal muscles in line
with the limb movement, but there is no slowing
of the response of transversus abdominis (Hodges
and Richardson 1999a). Instead, the response of
transversus abdominis maintained a constant
reaction time. This finding provides further evi-
dence for differential control of the local and
global muscles. Although this finding may be

interpreted to suggest that control of transversus
abdominis occurs at a more primitive level of the
nervous system, recent data from studies of tran-
scranial magnetic stimulation of the motor cortex
confirm that cortical inputs do contribute to the
ongoing postural activity of transversus abdo-
minis (Hodges et al 2003f). However, when people
with back pain perform that same task with vari-
able preparation for movement, the activity of
transversus abdominis is delayed along with the
other abdominal muscles (Hodges 2001). Taken
together, these findings are likely to represent a
change in motor planning.

Recently it has been questioned whether a
change in timing of transversus abdominis in the
order of milliseconds can have a significant influ-
ence on spinal control (McGill 2002b). However,
the temporal aspects of transversus abdominis
activity are only a small element of the extent of
changes in control identified for this muscle and
the temporal data simply represent a window of
opportunity through which the control of trans-
versus abdominis has been investigated and
changes in control have been identified. In reality,
widespread changes in control of transversus
abdominis exist in people with low back pain. For
instance, the threshold for activation of transver-
sus abdominis isincreased in people with low back
pain (i.e. activity of transversus abdominis is not
initiated until arm movements are performed with
greater velocity (Hodges and Richardson 1999)
than required in control subjects (Hodges and
Richardson 1997c; Fig. 10.4), and tonic activity of
transversus abdominis is reduced (Hodges et al
2003e). However, tonic activity during sustained
and repetitive tasks is likely to have feedback-
mediated components as well, and this is dis-
cussed in the next section.

Changes in feedback-mediated control

In feedback-mediated control, the neural control
system initiates a response of the trunk muscles to
afferent input from an unpredicted perturbation
(Massion 1992). Changes in a variety of reflex
responses have been identified in musculo-
skeletal pain syndromes, although most commonly
investigated for the paraspinal muscles (e.g. Wilder
etal 1996, Leinonen et al 2001). Although no studies
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Figure 10.3 Effect of movement preparation on the response of the trunk muscles in association with limb movement.
(a) When the reaction time for arm movement is increased in individuals without low back pain by increased task
complexity, the reaction time of the muscle responsible for limb movement is increased but that of transversus
abdominis (TrA) remains unchanged. The stimulus to move is indicated by the arrow. (b) If the delay in onset of activity
of TrA in those with chronic low back pain results from delayed transmission of the descending command in the nervous
system, it might be expected that the onset of TrA activity would be delayed but the general strategy would remain
unchanged (i.e. the response of TrA would maintain a constant temporal relationship to the movement stimulus
between conditions). The dotted boxes indicate the response of TrA in a person without low back pain (i.e. as for (a)).

(c) If the response of TrA does not maintain a constant temporal relationship to the movement stimulus in conjunction
with an increased reaction time for arm movement, this would suggest a change in strategy rather than a simple delay
in transmission of the descending command. (d and e) Representative raw electromyographic (EMG) recordings from a
control subject (d) and a subject with chronic recurrent low back pain (e). Responses are shown for all muscles in each
of the preparatory conditions for trials of shoulder flexion. The solid and dashed lines denote the onsets of deltoid and
TrA EMG, respectively. The large arrow at the bottom left of each panel indicates the time of the movement stimulus.
Note that, for the control subjects, the reaction time of TrA did not increase along with that of deltoid, rectus abdominis
(RA), obliquus externus abdominis (OE), obliquus internus abdominis (Ol) as the preparation for movement decreased.
However when people with low back pain performed the same task, the reaction time of TrA was increased with the
other muscles. That is, the data are consistent with the altered motor planning option shown in (c). (Adapted from
Hodges 2001.)

have yetinvestigated the activity of the transversus
abdominis in response to unexpected perturba-
tions, several studies have indicated changes
in tasks that incorporate feedback contributions,
such as tonic activity. Notably, tonic activity of
transversus abdominis, which is normally observed
during repetitive trunk (Cresswell et al 1992a) and
limb (Hodges and Gandevia 2000a) movements,

is reduced during experimentally induced pain
(Hodges et al 2003e) (Fig. 10.5). In addition, the
relative electromyographic (EMG) activity of
rectus abdominis and the EMG activity recorded
with electrodes over the inferiolateral abdominal
wall was altered in people with chronic low back
pain during a voluntary task to move the abdomi-
nal wall inwards (O’Sullivan et al 1997). Notably,
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Figure 10.4 Frequency of trials in which a response of each of the abdominal (rectus abdominis (RA), obliquus externus
abdominis (OE), obliquus internus abdominis (O1) and transversus abdominis (TrA)) and superficial multifidus (MF)
muscles was present with movement of the upper limb at each of three different speeds of limb movement: fast
(~300°/s), natural (~150°/s) and slow (~30°/s). (a) Controls; (b) patients with a history of low back pain. The frequency
of response of all the abdominal muscles is reduced from the natural speed condition for the subjects with low back
pain, thus suggesting that the threshold speed for trunk muscle activation is increased when people have low back pain.
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performance of a similar voluntary task of abdomi-
nal movement has been associated with timing of
transversus abdominis activity in an arm move-
ment paradigm (Hodges et al 1996).

Recent studies have also identified changes in
the activity of transversus abdominis using ultra-
sound imaging. Changes in muscle thickness, fas-
cicle pennation angle and fascicle length can be
measured with ultrasound imaging and are related

- multifidus; ES, erector spinae. (Adapted
from Hodges et al 2003e.)

to muscle activity (Herbert and Gandevia 1995,
Misuri et al 1997, Maganaris et al 1998, Hodges
et al 2003d). When healthy individuals performed
gentle isometric leg efforts, automatic recruitment
of the abdominal muscles, including transversus
abdominis, could be detected, indicated by an
increase in thickness (Ferreira et al 2003). Notably,
activity of transversus abdominis occurred
with movement in opposing directions. This was
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confirmed with intramuscular EMG recordings.
However, when people with low back pain per-
formed the same task, the increase in thickness of
transversus abdominis was less, particularly in one
direction (Ferreira et al 2003).

CHANGES IN CONTROL OF
THE GLOBAL MUSCLES

In contrast to the impaired activity of the local
abdominal muscles, activity of the global muscles
is often augmented. In studies of experimentally
induced pain, activity of at least one of the global
muscles was increased when pain was increased
(Hodges et al 2003e). However, there was consid-
erable variability in the characteristics of this
response between subjects. This finding is consist-
ent with the clinical observation of considerable
individual variation in presentation. When arm
movement tasks have been investigated in people
with clinical low back pain, few changes in global
muscle activity have been identified; the changes
seen include a combination of delayed and earlier
onsets of activity (Hodges and Richardson 1996).
The reason for the failure to identify augmented

global activity is likely to be because of the grouping
of results, failing to identify individual differences.

Key recent findings have indicated delayed
relaxation of the superficial abdominal muscles,
particularly obliquus externus abdominis, when a
mass was unexpectedly removed from the trunk
(i.e. unloading) (Radebold et al 2000), and greater
activity of the obliquus externus during rotation
efforts (Ng et al 2002a). In the studies of trunk
unloading, subjects were positioned in standing
with the pelvis supported and a mass attached to a
rope connected to either the front or back of the
trunk. When the mass is released, activity of
muscles on the opposite side of the trunk must
reduce for the trunk to maintain an upright posi-
tion (Radebold et al 2000). When patients with low
back pain performed this task, the time to relaxation
of the obliquus externus abdominis was increased
(i.e. indicative of overactivity) (Fig. 10.6). Two
important features are worthy of note. First, the
delayed offset of activity was associated with
increased antagonist co-activation of anterior and
posterior muscles. Second, not all subjects had a
modified response and a proportion of subjects
had normal activity. As unloading responses are
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Figure 10.6 When a load is rapidly removed from the trunk, activity of the trunk muscles must reduce for the trunk to
maintain an upright posture. When a load is removed from the back (bottom panels) activity of obliquus externus
abdominis (OE) must reduce. This reduction in activity is delayed in a subset of people with chronic back pain (right
bottom panel). RA, rectus abdominis; Ol, obliquus internus abdominis; LD, latisimus dorsi; TE, thoracic erector spinae; LE,

lumbar erector spinae; EMG, electromyography.
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generally regarded to be a result of reduction of
gamma support for contraction (Angel et al 1965),
delayed offset may indicate a deficit in the sens-
ory system or a change in descending drive to the
motoneuron pool. Notably, in a follow-up study,
these authors identified that the change in offset of
activity was associated with impaired postural con-
trol in sitting (Radebold et al 2001).

The other recent example of overactivity relates
to activity of the oblique abdominal muscles dur-
ing trunk rotation efforts. When subjects with and
without low back pain performed isometric rotation
at varying levels from 30 to 100% maximal torque,
those with low back pain had greater activity of
obliquus externus abdominis (and decreased mul-
tifidus activity) (Ng et al 2002a) and reduced fatigue
rate for the right obliquus externus abdominis (Ng
et al 2002b). Consistent with other studies, these
data provide additional evidence of augmented
global muscle activity.

CHANGES IN OTHER ELEMENTS OF
THE ABDOMINAL MECHANISM

Changes in control of the diaphragm
and pelvic floor muscles

No studies have directly assessed the postural
activity of the diaphragm and pelvic floor muscles
in people with low back pain. However, there are
several interesting anecdotes from the literature that
require consideration. As mentioned in Chapter 3,
the changes in trunk control that occur during
increased respiratory demand are similar to those
seen in people with low back pain. Notably, when
respiratory demand is increased and movement
inititated, postural activity of transversus abdo-
minis, diaphragm and pelvic floor muscles is
reduced in association with rapid limb movement
(Hodges 2001) and support surface translation
(Hodges et al 2003c) while global muscle activity
is increased (Hodges et al 2003c). As this occurs
chronically in people with respiratory disease
(Hodges et al 2000b), it may be predicted that people
with respiratory disease may have increased inci-
dence of low back pain. Interestingly, people with
asthma are 50% more likely to have back pain than
those without (Hurwitz and Morgenstern 1999)
and people who are sick listed for back pain are

more likely to take longer to return to work if they
have concomitant respiratory disease (Nordin et al
2002). Although these data do not confirm a causal
link between biomechanical changes in the effi-
ciency of the spinal control mechanism, they do
suggest that it may be possible. Irrespective of the
link between respiratory disease and low back
pain, the presence of respiratory disease is likely
to complicate the rehabilitation of trunk muscle
control.

Similar links between pelvic floor muscle func-
tion and low back pain have been identified. For
instance, men and women with incontinence have
almost double the incidence of back pain than
people without incontinence (Finkelstein 2002).
While further work is required, these data argue
that these systems may need to be addressed in
people with low back pain.

Changes in control of the posterior
abdominal wall muscles

For many years, it has been noted clinically that
quadratus lumborum and psoas major have
increased activity in people with low back pain
(Travell and Simons 1983, Janda 1996). Many thera-
peutic techniques have been developed based on
this, including stretches (Janda 1996), connective
tissue and trigger point techniques (Travell and
Simons 1983), and even botulinum injections
(Lang 2002), although no studies have investigated
changes in activity in people with low back pain.
One study identified a reduction in the cross-
sectional area of psoas on the side of back pain in
people with sciatica (Dangaria and Naesh 1998).
Several factors require consideration. First, it is
plausible that different components of these
muscles (medial and lateral quadratus lumborum,
and anterior and posterior psoas major) respond
differently to pain. For instance, considering the
data presented in Chapters 2, 3 and 9, it may be
predicted that the long global/multisegmental
lateral fibres of quadratus and anterior fibres of
psoas may be augmented, and the segmental por-
tions impaired. This has been considered from a
clinical context (Gibbons 2001). Second, in view of
the data from Euler models of control of buckling
forces, strategies have been developed to train the
activity of quadratus lumborum in people with

R RY



148

AT

li%g Shad

L ! - L o L
IMPAIRMENTS IN THE JOlNT PROTECTION MECHANISMS IN LOW BACK PAIN

S EELL
§'ﬁ§§3 il 513*

low back pain (McGill 2002b). While this may pro-
vide a strategy to optimize the control of spinal
orientation, further investigation from clinical tri-
als is required to determine whether this leads to
improved clinical outcomes.

CLINICAL IMPLICATIONS

The data described above appear to indicate that
the deep/local and superficial /global abdominal
muscles are commonly affected in an opposite
manner by the presence of pain. Hypothetically,
this may result in reduced efficiency of fine-tuning
of intervertebral control (see Ch. 2). As mentioned
above, the superficial muscles are inefficient for
controlling intervertebral motion and can only do
so at the ‘cost’ of increased spinal loading and
co-activation. Furthermore, this augmented global
muscles activity is likely to reduce the normal
movement of the spine. As movement is important
for dissipation of forces and minimization of energy
expenditure, this has detrimental consequences for
spinal health. Furthermore, as activity of the global
muscles must be ‘diverted’ to intervertebral control,
this is likely to compromise the ability of these mus-
cles to deal with the control of orientation. This fol-
lows the hypothesis of Cholewicki et al (1997), who
suggested that excessive activity in the superficial
muscles might be a measurable compensation for
poor passive or active segmental support.

For rehabilitation there are several issues to
consider. First, re-education of the activity of the
deep local abdominal muscles is essential to restore
the normal fine-tuning of intervertebral motion.
Second, rehabilitation must consider the normal

characteristics of control that are impaired in low
back pain, such as tonic activity, early recruitment
and differential control of the deep and superficial
muscles. Third, a goal in the management of many
patients will be the reduction of activity of the global
muscles. This requires specific assessment to deter-
mine the strategy adopted by an individual patient.
It is important to emphasize that the presentation in
low back pain is highly variable and individual. As
such, no simple model can explain all variations.
While a strategy of increased and decreased activity
may be common, it is naive to expect this situation
to explain all presentations and careful assessment
is the key to management of patients.

Finally, co-ordination of the multiple functions
of the abdominal muscles requires consideration.
For instance, if a patient has incontinence, specific
attention may be required to retrain the control of
the pelvic floor muscles as co-ordinated activity of
the pelvic floor muscles are essential for functioning
of the abdominal stability mechanism. Retraining
of pelvic floor muscle function may require spe-
cialist intervention. Similarly, if a person has respira-
tory disease, there is likely to be increased
difficulty for co-ordination of stability and respira-
tory functions. However, in all patients, it is critical
to ensure that respiratory co-ordination is achieved.
Notably, as the superficial abdominal muscles
depress the rib cage and are involved in forced
expiration (DeTroyer and Estenne 1988), increased
activity of these muscles in people with pain may
lead to compromised respiratory function, for
example restricted movement of the chest wall.
Therefore, attention must be paid to restoring nor-
mal respiratory movements.
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DYSFUNCTION OF THE MULTIFIDUS

There is evidence of dysfunction in the paraspinal
muscles in patients with low back pain; this has
been detected through measures of muscle acti-
vation, fatiguability, muscle composition and
muscle size and consistency. The back extensors as
a group can become dysfunctional in patients with
low back pain, but particular attention here will be
given to the lumbar multifidus muscle.

Muscle activation

Several general investigations of activation of the
paraspinal muscles using surface electromyogra-
phy (EMG) have discriminated patients with low
back pain from asymptomatic controls (Cassisi
et al 1993, Grabiner et al 1992) by demonstrating
differing patterns of activation between the mus-
cle groups with various tasks (Nouwen et al 1987,
Soderberg and Barr 1983). Sihvonen et al (1991)
studied the lumbar multifidus muscle more specif-
ically and used EMG with surface and fine-wire
electrodes to examine activation at the .4 and L5
vertebral levels in 87 patients with low back pain
and 25 asymptomatic subjects during forward
flexion and the return to the upright position. In
addition to EMG, Sihvonen et al (1991) further
examined patients with low back pain using plain
and mobility radiographs to measure the mobility
between lumbar vertebrae during trunk flexion.
Theactivity levels in the segmental multifidus dif-
fered between the two groups. General EMG results
for the raw intramuscular activity in subjects with
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low back pain showed that during lumbar exten-
sion there was decreased activity in both segments
studied compared with controls. In the 28 patients
with segmental instability, defined as a greater
than 4 mm sliding between lumbar vertebrae dur-
ing flexion on full-sized radiographs, the EMG
results were different at different segments. There
was less activity at the unstable level during con-
centric back activity, suggesting decreased muscular
protection at the hypermobile level, the opposite
of what is logically required.

Fatiguability

Fatiguability infers potentially inadequate muscu-
lar support over extended periods of time. There
is evidence that fatigue of paraspinal muscles is
more prevalent in patients with low back pain
than in control subjects. Fatigue can be defined in
mechanical terms as the point at which a contrac-
tion can no longer be maintained at a certain level
(isometric fatigue) or when repetitive work can no
longer be sustained at a certain output (dynamic
fatigue) (Andersson et al 1989). Fatigue studies on
spinal muscles can be divided into mechanical
studies and EMG studies.

Differences between patients with low back pain
and asymptomatic controls have been detected
using a mechanical method of testing the isomet-
ric endurance of the trunk extensors as a group
(Nicolaisen and Jorgensen 1985, Jorgensen and
Nicolaisen 1987). While no differences were
detected in the trunk extensor strength between
patients with low back pain and controls, the former
were shown to have significantly less endurance
than control subjects, indicating greater fatiguability.
Such studies have a disadvantage in that they do not
permit specific investigations of particular muscles
within the back extensor group. The use of power
spectral analysis of muscle activity, using EMG
with multiple electrode placements, has allowed
assessment of individual paraspinal muscles.

In studies where the lumbar multifidus has been
specifically examined in patients with low back
pain and control subjects, differences between the
fatigue rates of this muscle have been detected
using power spectral analysis of EMG activity.
Biedermann et al (1991) examined the multifidus
and iliocostalis lumborum in patients with chronic

low back pain and demonstrated that it was the
multifidus that demonstrated the greater fatigue
rates in the patients compared with normal control
subjects. Roy et al (1989) also compared subijects
with a history of chronic low back pain with
asymptomatic control subjects and again showed
that the multifidus muscles of the patients demon-
strated significantly higher fatigue rates than did
the controls. They extended their studies and inves-
tigated high-performance athletes (male rowers).
The fatigue rates correctly identified all control
subjects and 93% of the subjects with low back
pain (Roy et al 1990). As an aside from a rehabili-
tation perspective, it is pertinent to note that in
these elite and highly trained athletes, local muscle
dysfunction of the multifidus was present despite
rigorous general training regimens. This supports
the use of a different exercise approach to address
this dysfunction in the multifidus.

Composition

Studies examining changes in type I and type II
muscle fibres in patients with low back pain have
been conducted in order to provide insight into
paraspinal muscle dysfunction. The two main
parameters of multifidus muscle composition that
have been examined in patients with low back
pain are muscle fibre size and muscle fibre internal
structure.

Several biopsy studies of the lumbar multifidus
muscle have been conducted on patients with low
back pain, undergoing lumbar surgery. Selective
atrophy of type Il muscle fibres has been shown
(Fidler et al 1975, Jowett et al 1975, Ford et al 1983,
Mattila et al 1986, Zhu et al 1989, Rantanen et al
1993) but the significance of this atrophy to low
back pain is unclear as it has also been reported in
cadaveric specimens from individuals who in life
had no history of lumbar disorders (Mattila et al
1986, Rantanen et al 1993). Changes in the internal
structure of type I fibres of the multifidus muscle
have been shown in patients with low back pain,
although it appears that the size of these fibres
remains generally unaffected (Ford et al 1983,
Bagnall et al 1984, Mattila et al 1986, Zhu et al 1989,
Rantanen et al 1993, Kawaguchi et al 1994). The
fibres have been described as core-targetoid and
moth-eaten in appearance, and these internal
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structural changes are considered abnormal for
healthy muscle (Mattila et al 1986). Changes in the
internal structure of type I fibres occur quickly.
They have been demonstrated in biopsy specimens
of subjects with a symptom duration of only 3
weeks (range 3 weeks to 1 year) (Ford et al 1983).
One recent study has compared multifidus biopsies
between sides in patients with lumbar disc hernia-
tion (Yoshihara et al 2001). Intraoperative biopsies
were taken from L4 and L5 bands of the multifidus
on the affected and non-affected sides. Results
showed that the mean size of the type I and type II
muscle fibres on the affected side and vertebral
level were significantly smaller than on the non-
affected side. Nerve root impairment led to atrophy
of the muscle fibres, with structural changes in the
multifidus only at the affected vertebral level
Similar findings were reported by Zhao et al (2000).
Animal studies have shown that trauma to the
multifidus increases in relation to the length of
time of retraction of the muscles during the surgery
(Gejo et al 2000). Magnetic resonance imaging
(MRI) showed that multifidus muscle regenerated
in 21 days after surgery when retraction was
1 hour or less. If retraction was 2 hours or more in
length, increased extracellular fluid was seen and
muscle regeneration was incomplete.

The long-term sequelae of type II muscle fibre
atrophy and type I internal structural changes of
the multifidus have been determined in a study of
patients undergoing surgery for low back pain
(Rantanen et al 1993). Muscle biopsy specimens
were obtained from patients at operation for
lumbar disc herniation and after a postoperative
follow-up period of 5 years. Patients were divided
into two groups (positive or negative outcome) on
the basis of their functional handicap at the 5-year
follow-up. Biopsy specimens collected at operation
from all subjects showed evidence of type Il muscle
fibre atrophy and type I fibre internal structural
changes. At follow-up, there were no significant
changes in atrophy between the patient groups. In
contrast, changes in the internal structure of type
muscle fibres were dramatically different between
the groups. Moth-eaten and core-targetoid fibres
were seen in the initial multifidus biopsy samples
of all patients. In the positive-outcome group, the
presence of both these internal structure abnormal-
ities decreased. In contrast, the negative-outcome

group showed a marked increase in the frequency
of these abnormalities, the increase being the
greatest in moth-eaten fibres (the percentage of
moth-eaten fibres increased from 2.7 to 16.7%).
The results of this study indicated for the first
time that pathological structural changes in the
multifidus muscle found at long-term follow-up
correlated well with the long-term clinical outcome.
Functional recovery after disc surgery was associ-
ated with curtailment of structural abnormalities
in the multifidus muscle, especially in the type I
muscle fibres. These findings highlight the potential
clinical importance of dysfunction in this muscle.
[t seems that the pathological changes seen origin-
ally at initial biopsy could be reversed by adequate
surgical and physical therapy management.

Size and consistency

Dysfunction of the lumbar muscles in patients with
low back pain has also been demonstrated using
imaging modalities that allow assessment of muscle
size or cross-sectional area and muscle consist-ency.
Atrophy in terms of decreased size of the paraspinal
muscles has been demonstrated using imaging tech-
niques, including computed tomography (CT) scan-
ning, MRI and ultrasound imaging. Muscle atrophy
has also been visualized by CT and MRI. Decreased
muscle density can be caused by fatty infiltration
(increased fat/muscle fibre ratio) or actual fatty
replacement of fibres (Laasonen 1984, Mayer et al
1989). Some investigators have combined measure-
ments of the multifidus and the lumbar erector
spinae muscles (paraspinal muscles), while others
have investigated the multifidus specifically.

The paraspinal muscles

Several studies have provided evidence of
paraspinal muscle atrophy in patients with chronic
low back pain or in patients postoperatively (Mayer
et al 1989, Tertti et al 1991, Cooper et al 1992,
Alaranta et al 1993, Hultman et al 1993, Parkkola
et al 1993). In most instances, this has been ascribed
primarily to disuse and deconditioning (Mayer
et al 1989, Tertti et al 1991, Cooper et al 1992,
Hultman et al 1993, Parkkolaet al 1993). Two studies
have examined the paraspinal muscles of patients
with low back pain in more detail and have shown
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Figure 11.1

Computed tomography scans taken from the L5 to S1 level. (a) Before surgery, when disc protrusion facet

arthrosis and lateral stenosis at this level was noted. (b) After left hemilaminectomy was performed, showing multifidus
muscle atrophy at the corresponding vertebral level (L5-S1). (Reproduced with permission from Sihvonen et al 1993, p. 578.)

differences between sides and vertebral levels
(Laasonen 1984, Alaranta et al 1993). In an exam-
ination of postoperative patients, Laasonen (1984)
showed that, when atrophy was partial, it always
included atrophy of the medial portion of the
multifidus. In unilateral cases, paraspinal muscles
were shown to be 10-30% smaller on the affected
side than on the unaffected side. Fatty degener-
ation of the paraspinal muscles was also evident.
A positive relationship between the fat content of
the paraspinal muscles at the lumbosacral junction
and results of a disability index was demonstrated
in patients with chronic low back pain and after
lumbar surgery (Alaranta et al 1993). This relation-
ship between fat content and disability was not
demonstrated at other vertebral levels, thus high-
lighting the fact that investigation of muscle atro-
phy in patients with low back pain must be
directed to several vertebral levels if the relevant
changes are to be discovered.

The multifidus muscle

The effects of low back pain on muscle size have
been investigated in postoperative patients
(Sihvonen et al 1993, S. Kelley et al 2003 unpub-
lished data), patients with acute/subacute low
back pain (Hides et al 1994, 1996b; Hides et al
2001) and patients with chronic low back pain
(Danneels et al 2000, 2001; Kader et al 2000;
S. Kelley et al 2003 unpublished data; T. Wallwork
et al 2003 unpublished data).

The direct effects of lumbar surgery (iatrogenic
trauma) on the lumbar multifidus muscle were
examined by Sihvonen et al (1993). They demon-
strated that, in some cases, lumbar surgery for
spinal stenosis and/or disc herniation could lead
to severe changes in the multifidus muscle (Fig.
11.1). Two groups of subjects were studied: those
with a poor outcome and those with a good out-
come fromsurgery. It was found that patients could
have similar outcomes in surgical terms of success-
ful nerve decompression and absence of stenotic
regrowth. Nevertheless, they could have different
functional recoveries. A variable related to poor
outcomes was multifidus muscle atrophy, which
was more prevalent in patients with the poorer
postoperative outcomes.

Multifidus cross-sectional areas have been
measured from L2 to L5 using ultrasound imaging
by a trained ultrasonographer in 19 male subjects
before and after spinal surgery (S. Kelley et al
2003 unpublished data; Fig. 11.2). There was a
segmental decrease in multifidus cross-sectional
area in patients with chronic low back pain with
disc protrusion and radicular leg pain prior to
surgery when compared with control subijects.
The greatest difference occurred at the L4 and L5
vertebral levels. Mean values for multifidus cross-
sectional area for subjects with chronic low back
pain and normal subjects are presented in Table
11.1. Preoperatively, there was significant negative
correlation between multifidus cross-sectional
area at the L4 and L5 vertebral levels and low back
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Figure 11.2  Trained sonographer performing
measurement of multifidus cross-sectional area on a
patient with chronic low back pain prior to spinal
surgery.

Table 11.1  Comparison between mean multifidus
cross-sectional areas at vertebral levels L2 to L5 for
45 normal subjects and 19 subjects with chronic low
back pain measured preoperatively

Vertebral level Mean multifidus  Confidence
cross-sectional interval
area (cm? (SE))

Normal (control)

L2 2.33(0.12) 2.09-2.57

13 3.5(0.16) 3.18-3.81

L4 5.03 (0.2) 4.64-5.42

L5 6.34 (0.17) 6.01-6.68

Chronic low back pain

L2 2.31 (0.21) 1.89-2.72

L3 2.91 (0.27) 2.37-3.45

L4 3.4 (0.33) 2.73-4.07

LS 4.1 (0.29) 3.52-4.68

SE, standard error.
From S. Kelley et al 2003, unpublished data.

pain: those subjects with more low back pain
showed greater wasting of the multifidus. Subjects
were reimaged postoperatively and followed for
i year following surgery. Interestingly, there was
no further decrease observable in multifidus cross-
sectional area following surgery. However, that is
not to say that atrophy had not occurred within
the muscleitself, as changes in muscle consistency

were not graded on the ultrasound images. It was
noted in thisstudy thatintramuscular swelling was
commonly present, which may have masked
atrophy in the cross-sectional area measurements.
Other studies have reported muscle atrophy fol-
lowing spinal surgery. Long-term follow-up in this
study indicated that multifidus atrophy was long
lasting and had not improved at the 1-year assess-
ment. At the 1-year follow-up, there was a signifi-
cant correlation between leg pain and multifidus
atrophy, a finding which has previously been
reported (Kader et al 2000).

Multifidus atrophy appears to be a common
finding in patients with chronic low back pain. In
a recent MRI study of 78 patients with low back
pain (with and without leg pain), changes in mul-
tifidus muscle consistency were graded as mild
(fatty or fibrous tissue replacement less than 10%),
moderate (replacement less than 50%) and severe
(greater than 50%) (Kader et al 2000). Degeneration
of multifidus was present in 80% of the subjects
with low back pain and was seen most commonly
at L4-L5 and L5-S1 vertebral levels. Of the 78
patients with low back pain, 66 (85%) had degen-
erated lumbar discs on MRI, most commonly also
at L4-L5 and L5-S1. While there was a trend
towards a correlation between severity of muscle
atrophy and intensity of pain, the most significant
correlation demonstrated was between multifidus
muscle atrophy and leg pain (radicular and non-
radicular) (p < 0.01).

Evidence has now been presented that the
cross-sectional area of the multifidus is selectively
decreased (when compared with other muscles) in
those with chronic low back pain compared with
controls (Danneels et al 2000). Cross-sectional
areas of the multifidus, lumbar erector spinae and
psoas were obtained using CT scanning. Only the
multifidus was statistically smaller in patients with
low back pain than in controls. This atrophy was
only significant at the lowest lumbar level, sup-
porting the concept of level-specific changes in the
multifidus (a finding also reported by S. Kelley
et al 2003, unpublished data). Further evidence for
this phenomenon has recently been provided for
patients with chronic low back pain using ultra-
sound imaging (T. Wallwork et al 2003 unpublished
data). In this study, three blinded assessors were
involved. One measured multifidus cross-sectional
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Figure 11.3  Assessment of the multifidus using real-time ultrasound imaging. (a) Assessment of multifidus activation
(isometric contraction) in a patient with chronic low back pain. The transducer was placed parasagittally to image the
multifidus in the plane of the zygapophyseal joints. A split-screen technique was used to ensure that the relaxed and
contracted images were taken in the same plane. (b) Measurement of multifidus cross-sectional area of a patient with
chronic low back pain using real-time ultrasound imaging by a blinded assessor. Repeatability and reliability of these

measurement techniques were established prior to testing.

area. The second assessor asked subjects to con-
tract the multifidus isometrically at each vertebral
level and measured the change in multifidus depth
as the muscle contracted using ultrasound imag-
ing (see Ch. 5) (Fig. 11.3). The third assessor per-
formed a clinical assessment, including manual
examination, palpation for multifidus atrophy and
palpation of segmental isometric contraction of the
multifidus. Results showed that not only was the
cross-sectional area of the multifidus significantly
decreased in the patients with low back pain, but
activation of the muscle was also significantly
decreased compared with the controls. The level-
group interaction confirmed that the decreased
activation of the multifidus was a segmental
response that correlated with the vertebral levels
detected by both clinical examination and measure-
ment of cross-sectional area on ultrasound imaging.

We have investigated the lumbar multifidus in
patients with acute low back pain using real-time
ultrasound imaging. In the first study, the cross-
sectional area of the multifidus was measured in
26 patients with first-episode acute unilateral low
back pain of a mean duration of approximately
2 weeks, and in 51 normal subjects. In patients
with low back pain, the muscle on both sides was
measured at all vertebral levels from the second
lumbar to the first sacral vertebra (Hides et al

1994). In the 51 normal subjects, the cross-sectional
area was measured at L4, and in 10 subjects meas-
urements were made from L2 to L5. Marked side-
to-side asymmetry of the cross-sectional area of
the multifidus was found in the patients with low
back pain but not in the normal subjects (Fig.
11.4). The smaller muscle was found at the symp-
tomatic segment, was on the side ipsilateral to
symptoms and was confined predominantly to
that one vertebral level. The magnitude of the
between-side difference was 31 = 8%. In normal
subjects this was 3 * 4%. Figure 11.5 shows this
difference in asymmetry for patients at the level of
symptoms and at L4 for all the normal subjects.
Such a comparison between the two groups is con-
sidered valid since the degree of asymmetry in
normal subjects was similar at all vertebral levels.
The changes occurred quickly. One subject was
measured within 24 hours of injury and displayed
the asymmetry. Therefore, a likely explanation for
the mechanism is inhibition of the segmental mul-
tifidus (see Ch. 8).

Following on from the findings from the initial
study, a randomized clinical trial was conducted.
The aim of this research was to monitor if the mul-
tifidus muscle recovered spontaneously over time
and to evaluate any effect of specific rehabilitation
of this segmental dysfunction. Thirty-nine subjects
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Figure 11.4  Sonographic appearance of the multifidus (axial image) at the level of the fifth vertebra. (a) A normal
subject. (b) The multifidus muscle (MULT) in (a) is bordered by the vertebral lamina/zygapophyseal joint (L) inferiorly, the
spinous process (SP) medially, fascia, fat and skin superiorly, and the fascia between the multifidus and the lumbar
longissimus and iliocostalis (F) laterally. The brightness seen at the interior border of the multifidus is reflection (R) of
sound waves from the vertebral lamina and zygapophyseal joints. Acoustic shadowing is seen inferior to this landmark,
as the ultrasound waves are unable to penetrate the bone. (c) A patient with unilateral left-sided low back pain. (d) In
this image the borders of the multifidus have been traced to demonstrate the asymmetry. (e) The multifidus on the left
(symptomatic) side in (d) is 4.78 cm?, while the larger multifidus on the right side is 6.57 cm® This represents a decrease
on the left side of 27%.
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with acute first-episode unilateral low back pain
and demonstrating unilateral segmental inhibition
of the multifidus muscle participated in this clinical
trial (Hides et al 1996b). Patients were randomly
allocated to a control (non-active treatment) or
treatment group. Outcome measures forboth groups
included weekly assessments of pain, disability,
range of motion and measurement of multifidus
cross-sectional area over the 4-week intervention
period. Patients were reassessed at 10 weeks; 39
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subjects were interviewed at 1 year and 36 subjects
were interviewed at 3 years to establish long-term
recurrence rates for low back pain (Hides et al 2001).

The decrease in multifidus size was localized to
specific vertebral levels (Fig. 11.6). Subjects in the
treatment group performed specific localized mul-
tifidus exercises (see Ch. 14) aimed at restoring the
stabilization function of this muscle. Low back pain
subsided in virtually all subjects, regardless of
group (Fig. 11.7a,b), and there were no differences
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Figure 11.6  Ultrasound imaging results showing the
between-side percentage difference in multifidus cross-
sectional area (CSA) for vertebral levels L2-S1 in 34
patients who demonstrated multifidus asymmetry at the
L5 vertebral level. Note the greatest difference in CSA
between sides at the affected vertebral level (L5), with
minimal asymmetry between sides demonstrated at the
other lumbar vertebral levels. (Reproduced with
permission from Hides et al 1996b, p. 2767.)

in disability scores (Fig. 11.7c) between the two
groups at 4 weeks. The measures most commonly
used in low back pain outcome trials demonstrated
a return to normal function in 4 weeks, reflecting
the well-known natural recovery of an acute episode
of low back pain.

In the back pain group who underwent stand-
ard medical management (control group), the
reduced size of the multifidus in the symptomatic
side notably remained almost unchanged over the
4-week period of the trial (Fig. 11.8). In these con-
trol subjects, multifidus muscle recovery was not
spontaneous with the relief of pain. In contrast, the
exercise intervention resulted in restoration of the
multifidus cross-sectional area within the 4-week
treatment period. Therefore, despite relief of pain
and general muscle use in returning to normal
activity levels, patients in the control group still
displayed decreased multifidus muscle size at
4 weeks that persisted to the 10-week follow-up.

Long-term results revealed that subjects from
the specific exercise group experienced fewer
recurrences of low back pain than subjects from

the control group. One year after treatment, recur-
rence in the specific exercise group was 30% com-
pared with 84% in the control group (p < 0.001).
Two to three years after treatment, recurrence in
the specific exercise group was 35% compared
with 75% in the control group (p < 0.01). Subjects
in the control group were 12.4 times more likely
to suffer recurrences of low back pain than sub-
jects in the specific exercise group in the first
year following the initial episode, and nine times
more likely to suffer recurrences in years 2-3. In
year 1, approximately one patient in the specific
exercise group reported pain for every three
subjects who did not, while approximately four
patients in the control group reported recurrences
for every one that did not. In years 2-3, the likeli-
hood of reporting recurrences of low back pain in
the exercise group increased slightly to approx-
imately 2:5, while the likelihood of recurrences in
the control group reduced to 10:3. Reanalysis of
the years 2-3 data using best case analysis
revealed that subjects in the control group were
still 5.9 times more likely to suffer recurrences of
low back pain than subjects in the specific exercise
group. The most likely explanation is that persist-
ence of the segmental multifidus muscle inhib-
ition, still evident in the control group at the
10-week follow-up, exposed the injured segment
to decreased muscle support and a predisposition
to further injury.

This study highlights the importance of identi-
fying and measuring the specific dysfunctions in
the muscle system that are directly associated with
the pain or injury. Possession of this knowledge
directed very specific treatment to the dysfunc-
tional muscle and provided a direct measure of the
impairment on which to evaluate the effectiveness
of the rehabilitation approach. The other commonly
used outcome assessments (pain, range of motion
and disability assessments) do not seem to relate
to the recurrence rate of symptoms in the first year
following the initial injury.

The effects of different exercise approaches
on the cross-sectional area of the multifidus of
patients with chronic low back pain has been
examined using CT scanning (Danneels et al
2001). Patients were divided into three groups; all
performed stabilization exercises but group 2 also
performed dynamic resistance training and group
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3 also performed dynamic-static resistance train-
ing. While positive outcomes were seen in subjects
of all three groups, comparison between pre-
and posttraining multifidus cross-sectional areas
revealed a significant increase in group 3 subjects
only. The static holding component, between the
concentric and eccentric phase, was thought to
be essential for inducing hypertrophy of the
multifidus in patients with chronic low back pain.
This study highlights an important issue. It is
important to activate the multifidus and to restore
normal control of the muscle. In patients with
chronic low back pain, it will be necessary to
progress to loaded activities to achieve hypertro-
phy of the muscle. This would seem to be a logical
approach to reverse the long-standing changes
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Figure 11.7 Pain and disability scores obtained for
patients in group 1 (control group) and group 2 (specific
exercise group) for the baseline measurement (week 0) and
at weeks 1-4 of the study. (a) Using visual analogue scales,
no significant difference was observed at any time between
pain scores for the two groups. (b) There was no significant
difference between pain scores on the total pain rating
index (PRI) of the McGill Pain Questionnaire. (c) There was
no sigificant difference in disability scores obtained on the
Rowland Morris Disability Index (RMQ). (Reproduced with
permission from Hides et al 1996b, p. 2765.)

seen in the multifidus as a result of a chronic
problem (see Chs 15 and 16).

Summary

There is a significant body of evidence illustrating
that the lumbar multifidus muscle is adversely
affected in patients with low back pain and that
dysfunction occurs with the first episode of back
pain. As the multifidus muscle provides local seg-
mental stability of the lumbar spine in normal
function, dysfunction of the multifidus could be
assumed to have substantial adverse effects in
patients with low back pain. Evidence of long-term
sequelae has already been provided in postsurgery
patients. Dysfunction of the multifidus has been
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Paraspinal mechanism in low back
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Figure 11.8 Ultrasound imaging results showing
multifidus muscle recovery for patients in group 1
(control group) and group 2 (exercise group) for the
baseline measure (week 0), weeks 1-4 of the study and
the 10-week follow-up examination. Muscle size is
presented as the difference between sides (expressed as a
percentage) in cross-sectional area (CSA) at the most
affected vertebral level. (Reproduced with permission
from Hides et al 1996b, p. 2767.)

demonstrated in patients with low back pain in
muscle activation, fatiguability, composition, size
and consistency. Information pertaining to the
specific nature of dysfunction of the multifidus
muscle in patients with low back pain has provided
a basis for the development of effective rehabilita-
tion programmes.

CLINICAL RELEVANCE

Prescription of therapeutic exercise for the patient
with low back pain should be based both on the
normal function of the paraspinal muscles and on
the presence and nature of impairment. Evidence
of impairment of the multifidus in patients with
low back pain has been detected through measure-
ment of multifidus activation, fatiguability, com-
position and size and consistency.

As measurements of muscle activation can dis-
criminate between patients with back pain and
asymptomatic controls, rehabilitation should aim
to normalize the activation of the multifidus.

Surgical studies have reported the long-term
sequelae of muscle dysfunction associated with
surgery. Abnormalities of the internal structure of
the type I muscle fibres was one of the key dys-
functions identified at initial biopsy. In subjects
who improved, these dysfunctions were reduced
at the long term follow-up. Reversal of pathological
changes should be the aim of rehabilitation, and
an approach aimed at restoring the normal func-
tion of the multifidus is warranted.

Studies that have measured multifidus size and
consistency have provided evidence of decreased
multifidus cross-sectional area in patients with low
back pain. Atrophy was selective for the multifidus
in patients with chronic low back pain (Danneels
etal 2000), and was specific to the L5 vertebral level.
Further evidence of segmental decreases in multi-
fidus cross-sectional area in patients with chronic
low back pain has been recently provided (T.
Wallwork et al 2003 unpublished data, S. Kelley et al
2003 unpublished data). In patients with acute
unilateral low back pain, multifidus atrophy was
localized to the painful segment and side (Hides
et al 1994, 1996b). The implication for rehabilita-
tion is that techniques must be precise and local-
ized to the affected segments to be effective, as
multifidus size was not restored in control subjects
who resumed full normal work, sport and leisure
activities. For subjects with chronic low back pain,
low-level activation of the multifidus alone did
not reverse multifidus atrophy (Danneels et al
2000). Reversal of chronic multifidus atrophy,
therefore, requires progression to loaded exercise.
Examination of multifidus activation data using
ultrasound imaging (T. Wallwork et al 2003
unpublished data) also showed that changes in the
control of the multifidus are segmental and spe-
cific and, therefore, require specific re-education.

The use of imaging techniques has provided a
wealth of information for both the research and
clinical perspectives. Ultrasound imaging is cur-
rently used in routine clinical practice to examine
the size and consistency of the multifidus and is
used to provide feedback of activation of the synergy
muscles in rehabilitation (see Appendix to Ch. 5,
pp- 89-92). In clinical practice, changes in consis-
tency of the multifidus can be easily observed using
ultrasound imaging. The ultrasound appearance
of muscle is usually dark because of its high fluid
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content (blood). The presence of fatty infiltration,
fibrous changes or scar tissue (non-contractile tis-
sue) leads to a change in appearance, as non-
contractile tissue is white in appearance (greater
echogenicity). These changes can be seen at spe-
cific vertebral levels and are not difficult for the
clinician to detect using ultrasound imaging. In
contrast, measurement of the multifidus cross-
sectional area requires extensive training and prac-
tice to become proficient. While it would seem
advantageous to be able to measure the multifidus
in clinical practice, this measurement should not
be performed until repeatability and reliability
studies have been performed by the operator. This is
an important point, as serial measures are required
to ascertain the effectiveness of rehabilitation
(muscle hypertrophy). If the measurement error is
greater than the changes seen in rehabilitation,
any true changes during rehabilitation will be
masked. That is not to say that real-time ultra-
sound imaging is not useful for examination of
multifidus atrophy in patients with low back pain
in clinical practice. The clinician can observe for
atrophy and report that it exists; however, figures
should not be ascribed until repeatability and reli-
ability have been established. For the clinicians
that do not have access to ultrasound imaging, use
should be made of the patients’ CT and MR scans
when available. The size and consistency of the
multifidus muscles can be observed at each verte-
bral level, and these changes can be shown to the
patient. This will help to convey to the patient that
impairment exists, and it also offers incentive to
comply with a rehabilitation programme. On CT
scans, normal muscle appears grey and uniform.
Consistency changes will present as dark areas. In
contrast, on MRI, fatty infiltration and fibrous
changes will appear white. Normal muscle consist-
ency can be demonstrated by showing the patient
the psoas muscle, which rarely shows consistency
changes. An axial MRI of the lumbar spine and
muscles is shown in Figure 4.5 (p. 64). Figure 11.9
shows a MRI of a subject with acute low back pain.
This image shows a decrease in cross-sectional
area, but no alterations in consistency. Consistency
changes may be moré common in subjects with
chronic low back pain. Figure 11.10 shows a MRI
of a patient with chronic low back pain and here

Figure 11.9 Magnetic resonance image of the
multifidus in a patient with acute low back pain. The
multifidus on the patient's left side (right side of image)
is atrophied compared with that on the patient's right
side. Note that there is no alteration of muscle
consistency in the acute situation.

MAGNL TOM VISAUN
H-5P-CR VB33A

Figure 11.10 Magnetic resonance image of a patient
with chronic low back pain, showing almost complete
fatty infiltration of the multifidus muscle. The normal
muscle is dark in appearance, and the fat layer and fatty
infiltration of the multifidus is white in appearance.

there is almost complete fatty infiltration of the
multifidus. A CT scan of the same patient is shown
in Figure 11.11. A CT scan showing patchy (more
usual) changes in consistency is shown in Figure
11.12. Whether MR and CT images, and/or the use
of ultrasound imaging, are used to educate the
patient of the existing impairment, and its specific
nature, or are used by the clinician in conjunction



Figure 11.11

Computed tomographic scan of a patient
with chronic low back pain demonstrating almost complete
fatty infiltration of the multifidus. The normal muscle is
seen as grey in colour; the fatty infiltration appears black.

with clinical assessment, they are useful additions
to the clinical picture. Certainly, the clinician’s
learning curve increases rapidly by having visual
confirmation of muscle palpation skills available.

Paraspinal mechanism in low back pain

i )

Figure 11.12 Computed tomographic scan of a patient
with chronic low back pain showing patchy changes in
the deep ventrolateral corners of the patient's multifidus
muscles, with greater changes on the patient's left side
(right side of image) than on the right. The normal muscle
tissue appears grey in colour; the non-contractile tissue
appears black (as a result of fatty infiltration, fibrotic
changes or scar tissue).

By being able to localize the impairment to the
specific vertebral level/levels involved, muscle
rehabilitation should be streamlined and more
effective.
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INTRODUCTION

As with Chapters 10 and 11, this chapter will focus
on the impairments in the joint protection mech-
anisms in relation to patients with low back pain.
It is important to emphasize that it is the impair-
ments in joint protection mechanisms, rather than
impairment in the movement patterns (explained
in Ch. 1), which will be the focus of the motor con-
trol dysfunction that is related to the orientation
and weightbearing function of the pelvis.

Bothlocaland global muscles play an important
part in determining the orientation and weight-
bearing function of the pelvis. Chapters 5 and 6
describe the integration for local and global muscles
for weightbearing and contain the background
information for this chapter. Here we deal with
the specific problems that develop in thedeep mus-
cle corset (i.e. the antigravity function of the deep
muscle synergy) and its ability to stiffen the pelvic
joints (Ch. 5), as well as the differential changes in
the weightbearing and non-weightbearing muscles
(Ch. 7) that affect the orientation and weight-
bearing function of the pelvis in relation to the
hips and spine.

Theimpairments thathave been described for the
abdominal and paraspinal muscles would affect
all postures and movements of a patient with low
back pain. However, in considering the antigrav-
ity function of these muscles and its close relation-
ship with the function of the other antigravity
muscles of the pelvis and lower limb, there is
another aspect of impairment of the joint protection

163



164

| ) i

LOW BACK PAIN

TR

mechanisms related to the ‘deep muscle corset’ that
needs to be addressed.

DEEP MUSCLE CORSET: PROBLEMS IN
LOW BACK PAIN

Patterns of dysfunction in the transversus abdo-
minis and multifidus have been studied for several
years in our clinics where real-time ultrasound is
used in the assessment and treatment of the deep
musclesynergyin patients with low back pain. The
main problem observed in the transversus abdo-
minis muscle in low back pain has been an inabil-
ity to develop the corset action on the instruction
to draw in the abdominal wall. Problems involve
either no contraction of the muscle, asymmetry of
contraction or, in the most severe motor control
problems, a lengthening (eccentric) contraction as
the transversus abdominis contracts (and thickens)
against increasing intra-abdominal pressure.

It is difficult to measure the contraction pattern
of transversus abdominis in relation to whether
each side of the muscle shortens, remains static or
lengthens. Magnetic resonance imaging (MRI) is
one of the few ways in which the bilateral corset
(muscle and fascia) can be measured in its entirety.
In addition, MRI can also measure the transversus
abdominis muscle length before and after the
instruction to draw in the abdominal wall. An MRI
study to validate the dysfunction in transversus
abdominis, detected through the clinical use of
real-time ultrasound, is nearing completion at the
University of Queensland. Figure 12.1a is a dia-
grammatic representation of an MRI of a resting
corset contraction and Figure 12.1b shows the
resultant corset contraction after instruction to
draw in the abdominal wall in a low back pain
patient with severe motor control problems.

The neurophysiological explanation for this
lengthening contraction, which results in a ‘push-
ing out” and ‘bracing’ of the abdominal wall in
patients with low back pain, is extremely complex
and relies on the interaction of the diaphragm,
pelvic floor, transverses abdominis as well as the
abdominal obliques muscles. This MRI study
should shed some light on abdominal muscle func-
tion in patients with low back pain and on the

Transversus
abdominis

Internal
oblique

External
oblique

&

Increased
contraction

of all three
muscles

of the
abdominal wall

(b)

Figure 12.1 Diagrammatic representation of an MRI,
demonstrating the three abdominal muscles (a) during
relaxation of the abdominal wall and (b) during an
attempt to draw in the abdominal wall in a patient with
significant motor control problem.

relationship of these muscle impairments to the
movement of the abdominal wall.

The end result (i.e. impairment in the ability to
form a corset action) would affect joint stiffness at
the sacro-iliac joints and, more importantly, lessen
the normal sensory input resulting from compres-
sion of the joints through the corset action (Ch. 5).

In line with this, it is important to consider the
impairment problems found in the thoracolumbar
fascia of patients with low back pain. While it is
recognized that the thoracolumbar fascia has a sig-
nificant role in biomechanics, it is its sensory role
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that many believe is the key to its involvement
in the control of the lumbopelvic region (Yahia
et al 1992). In patients with chronic low back pain
who were undergoing surgery, Bednar et al (1995)
found no sign of the mechanoreceptors usually
present in the fascia. This loss would cause a defi-
ciency in the proprioceptive role of the fascia and
would adversely influence the ability to form the
corset action.

Lack of sacro-iliac joint stiffness, as well as
decreased sensory input through poor corset func-
tion in patients with low back pain, would likely
affect the weightbearing function of the pelvis. In
addition, impairments develop in the global mus-
cles controlling the orientation and weightbearing
function of the pelvis. The significance of the effects
of the different types of impairment in the one-
joint and multijoint muscles that attach to the
pelvis can only be realized by establishing models
of pelvic control in the two planes of movement
that come under the influence of gravity (i.e.
weightbearing postures).

GLOBAL MUSCLES INVOLVED IN
CONTROL OF PELVIC ORIENTATION AND
WEIGHTBEARING

The complex muscle recruitment patterns required
to control the supporting and moving functions
of the lumbopelvic region (lumbar spine, pelvis
and hip joints) in three planes is extremely difficult
toassess, especially as many of the most important
muscles lie deep within the pelvis. When any mus-
cle or combination of muscles becomes dysfunc-
tional, either unilaterally or bilaterally, there is an
infinite combination of movement impairments
that could result, depending on the individual.
The relationship between the spine and the
pelvis is usually studied clinically through focusing
on lumbopelvic rhythm during a forward flexed
movement of the trunk with the knees straight.
This movement task is regularly used by physio-
therapists to determine trunk range of movement.
Lumbopelvic rhythm, including the effect of add-
itional trunk loading on the patterns of movement,
has also been the focus of research studies (Nelson
et al 1995). While this technique of assessment

would give an indication of the movement impair-
ments present in low back pain, it would be diffi-
cult to determine the degree of loss of lumbopelvic
stability from such a task. Therefore, many clin-
icians and researchers in low back pain have used
a different model of assessment for determining
the degree of loss of lumbopelvic stability.

A model for weightbearing: a neutral
lumbopelvic unit

In order to assess and treat the physical problems
in the clinic, physiotherapists have taken the view
that the resultant supporting role of all the
muscles attached to the pelvis can be assessed
indirectly by a patient’s ability to support and con-
trol a static, mid or neutral position of the lum-
bopelvic unit in response to a variety of external
and internal loads.

To explain the biomechanical effects of the
impairments that develop in the muscles respon-
sible for pelvic orientation in relation to weight-
bearing, it is important to establish a neutral,
standard pelvic position, from which the biome-
chanical effects (e.g. tilting and torsion) resulting
from individual muscle impairments can be read-
ily assessed. The model also serves as a standard
for clinical muscle testing procedures, where the
function of individual muscles can be determined
in relation to a maintained neutral position of the
pelvis and lumbar spine.

For the standard neutral weightbearing position,
the pelvis needs to be controlled in a mid position,
with the anterior and posterior superior iliac
spines level and in line, in relation to a neutral
lumbar spine position, for all planes of movement
(saggital, frontal and coronal). This static model
of weightbearing function for the lumbar spine
and pelvis is shown in Figure 12.2, where func-
tional movement in all planes would normally
occur in the joints of the thoracic spine or at the hip
joints, with the lumbopelvic region maintaining
a static, isometrically controlled position whether
in upright, lean forward positions or in single leg
stance.

To understand the dysfunction that occurs in
low back pain, it is first important to review the
functional synergies that control pelvic position in
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i __, Static neutral lumbopelvic position

Figure 12.2  The neutral lumbopelvic unit during erect
standing (a), and in a forward lean position (b). PSIS,
posterior superior iliac spine; ASIS, anterior superior
iliac spine.

this static model in the two planes of movement
(saggital and frontal) that come under the influ-
ence of gravity (i.e. weightbearing postures).

Pelvic control in the saggital plane

Two functionally coupled groups of synergists
work together to control (a) posterior pelvic tilt
and (b) anterior pelvic tilt. A working model for
lumbopelvic stability and weightbearing would
be that the group muscle synergists involved in
control in one direction of pelvic rotation (e.g. pos-
terior pelvic tilt) should be in equilibrium with
the group muscle synergists involved in control
of the opposite direction of pelvic rotation (e.g.
anterior pelvic tilt) in any particular trunk inclina-
tion (Fig. 12.2). That is, two antagonist muscle
groups work together (in differing ranges of mus-
cle length) in the sagittal plane to maintain static
position of the pelvis relative to the spine, with
trunk flexion/extension safely occurring at the
hips rather than at the lumbar spine and pelvis as
a whole.

MAAAN = One joint muscles
= Multijoint muscles

Figure 12.3 Muscles involved in posterior pelvic tilt.

For practical reasons of presenting these concepts
for rehabilitation, muscles have been allocated to
weightbearing and non-weightbearing categories
even though many of the lumbopelvic muscle cate-
gories have not been validly determined as yet
through microgravity, deloading research.

Posterior pelvic  tilt  Two functionally coupled
groups of synergist muscles control the degrees
of concentric posterior pelvic tilt (and eccentric
anterior pelvic tilt) (Fig. 12.3):
® posterior hip muscles: gluteus maximus
(weightbearing), hamstrings (non-
weightbearing)

@ abdominal muscles: rectus abdominis,
internal oblique, external oblique
(non-weightbearing).

Anterior pelvic tilt  Two functionally coupled groups
of synergists control the degrees of concentric
anter-ior pelvic tilt (and eccentric posterior
pelvic tilt) (Fig. 12.4):

e anterior hip muscles: iliacus (weightbearing),
psoas, rectus femoris, tensor fascia lata
(non-weightbearing)

e lumbar and thoracic erector spinae: lumbar
erector spinae (weightbearing, one area of
the spine), thoracic erector spinae (non-
weightbearing).
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Figure 12.4 Muscles involved in anterior pelvic tilt.

Pelvic control in the frontal plane

A similar situation of equilibrium between lateral
pelvic tilt to the right and lateral pelvic tilt to the
left would occur in the frontal plane, as was des-
cribed for the saggital plane for anterior and poste-
rior pelvic tilt.

Lateral pelvic tilt upwards to the left Three function-
ally coupled groups of synergists control degrees
of concentric (left) pelvic tilt (and eccentric
(right) lateral pelvic tilt) (Fig. 12.5):

e right lateral hip muscles: gluteus medius
(weightbearing), tensor fascia lata (non-
weightbearing)

o left medial hip muscles: adductor magnus,
add uctor brevis (weightbearing), adductor
longus (non-weightbearing).

o leftside flexors of the trunk: lumbar erector
spinae (weightbearing, one area of the
spine), thoracic erector spinae, external
oblique muscle, quadratus lumborum
(non-weightbearing).

Lateral pelvic tilt upwards to the right Two function-
ally coupled groups of synergists control degrees
of concentric (right) pelvic tilt (and eccentric
(left) lateral pelvic tilt); The pattern of muscle
activation would be as above but on the opposite
side of the body.

MAAAA = One joint muscles
= Multijoint muscles

Figure 12.5 Muscles involved in lateral pelvic tilt.

IMPAIRMENTS IN MUSCLES
CONTROLLING PELVIC ORIENTATION
AND WEIGHTBEARING

Each group of synergists controlling one direc-
tion of tilt consists of both one-joint (predicted
weightbearing) and multijoint (predicted non-
weightbearing) synergists, which are differentially
affected in deloading, injury and pain. This will
have a marked effect on pelvic loading and move-
ment patterns, especially if changes are unilateral.
The predicted changes in each synergistic muscle
would be different for the one-joint and multijoint
muscles.

Weightbearing muscles attached
to the pelvis

Weightbearing muscles have large attachments to
the pelvis, controlling one direction of movement
at a joint (or one area of the spine). Such muscles
would be more involved in stabilization of pelvic
position for weightbearing rather than in move-
ment of the hips (Ch. 6). Examples would include
gluteus maximus, gluteus medius, iliacus, adduc-
tor magnus and lumbar erector spinae.

Based on the development of impairments
after deloading, injury or pain, as argued in this
text, some of these muscles in patients with low
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back pain are likely to be atrophied, have reduced
endurance (increased fatiguability), increased
length and with the normal recruitment required
for tonic holding patterns changing to more phasic,
erratic patterns.

Non-weightbearing muscles
attached to pelvis

The non-weightbearing muscles have smaller
attachments to the pelvis, influence several direc-
tions of movement at more than one joint and
would likely be more involved in moving the trunk
and limbs rather than pelvic stabilization for
weightbearing. Examples would include ham-
string, external oblique/internal oblique, thoracic
erector spinae, quadratus lumborum, rectus femoris,
tensor fascia latae and adductor longus.

Again based on the development of impair-
ments as argued in this text, some of these musles
in patients with low back pain are likely to have
increased activation levels, increased endurance
(reduced fatiguability), decreased length and with
normal phasic recruitment during movement
changing to more tonic, holding recruitment
patterns.

Evidence of dysfunction in selected pelvic
muscle synergists in low back pain

While the one-joint and multijoint synergists of the
pelvis have been implicated in low back pain, few
studies have addressed the function/dysfunction
of these individual muscles, because of difficulties
in measuring such parameters. Electromyography
(EMG) to study functional tasks or clinical muscle
testing procedures have been used to assess the
function of individual muscle synergists (Palmer
and Epler 1998).

Gluteus maximus

Few studies have been undertaken on the function
of gluteus maximus, as its function is difficult to
measure separately from the hamstrings. Dysfunc-
tion (weakness) in gluteus- maximus has been
reported by many clinicians treating low back
pain and it is known that hip—spine interaction

(lumbopelvic rhythm) is disturbed in low back pain
during sagittal trunk flexion-extension (Paquet
et al 1994) although the precise reason is unclear.

More concrete evidence has come from EMG
studies performed on patients with low back pain.
Reduced gluteal activation was reported by
Bullock-Saxton et al (1993), and Kankaanpaa et al
(1998) showed increased fatiguability of gluteus
maximus during trunk and hip extensor endurance
testing. The authors suggested that the cause was
likely to be deconditioning, but it could be the
result of deloading or injury/pain linked to dys-
function of the lumbopelvic joints. Leinonen et al
(2000) also used EMG to examine gluteus maxi-
mus during sagittal plane flexion and extension
and demonstrated a relative change in activation
time of gluteus maximus in patients with low back
pain, with no change in the paravertebral muscles
or hamstrings.

Hamstrings

Hamstring tightness is one of the most common
findings in low back pain (reviewed by Nourbakhsh
and Arab 2002). Tight, overactive hamstrings have
also been implicated in the development of liga-
ment strains associated with the sacro-iliac joint
(Vleeming et al 1997). In addition, a recent EMG
study on back pain subjects (with sacroiliac pain)
has demonstrated that, in addition to a delayed acti-
vation of gluteus maximus, low back pain patients
displayed significantly earlier onset of the ham-
string muscles (i.e. biceps femoris) (Hungerford et al
2003).

lliacus

Intramuscular EMG research studies have demon-
strated that, while iliacus and psoas both have a
role in hip flexion, iliacus has the supporting role of
controlling the femoral head in relation to the
pelvis, while psoas has more of a trunk-positioning
role (Andersson et al 1997). Although studies have
demonstated that iliacus functions in a separate
way to psoas in relation to joint stability, most clin-
ical studies on patients with low back pain have nec-
essarily taken iliopsoas as a single functional entity.

In a review on the mechanical factors linked
with low back pain, Nourbakhsh and Arab (2002)
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reported studies that demonstrated decreased
length and strength in iliopsoas in low back pain.
However, Aspinall (1993), in a review that focused
on length-associated changes in the muscle, pre-
dicted that iliopsoas is either lengthened or short-
ened as a result of postures and activity patterns.
Dysfunction in this muscle may depend on indi-
vidual lifestyles and postures, hence there is a
need, as with other pelvic muscles, to test each
patient to ascertain any presenting problems.

Tensor fascia lata

It has been reported that stretching the iliotibial
band is often used in the treatment of low back
pain but no studies have measured muscle length
(reviewed by Nourbaklsh and Arab 2002).

Quadratus lumborum

Clinically, tightness of quadratus lumborum unilat-
erally or bilaterally is often present in patients with
low back pain. The muscle is the most common
source of trigger points in low back pain (Simons
and Travell 1983), and if specific therapy (e.g. man-
ual pressure, relaxation techniques) is applied to
this muscle, many clinicians claim substantial relief
of low back pain (Graber 1997). In studying the
relationship between low back pain and quadratus
lumborum, some clinicians (Bryner 1996) have
attempted to study the pain patterns evoked by
palpation of the muscle, in an effort to demonstrate
that these are the cause of the patient’s pain.
However, because of the difficulty in establishing
suitable research protocols, it will be some time
before the precise relationship between problems
in quadratus lumborum and low back pain can be
resolved. In any case, this is a muscle which is gen-
erally seen as being overactive in low back pain.

Lumbar erector spinae

In a study of mechanical factors associated with
low back pain in 600 subjects, Nourbakhsh and
Arab (2002) found that it was only back extensor
endurance that related to the back pain problem.
Several EMG studies by Roy et al (1989, 1990) have
confirmed that it is the loss of endurance of the
lumbar erector spinae which is highly correlated

with low back pain. In an EMG study involving
trunk rotation, Ng et al (2002a) demonstrated signifi-
cantly less activation of the lumbar erector spinae in
subjects with low back pain in rotation, which was
also associated with an increase in fatiguability. This
group of muscles are definitely affected in patients
with low back pain. Importantly, this coincides with
the lumbar erector spinae likely having an import-
ant antigravity role in upright postures.

Because it has been reported that the thoracic
erector spinae are likely to become overactive with
reduced fatiguablity (Ch. 11), finding a clinical test
that reflects lack of endurance of the lumbar
muscles without the influence of the thoracic erec-
tor spinae has been a challenge to clinicians. A
forward lean with maintenance of neutral spine
and pelvic position can be used to test coordination
and endurance of the lumbar back extensors (Fig.
12.6). Hamilton and Richardson (1995) demon-
strated that patients with low back pain could not
hold the neutral spinal curve in 15 degrees of for-
ward flexion. This test and exercise strategy is
described in detail in Chapter 15.

(a) (b)

:______I' Static neutral lumbopelvic position
Figure 12.6 The neutral lumbopelvic unit during

(a) erect high sitting and (b) in a forward lean position.
PSIS, posterior superior iliac spine; ASIS, anterior superior
iliac spine.
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External oblique/internal oblique

Several EMG studies by Ng et al (2002a,b) demon-
strated another important result that furthered
our understanding of muscles influencing pelvic
position and control. Subjects with low back
pain had increased activation levels and increased
endurance (i.e. reduced fatiguability) of the exter-
nal obliques (the right side was significant) during
fatiguing trunk rotations. Interestingly the internal
obliques demonstrated similar dysfunctional pat-
terns but this did not reach statistical significance.
Overactivity of internal obliques is reported to be
a major problem in patients with low back pain at
our back clinic. Reasons for this are not under-
stood. It could be that with dysfunction of gluteus
maximus, increased activation of internal obliques
is used to compensate for the loss of control of pos-
terior pelvic tilt.

Adductor magnus and brevis

The adductors form a large muscle mass that secures
the pelvic position for lateral stability. Importantly,
adductor magnus, which is a major extensor of
the hip in weightbearing (i.e. sit to stand), would
also contribute significantly, with gluteus maxi-
mus, in pelvic support of the lumbopelvic region
in the saggital plane (Pohtilla 1969). In a recent
study, in which clinical muscle tests of antigravity
function of the adductors were assessed, runners
without low back pain could perform the test, but
runners who had experienced low back pain had
a definite weakness of these muscles (T. Rowe,
R. Toppenberg and C. A. Richardson 2003, unpub-
lished data). This would suggest that further
research is required in patients with low back pain
to determine if weakness and lack of endurance of
adductor magnus (and brevis) could be a predis-
posing factor in the development of loss of pelvic
control and low back pain.

Relationship between joint range of
movement, muscle dysfunction and
low back pain

Impairments in range of movements of various
joints could also influence the development of
lumbopelvic control problems.
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Trunk range of movement

Many studies have demonstrated that trunk range
of movement does not differ between patients with
low back pain and healthy controls (reviewed by
Ng et al 2002c). However, there is some evidence
that asymmetry of rotation and lateral flexion
range of movement could be a problem in patients
with back pain (Gomez 1994). This asymmetry in
range could result from many factors, most import-
antly asymmetry of quadratus lumborum length.

At a segmental level, increased intersegmental
movement in the upper lumbar spine and thora-
columbar junction is often reported in low back
pain and has been linked to a shortening of muscle
length of iliopsoas (Jorgensson 1993).

Range of movement at hips and thoracic spine

Lack of range of the hip and thoracic spine (i.e. the
adjacent joints to the neutral lumbopelvic region
(Fig. 12.2)) is often observed in patients with low
back pain. It is considered that mobility in these
joints is important, especially for rotation, so that
damaging rotation stress to the lumbar spine is
avoided and injury prevented. A decrease in hip
range of motion (mainly hip rotation) has been
reported by Chesworth et al (1994). In a recent
study undertaken in our laboratory, asymmetry of
hip range of movement was detected in runners
with low back pain compared with runners with-
out low back pain (T. Rowe, R. Toppenberg and
C. A. Richardson 2003, unpublished data). This
measure could also have been influenced by tight
muscles (e.g. tensor fascia lata) in the region.

CLINICAL RELEVANCE

Assumptions to assist in
clinical practice

There are several standard physiotherapy assess-
ment procedures that can be used to assess indir-
ectly a dysfunction in lumbopelvic muscle control.
Standard postural assessments involving observa-
tion of relaxed stance and then single leg stance
would give some indication of lumbopelvic con-
trol. Assessments of the spine and pelvic deviation
in forward trunk lean while controlling a static,
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neutral position of the lumbopelvic region is usually
completed from a high sitting position (Hamilton
and Richardson 1995), illustrated in Fig. 12.6, from
a standing position (Sahrmann 2002), illustrated
in Figure 12.2, or from a standing position with
flexed hips and knees.

Impairments in individual muscle synergists
could be quantified through specific muscle test-
ing of individual muscle synergists.

1. Antigravity inner range hold for the one-
joint (weightbearing) muscles, adapted from the
grade 3 antigravity muscle tests described by
Palmer and Epler (1998). This would test the abil-
ity of the weightbearing synergist to hold in their
fully shortened position (explained in Ch. 7).

2. Specific muscle length tests for the multijoint
(non-weightbearing) muscles, adapted from the
length tests described in Palmer and Epler (1998).
This would test the degree of overactivity in an
indirect way (explained in Ch. 7).

Range of movement (passive and active), particu-
larly the hip and thoracic spine, would be import-
ant to assess. Low back pain has been associated
with a decrease in range of hip motion, especially
rotation (Chesworth et al 1994), as well as a
decreased range of motion/stiffness in the thor-
acic spine (especially rotation). These aspects
would need to be assessed for both preventative
and rehabilitative exercise for low back pain.

The future

An approach that focuses on joint protection mech-
anisms and load transfer is particularly important
when considering the problems in the control of
mechanical tissue loading related to the pelvis.
Alarge number of musclesattach to the pelvis and
are capable of producing many different directions
of muscle force at various types and levels of

contraction. As individual muscle dysfunction
would relate to many aspects of an individual's
lifestyle factors, associated with deloading (Ch. 7),
injury (Ch. 8) or pain (Ch.9), it is likely that individ-
uals would display a large variety of muscle
impairments. Dysfunction could affect any num-
ber of muscle synergists bilaterally or unilaterally,
creating many permutations and combinations of
resultant joint loading and torsions involving the
pelvic bones themselves. This situation would, in
turn, lead to a variety of tissue loading problems
associated with joints or ligaments in the region.

Therefore, there are many difficulties for
researchers in producing quantitative evidence of
dysfunction in lumbopelvic muscle control for
evidence-based research studies. This has been
the main reason for lack of research results in the
area.

A possible future direction could be to combine
clinical tests with biomechanical models. A bio-
mechanical model has already been devised and
tested by Hoek van Dijke et al (1999) that is based
on detailed lumbopelvic anatomy and is a “tool for
analyzing the relation between forces in muscles,
ligaments and joints in the transfer of gravitational
and external load from the upper body via the
sacroiliac joints to the legs in normal situations
and in pathology’. The model involves 94 muscle
parts, six ligaments and six joints. Our continuing
collaboration with Professor Snijders and Erasmus
University will allow the joint protection model
of a neutral lumbopelvic unit, and the individual
clinical muscle impairments described in this
chapter, to be incorporated into this biomechanical
model to give an indication of the changes in
forces and load transfer associated with low back
pain. Hopefully, this will result in a far better
understanding of the aetiology of low back pain
and will assist in demonstrating the benefits of
prescribed prevention exercises.
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INTRODUCTION

The applied science of ‘maintaining and promot-
ing musculo-skeletal health’ can only be developed
by devising principles based on the systematic
formulation of knowledge gained from clinical
experience, experimental studies and the process
of induction. Understanding the principles under-
lying the therapeutic strategies is necessary to
allow development of both optimal treatment and
evidence-based research.

This expanded ‘segmental stabilization train-
ing’ (SST) management approach is guided by
principles that have been devised from extensive
clinical experience in the area of low back pain,
together with an increased understanding of the
complex neurophysiological processes involved in
joint protection and the impairments that are
involved in the development of painful symptoms.
These issues have been discussed in detail in the
earlier chapters.

The first consideration in developing principles
is to establish testing procedures. Many experi-
mental assessment procedures have been described
in previous chapters that give essential informa-
tion about the joint protection mechanisms, espe-
cially in the lumbopelvic region. However, there is
a need for simple clinical tests to estimate the level
of impairment in the general population as well as
in patients with low back pain. In this way, client
profiles can be collated that would give an indi-
cation of the specific type and level of exercise
required to re-establish the optimum joint protec-
tion mechanisms.

175
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It should be emphasized that we believe that
these described principles may have important
implications for the prevention and management
of other conditions such as osteoarthritis of the
weightbearing joints of the lower limb. In add-
ition, it is envisaged, that some aspects of the SST
model of exercise could assist in the refinement of
exercise programmes for osteoporosis and stress
incontinence, breathing exercises for chest condi-
tions, as well as health-care exercise programmes
for the elderly.

THE SEGMENTAL STABILIZATION
MODEL OF EXERCISE

Earlier chapters have emphasized that joint pro-
tection mechanisms involve both open loop strate-
gies, which are independent of sensory feedback,
and closed loop strategies, which are dependent
on sensory feedback. There is evidence that both
strategies are disrupted in patients with low back
pain, most likely the result of pain, injury to joint
structures and through the process of ‘deloading’
(lack of weightbearing) resulting from lifestyle
factors.

Therefore, for each individual patient with low
back pain, many changes occur in the elements
of motor control required for joint protection,
and these need to be addressed in therapeutic
exercise if back pain is to be treated and prevented
successfully.

Many therapeutic exercise strategies for rehabil-
itation have been presented, including those based
on training muscle performance and re-education
of control by the central nervous system. As pre-
sented in the preceding chapters, a range of changes
in terms of control and muscle performance have
been identified (these are summarized below) and
the challenge has been to identify optimal methods
to train or retrain the capacity of the system to
meet the demands imposed by external and inter-
nal factors. As a major factor in the dysfunction
present in low back and pelvic pain relates to con-
trol of the muscle system, it is logical to draw on
motor learning principles. The nervous systemhas
considerable potential for plasticity and learning.
Motor learning refers to the acquisition and refine-
ment of movement and coordination that leads to
a permanent change in movement performance.

Two key theories of motor learning have been
developed. One popular model, first presented
by Fitts and Posner (1967), considers that learning
involves three main stages: cognitive, associative
and autonomous phases. In the cognitive phase,
the focus is on cognitively oriented problems. All
elements of the movement performance are organ-
ized consciously with attention to feedback, move-
ment sequence, performance and instruction during
repetition and practice. This phase is characterized
by frequent large errors and variability. The sec-
ond stage is the associative phase, in which the
fundamentals of the movement have been acquired
and the cognitive demands are reduced. The focus
moves from simple elements of performance of
the task to consistency of performance, success
and refinement. Correspondingly, the frequency
and size of errors are reduced. The final stage of
motor learning, the autonomous phase, is achieved
after considerable practice and experience. The
task becomes habitual or automatic and the
requirement for conscious intervention is reduced.
Although the features of each phase are distinct,
it is important to consider that there is a smooth
transition between phases and it may not be obvi-
ous when a person moves between phases. Other
models of motor learning have similar features to
this three-phase process with differences in the
emphasis placed on elements of the progression
of learning. For instance, Gentile (1987) divided
learning into two phases based on the goal of
the learner. In the first phase, the goal of the learner
is to ‘get the idea’ of the task. The second phase
involves fixation or diversification of the skill, that
is improved consistency in stable environments
and improved transfer to new contexts. Irrespective
of the specific features of each model, the basic
elements of motor learning are similar.

A rationale for the management of motor control
changes in low back and pelvic pain may lie in
these conventional motor learning theories. Clearly,
this must be based on accurate identification of the
deficit in movement performance that needs to be
addressed. Once identified, strategies can be imple-
mented to re-educate the control of these compo-
nents. In other words, the goal is to give the
patient the ‘idea’ of the correct performance. This
could occur through cognitive attention to the task
with specific feedback, as is common in skill
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learning, or through guided experience of the
correct performance via sensory inputs such as
sensorimotor integration techniques. Therefore, a
range of exercise options are available to meet the
demand of re-education of movement performance
that fall within the spectrum of motor learning.

The key to effective motor learning lies in iden-
tification of the nature of the deficits in perform-
ance and utilization of optimal strategies to induce
change in performance that are tailored to the indi-
vidual patient’s needs. The changes in the joint pro-
tection mechanisms, it has been argued, include
both the local and global muscle systems.

v

For the local muscle system:

@ loss of feedforward response of the local
muscles;

@ loss of independent control of the local muscles
from the global (especially non-weightbearing)
muscles;

e reflex inhibition of the lumbar multifidus;

@ loss of the ability to form a ‘shortening’
contraction of transversus abdominis (bilaterally
or unilaterally); and

@ altered position sense in the lumbopelvic region
and inability to maintain a neutral spinal
position.

For the global muscle system:

e division of function of global muscles (i.e.
weightbearing and non-weightbearing muscles)
at the extremes of the motor control continuum;
with weightbearing muscles closely associated
with closed loop motor function and non-weight-
bearing muscles closely linked to open loop
motor function;

e deloading (lack of weightbearing) as well as injury
tojoint structures results in a loss of joint protective
function of the weightbearing muscles (as well as
the local muscle system), with consequent changes
injoint loading; this is compounded with increased
contribution of the non-weightbearing muscles to
the joint protection role.

The consequences of deloading/injury in the global
system can be considered from a neurophysiologi-
cal point of view.

Weightbearing muscles Recruitment of the weight-
bearing muscles could be affected by reduction

in support for muscle contraction from the
muscle spindle system through lower levels of
activation of gamma motoneurons and a subse-
quent reduction in spindle afferent discharge
(and reduced tonic activity), potentially in
response to decreased afferent input from the
joint mechanoreceptors. Thus weightbearing
muscles would display a reduced sensitivity to
the stretch, most particularly in gravity, weight-
bearing conditions. This situation would grad-
ually lead to changes in muscle fibres (towards
fast twitch)and resultant atrophy of the muscle.

Non-weightbearing muscles It is likely that the
opposite occurs in the non-weightbearing mus-
cles. An increase in gamma support for muscle
contraction through increased spindle sensitiv-
ity (and increased tonic activity) would result in
the non-weightbearing muscles displaying an
increased sensitivity to the stretch. This situation
would gradually lead to changes in muscle fibres
(towards slow twitch) and resultant hypertro-
phy of the muscle.

Implications for practice for the local
muscle system

There are a number of implications for practice:

e develop the skill of an independent contraction
of the local muscle synergy;

e decrease the contribution of the overactive
global muscles (mainly non-weightbearing
muscles);

e use a motor relearning approach to reteach the
skill of developing a ‘corset’ action of transversus
abdominis and multifidus in response to the cue
to draw in the abdominal wall;

e use specific facilitation and feedback techniques
to ensure each segment of multifidus (especially
deep parts) is activated;

e use specific feedback techniques to develop
kinaesthetic awareness of local muscle
contractions;

e develop ability to hold the ‘corset” action
tonically over extended periods of time; and

e use repeated movements of the lumbopelvic
region, in non-weightbearing positions initially,
to improve position sense (position sense will
improve as the local muscle synergy is activated).
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Implications for practice in integration of the
local with the global muscle system

This approach also has implications for practice in
terms of successfully integrating the local global
muscle systems:

e treating the local and weightbearing muscles
is likely to reverse impairments in the
non-weightbearing muscles;

e initially use specific facilitation techniques for
the dysfunctional weightbearing muscles,
with emphasis on increasing weightbearing
load cues;

e use optimal weightbearing postures (neutral
lumbopelvic region) to re-establish recruitment
of both the local and weightbearing muscles;

e weightbearing muscles should be trained under
the stretch from gravity in flexed and more
upright postures (both eccentric and concentric
contractions);

® use static weightbearing postures with
increasing holds and/or very slow and
controlled weightbearing exercise to enhance
the feedback mechanisms;

@ increase gravitational load cues (e.g. uneven,
unstable surfaces) gradually, ensuring local and
weightbearing muscles are responding to the
increases in load; and

e at a later stage, may need to add in specific

muscle-lengthening techniques for
non-weightbearing muscles, especially if the
muscle tightness is in the passive rather than
the active elements of the muscle.

Stages for exercise management

The SST model of exercise includes the principles
of motor learning theory. As the process neces-
sarily needs to restore several levels of impair-
ments in joint protection, involving dysfunction of
many different local, weightbearing and non-
weightbearing muscles, the training model needs
to involve a problem-solving approach, where
clinical tests, reflecting the dysfunction mecha-
nisms, are used to decide the best type of treat-
ment approach for an individual client. In order
to achieve this, assessments and their related
treatments have been simplified by dividing them

into progressive stages, where one stage of assess-
ment and treatment is ideally completed prior to
proceeding to the next stage.

The process of ‘segmentation’, that is breaking
functional posture and movement up into its
component parts, is used for each progressive
stage. According to motor learning theory, seg-
mentation can be used to train the components of
functional posture and movement that are in
deficit, which can then be integrated into function.
The segmental approach which we have devised
develops through three stages of segmental con-
trol, with each stage exposing the individual client
to increasing challenges to their joint protection
mechanisms.

Stage 1: local segmental control

The simplification here refers to re-establishing
directly the simultaneous contraction of the deep
muscle synergy (i.e. transversus abdominis, deep
multifidus, pelvic floor and diaphragm) independ-
ently of the global muscles (i.e. both weightbearing
and non-weightbearing muscles). This simultan-
eous contraction of the synergy, independent of
the global muscles, should occur with the postural
cue to ‘draw in the lower abdominal wall’. Another
important simplification is that throughout this
initial stage, the weight of the body is minimized
in order to allow the patient or client to focus on
this specific skill involved in joint protection.

Training ‘local segmental control” involves acti-
vating and facilitating the local muscle system,
while using techniques (e.g. feedback) to reduce
the contribution of the global muscles, most par-
ticularly the non-weightbearing global muscles.
Instructional cues, body position and various
feedback techniques (including palpation, elec-
tromyography and real-time ultrasound) are used
simultaneously to facilitate the local synergy and
inhibit and/ or relax the more active global muscles.
The ability to hold this pattern through develop-
ing specific muscular control (without the addi-
tion of any load) may serve also to help to restore
kinaesthetic awareness and lumbopelvic position
sense, usually found to be impaired in the patient
with low back pain.

This basic segmental element of posture and
movement forms the foundation on which to build
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an integrated system capable of protecting the joints
of the lumbopelvic region from high forces and
high loads.

Stage 2: closed chain segmental control

The next component or segment of posture and
movement that should be addressed is the entity
of local segmental control (stage 1) combined with
the weightbearing function of the trunk, girdles
and limbs. This stage addresses the next level of
impairment in the joint protection mechanisms
occurring in patients with low back pain (i.e. the
antigravity muscle support system).

The aim is to maintain the local muscle synergy
contraction (on the cue to draw in the lower
abdominal wall), while gradually progressing load
cues through the body using weightbearing closed
chain exercise. Weightbearing load is added very
slowly, ensuring all weightbearing muscles from
each segment of the kinetic chain are activated to
give effective antigravity support and provide effi-
cient and safe load transfer through the segments
of the body. The focus is especially to ensure acti-
vation of the local and weightbearing muscles of
the lumbar spine and pelvis, and the ability to
maintain a static lumbopelvic posture for weight-
bearing. These muscles are likely to be dysfunc-
tional in patients with low back pain. In addition,
lifestyle factors of many individuals, which could
haveled to a dysfunction in these muscles, need to
be addressed, as they may place them at risk of
sustaining further low back injury.

Stage 3: open chain segmental control

With weightbearing patterns in hand (stage 2), there
is a third segmental or simplified model that needs
to be addressed prior to functional, skill-specific
movement tasks becoming the focus. The aim is to
continue to maintain local segmental control while
load is added through open kinetic chain movement
of adjacent segments (e.g. movement between the
lumbopelvic region and lower limb through the
hip joint). This final step is to direct progression so
that all muscles (i.e. the local, weightbearing and
non-weightbearing) are integrated into functional
movement tasks in a formal way.

This third stage allows any loss of local segmen-
tal control during high loaded open chain tasks
to be detected, as well as ensuring that there is
no compensation by the more active (i.e. non-
weightbearing) muscles. In addition, loss of range
or asymmetry of joints adjacent to the lumbopelvic
region needs to be addressed to ensure that loss
of movement range does not interfere with the
ability of the individual to maintain lumbopelvic
stability during movement.

GENERAL PRINCIPLES FOR THE
SEGMENTAL STABILIZATION MODEL

There are many general principles that apply to
most therapeutic exercise programmes for low
back pain. The principles are particularly import-
ant for this SST model of exercise.

The close relationship between stabilization
exercise and pain relief

The close association between segmental stabil-
ization and pain can be used for both prevention
and treatment purposes. A theoretical construct
(Richardson and Jull 1995a) has described how
exercise, which aims to influence muscle controland
joint protection, should ultimately lead to pain
control. However, our contention is that pain relief
and joint protection rely on the specific nature of
the segmental exercise programme, and general
exercises used to retrain functional movement may
not address the specific impairments in the joint
protection system and, therefore, may not be as
effective for long-term pain relief.

The effects of the exercise intervention will be
enhanced if other treatment modalities that relieve
pain, inflammation and oedema are used in con-
junction with segmental stabilization. These treat-
ments may include anti-inflammatory medication,
electrophysical agents and mobilization or manip-
ulation techniques.

Keep tissue loading as low as possible for
testing and training exercise strategies

As the relief of pain is the main goal of treatment,
all exercise should proceed with the target joint
in a mid or neutral position. The aim is to keep the
tissue loading as low as possible while the joint
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protection mechanisms are being developed
through stages. Ergonomic advice is appropriate at
this stage to reduce tissue loading. Pain should
remain at a minimum.

Use clinical measures of the muscle dysfunction
to profile the level of musculo-skeletal health in
relation to joint protection mechanisms

The division of skeletal muscles from a motor
control perspective into local, weightbearing and
non-weightbearing categories has resulted in an
expanded view of the function of muscles and their
role in joint protection, and of the type of dysfunc-
tion which occurs in the muscles as a result of
deloading (Ch. 7), injury (Ch. 8) or pain (Ch. 9).
Most measures explained in the following chap-
ters rely on basic clinical knowledge. Measures of
muscle function that do not require high levels of
clinical skill are currently being developed.

In relation to low back pain, clinical measures of
the dysfunction of the muscle control system give
an indication of what type of therapeutic exercise is
required to restore the muscle control for joint pro-
tection. In addition, clinical measures allow profil-
ing of some aspects of musculo-skeletal health in
relation to joint protection, so specific exercise can
be prescribed appropriately to prevent future pain
and injury.

Exercise should be focused on tonic holding
contractions rather than fast phasic
contractions

It has been argued that it is the tonic function of the
local and the weightbearing muscles which is likely
impaired in the patient with low back pain. It must
be remembered that, in the early stages, a tonic con-
traction would be no more than 30% of the maxi-
mum voluntary contraction. Throughout all the
exercise stages, the emphasis is on isometric hold-
ing contractions in static positions or exercise via
very slow and controlled movement. Individuals
with poor control will usually attempt fast or phasic
contractions.

Care must be taken with exercise progression

Both type and level of load are important. Too much
load may lead to fatigue of the muscles involved in

joint protection. Further joint injury may occur if
load is added too quickly and the muscles fail to
respond to the level of load owing to a loss of pro-
prioception. Therefore, load needs to be carefully
controlled and training movements are initially
slow and controlled and must not proceed to the
point of muscle fatigue. This is the major differ-
ence between this approach and strength training,
as the changing patterns of motor control with
fatigue can lead to poor joint control and exacer-
bation of painful symptoms. Load is added ini-
tially through the use of closed chain exercise.

Treatment outcomes will be influenced by
several factors

The findings of the patient interview and physical
examination need to be taken into account as
they will influence treatment outcomes. Some
factors which may be particularly important to
outcome, are:

e amountand extent of pathology;

e classification of low back pain (acute, subacute,
chronic, recurrent episodic);

e pain location, quality and intensity;

presence of respiratory conditions;

o skeletal deformities (e.g. scoliosis, increased
thoracic kyphosis);

e leg length discrepancies;

e postural deviations (e.g. sway back, flat back,
lordotic posture); and

e continence.

Lifestyle activities that would be detrimental to
the segmental training should be identified

Chapter 7 outlines the activities that may cause
impairments in joint protection mechanisms.

AIMS FOR EACH STAGE OF
SEGMENTAL CONTROL

The three stages of the exercise model form the
building blocks for the development of the joint
protection mechanisms, for both low- and high-load
functional situations. Each stage includes clinical
assessments of the level of impairment in the joint
protection mechanisms, followed by the suggested
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Figure 13.1 The segmental stabilization model for the prevention and treatment of low back pain. (Adapted from

Richardson and Jull 1995b.)

exercise techniques. The exercise principles, in  lumbopelvic region without the addition of load
addition to the general principles of the SSTmodel,  or antigravity weightbearing function.

are given for each of the stages and are illustrated

in Figure 13.1. B

Stage 1: local segmental control (Ch. 14)

The aim in stage 1 is to train the local muscles
to provide segmental protection of joints in the

Assess the level of impairment in the joint protection
mechanisms The cue to ‘pull in the lower
abdomen’ is used to assess the automatic acti-
vation of the co-contraction pattern (i.e. local
muscle synergy). This is assessed through a
supine test as well as a prone test with the pres-
sure biofeedback unit. The ability to perform an
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isometric multifidus contraction (at each seg-
mental level) is also assessed.

2. Clinical problem solving and implication of test results
The test results need to be interpreted to allow
for precise exercise prescription. It is important
that, during testing procedures, the substitution
strategies are observed and interpreted. It is this
recognition of substitution strategies that sig-
nals to the clinician the postures, movements
and instructions which may be best avoided
during facilitation of the deep muscle synergy.

3. Rehabilitation of the joint protection niechanisms
Facilitation of the independent control of the local
muscle synergy is promoted with the aim of
developing low-level tonic holding contractions
while maintaining normal breathing patterns.
Strategies are presented that will minimize the
non-weightbearing global muscles during the
facilitation of the local synergy.

4. Progression into sitting and standing positions In
preparation for more functional weightbearing
positions, activation of the local muscles is grad-
ually progressed to sitting and standing positions.

5. Implementation of the activation strategies Further
suggestions are added to assist in the implemen-
tation of the exercises in a practical way.

Stage 2: closed chain segmental control
(Ch. 15)

Stage 2 involves the integration of the local muscles
into segmental, antigravity weightbearing function.
Integration of the local and weightbearing muscles
is best achieved through weightbearing (closed)
kinetic chain exercises with gradually increasing
gravitational (i.e. gravity-related) load cues.

The treatment aims are as follows.

1. Train individual parts of the antigravity weightbear-
ing holding posture There are many different
muscle groups at many individual segments (i.e.
joints) that need to be co-ordinated to hold the
flexed weightbearing posture effectively. The
focus initially is on individual parts of the anti-
gravity posture.

(i)  Begin loading the neutral spine/pelvic position
insitting  The aim is to maintain a neutral

spine/pelvic position in upright sitting
with gradual added antigravity muscle
activity using two different methods:
upper quadrant closed chain exercise and
trunk forward lean.

(ii) Activate dysfunctional weightbearing muscles
of the pelvis  Traditional muscle testing tech-
niques (Palmer and Epler 1998) are used as
the basis for the functional tests of the
weightbearing muscles of the pelvis.

(ii) Train quadriceps holding in partial weight-
bearing Isometric holding achieved with
body weight against wall (i.e. wall squat)
could be used to test and train the quadri-
ceps muscle endurance in preparation for
closed chain activities.

2. Train the weightbearing muscles in weightbearing
(closed chain) exercise in flexed postures  The type
of exercise techniques used at this treatment stage
includes the slow lunge or semi-squat, with
weightbearing muscles stretched to facilitate
their contribution to weightbearing, with non-
weightbearing muscles relaxed.

3. Train the weightbearing muscles in weightbearing
(closed chain) exercise in flexed postures with the
addition of unstable, moving surfaces In order to
facilitate the weightbearing muscles further, under
increasing gravitational load cues, unstable and
moving surfaces (balance boards, rubber discs,
trampolines) can be used.

4. Train the weightbearing muscles in weightbearing
(closed chain) exercise on more challenging surfaces
and in more upright postures  Progress is made to
more upright positions, for example walking or
unstable, uneven or sloping surfaces such as soft
sand, grassy slopes or rough ground. The most
challenging surface in a formal setting for closed
chain exercise comes through the use of a new
exercise tool — whole body vibration.

Stage 3:(open chain segmental
control and progression into function
(Ch. 16)

The aim in stage 3 is to continue to develop seg-
mental control at individual joints in relation to
open kinetic chain movement of adjacent segments
(while maintaining neutral lumbopelvic posture).
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In addition to the formal open chain exercise
programme, steps are taken to progress into func-
tion, which involves movement of the trunk with
higher loads and speeds. Maintaining local seg-
mental control is required prior to all exetcise tech-
niques, whether formal or functional. Specific aims
are as follows.

1. Open chain segmental control:

e decrease compensatory movement of the
lumbopelvic region during movement of
adjacent segments;

e reduce tightness/overactivity in the non-
weightbearing muscles if necessary; and

@ treat problems of trunk muscle strength and
endurance in open chain exercise.

2. Progression into function:

@ progress to functional activites (sporting and
occupational) that use a combination of open
and closed chain tasks, which include trunk

movement as well as higher loads and
higher speeds;

@ develop countermeasures to prevent loss of
joint protection; and

e maintain and check segmental control
regularly.

Relation to other exercise programmes for
prevention and treatment of low back pain

There are a huge number of exercise programmes
that are reported to improve low back pain. These
include pilates, thai chi, yoga and ball programmes.
These exercise programmes include some excel-
lent exercise techniques that would be very suit-
able for prevention and rehabilitation of low back
pain under the SST model. Chapters 14-16 give
some examples of exercises that would fulfil the
principles of SST, but they are only a guide; many
other exercises would be very suitable.

T

T
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INTRODUCTION

Achieving local segmental control involves activa-
tion and training of the muscles of the local syn-
ergy. This phase of training involves development
of the most basic element of segmental stabiliza-
tion training, joint protection. It is essential that
local segmental control is mastered prior to
progression to the next stage of rehabilitation,
closed chain segmental control. This initial stage
relies on facilitating the independent control of the
local muscle synergy in non-loaded situations
where there should be minimum contribution of
the global (weightbearing and non-weightbearing)
muscles.

This chapter begins with the assessment of the
level of impairment in the joint protection mechan-
isms with a focus on the local muscle system. This
is followed by clinical problem solving and inter-
pretation of test results and mechanisms for rehabili-
tation of the joint protection.

ASSESSMENT OF THE LEVEL OF
IMPAIRMENT IN JOINT PROTECTION
MECHANISMS

Impairments are assessed in two ways: checking
the ability to achieve the normal spinal curves
(position sense), tests of the corset action (Ch. 5).
The corset relies on co-activation of four separate
synergists. We have developed formal tests for
multifidus and transversus abdominis. These are
tested separately even though they should always
contract together.




186

The ability to achieve the normal spinal
curves (position sense)

It is ultimately important that the patient can
attain normal spinal curves for optimum and effi-
cient distribution of load and joint protection. For
this reason, a baseline assessment of the patient’s
normal unsupported sitting posture and their abil-
ity to correct it is required. Patients will often sit in
a position of lumbar flexion and posterior pelvic
tilt and will have difficulty achieving a normal
lumbar lordosis and thoracic kyphosis. This clin-
ical visual assessment can be repeated throughout
the rehabilitation process, and should improve as
muscle function improves.

Prone and supine tests of the corset
action

The assessment of the corset action is based on the
instructional cue to ‘pull in the lower abdomen’
to estimate if an automatic activation of the co-
contraction pattern (i.e. local muscle synergy)
occurs (see Ch. 5).

Prone test with the pressure biofeedback unit

The patient lies prone with the arms by the side,
head in the midline and the pressure biofeedback
unit (Appendix 14.1) is placed under the abdomen
with the navel in the centre and the distal edge of
the pad in line with the right and left anterior
superior iliac spines (Fig. 14.1). The pressure pad
is inflated to 70mmHg and allowed to stabilize.
This pressure inflates the pad sufficiently to detect
changes in position of the abdominal wall but is
comfortable and does not press into the abdominal
contents. At rest, small deviations of the indicator
on the pressure dial will be evident with abdom-
inal movement during normal respiration, and,
therefore, it is essential to identify the point about
which the level fluctuates.

Itis important to instruct the patient to relax the
abdomen fully prior to attempting the test. The
cue to pull in the lower abdomen must be pre-
ceded by the instruction to take a relaxed breath in
and out and then, without breathing in, draw the
abdomen in towards the spine without taking a
breath. It is optimal when testing to dissociate

The muscle test for the transversus

Figure 14.1
abdominis muscle, performed in the prone position using
the pressure biofeedback unit. (Reproduced with
permission from Northwater Publishing, Australia.)

breathing from the performance of the contraction
since the patient may simulate the abdominal
movement simply by reducing the pressure in the
thorax, drawing the diaphragm up and the abdom-
inal wall in, in the same manner as when a person
breathes in to squeeze through a narrow space.
However, if the patient is unable to do this, the test
can be modified by allowing the patient to draw in
the abdominal wall without altering their breath-
ing pattern.

When a patient is asked ‘Draw in your abdom-
inal wall without moving your spine or pelvis’,
there should be a co-contraction of the local syn-
ergy muscles (i.e. the corset action described in
Ch. 5), with each side of transverses abdominis
contracting and shortening into its inner range in
this position. The action of the transversus abdo-
minis is to draw in the abdominal wall and also
narrow the waist. The most successful way to
emphasize activation of the transversus abdominis
is to instruct the patient to concentrate on the lower
part of the abdomen. Recent evidence suggests that
when attention is focused on the lower abdominal
wall, the contraction of transverses abdominis
is more independent of the superficial muscles
(Urquhart et al 2003). The drawing in of the lower
abdomen is illustrated in Figure 14.2. If the patient
experiences difficulty initiating this action, add-
itional assistance can be provided by the clinician
placing his or her hands on their own abdomen
and demonstrating the movement of the lower
abdomen towards the spine.



Figure 14.2 The action of
transversus abdominis.

(a) Relaxed abdominal wall.
(b) The drawn in abdominal
wall. (Reproduced with
permission from Northwater
Publishing, Australia.)

Once the contraction has been achieved, the

patient should recommence relaxed normal
breathing. The clinician should perform three
tasks while completing the test. These include
observation of the dial of the pressure biofeedback
unit, observation of the pelvis and trunk for spinal
or pelvic movement and palpation of the abdom-
inal wall during the test. The abdomen is palpated
(on each side) medially and inferiorly to the anter-
ior superior iliac spine (Hides et al 2000). With a
correct activation of the transversus abdominis, a
slowly developing deep tension may be felt in the
abdominal wall. In contrast, if a global pattern of
activation is used, the abdominal wall will be felt
to bulge.

Once satisfied, the action is repeated and the
pressure change noted. If the patient can perform
the test well, the contraction can be held for 10
seconds. The procedure can be repeated up to
10 times to test the endurance of the muscles.

Test results The pressure biofeedback unit pro-
vides important information about the relation-
ship between the local and global muscles of the
anterior abdominal wall. The three elements of
testing should all be recorded for meaningful
interpretation of test results. There are three possi-
ble test results.

1. An optimal performance of the test reduces the
pressure by approximately 4-10mmHg in the
absence of spinal or pelvic movement and
without bulging of the abdomen. This pressure
change indicates that the patient is able to
contract the transversus abdominis into its
shortened (inner) range, independently of the
other abdominal muscles (Fig. 14.3a,b). The
three elements should all be recorded, to allow
improvement to be monitored in subsequent
sessions, e.g. pressure fall, 6mmHg; spinal
movement, nil; bulging of the abdominal
wall, nil.

2. If the patient performs the test without spinal
movement or bulging of the abdomen, but the
pressure in the dial falls 04 mmHg, the patient
may have contracted the transversus abdominis
but with insufficient shortening to decrease the
pressure adequately. The other possibility is
asymmetry of contraction of transversus
abdominis. Both of these situations need to be
reviewed in the light of the supine test (below).
Bilateral palpation of the abdominal wall can be
used to detect asymmetry and presence of
contraction of the transversus abdominis.
Ultrasound imaging can be used to provide
confirmation. The prone test using the pressure
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Figure 14.3 The pressure changes seen using the biofeedback unit, ultrasound images (transverse section of the
anterolateral abdominal wall) and schematic representations of the clinical lmuscle test for the transversus abdominis

(continued)
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biofeedback unit should be performed at movement, nil; bulging of the abdominal

subsequent sessions to monitor for wall, detected.

improvement, which would be indicated by the (i) If the patient moves the spine, then the

patient now being able to achieve a greater pressure in the biofeedback unit will

reduction in pressure. decrease. Using the other two elements of

3. Apattern of global activation is seen in Figure assessment rather than observation of the

14 3c. If the patient uses the global muscles, then dial alone will ensure that a false-positive

there are two possible test outcomes depending test result is avoided. If the subject has

on whether or not the spine or pelvis has moved. moved the spine, palpation will often

(i) If a global contraction of the abdominal reveal flexion of the thoracolumbar
wall is performed, and the spine is kept junction (Fig. 14.4). This may be
immobile, then the pressure in the accompanied by depression of the rib cage
biofeedback unit should increase. This will (Fig. 14.5). The other common movement
be confirmed by palpation of the is posterior pelvic tilt (Fig. 14.6). Spinal
abdominal wall, which will reveal bulging. movement can often be subtle, however.
Anexample of recording would be, If it has occurred and is undetected by
pressure increase, 8 mmHg; spinal palpation, bulging of the abdominal wall
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Figure 14.3 (Continued)

(TrA). (a) At rest before the test; the baseline pressure is 70mmHg. (b) On correct performance of the abdominal
drawing-in action. The pressure reduces by 6 mmHg. The contraction of the TrA can be seen on the ultrasound image.
Note the corset-like appearance and the tensioning on the fascia medially (*). On contraction, the width of the TrA
increases. (c) On incorrect performance of the abdominal drawing-in action, the pressure is increased slightly. The
ultrasound image shows contraction of all the muscles of the abdominal wall simultaneously. The obliquus externus
abdominis (OE) and obliquus internus abdominis (Ol) have contracted together and each has increased in depth. There is
no corset action of the TrA. AC, abdominal contents; L, lateral; M, medial; S, skin: ST, subcutaneous tissue. (Schematic
representations reproduced with permission from Northwater Publishing, Australia.)
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should be detected, allowing correct
interpretation of the test. This could be
recorded as pressure change, decrease
4mmHg; spinal movement, movement of
pelvis/thoracolumbar junction; bulging of
the abdomen, detected.

It is important to record all three elements of the
muscle test, as each element should change as the
patient’s performance of the test improves with
treatment. For example, an initial improvement of
the global activation pattern presented above (pres-
sure increase, 8 mmHg; spinal movement, nil;
bulging of the abdominal wall, detected) may be:
pressure increase, nil; spinal movement, nil; bulging
of the abdominal wall, nil. As inner range con-
traction of the transversus abdominis improves
over time, another improvement may be: pressure
change, decrease 4 mmHg; spinal movement, nil;
bulging of the abdominal wall, nil. Further reduc-
tionsin pressure may be seenand recorded overtime.

In addition to three elements of clinical assess-
ment, surface electromyography (EMG) electrodes
can be placed on the likely overactive global
muscles (i.e. the oblique abdominal muscles) to
give an additional means of quantifying their over-
activity and repeated to confirm test results and
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Figure 14.4 Flexion of the thoracolumbar junction
observed when a patient attempts to use the global
muscles in the muscle test for the transversus abdominis.
(Reproduced with permission from Northwater
Publishing, Australia.)

interpretation. Electrode positions are described
below in the section on EMG biofeedback. In addi-
tion, ultrasound imaging can be used. The trans-
ducer is placed on the patient’s lateral abdominal

Figure 14.5 Rib cage depression observed when a
patient attempts to use the global muscles in the muscle
test for the transversus abdominis. (Reproduced with
permission from Northwater Publishing, Australia.)

Figure 14.6 Posterior pelvic tilt of the pelvis observed
when a patient attempts to use the global muscles in the
muscle test for the transversus abdominis. (Reproduced
with permission from Northwater Publishing, Australia.)
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wall, approximately in line with the umbilicus.
Although the anterior fascia cannot be viewed in
the prone position, the three layers of the abdominal
wall are evident. On ultrasound imaging, the clini-
cian should observe for narrowing of the waistline
(contraction of the transversus abdominis) and min-
imal contraction (thickening) of the oblique abdom-
inal muscles. The quality of the contraction should
be smooth and controlled. Features of a global pat-
tern of activation may include widening of the
waistline, a rapid speed of contraction and thicken-
ing of all of the three layers of the abdominal wall.
The contraction may also be poorly controlled and
erratic. Again, repeated imaging allows changes
with treatment to be assessed.

Note on testing Many people with low back
pain will find it difficult to perform this muscle
test and will have a poor test result. Some people
with no history of low back pain may also have
difficulty, initially, in performing the contraction.
In a recent study, 30 subjects without low back
pain were screened to see if they could attain an
optimal pattern of muscle contraction. The inclu-
sion criteria for the study included being able to
decrease the pressure on the dial by 4-10mmHg
(in the absence of spinal movement and bulging of
the abdomen), and confirmation of the correct pat-
tern using real-time ultrasound imaging. Only 13
of the 30 had an optimal pattern (Richardson et al
2002).

It may be impractical to perform the test in the
prone position in obese patients, in those with
impaired lumbar spine mobility, in patients with
significant respiratory disease or for subjects who
are in the later stages of pregnancy. In these cases,
the abdominal drawing-in action can be assessed in
either supine lying or by observation of the abdom-
inal wall in four-point kneeling, standing or sup-
ported standing. Alternatively, ultrasound imaging
with or without surface EMG may be used to
observe the pattern of activation. However, when-
ever possible, the prone muscle test should be per-
formed, as this allows recording of outcomes that
can be compared during the course of treatment.

Relationship between low back pain and the
prone test Several studies have been undertaken
to evaluate whether the ability to perform the
clinical test of the corset action of the transversus

abdominis can identify people with low back pain.
The first of these involved the assessment of 37
people presenting to a medical practice for prob-
lems other than low back pain (Richardson et al
1995); of these 54% had a history of low back pain.
The examiners were blinded to the presentation of
the subjects. Subjects undertook the abdominal
drawing-in test in the prone position, and the
examiner recorded any pressure reduction. Using
the criterion that a fall in pressure of less than
6mmHg or an increase in pressure indicates poor
transversus abdominis activation, the examiners
could correctly classify 90% of subjects for their
history of low back pain.

Relationship between clinical and laboratory
tests An important question is whether the
delayed contraction of the transversus abdominis
in people with low back pain, as determined in
laboratory motor control studies, is related to the
clinical tests of the ability to perform a relatively
independent contraction of this muscle. This was
examined in a study in which subjects with and
without low back pain were assessed using the
clinical test and by evaluation of the timing of
onset of contraction of the transversus abdominis
in a limb-movement task (Hodges et al 1996). In
this study subjects were classified into poor func-
tion, good function and intermediate groups on
the basis of their ability to reduce pressure and the
time of onset of EMG activity. Although the meas-
ures were not linearly correlated, there was good
agreement between those subjects with a poor
ability to decrease the pressure and those with a
delay in transversus abdominis contraction, and
between subjects who could decrease the pressure
and those who had early activation of transversus
abdominis. Therefore, the quality of motor control
of the transversus abdominis, which can be meas-
ured directly by using fine-wire electrodes (which
are not readily available in clinical practice), can be
estimated indirectly from the performance shown
in the clinical assessments.

Supine test

Additional information may be gained by repeat-
ing the test for the transversus abdominis in the
supine position. In this position, the abdominal
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wall is more accessible for observation, palpation
and ultrasound imaging. It is also usually easier
for the patient to contract the transversus abdo-
minis in the supine position. Supine lying is a
good position to assess for symmetry of activation
of the muscles of the abdominal wall.

Instructions are the same as for the prone test
with the same initial breathing pattern. The test
necessitates assessment of the pattern of the trans-
versus abdominis contraction. The resulting contrac-
tion of transversus abdominis can be checked with
palpation and/or real-time ultrasound imaging.

Palpation to test individual activation patterns
of transversus abdominis and isometric holding
ability (in shortened range) The abdominal pal-
pation test has been described in Hides et al
(2000). The ideal position for tactile cues is medi-
ally and inferiorly to the anterior superior iliac
spines and lateral to the rectus abdominis. In this
region, the transversus abdominis is overlaid by
the internus obliquus abdominis. The thumbs or
middle three fingers are used to sink gently but
deeply into the abdominal wall (Fig. 14.7). Either
the clinician or the patient can use the technique.
This position cues the patient to the lower
abdomen. With a correct contraction of the trans-
versus abdominis, the clinician feels a slowly
developing deep tension in the abdominal wall
(Fig. 14.8a,b). With an incorrect action, the clin-
ician may find one of three conditions on palpa-
tion. First, there may be no activity. Second, a
dominance or substitution by the oblique abdomi-
nals may occur, which can be detected via a rapid
development of tension in the abdominal wall (a
superficial muscle contraction). Third, the palpat-
ing fingers are pushed out of the abdominal wall
by a bracingaction by the oblique abdominal mus-
cles and subsequent increase in intra-abdominal
pressure (Fig 14.8c). Alternatively, the clinician
can place his/her hands around the patient’s waist
during the contraction. With a correct pattern of
activation, the waistline will narrow. With an
incorrect pattern of activation, the waistline will
widen.

Another anomaly is palpation of an abnormal
left/right asymmetry in activation of the muscles
of the abdominal wall. This may be very subtle
and is usually perceived on palpation as increased

il ‘n,;i L' .:

Figure 14.7 Palpation during transversus abdominis
activation. (a) The hand position for palpation. (b) How to
feel if the correct contraction is occurring. (Schematic
representation reproduced with permission from
Northwater Publishing, Australia.)

activation of the oblique abdominal muscles (or
more bulging of the abdomen) on one side more
than the other.

Real-time ultrasound to test individual activ-
ation patterns of transversus abdominis isomet-
ric holding ability (in shortened range) The
ultrasound features of a correct pattern of activa-
tion of the transversus abdominis are described in
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Figure 14.8 An inside view of the palpatory cues. Ultrasound images of the abdominal wall in transverse section
(transducer placed anterolaterally). (a) Relaxed abdominal wall. Note the curved skin (S) line owing to the convex shape
of the transducer. (b) Abdominal wall following performance of the correct drawing-in action (palpation: deep tension
in the abdominal wall). On contraction of the transversus abdominis (TrA), the muscle increases in depth (1) and
tensions the fascia, which attaches to rectus abdominis (*). There is little change in the superficial muscles (obliquus
externus abdominis (OE) and obliquus internus abdominis (Ol)). On palpation, deep tension is felt in the abdominal wall
as the TrA pulls the lower abdomen in. (c) Abdominal wall following incorrect performance of drawing-in action
(palpation: pushing-out action of the abdominal wall). Note the increased depth of the OE, Ol and TrA (1) as the isolated
activation of the TrA is lost. The distance from the superior border of the OE to the skin is decreased as the patient
pushes out (*). On palpation, the fingers are pushed outwards. AC, abdominal contents; L, lateral; M, medial; ST,
subcutaneous tissue.
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detail in Chapter 5. A key feature of the correct
pattern of activation is that the contraction can be
performed in a slow, smooth and controlled man-
ner. The key elements of dysfunction are that all
three muscles of the anterolateral abdominal wall
thicken and contract, but the contraction of the
transversus abdominis does not tension the ante-
rior fascia, and the transversus abdominis does
not wrap around the waistline (corset action) (see
Fig. 5.5, p. 83). If the control of the activation is
poor, the quality of the contraction may be seen to
be fast and more erratic in nature.

Holding time It should be possible to hold this
contraction of the synergy through drawing in the
lower abdominal wall while normal breathing is
maintained for at least 10 seconds, without phasic
erratic contractions occurring. If it is difficult for a
patient to breathe in this manner, and he or she
substitutes rapid and shallow upper chest breath-
ing, it should be noted, as this gives an indication
of how well the patient can perform the test.
Ideally, the contraction of the muscle should be
held with minimal volitional effortand with main-
tenance of normal respiration. If the patient per-
forms the test poorly, there is no point holding
the contraction. At the completion of the test, the
contraction should be released in a slow and con-
trolled manner. If the patient performs the muscle
test poorly, the clinician may reinstruct the patient
and retest to check that the result was accurate
and not just caused by a failure to understand
what was required. However, the clinician should
bear in mind that fatigue has a significant influ-
ence on the contraction of the transversus abdo-
minis and many patients may not be able to hold
for the 10 seconds. Record the number of seconds
achieved.

Substitution (i.e. excessive activation) of the
global (non-weightbearing) muscles during this
low-load testing procedure It should be possi-
ble to achieve the contraction of the local synergy
with minimal contribution (i.e. without domina-
tion) of the other, more superficial muscles of the
abdominal wall. EMG has been used to assess the
accompanying contraction of the oblique abdomi-
nal muscles during the transversus abdominis
muscle test. It was shown that the contraction of
the oblique abdominal muscles during the test

was less than 15% of their maximal voluntary
contraction (Richardson et al 2002). EMG can,
therefore, be used in conjunction with the supine
test to quantify the activation of the superficial
muscles.

Testing the segmental lumbar multifidus

This test assesses the ability to perform an isomet-
ric multifidus contraction (check if deep fibres are
activated at each lumbar level) in co-contraction
with transversus abdominis.

Testing the segmental lumbar multifidus in the
prone position

Screening assessments of the segmental lumbar
multifidus are difficult for unskilled testers, as
they rely on sensitive palpation or use of real-time
ultrasound. However, the experienced clinician
can make a clinical judgement through palpation
of the muscle contraction at the segmental level.
The clinical assessment of the lumbar multifidus is
conducted in the prone position, as in the abdom-
inal drawing-in test. While it would be expected
that the lumbar multifidus would contract together
with the transversus abdominis in the prone pos-
ition test, specific commands and techniques are
used to improve the focus of the clinician and
patient on the lumbar multifidus, in order to test
its activation and tonic holding ability separately
at each segmental level.

Assessment of the lumbar multifidus begins
with palpation of the muscle at each segment, with
the patient relaxed and in the prone position (Fig.
14.9). The muscle is palpated adjacent to the spin-
ous process and a side-to-side comparison is made
at each lumbar level; in addition, a comparison is
made of the segments above and below. The clin-
ician feels for any loss in muscle consistency at the
segment; this is in line with the segmental inhib-
ition at the symptomatic segment detected by
Hides et al (1996) in their study of patients with
acute/subacute low back pain, and localised seg-
mental multifidus atrophy in chronic low back pain
(Danneels et al 2001, S. Kelley et al 2003 unpublished
data, T. Wallwork et al 2003 unpublished data). If
the clinician has access to ultrasound imaging, the
consistency of the multifidus can be examined
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Figure 14.9 Palpation for muscle consistency of the multifidus muscle at each vertebral level. (a) The hand position
for palpation. (b) Palpating feels for differences between sides and between vertebral levels. (Schematic representation
reproduced with permission from Northwater Publishing, Australia.)

segmentally. The multifidus usually appears black
on ultrasound imaging because of its excellent per-
fusion. When fibrous changes, scar tissue or fatty
infiltration are present, the multifidus at that seg-
ment will appear whiter (increased echogenicity) or
have patchy changes. The clinician can scan each
segment of the multifidus and then compare this
visual inspection with palpation findings. Com-
puted tomography and magnetic resonance imag-
ing (MRI) can similarly be used to assess segmental
changes in consistency, and the scans can be shown
to the patient (see Ch. 11).

For stabilization and joint protection, it is the
activation of the deep multifidus fascicles that
particularly needs to be tested. They contract iso-
metrically and segmentally and do not generate
movement of the spine as they are close to the
centre of rotation of the lumbar segments. The
superficial multifidus fibres contribute to spinal
extension. Therefore, to test the stabilization and
protection role of the multifidus, rather than its
torque-producing role, an isometric, segmental
contraction test has been developed. Furthermore,
testing the multifidus in an inner range, antigrav-
ity contraction into inner range of extension of the
lumbar spine, is inappropriate as, apart from this
not being commensurate with its stabilization role,
it would be impossible to differentiate the activity
of the multifidus from the other muscles that pro-
duce extension of the lumbar spine.

The test of the specific activation of the lumbar
multifidus at the segmental level can be considered
as a specific motor skill. Recent research has con-
firmed the clinical finding that isometric contrac-
tion of the multifidus should occur ateach vertebral
level (Van et al 2003 unpublished data, T. Wallwork
et al 2003 unpublished data), that subjects with a
history of low back pain are less able to activate the
segmental muscle than control subjects, and that
the loss of multifidus activation is a segmental
response (T. Wallwork et al 2003 unpublished data).
As indicated, the prone position test is used to per-
form the muscle activation test.

This test measures the ability of the patient to
activate the segmental multifidus in response to
the command ‘Gently swell out your muscles under
my fingers without moving your spine or pelvis.
Hold the contraction while breathing normally’
(Fig. 14.10). There is no focus by the subject on the
individual muscle actions, only on the tester’s fin-
gers gently compressing the muscle at a local seg-
mental level and the instruction to swell out
without spinal or pelvic movement. A variety of
hand positions can be used to perform the test.
The clinician can use the thumbs, the index or
middle fingers of each hand, or the thumb and
index fingers of one hand to palpate each segmen-
tal level. The fingers are gently but firmly sunk
into the muscle belly in preparation for the test
(Fig. 14.11), but it is important for the clinician to
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Figure 14.10 Activation of the multifidus muscle. (a) The relaxed muscle in transverse section. (b) The swelling out
action of the multifidus; it is constrained within its own fascia. (Reproduced with permission from Northwater

Publishing, Australia.)
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Figure 14.11

Palpation for the contraction of the right and left muscles at each segment of the lumbar multifidus.

(a) The hand position for palpation. (b) Palpating feels for differences between sides and between vertebral levels.
(Schematic representation reproduced with permission from Northwater Publishing, Australia.)

release the pressure gently as the patient contracts
the muscle, otherwise, the compressive force could
inhibit the contraction.

As for the test of the transversus abdominis
corset action, the subject is asked to breathe in,
then out and to hold the breath out. The patientis
instructed to swell out the muscle gently and
slowly into the fingers, and then to resume normal
breathing. The clinician concentrates on feeling
for a deep development of tension in the muscle,
which indicates the activation of multifidus at that
segment. The patient’s ability to hold the contrac-
tion indicates the muscle’s tonic holding capacity.

An inability to activate the segmental multi-
fidus is indicated by palpating no or little muscle

tension development under the fingers. A rapid
and superficial development of tension is unsatis-
factory, and indicates that either the patient is
using only the superficial fibres in an extension
action or the clinician is palpating the stiffness in
the long tendons of the thoracic portion of erector
spinae, which traverse the area. If the patient uses
the superficial multifidus fibres, this may cause an
anterior pelvic tilt. Often, the patient may remark
that this action is painful. Of all of the substitution
strategies, this is perhaps the most concerning.
The correct activation should not induce pain. The
action of the thoracic erector spinae muscles instead
of lumbar multifidus may also be observed directly
by changes in the shape of the muscle bellies in
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the thoracic region. Alternatively, the amount of
unnecessary muscle activity in these global mus-
cles during the testing manoeuvre can be moni-
tored using EMG. The other common strategy that
the patient may use to simulate the correct action
is a posterior pelvic tilt, in an attempt to push the
muscle back into the clinician’s fingers.

The clinical assessment of the segmental lum-
bar multifidus is, therefore, made by the tester pal-
pating the multifidus activation at each lumbar
level, including whether a controlled tonic hold
can be achieved. More objective evidence can be
obtained through the use of real-time ultrasound
imaging as the patient attempts the testing man-
oeuvre (Hides et al 1996b). The depth of the
multifidus changes during the isometric holding
contraction, and this can be viewed using real-
time ultrasound images (Van et al 2003 unpub-
lished data, T. Wallwork et al 2003 unpublished
data). Repeatability and reliability of the measure
have been demonstrated (Van et al 2003 unpub-
lished data, T. Wallwork et al 2003 unpublished
data). Figure 14.12 illustrates a longitudinal section
of the multifidus at the L5 level when in a relaxed
state (Fig. 14.12a) and when the muscle has con-
tracted isometrically (Fig. 14.12b). An increase in
depth of the muscle can be observed; this is the
contraction measured by palpation of the segmen-
tallevels of the multifidus by the clinician. During
the test for segmental activation of the multifidus,
the anterior abdominal wall can also be palpated.
If bulging of the abdominal wall is palpated and
the flexors have contracted, this would indicate
that the patient is trying to overcome an extension
moment in order to keep the spine in a static pos-
ition. In other words the abdominals are contract-
ing in order to overcome the extension moment of
the more superficial fibres of multifidus and the
erector spinae.

Relationship between clinical tests and other
measures

Real-time ultrasound imaging has been used to
confirm both the palpation and the activation tests
for the multifidus. Imaging has been conducted
formally for patients with acute/subacute low
back pain (Hides et al 1994, 1998, 2001) and for
those with chronic low back pain (T. Wallwork

et al 2000 unpublished data). In the former group,
the changes in the muscle are specific to the
affected vertebral level and to the symptomatic
side in unilateral pain (Hides et al 1994, 1998). This
localized response in the multifidus has been
demonstrated using real-time ultrasound imaging
and confirmed using MRI (Hides et al 1995).
Furthermore, in 26 patients with acute/subacute
low back pain, joints were examined manually to
determine if the most affected vertebral level (as
assessed by a blinded examiner) corresponded
with the location of the changes in size of the mul-
tifidus. The results of the two independent tests
corresponded in 24 of 26 (Hides et al 1994). In
patients with chronic low back pain, palpation
correlated well with decreased cross-sectional area
and decreased activation of the segmental multi-
fidus, when performed by three blinded assessors
(T. Wallwork et al 2003 unpublished data). The
change in depth of the multifidus muscle, which
the clinician palpates as a deep tensioning in the
muscle, can be seen in the parasagittal section of
the multifidus. The change in depth of the muscle
from therelaxed to the contracted state can be seen
in Figure 14.12. Interestingly, the closest correl-
ation was between clinical assessment of atrophy
or clinical assessment of multifidus activation and
activation testing on ultrasound. Cross-sectional
area measurements may, in fact, represent changes
over several past episodes of low back pain; for
example, if the pain is on the right side at present
but has previously been in the left side, atrophy
may be present on both sides of the spine at the
affected vertebral level. However, if the pain is
currently on theright side, both the activation test-
ing on ultrasound and the clinical testing of acti-
vation were closely correlated. This is a positive
finding in that activation testing on ultrasound
and clinical assessment are probably more reflect-
ive of the presenting signs and symptoms at the
time of assessment than cross-sectional area meas-
urements, which may reflect evidence of atrophy
from previous episodes of low back pain.

Various patterns are emerging in the nature of
multifidus muscle dysfunction in different patient
groups, which we have been able to view usingreal-
time ultrasound imaging. Patients with acute low
back pain commonly seem unable to activate the
multifidus at the affected vertebral level. Patients
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(b)

L3-L4

L3-L4

Figure 14.12 Ultrasound images of the lumbar multifidus in longitudinal section: (a) relaxed state; (b) after isometric
contraction. The line AB represents the depth of the muscle from its superior aspect to the superior aspect of the L4-L5
zygapophyseal joint. In the relaxed state (a) this is 2.37 cm; on contraction (b) this depth increases to 2.73 cm. S, skin;
ST subcutaneous tissue. The multifidus fibres run in the direction of the arrow (<3).

with chronic low back pain exhibit different pat-
terns. Some are unable to activate the multifidus,
while others may perform quick, phasic contrac-
tions that are poorly controlled. Often there is a pre-
dominance of activity in the superficial fibres of the
multifidus. With practice, the palpation test can be
used by the clinician to detect these differences.

CLINICAL PROBLEM SOLVING AND
IMPLICATIONS OF THE TEST RESULTS

Clinical examination and research have revealed
that patients with low back pain are unable to per-
form an isometric continuous co-contraction of the
transversus abdominis and the lumbar multifidus

independently of the action of the global muscles.
There is a process of clinical problem solving that is
undertaken in preparation for prescribing the exer-
cise and facilitation strategies, a process that must
continue throughout the whole rehabilitation
period. The individual nature and extent of the
global muscle overactivity, detected as unwanted
global muscle activity during attempts to perform
the skill, directs the selection of the most expedient
treatment for the individual patient.

The clinical presentation of the patient with low
back pain, in terms of muscle dysfunction, seems
to fall into a continuum. At one end of the con-
tinuum is the patient with lack of control in muscles
of the local system but minimum compensation by
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the global muscles. In fact, these patients may
exhibit lack of strength and endurance of their
antigravity and even global muscles. At the other
end is the patient with low back pain with lack of
control in muscles of the local muscle system, and
maximum compensation and overactivity in the
global muscle system. The presentation of most
patients with low back pain probably lies some-
where in between these two extremes. Clinical
practice suggests that patients with maximal com-
pensation in the global muscle system offer the
greater challenge to the therapeutic skills of the
practitioner, as these patients appear to have
greater problems.

In approaching treatment, the clinician must
answer two basic questions.

1. Doesthe patient present with unwanted global
muscle activity?
2. If so, which muscles are problematic?

These questions need to be answered in order to
institute best-practice therapeutic exercise. For
patients without unwanted overactivity in the
global muscles, the clinician can simply choose
the best ways of activating the local muscle sys-
tem before progression onto the next stage of
rehabilitation. However, in patients with unwanted
global muscle overactivity, the clinician must
choose strategies that simultaneously reduce the
unwanted global muscle activity while activating
the co-contraction in the local muscles for spinal
segmental support. To this end, the clinician must
undertake an additional process to analyze the
nature and extent of the unwanted global muscle
activity. Elements of this process for recognition of
individual presentations is described separately
and in some detail in this text. Once the clinician
becomes skilled, the process is not time consum-
ing, as the analysis and treatment proceed together.

Signs of unwanted global muscle
activation

Careful analytical observation of the trunk
manoeuvres can give an indication of any marked
substitution by the global muscles, and these
observations can be made either during the tests
or on other occasions of convenience where the

abdominal wall can be viewed in its entirety. The
most commonly overactive global muscles identi-
fied to date that substitute for the transversus abdo-
minis and lumbar multifidus are the obliquus
externus abdominis and obliquus internus abdo-
minis. The rectus abdominis and thoracic portions
of the erector spinae may also present problems.
The following discussion is not exhaustive and the
clinician should be aware that other unique strate-
gies may present in an individual patient and should
be corrected. Substitution can be detected by
observing aberrant trunk movements and contours,
by palpation and by surface electromyography.

Spinal movement

[t must be noted that the specific co-contraction of
the transversus abdominis and deep portions of
the lumbar multifidus does not produce spinal
movement.

Contraction of the obliquus externus abdo-
minis, obliquus abdominis internus and rectus
abdominis may produce backward pelvic tilting
and flexion of the trunk. In the prone position test,
any observed slight flexion of the thoracolumbar
and lumbopelvic area could be caused by the
action of these muscles instead of the transversus
abdominis. The movement at the thoracolumbar
junction is often very subtle, and palpating for
movement is a useful adjunct to observation. In
addition, a quite rapid reduction in pressure (as
indicated by the pressure biofeedback unit; see
Appendix at the end of this chapter) during the
test could signal flexion of the spine and indicate a
dominance in these muscles.

A slight backward pelvic tilting action can be
substituted for the correct swelling-out action dur-
ing the isometric test of the segmental lumbar
multifidus. This is the most common substitution
seen clinically. The patient attempts to push too
hard posteriorly and flexes the lumbar spine.
Another substitution strategy involves a slight
anterior pelvic tilt at the lumbosacral junction.
This occurs when the patient predominantly uses
the more superficial multifidus fibres in the con-
traction, causing the spine to extend. Patients
often report this type of contraction to be painful.
Maximal contraction of all the multifidus fascicles
in concert with the lumbar erector spinae muscles



can generate an anterior shearing force at the lum-
bosacral junction (Bogduk et al 1992b). Even
though the contraction is not maximal in the test
attempt, this substitution must be detected. If the
patient performs the lumbar multifidus contrac-
tion incorrectly, too vigorously and without co-
activation of the transversus abdominis, there is a
potential to aggravate the patient’s pain.

The rib cage

Further indications of substitution strategies can be
gained by observing the movement of the rib cage
during the abdominal drawing-in action with the
patient in a standing or supine crook-lying position.
The muscle fibres of the obliquus externus abdo-
minis originate from the external surface of the
lower ribs, unlike those of the transversus abdo-
minis, which originate from the internal surface.
Contraction of the anteromedial fibres of the
obliquus externus abdominis produces a downward
and inward movement of the rib cage, which is
observed as a subtle depression in its ventral aspect.

The abdominal wall

Observation of the entire abdominal wall during
the contraction can also give a good indication of
any predominance of the obliquus externus abdo-
minis and obliquus internus abdominis. When
teaching the abdominal drawing-in action in the
four-point kneeling position, in the prone test or in
other positions such as supine crook lying or
standing, dominant activity in the obliquus exter-
nus abdominis can be observed when movement
of the abdominal wall is initiated or predominates
in the upper quadrants rather than the lower
quadrants below the navel. The formation of a
transverse fold in the upper abdomen is another
indication of an overactive obliquus externus
abdominis, and contraction of the muscle fibres at
their origin on the rib cage may be observed
(Fig. 14.13). Another sign that the obliquus exter-
nus abdominis may be overactive is an increase
in the lateral diameter of the abdominal wall
commensurate with a subtle abdominal bracing
manoeuvre, and this can be identified by palpa-
tion of the lateral abdominal wall bilaterally
during the performance of the contraction. In
addition, tightness in longitudinally directed

fibres in the anterolateral abdomen on palpation is
a common sign of obliquus externus abdominis
substitution. It can also be useful to palpate over
the muscle fibres of the rectus abdominis anteri-
orly during the performance of the contraction in
order to assess any contribution of this muscle to
the drawing-in action, which may be subtle.

Breathing pattern

We have observed clinically that the breathing pat-
tern can be altered in patients with chronic low
back pain. The oblique abdominals are sometimes
active during both inspiration and expiration.
These muscles should normally be relaxed during
the breathing cycle, except during forced expir-
ation (DeTroyer et al 1990, Hodges et al 1997b).
Clinically, overactivity of the oblique abdominal
muscles may cause depression of the ribcage and
flexion through the thoracolumbar junction.

Recent research has confirmed a difference in
rib cage mobility in patients with chronic low back
pain and poor control of the transversus abdominis
(Scott and Deeg 2003 unpublished data). The
excursion of the ribcage was measured (6 degrees
of freedom) in patients with chronic low back pain
and control subjects without a history of low back
pain. Exclusion criteria for the patients with low
back pain included previous surgery, thoracic
spine abnormalities, history of pulmonary disease
or a musical background that would have
involved training of diaphragmatic control. It was
confirmed using ultrasound imaging that subjects
with low back pain had poor control of the trans-
versus abdominis. Results showed that lateral
excursion of the rib cage was significantly decreased
in the patients with low back pain compared with
the control subjects (p < 0.05). These research find-
ings support our clinical observations that patients
with low back pain find it difficult to activate the
transversus abdominis appropriately if the oblique
abdominal muscles are active during the breath-
ing cycle. Further ongoing research using ultra-
sound imaging on the diaphragm and surface EMG
of the oblique abdominals will help to explain the
mechanism involved.

On a clinical note, it is important when teaching
patients to breathe in, and then out, hold the
breath out and draw in the abdominal wall, that
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Figure 14.13 Contraction of the abdomen. (a) The relaxed state. {b) Dominant contraction of the obliquus externus
abdominis is indicated by a transverse fold or skin crease just superior to the umbilicus.

they do not force the air out in the expiratory
phase. If they do this, they will activate the trans-
versus abdominis and oblique abdominal muscles
together in their forced expiratory role, and they
will then be unable to perform the required con-
traction of the transversus abdominis. We have
also observed that some patients with low back
pain are able to draw in their abdominal wall suc-
cessfully but are then unable to maintain the con-
traction once they try to resume breathing. It,
therefore, seems important to try to establish a
diaphragmatic pattern of breathing and to decrease
activity in the oblique abdominal muscles before
attempting to train the patient in activation of the
muscles of the local muscle synergy. An altered
breathing pattern seems to be an indicator of
patients who will be more difficult to facilitate and
train. Perhaps this is because the control of at least
two of the four synergy muscles is disturbed
(diaphragm and transversus abdominis), with

the additional complication of overactivity of the
global muscles. Ultimately, patients should be
able to integrate the stability and respiratory func-
tions of the diaphragm, in that they should be able
to stabilize the spine in the presence of normal
respiration.

Unwanted activity in the back extensors

An increase in activity of the thoracic portions of
the erector spinae, observed in prone lying or
standing in either the abdominal drawing-in test or
the test of isometric segmental lumbar multifidus
contraction, can be another sign of muscle substi-
tution. The presence of this contraction with the
obliquus externus abdominis, obliquus internus
abdominis and rectus abdominis may be observed
as a global co-contraction pattern in patients with
low back pain. This pattern demands a lot of
energy from the patient and is inefficient.
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It is important to consider the effects of over-
activity of the global muscles on spinal orientation.
It appears that the response of the spine is to buckle
at vulnerable points. For example, if the oblique
abdominal muscles are overactive, the patient with
low back pain will remain upright but will flex at
the thoracolumbar junction. This deviation from
the correct alignment of the spinal curves in the
upright position may affect the ability of the spine
to distribute loads effectively. The relevance for the
clinician is that the clinician must be able to observe
the deviations from the normal alignment owing
to overactivity of the global muscles. This will help
in retraining; ultimately these deviations should
change in response to treatment, unlike changes in
spinal alignment owing to spinal pathology.

This relationship is similarly important in the
presence of spinal pathology, as this will affect the
clinician’s predictions of outcomes from interven-
tion. A good example is the patient with low back
pain with Scheuermann'’s disease. A fixed thoracic
spine will have enormous impact on control of the
lumbar intervertebral segments. For example, the
patient with limited mobility of the thoracic spine
may compensate by increasing their motion of the
lumbar spine. If this patient then suffers low back
pain, the aim of intervention may be to increase
segmental control of the spinal segments, com-
monly the lumbosacral junction. There are two
important clinical considerations in this case. First,
even if good segmental control at the lumbosacral
junction is achieved, this may not be enough to
alleviate the patient’'s symptoms if too much
movement is imposed on this level to compensate
for the deficiency and lack of normal movement at
the thoracic spine. Second, any small amount of
increase in motion that can be achieved at thoracic
spine level will have a big effect in reducing load
and strain on the lumbar spine. This, in combina-
tion with activation of the local stabilizing mus-
cles, would be the first step in rehabilitation.

Summary

In summary, recognition of physical signs of
unwanted global muscle activity signals to the clin-
ician which postures, movements and instructions
to avoid during the facilitation and training of the
deep muscle activation.

Rehabilitation of the joint protection
mechanisms

Strategies are presented here that will minimize
the non-weightbearing global muscles of the trunk
while facilitating the local muscle synergy. This
means activating without allowing the substitu-
tions of the global synergists, which occurred in
the testing procedures.

For normal function, the transversus abdo-
minis, the deep fibres of the lumbar multifidus,
the diaphragm and the pelvic floor must be modu-
lated continuously to control the lumbopelvic
region independently of the contractions of the
global muscles, which produce the trunk and
pelvic movements. The first step is to give formal
exercises to train the patient to contract the deep
muscles cognitively and to ensure that the muscles
of the local synergy can contract independently of
the global muscles. To allow the patient to learn
the correct deep muscle activation skill as effi-
ciently as possible, the most suitable instructions,
body positions and techniques of facilitation are
chosen for the individual patient.

Instructions and teaching cues

The patient must be provided with a clear explan-
ation of the nature of muscle activity required for
joint support, the need for particular muscles to be
performing this task and, therefore, the precision
required in training. Since the level of contraction
required is minimal in comparison with the con-
ventional images of exercise for strength training
or cardiovascular fitness, it is necessary continu-
ally to impress on the patient concepts of motor
control and skill training. An explanation of the
need to change the way the brain is using the
muscle rather than increasing the muscle strength
is helpful. A description of the effort required in
the muscle to support the joints (e.g. less than
10-15% of maximum effort) helps to convey the
aims of precision and control of muscle activity
and the need for endurance.

The other major system that requires some form
of explanation for the patient is the gamma sys-
tem. This can be put into relatively simple terms if
it is described as ‘muscle tone’. It can be explained
to the patient that we want to optimize the ‘muscle
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tone of their lumbopelvic corset”. “Tone’ is also a
good word to use, as most patients would accept
and understand why the exercises are very differ-
ent from strengthening exercises, and why low-
level continuous activation of these muscles is
important. It is, in fact, the neurophysiology that is
the critical element, and the sensitivity of the
gamma system is one aspect we are aiming to
alter. Further explanation could include that the
system which controls these muscles is fragile, and
that the same patterns of loss of control of the tonic
muscles are seen in injury, immobilization and
deloading situations.

The use of diagrams and models is effective at
this stage. A demonstration by the clinician of the
correct contraction of the transversus abdominis
and lumbar multifidus, with the patient observing
or palpating the correct action is also very useful.
The patient then perceives from the outset the
subtlety and precise nature of the contractions
involved. The sequence used in the testing pro-
cedure is still followed in training: the patient
takes in a relaxed breath, breathes out gently,
ceases breathing while he or she attempts to acti-
vate the deep muscles, and then resumes a relaxed
breathing pattern while holding the contraction. It
is a matter of trial and error to find the instruction
that correctly cues the patient.

Tactile cues assist in teaching the isometric con-
traction of the lumbar multifidus at the segmental
level. This can be provided by the clinician or
patient (Fig. 14.14). Care should be taken to sink
the thumb and /or fingers gently but firmly deeply
into the muscle bellies adjacent to the spinous
process in order to facilitate the contraction. This is
similar to the testing procedure. Accurate feedback
on correct performance can be gained by feeling a
deep and slowly generated tension developing
under the fingers as the muscle swells out in
response to the resistance. Feeling a rapid or super-
ficial contraction may indicate either contraction of
the longer superficial fibres of the multifidus or
tension in the tendinous portion of the thoracic
erector spinae, which span the lumbar area.

Tactile cues and use of palpation skills for teach-
ing and training the contraction of transversus
abdominis are very useful and have been
described in the testing procedures. The breathing
procedures that were instigated prior to testing are

also important for rehabilitation strategies. This is
because the action of the transversus abdominis
can also be mimicked by sucking in the abdominal
wall and reducing theintrathoracic pressure with-
out contracting the transversus abdominis. When
a deep breath is takenby increasing the lateral diam-
eter of the rib cage or by increasing the upper chest
volume through the use of theaccessory respiratory
muscles (e.g. the scalenes and sternocleidomas-
toid), the volume of the thorax is increased. This
has the potential to elevate the diaphragm, in
addition to producing inward movement of air.
The consequence of this upward diaphragm
movement is inward movement of the abdominal
wall, giving the appearance of contraction of
transversus abdominis (Fig. 14.15). Since the
abdominal wall movement is performed pas-
sively, no palpable contraction or tightening of any
muscle of the abdominal wall will be perceived.

Body position

Because of the orientation and mechanics of the
muscle fibres of the transversus abdominis and, in
particular, the deep fibres of the multifidus, the
actions of these muscles are independent of spinal
posture and their length-tension relationship is
not affected by spinal position (McGill 1991). This
could imply that, for patients with back pain, any
spinal or lumbopelvic posture could theoretically
be chosen to teach and train the muscle contrac-
tions in the first instance. However, in reality, there
are sound reasons why rehabilitation should be
commenced in a non-weightbearing position. For
this exercise approach, the deep local muscle syn-
ergy must be activated in preparation for weight-
bearing. The biomechanical model of Snijders et al
(1995) predicts that the action of the transverse
fibres of pelvic muscles such as transversus abdo-
minis stiffen the sacro-iliac joints (i.e. force clos-
ure) and stabilize the pelvis. While one of the key
functions of these transverse muscles is most likely
the control of weightbearing through the lum-
bopelvic region, the biomechanical model predicts
that this horizontal force is independent of the
gravitational load. Therefore, training in non-
weightbearing prior to weightbearing is likely to
be an advantage when specific training of the
lumbopelvic stability mechanism is required, and
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Figure 14.14 Two hand positions for tactile facilitation of the segmental lumbar multifidus.
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Figure 14.15 A substitution strategy for the abdominal drawing-in action. (a) A relaxed abdominal wall. (b) The action
of the transversus abdominis is mimicked by sucking in the abdominal wall.

retraining should occur before the forces of gravity ~ positions allow the global muscles to minimize
are imposed. their activity by decreasing their role in supporting

Another key reason why a non-weightbearing  the body against gravity. It may, therefore, allow
position is chosen in the initial instance is that these ~ relaxation of the global muscles if overactivity is
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present, and it will be easier to facilitate independ-
ent activation of the muscles of the local synergy.
Various options are available, including side lying,
supine crook lying, prone lying, three-quarters
from prone lying and high-supported sitting.

The one exception to this rule is training or
re-education of the lumbar lordosis in the sitting
position. Although described later in this chapter
(see progression to sitting and standing positions),
patients will commonly spend a great deal of their
day in the sitting position, especially those who
work on computers. For this reason, discussion of
spinal position, passive supports and control of the
lordosis using the multifidus may be conducted con-
currently with the rest of the facilitation strategies
described here. The neutral spine position is facila-
tory in itself for the multifidus muscle, and another
advantage of initiating this aspect early is that it
will help the patients with poor proprioception and
kinaesthetic sense to be able to start to activate the
multifidus in a slightly easier, less-specific way.

The choice of initial position for facilitation is by
trial and error. It is based on controlling factors
that could otherwise be detrimental to perform-
ance (e.g. unwanted global muscle activity) or,
conversely, helpful to the patient to achieve the
local muscle action. Body positioning alters the
load on the spinal structures. The patient should
be pain free in the position chosen, as pain during
the muscle activation strategy may invoke muscle
inhibition. The effects of gravity combined with
the weight of the abdominal contents (e.g. in side
lying) mightbe useful in providing a stretch stimu-
lus to transversus abdominis activation. Side lying
is also a position in which the lumbar spine can be
positioned in neutral. Control of spinal position
may be crucial for activation of the local muscles.
The study of Williams et al (2000) placed the lum-
bar spines of cats into moderate sustained flexion
and recorded the multifidus with intramuscular
EMG. Prolonged flexion of the lumbar spine
resulted in tension-relaxation and laxity of the
multifidus viscoelastic structures and loss of pro-
tective reflexive muscular activity within 3 min-
utes, followed by spasms in the multifidus and
other posterior muscles that could be detected by
EMG. Although performed on cats, this study
holds implications for humans. It is important to
train the co-contraction of transversus abdominis

and multifidus in positions where the lumbar
spine position can be controlled. Non-weightbearing
postures allow this to occur more easily. The posi-
tion chosen must also help to promote good and
relaxed breathing patterns. The side lying or three-
quarters prone position may also be useful for the
facilitation of the lumbar multifidus. In this posi-
tion, the patient may be able to relax the thoracic
components of the erector spinae muscles. All cli-
nicians can probably relate to the situation in
prone lying where they are unable to palpate the
segments of the multifidus. This has erroneously
been mistaken in the past for multifidus spasm. If
the patient is positioned in side lying or three-
quarters from prone lying, this will often relax the
thoracic components of the erector spinae and take
the tension off the thoracolumbar fascia. This will
allow palpation of the segmental multifidus, veri-
fying that spasm in the multifidus is not the cause.

Facilitation through activation of individual
muscles of the synergy

When a patient is unable to activate the transver-
sus abdominis or segmental lumbar multifidus
correctly with a simple instruction of the required
action, or if the patient is having difficulty control-
ling a substitution strategy, the next step is to facili-
tate this contraction. The key to facilitation of
transversus abdominis and lumbar multifidus con-
traction is careful teaching of the actions, with spe-
cific attention to the correction of compensations.
If a substitution is allowed to persist, then the cor-
rect activation of the transversus abdominis or
lumbar multifidus will not be achieved, and train-
ing of the optimal strategy for trunk control will
not occur at the same rate or with the same suc-
cess. There are several techniques that can be used
to assist with this activation and the correction of
substitutions. These techniques are based on prin-
ciples of motor control and neuromuscular physi-
ology and represent the culmination of various
research projects and clinical expertise. The prin-
ciple of these techniques is essentially to allow the
patient to achieve the best possible contraction in
the early stages. As soon as possible, the clinician
should aim to have the patient gain cognitive con-
trol of the transversus abdominis and lumbar mul-
tifidus without needing to rely on any facilitation
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technique. Thus, facilitation provides an intermedi-
ate but essential step in the path to achieving
cognitive control. As with any manual therapy
technique, a high level of skill and precision is
required by the clinician to master these facilita-
tion techniques, and the clinician must be willing
to practise the techniques in order to gain profi-
ciency in their use.

The patient needs to gain a perception of the
contraction prior to performing precise repetitions
of the action. In the beginning, most patients
cannot perceive or appreciate the deep muscle
contraction and require facilitation. While the out-
come is to facilitate the co-activation of the syn-
ergy muscles, strategies often focus the patient’s
attention to particular elements for easier learn-
ing. There are several facilitation techniques that
have been demonstrated to be useful clinically in
treating patients with back pain. The clinician
must appreciate that treatment needs to be tai-
lored to the individual patient in order to find the
strategy (or strategies) to which the patient best
responds.

Four key muscle groups work in synergy: the
transversus abdominis, lumbar multifidus, the
pelvic floor and diaphragm (see Chs 2—4). An
explanation to patients of the cylinder-like effect
that these muscles have in their supporting role
in the lumbopelvic region helps them to understand
the use and interplay of the activation of these
muscles in facilitatory strategies (see Chs 2 and 3).
In fact, any one of the four muscles can be used to
help to facilitate another.

Transversus abdominis and lumbar multifidus
The co-activation of the transversus abdominis
and the lumbar multifidus can be utilized quite
successfully in facilitation. If the patient cogni-
tively achieves the contraction of either the trans-
versus abdominis or the lumbar multifidus more
readily, then the successful muscle contraction can
be used to facilitate the other one. Very simply, if
the patient cannot consciously activate the trans-
versus abdominis, then the clinician tries to
achieve activation through facilitation of the lum-
bar multifidus or, conversely, focuses on the
activation of transversus abdominis to facilitate
lumbar multifidus. Logically, the contraction of
the primary muscle must be performed well to

achieve the desired result. For example, a phasic
and poorly executed multifidus contraction may
result in co-activation of the oblique abdominal
muscles rather than the transversus abdominis.
The clinician may need to experiment with patient
position to find the ideal combination for the indi-
vidual patient.

Pelvic floor Use of contraction of the muscles of
the pelvic floor is one of the most effective meth-
ods of achieving activation of the transversus
abdominis. In order for the transversus abdominis
to contribute to stabilization of the spine, it is
essential for the contraction of the diaphragm and
pelvic floor muscles to occur concurrently in order
to maintain the abdominal contents within the
abdominal cavity. Research has shown that con-
traction of the pubococcygeus occurs concurrently
with that of the transversus abdominis, and activ-
ity of the pelvic floor changes the activity of the
transversus abdominis (Ch. 3). Several researchers
have also noted that contraction of the abdominal
muscles, in particular the transversus abdominis,
is associated with contraction of the pelvic floor
muscles in retraining the pelvic floor muscles for
the management of urinary stress incontinence
(Sapsford et al 1998). Other clinical evidence has
emerged of a relationship between transversus
abdominis and the pelvic floor. This has arisen
from claims from patients that their stress inconti-
nence problem has reduced following a course of
exercises for the transversus abdominis and, con-
versely, people managed for stress incontinence
reporting a reduced incidence of low back pain.
The use of contraction of the pelvic floor muscles
to facilitate contraction of the transversus abdo-
minis is particularly useful in patients who are
having difficulty understanding the movement
that is required to contract the transversus abdo-
minis. It is also a primary technique for those who
cannot relax their obliquus externus abdominis
and obliquus abdominis internus in the abdom-
inal drawing-in task.

Contraction of the pelvic floor can be utilized in
anumber of ways. It can be used either in isolation
without the addition of a cognitive transversus
abdominis contraction, or combined with a cognitive
contraction of the transversus abdominis or other
facilitation techniques. With the implementation
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of this facilitation strategy, it is important first to
teach an effective contraction of the pelvic floor
muscles. Many methods are available to do this,
although the principles of slow, gentle and low
effort of contraction should be employed. A clear
description of the anatomy as a muscular sling
between the tail bone and the front of the pelvis is
essential to assist the patient to visualize the con-
traction. The reader is referred to Sapsford et al
(1998) for a more detailed description of methods
of achieving contraction of the pelvic floor mus-
cles. The clinician is advised to use whatever tech-
niques they have within their competence and
they deem necessary to achieve the correct con-
traction.

Supine crook lying or side lying seem to be the
better positions for initial teaching of the pelvic
floor contraction, although the strategy can cer-
tainly be used later in standing or sitting. The clin-
ician and/or patient gently, but deeply, palpates
the lower quadrant of the abdomen. The sequence
used is identical to that described before, where
the patient takes in a relaxed breath, breathes out
gently and then draws the pelvic floor up slowly
and gently. It is important that the patient is
directed to contract the anterior aspect of the
pelvic floor to activate the pubococcygeus. It is
important that the patient does not contract the
posterior part of the pelvic floor and the puborec-
talis. This is achieved by instructing the patient to
slowly and gently draw up the anterior aspect of
the pelvic floor, as if stopping the flow of urine. It
is important that the subject does not feelany con-
traction around the back passage. The clinician
feels for the deep tension developing in the
abdominal wall as the transversus abdominis
co-activates with the pelvic floor. A rapidly devel-
oping or superficial tension in the abdominal wall
usually accompanies a fast or inadequate attempt
at contraction of the pelvic floor and signals sub-
stitution with the global muscles. The feedback
provided to the patient by self-palpation of the
abdominal wall can be quite potent towards their
understanding of the synergistic muscle facilita-
tion strategy.

With the aim of this stage of management being
to train transversus abdominis activation without
domination by the other global abdominal muscles,
activation via the pelvic floor alone is often sufficient

in the early stages of rehabilitation. This is so
whenthe obliquus externus abdominis and/or the
obliquus internus abdominis are overactive and
any attempt to extend the synergistic contraction
into the abdomen results in this global muscle
activity. As soon as possible, the patient is taught
to extend the contraction consciously up into the
lower abdomen and draw in the lower abdominal
wall. Self-monitoring with palpation for the
desired response in the abdominal wall is essential
in the learning process for cognitive control of the
transversus abdominis.

Conscious interplay between initiation of a
pelvic floor contraction followed by a gentle
reinforcement of the transversus abdominis con-
traction and then back to focus on the pelvic floor
can increase awareness of both muscles. If the
patient has trouble achieving a pelvic floor con-
traction, other methods with which the clinician is
familiar should be tried to assist with activation.

Pelvic floor contraction can also be used to
teach and facilitate an isometric contraction of the
segmental multifidus. It is particularly helpful
when the patient has a poor awareness of the mul-
tifidus muscle, the lumbar segment as well as the
desired muscle contraction. Facilitation can be
attempted in side or prone lying initially, or later
in standing. While the clinician palpates the tar-
geted vertebral level, the patient is asked to draw
up the pelvic floor slowly. A slow and gentle deep
tensioning of the multifidus muscle is the desired
response. The contraction should slowly build in
intensity and is, therefore, subtle to detect. If a
quick contraction is palpated, it is likely that con-
traction of the superficial fibres has occurred. The
subject should be encouraged to try again with
less effort. Ultrasound imaging may be used to
verify all of these patterns of activation.

Breathing patterns (diaphragm) The role of
transversus abdominis in the production of expi-
ration could theoretically be utilized to activate
the diaphragm. Ideally, the only possible way to
achieve isolation of the transversus abdominis
is during involuntary increases in expiration by
techniques such as by hyperoxic hypercapnia
(rebreathing carbon dioxide, DeTroyer et al 1990,
Wakai et al 1992) or by the provision of an inspira-
tory load, which produces an involuntary increase
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inexpiratory airflow (DeTroyer et al 1990, Hodges
et al 1997b). Both produce an involuntary and
selective increase in transversus abdominis activ-
ity during expiration to increase the expiratory air-
flow. However, it is observed in research and
clinical practice that all the abdominal muscles are
commonly activated with voluntary increases in
expiratory flow (DeTroyer et al 1990, Hodges et al
1997b), and a global pattern of activation is, there-
fore, the most likely outcome in the clinical situ-
ation. Future research may identify strategies that
use the contraction of the diaphragm to facilitate
directly transversus abdominis contraction. We
have observed clinically that relaxed breathing
can decrease global muscle activation, which, in
turn, can allow activation of a transversus abdo-
minis contraction.

Verbal and visual feedback

It is vital to provide adequate verbal and visual
feedback to the patient of their performance. In the
motor control literature, this principle is known as
the 'knowledge of performance’ and ‘knowledge
of results’ (Schmidt 1988). Studies have reported
reduced kinaesthetic acuity in people with low
back pain (Parkhurst and Burnett 1994), which
may compound learning problems. Irrespective of
whether or not the patient’s kinaesthetic sense
has been affected by the back injury, provision of
enhanced feedback appears to be a critical factor
required to achieve an isolated contraction of the
transversus abdominis and segmental lumbar
multifidus (Van et al 2003 unpublished data).
Direct visual feedback of the correct deep
muscle contraction through the use of real-time
ultrasound imaging is proving to be a very effective
form of feedback in both teaching and learning of
the action for the transversus abdominis and lum-
bar multifidus (Hides et al 1996b, Stokes et al 1997,
see Appendix to Ch 5, pp. 89-92). Imaging the mus-
cles in real-time gives a guarantee of the success,
or otherwise, of a particular facilitation strategy.
Opportunities exist for real-time ultrasound imag-
ing techniques to be developed and used for each
of the four deep muscles targeted in the rehabilita-
tion of lumbopelvic control. The diaphragm can
be imaged intercostally, a technique that has been
validated. Alternatively, the diaphragm has been

imaged subcostally on the right side of the body
through the liver. Diaphragmatic ascent and
descent can be observed and then monitored after
the patient draws in the transversus abdominis and
recommences normal respiration. Diaphragmatic
descent can also be observed when the other
muscles of the local synergy are activated. For the
pelvic floor, researchers have imaged the bladder
neck with the transducer placed translabially in
the female patient (Schaer et al 1995). The trans-
ducer is placed in the midline, in sagittal align-
ment, until the appropriate image is observed.
Measurements are taken from the symphysis pubis,
ideally in two planes, to measure both elevation of
the bladder neck in a cephalad direction and ven-
tral shift of the bladder neck. Movements can be
described as cranioventral displacement of the
bladder neck relative to the symphysis pubis on
pelvic floor muscle contraction and dorsocaudal
or posteroinferior displacement of the bladder
neck on straining. In addition, clinicians are also
currently reporting use of ultrasound imaging to
monitor pelvic floor activation with the transducer
placed suprapubically. This technique has been
investigated by Murphy et al (2001). Ultrasound
imaging of the pubocervical fascia was conducted
in transverse and sagittal planes during contrac-
tions of the pelvic floor, which was verified manu-
ally by digital vaginal palpation. Two ultrasound
units could thus be used to provide simultaneous
feedback of two muscles of the synergy.

The contraction of the transversus abdominis
and any substitution, especially by the obliquus
internus abdominis or obliquus externus abdo-
minis, can be observed by placing the transducer
over the anterolateral abdominal wall to view the
three muscle layers in transverse section (Fig.
14.16). Ultrasound feedback is more reliable for
obliquus internus abdominis than obliquus exter-
nus abdominis. In fact, obliquus internus abdo-
minis thickness can be recorded but there is little
relationship between obliquus externus abdominis
activity and ultrasound changes, which may be
caused by architectural factors, such as the extensi-
bility of the fascial attachment or the placement of
the transducer (Hodges et al 2003d). EMG biofeed-
back can easily be used for the obliquus abdominis
externus as it is a superficial muscle, so this combi-
nation can successfully be used to provide feedback



L

Local segmental control

Figure 14.16 The patient receives real-time feedback of
the muscles of the anterolateral wall from the real-time
ultrasound.

of activation. To allow understanding of the ultra-
sound image, the patient is orientated to the ultra-
sound image of the three muscle layers. The action
to be observed with a correct transversus abdo-
minis contraction is explained as the slow and con-
trolled drawing in of this muscle in its corset-like
action and appearance. This should occur with rel-
ative relaxation and little movement of the obliquus
externus abdominis and obliquus internus abdo-
minis. Simultaneous contraction of the three muscle
layers as a single entity should not occur. When this
does occur, the patient can realize his or her poor
pattern of control and how the transversus abdo-
minis has lost specific independent function (see
Ch. 5). The effectiveness of various facilitation
methods can be assessed until one that cues the
patient successfully is observed. Meanwhile, the
patient, in trying these methods to facilitate trans-
versus abdominis activation, watches the real-time
image of the muscle and palpates their lower
abdominal wall to learn the correct muscle action.
In addition, their ability to hold the contraction can
be observed and monitored, as can the time at

Figure 14.17

Imaging the lumbar multifidus in the
parasagittal plane.

which the muscle becomes fatigued and the local-
ized contraction is either lost or is joined by the con-
traction of obliquus externus abdominis or internus
abdominis in substitution. An additional use of the
ultrasound is that patients can observe when the
oblique abdominal muscles are overactive and use
it to give feedback of when they contract the over-
active muscles. If there is tonic activation of the
global oblique abdominal muscles, they will appear
‘thicker’ on ultrasound imaging. This will allow the
patient to evaluate the effectiveness of strategies to
decrease their activity, such as change of position,
adoption of a neutral spine position and use of
relaxed diaphragmatic breathing strategies. The
muscles will appear ‘thinner’ once they relax.

A parasagittal section is used for direct observa-
tion of the activation of the lumbar multifidus for
facilitation purposes (Hides et al 1998, Van et al
2003 unpublished data, T. Wallwork et al 2003
unpublished data). The ultrasound transducer is
placed lateral to the spinous processes, allowing a
longitudinal image of the multifidus, including
the dysfunctional segment (Fig. 14.17). Particular
interest should be centred on watching the deep
fibres of the muscle adjacent to the zygapophyseal
joints (Fig. 14.18). The patient can observe the
muscle contraction while consciously trying to
‘swell out” the muscle at the segmental level or try-
ing to activate the muscle with the contraction of
the transversus abdominis or the pelvic floor.
Simultaneously, the patient can palpate the lower
abdomen to feel the co-activation of the transversus
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Figure 14.18 The multifidus in longitudinal section. (a) Ultrasound image. (b) The skin (S) and subcutaneous tissue
(ST) are superiorly, with the multifidus fibres running in the direction of the arrow («). Inferiorly are the zygapophyseal
joints L3-L4, L4-L5 and L5-S1. The deep fibres of the multifidus are seen surrounding the zygapophyseal joints. Deep,

deep multifidus fibres; SUP, superficial.

abdominis. Precise feedback is given, which ensures
that the patient is activating the multifidus at the
affected segment. The quality of the contraction is
appreciated as a slow increase in vertical depth of
the multifidus, including the deep fibres, and the
ability to hold the contraction can also be moni-
tored as the maintenance of this vertical dimension.
Sidelying is a good position to view the contrac-
tion of the multifidus and the transversus abdo-
minis. Toassess whether co-contraction is occurring,
the patient can contract the segmental multifidus
while the clinician images the transversus abdo-
minis and vice versa.

The use of ultrasound imaging as a feedback
tool in rehabilitation provides a notable advance
in the rehabilitation of deep muscles. The effect-
iveness of ultrasound feedback on motor learning
has been evaluated for subjects without a history
of low back pain (Van et al 2003 unpublished data)
to determine if the use of ultrasound imaging as
visual feedback enhances learning the motor skill
of contracting the multifidus muscle isometrically.
Normal subjects were randomly allocated to either
a control or an intervention group. The ability
of subjects to perform an isometric multifidus
contraction was determined using ultrasound
imaging. The depth of the multifidus was measured
both at rest and during voluntary contraction. To
enhance the learning effect, the control group
received instruction on how to perform the

contraction plus verbal feedback. The intervention
group received the same intervention with the add-
ition of visual feedback using real-time ultrasound
imaging. Subjects were taught how to perform the
multifidus muscle contraction over 10 contrac-
tions (acquisition phase) using the two different
forms of feedback. One week after the learning
phase, multifidus contraction was reassessed in
both groups to determine the extent to which the
skill had been acquired by each group. For both
groups, an improvement in the depth of multi-
fidus was demonstrated during voluntary con-
traction. However, subjects in the intervention
group performed significantly better in the acqui-
sition phase (p < 0.001) and demonstrated greater
retention 1 week later than subjects in the control
group, indicating greater learning effects.

In practice, other external visual facilitatory
techniques may be used, including the use of a
mirror placed obliquely at the side of the patient
so that he or she can monitor the appearance of the
abdominal wall for their own practice at home.
The provision of specific guidelines to the patient
indicating the external appearance of the abdom-
inal wall in their specific substitution strategy and
how they may recognise this is vital. This visual
feedback is best accompanied by palpation for
either the gentle contraction in the lower abdomen
or for deep tension development in the segmental
multifidus (Fig. 14.19).
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Figure 14.19 Visual and tactile feedback for the patient
when practising the deep muscle co-contraction.

In some cases, when the patient performs the
transversus abdominis or the lumbar multifidus
contraction independently of the other trunk
muscles, they may claim that they feel they are
doing nothing. This is generally because the con-
traction is subtle, and the normal perception of an
abdominal muscle contraction, for example, is the
performance of a trunk movement such as a sit-up
or posterior pelvic tilt. Verbal reassurance that this
is normal and reiteration of the functional role of
the muscles is always required. It also highlights
the importance of the patient understanding the
whole concept of deep muscle support and con-
trol, and supports the potential advantage of the
more routine use of ultrasound imaging in future
rehabilitation.

Lumbopelvic position

Although any of the techniques described above
may be used in many different body positions, the
precise position of the lumbopelvic region may
itself be facilitatory for activation of the muscles of
the local synergy. In support of this relationship,
we haveresearch evidence that better co-activation
of the transversus abdominis occurs when the
pelvic floor is contracted with the lumbar spine
placed in a more neutral position (Sapsford et al
1997b). Biomechanical research has shown that the
spine will be unable to distribute forces optimally
if it is not positioned in a neutral position (Keifer
et al 1997, 1998). There is a consensus that the local

muscles are involved in segmental support and,
therefore, contribute to the precise positioning of
the lumbosacral curve. The antithesis of this situ-
ation is overactivity of the global muscles, which
may cause flexion of the thoracolumbar junction
and upper lumbar spine. Therefore, positioning
the spine in a precise neutral lumbosacral curve
may be successful in assisting the patient to achieve
a co-contraction of the local synergy muscles.

Direct strategies to decrease overactivity of
muscles

Many of the techniques already described incorp-
orate body positions or strategies to decrease
overactivity of global muscles. As mentioned, the
muscles of primary concern with respect to over-
activity are the oblique abdominal muscles and/or
the thoracic components of the erector spinae
muscles. If the patient has difficulty relaxing these
or other global muscles and the strategies already
described are unsuccessful, then the clinician can
explore other measures to gain relaxation of the
overactive muscle(s).

Dealing with asymmetry of activation Evidence
of asymmetry of activation of the transversus
abdominis has been provided by neurophysiologi-
cal studies in patients with chronic low back pain
(see Ch. 10). Treating patients with this presenta-
tion can prove challenging. Ultrasound imaging
is useful both in demonstrating the asymmetry
and in re-education. Patients can usually feel the
asymmetry of activation using palpation. What
is detected on palpation is bulging on one side of
the abdomen, as the oblique abdominal muscles
overlying the transversus abdominis that is not
performing the corset action are overactive. It
is imperative that the activity of the overactive
muscles are minimized, and this will usually entail
a strategy of gently activating the transversus
abdominis only to the point before the oblique
abdominal muscles on that side are activated. This
highlights another important clinical feature. One
of the most useful clinical techniques is delivery of
precise instructions. In this situation, it is instruct-
ing the patient to stop contracting the muscles prior
to the point where overactivity becomes evident.
As this overactivity decreases, the transversus

{
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abdominis below the overactive muscles will grad-
ually improve and will start to tension the fascia
again. Progression must be gradual to ensure that
the overlying oblique abdominals do not become
dominant again. Eventually, symmetry of action of
the transversus abdominis will be restored. Self-
palpation must be well taught to the patient if this
strategy is to succeed. If patients are unable to
detect the deep tensioning of the transversus abdo-
minis, a useful instruction is to get the patient to
focus on the release of the contraction (Hides et al
2000). This can be described to the patient as a sen-
sation of ‘melting away’ and may be easier to detect
than the contraction itself. The clinician must ensure
that the patient can feel something on either the
contraction or its release to allow self-palpation to
be effective.

Restoration of normal breathing We have
observed clinically that breathing patterns are
sometimes altered in patients with chronic low
back pain. In normal inspiration, the most impor-
tant muscle is the diaphragm. The abdominal
muscles are not involved. In forced expiration,
the abdominal muscles act both to depress the tho-
racic cage and to elevate the diaphragm by rais-
ing the intra-abdominal pressure (DeTroyer and
Estenne 1988). The abdominal muscles should
only take part in the respiratory cycle when expi-
ratory flow is increased or in positions where the
abdominal contents are dependent and activity is
required to restore the diaphragm to the ascended
position; they should remain relaxed in normal
quiet breathing.

In some patients with chronic low back pain,
the activity of obliquus externus abdominis and/or
obliquus abdominis internus has been observed
clinically during quiet inspiration and expiration.
Wehave also observed the use of accessory muscles
of inspiration in these patients, and patterns of
upper chest breathing. The cause of this change in
breathing pattern may well relate to the change in
thoracic cage dimensions owing to overactivity of
the global muscles adversely affecting excursion
of the diaphragm. In patients with this challenging
presentation, there are two aims.

1. To decrease overactivity of the global muscles. This
may be achieved, as discussed above, by

change in position and use of relaxation
techniques. In addition, massage of the oblique
abdominals can be trialed, as can mobilization
of the thoracolumbar region. Ultrasound
imaging can be used to provide feedback. As
the muscles relax, they will appear ‘thinner” in
dimension on ultrasound imaging.

2. To restore normal diaphragmatic breathing patterns
and excursion. The use of positioning (as in
postoperative and respiratory patients) should
be remembered for patients who are having
difficulty in establishing the appropriate
relaxed breathing pattern. The reader is
referred to respiratory physical therapy texts
for the many alternatives. Diaphragmatic
breathing involves both an increase in the
anteroposterior dimensions of the abdomen
and bibasal expansion of the rib cage. In clinical
practice, when trying to restore normal
breathing patterns, it may be useful to instruct
the patient to make inspiration the active
component and relax through expiration.
Manual facilitation and other strategies may
help to change the breathing pattern.

Overactivity of the global muscles requires
increased effort and is inefficient. From clinical
experience, even before their pain improves,
patients will feel significantly improved once they
have restored a normal breathing pattern and
position of the spine. As the patient learns to con-
trol the diaphragm and relax the muscles of the
abdominal wall, re-education of the local synergy
muscles can begin. If the oblique abdominal
muscles are active in breathing, it is our experience
that it will be challenging to facilitate the local
muscle synergy until this pattern is rectified. On a
clinical note regarding respiration, the aim of
treatment is to restore eventually tonic activation
of the local muscle synergy combined with normal
respiration. At this stage, the clinician may wish to
check that, while the activation of the local syn-
ergy of muscles is maintained, both components
of normal respiration can be performed, including
bibasal expansion and rise and fall of the abdomen
(‘abdominal breathing’).

EMG biofeedback Biofeedback from EMG has
traditionally been used on the target muscle of
the rehabilitation exercise to provide evidence of
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its contraction (Soderberg and Cook 1984). In
retraining the transversus abdominis, electrodes
placed over the lateral abdominal wall will detect
EMG activity from all muscles and, therefore, pro-
vide little useful information. Placement of an
electrode over the triangle formed between the
anterior superior iliac spine, navel and pubic sym-
physis will detect activity of both the obliquus
internus abdominis and the transversus abdominis,
making this placement unsuitable when attempt-
ing to train a more specific activation of the trans-
versus abdominis. It also appears that EMG is of
little value for providing feedback for the multi-
fidus contraction. While the muscle becomes
superficial in the lower regions of the lumbar
spine, it is the deep fibres thatare most involved in
segmental support. Nevertheless, in the training
of the deep muscle co-contraction, biofeedback from
EMG has become a most successful adjunct to treat-
ment. Instead of being used to monitor the activa-
tion in contracting muscles, it is used to ensure
relaxation in the global muscles while training the
independent activation of the deep muscles.

The use of biofeedback from EMG has proved
particularly helpful in assisting patients to relax
excessive activity and avoid substitution by the
oblique abdominal muscles and the rectus abdo-
minis, as well as the thoracic portions of the
erector spinae (Fig. 14.20). The most appropriate
placement for the electrodes for viewing the
obliquus externus abdominis is in parallel with
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Figure 14.20 Placement of the electromyograph
electrode over the eighth rib to monitor activity in the
obliquus externus abdominis.
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the fibres of this muscle over the anterior end of
the eighth rib (Ng et al 1998). For general observa-
tion of the oblique abdominal muscles, electrodes
should be placed along a line connecting the most
inferior point of the costal margin and the con-
tralateral pubic tubercle (Ng et al 1998). For the
rectus abdominis, the best position of the elec-
trodes is below the navel, 2cm lateral to the mid-
line. With these electrode positions there is minimal
interference from the adjacent abdominal muscles.
The biofeedback from EMG can be used in con-
junction with all the other facilitation strategies
discussed and is used potently with feedback from
ultrasound imaging. It is a method that is growing
in use in the clinical situation because of its effect-
iveness in giving some objectivity to the effective-
ness of the technique chosen.

For reasons identical to those described above,
electrical stimulation is not an option when train-
ing isolated contraction of the transversus abdo-
minis, since other muscles almost always overlie it.

Elevation of the rib cage Since the action of
obliquus externus abdominis on the rib cage is to
draw the ribs downwards and inwards, it can be
useful to use the intercostal muscles cognitively
to elevate the rib cage prior to the performance of
transversus abdominis contraction in an attempt
to reduce obliquus externus abdominis substitu-
tion. To implement this technique, the therapist
instructs the patient to perform a gentle bibasal
expansion against either the therapist’s or their
own hands placed laterally on the rib cage. Once
this has been performed, the patient then per-
forms a contraction of the transversus abdominis,
either directly or using one of the other facilitation
techniques such as pelvic floor muscle contraction.
It is essential that the therapist assesses and
ensures that the rib cage elevation has been suc-
cessful in reducing obliquus externus abdominis
contraction before the transversus abdominis con-
traction is attempted.

Other inhibitory techniques and positions For
those skilled in them, there are many different
techniques within physical therapy practice that
can be used to decrease overactivity in muscles,
and notably in this case the obliquus externus and
internus abdominis muscles. Various neurological
techniques such as proprioceptive neuromuscular
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facilitation (Knott and Voss 1968) and Bobath tech-
niques (Lennon 1982) provide useful methods of
addressing the problems of overactive muscles.
Other techniques such as myofascial treatment of
the abdominal and lumbar trigger points (Travell
and Simons 1983) or deep inhibitory massage may
also be appropriate to achieve relaxation. Taping
techniques may also be of use. These can be
employed for any muscles around the lumbopelvic
region that are assessed to be overactive in the
individual patient, for example the quadratus
lumborum, hamstrings, etc.

Progression into sitting and standing positions

In the clinical setting, progression into sitting and
standing positions is commenced once the patient
has achieved good control of the four synergy
muscles in non-weightbearing positions. It is
important that the patient can activate each of the
four muscles well, and that co-contraction of the
other synergy muscles occurs simultaneously. For
example, in the side-lying position, transversus
abdominis and the multifidus can be monitored
for co-contraction while the subject activates the
pelvic floor. Once good control is achieved, the
patient can try the sitting or standing position.

It is more difficult for the patient to achieve
activation of the muscles of the local muscle syn-
ergy in upright positions. One reason is that the
patient may experience an increase in activation of
the global muscles. This can be monitored by
observing the thickness of the oblique abdominal
muscles on ultrasound imaging. The patient
should be encouraged to relax the abdominal wall
and use diaphragmatic breathing patterns.

In sitting and standing, attention must be
directed to the spinal curves. As mentioned earl-
ier, the correction of the sitting posture is often
commenced early in the rehabilitation process as
patients often spend a considerable amount of
time in the seated position. In this phase, patients
should be instructed how to adjust the lumbar
support in their chairs. Commonly, when patients
are questioned regarding the location of the lum-
bar spine, they commonly point to the sacral area.
Lumbar support is important as initially the mul-
tifidus will lack the endurance required to support
the lumbar lordosis.

In addition to passive supports, patients should
try during the day to correct the position of the lum-
bar spine actively and hold this for short periods.
Attainment of a neutral spine position is facilita-
tory for the local muscles (Williams et al 2000). It
has been shown that, when the pelvic floor con-
traction is used to activate the transversus abdo-
minis in the sitting position, the best pattern of
activation was achieved when the lumbar spine
was placed in a neutral position (Sapsford et al
1997b). Patients with low back pain commonly sit
in a position of posterior pelvic tilt. When asked to
‘sit up straight’, patients commonly extend at the
thoracolumbar junction (Fig. 14.21). To teach the
patient to achieve an upright position of the pelvis
and restore a normal lumbosacral lordosis, correc-
tion should be initiated at the pelvis, by concen-
trating on slightly anteriorly tilting the sacrum
(Fig. 14.22). As patients often tend to tilt further
anteriorly than necessary, which can aggravate
low back pain, it is helpful to instruct them to tilt
anteriorly and then release slightly. Another cue
for attaining a neutral lumbopelvic position is the
pressure on the ischial tuberosities. As the patient
moves into a position of posterior pelvic tilt, they
will feel pressure on the ischial tuberosities. If they
then anteriorly tilt, they will feel that the ischial
tuberosities lift off the surface. A point midway
between the two of these points is the correct neu-
tral position. Another cue can be gained by obser-
vation of the shoulder girdle complex. In a
position of posterior pelvic tilt, the shoulder girdle
will feel elevated and protracted. In a position of
anterior pelvic tilt, the patient will commonly
extend at the thoracolumbar junction, and the
shoulder blades will be placed in a retracted pos-
ition. When a neutral lumbopelvic position is
achieved, the shoulder girdle should feel relaxed
because of the resultant correct alignment of the
thoracic and cervical spines.

Ultrasound imaging can be used to highlight
the role of the multifidus in achieving a normal
lumbopelvic position (Fig. 14.23). If the ultrasound
is placed in a parasagittal section, the multifidus
can be viewed as the patient attempts the correc-
tion. If the patient extends the thoracolumbar
junction, this will be achieved by the thoracic com-
ponents of the erector spinae. Imaging of the mul-
tifidus will reveal that this pattern of activation



Figure 14.21 The upright neutral posture. (a) Left: relaxed sitting posture; right: normal lumbosacral position. (b) Left:
relaxed sitting position; right: the upright trunk position attained through an incorrect extension in the thoracolumbar
region, which leaves the lumbosacral junction in flexion.



Figure 14.22 Sitting position. (a) Relaxed sitting posture. (b) Achieving a normal lumbosacral position.

Figure 14.23 Using real-time ultrasound imaging to
provide real-time feedback of multifidus muscle
activation as the patient attempts to achieve a normal
lumbopelvic position. (Reproduced with permission of
Northwater Publishing, Australia).

does not recruit the multifidus. In contrast, when the
patient performs the correct pattern of activation,
the multifidus will be seen to increase in thickness as
it contracts. It is important to explain to the patient
that this correction activates the deep and superfi-
cial fibres of the multifidus. This activation does not
replace the requirement for achievement of the iso-
metric swelling of the multifidus described in this
section and, in fact, may be used initially to focus the
patient on the multifidus before the patient can per-
form the required isometric contraction.

Often the patient will master the activation of
the local synergy muscles in the sitting position
before the standing position. To aid progression to
standing, a process of graduated weightbearing
can be used. In the sitting position, the patient
leans forward and takes weight through their
arms on a surface placed in front of them. It is cru-
cial that the normal spinal curves are maintained.
Thepatientthenactivates the muscles of the synergy,
and progression to standing is achieved by using
higher surfaces until ultimately the patient can
contract the muscles in the fully upright position,
without upper limb support. An emphasis must
be placed on maintaining the corset action and



normal patterns of respiration. Palpation of the
abdominal wall should be conducted to ensure
that bulging does not occur, and that the pattern of
activation remains symmetrical between sides.

IMPLEMENTATION OF THE ACTIVATION
STRATEGIES

Many different techniques are available to assist in
the facilitation of the muscles of the local synergy.
Those described here are by no means all of them,
and many additional techniques may exist that
achieve the same goal. The clinician should keep
in mind that the goal of the procedure is to regain
tonic control and co-activation of these muscles so
that the ability of these muscles to contract can
be improved. The possibilities for facilitation are
limited only by the creativity of the clinician. When
trialling alternative techniques, it is essential to
monitor closely for the appearance of substitution
strategies. It is also important to remember that no
one technique works for all people, and the clini-
cian must stay aware of what is occurring so that a
technique is quickly discarded if it is unsuccessful.

Each of the techniques described can be used in
combination as well as separately. The clinician
should be willing to try many different combin-
ations until satisfied that the patient has achieved
the best contraction. At first, the clinician may find
this time consuming, but with practice and experi-
ence it is possible to identify patient presentations
which suggest that a particular technique or com-
bination of techniques may be the most appropri-
ate. Logically, the most rapid rate of improvement
can be expected if the best facilitation technique is
identified for that patient. One useful technique,
which seems obvious, is to use clear and concise
instructions and to stop patients before they
implement an incorrect pattern of activation. Even
if patients can only perform a very small part of
the contraction of the target muscle well, it is
important that they limit the contraction before
they adopt a poor pattern of activation.

Once a method has been found that results in
contraction of the local synergy muscles without
overactivity of the global trunk muscles, the effect-
iveness of the contraction is enhanced by repeti-
tion of the contraction. It is imperative that the
patient can undertake the facilitation technique

independently so that it can be practised at home
between treatment sessions. In this phase of motor
relearning, repetition is key, and the clinician and
patient should plan times for practice. Further-
more, for motor relearning to be effective, it is
imperative that the patient is repeating the correct
action. The initial home programme must be
clearly taught and documented so that both par-
ties are confident that the programme is achiev-
able. It is very useful to show patients strategies
for self-detection of substitutions. Self-palpation
of the abdomen medial to the anterior superior
iliac crest can be used, with the patient instructed
to avoid pushing out against their fingers, indicat-
ing an incorrect pattern of activation. It is useful to
tell the patient that if they are having a bad day or
are tired, or for any reason they are performing
the activation poorly, they are better not to do it
at all than to do it badly. This is because of the
neurophysiology. The most likely mechanism of
action, especially in the patient who has an almost
immediate decrease in symptoms, is neurophysio-
logical. Correct activation of the local muscles may
lower the threshold of activation of the gamma
system (i.e. bias the spindle towards an increased
activation). The tonic activation of the appropriate
muscles is then enough in some cases to decrease
painful symptoms as the normal protective mech-
anism is restored. If the contraction is performed
poorly, this effect is likely to be lost. The home pro-
gramme should be tested in full at all treatment
sessions with respect to the specific position, num-
ber of repetitions and contraction holding times.

It is essential that clinicians ask themselves
three central questions before they permit a patient
to go home to practice.

e What strategy works best to isolate the
contraction of the local synergy muscles from
contraction of the global muscles?

e How can the clinician and patient be sure that
the correct contraction will be performed at
home in each practice period?

e How many contractions can be performed and
how long can a contraction be held before it is
lost or another muscle has been substituted?

One of the main advantages of the patient being
able to self-assess for substitutions or loss of holding
is that they can to a certain extent self-direct
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progression by increasing the duration and num-
ber of contractions as their ability to activate the
muscles improves. It is crucial that the patient
develops endurance in the muscles of the local syn-
ergy. The length of time of this stage is variable and
depends on the degree of a patient’s motor control
problems as well as their motivation and enthusi-
asm to practise. In controlled clinical trials, it has
been demonstrated that this stage could be as long
as 6-10 weeks in patients with chronic problems
(O’Sullivan et al 1997) whereas in patients with
acute first episodes of low back pain, activation
and training of the local synergy in standing was
achieved in 4 weeks (Hides et al 1996b).

Once activation and training of the local syn-
ergy muscles has been achieved in upright pos-
itions, the patient may wish to resume fitness
activities that require integration of the local and
global muscles. Before this can be considered, it
will be necessary to assess closed chain (Ch. 15)
and open chain (Ch. 16) segmental control. If the
patient does not have impairments of control of
the one-joint antigravity and global muscle sys-
tems, resumption of activities may be considered.
Some activities (e.g. walking, running or swim-
ming) will involve patterned activation of the
global muscles, and this may challenge the control
of the local muscle synergy. The aim is that the
local synergy muscles will be activated automat-
ically to control and protect the segments while
the patient performs the activity. The patient at
this stage should not have to focus on the synergy
muscles while they perform the activity but should
be concentrating on the skill at hand. From a clin-
ical perspective, the patient may be encouraged to
do two tests of the local muscle synergy. First,
before participating in the activity, they should
test that they can activate the synergy muscles.
This should be performed in a position where the
activation can be performed easily and well; this
could be explained to the patientas a ‘warm-up’ of
the local muscles prior to the activity. Initially, the
activity should be resumed for a very limited
period of time to allow assessment of the effect of
the activity on low back pain and local muscle
control. Second, after performing the activity, the
patient should test if they can still activate the syn-
ergy muscles. If the patient is unable to activate
the local muscles, this is a clinical indicator that

the control of the local synergy muscles is inad-
equate, and that progression to this level is not yet
appropriate. Care should be taken with patients
who have rehabilitated asymmetrical patterns of
abdominal wall activation and then resume activ-
ities that load the trunk asymmetrically. A good
example would be surf fishing, which requires
asymmetrical activation of especially the oblique
abdominal muscles. After the activity, the patient
should check that they can activate the local syn-
ergy muscles and that they are still symmetrical in
their activation pattern. Chapter 15 will discuss
integration of local muscles into antigravity
weightbearing function.

APPENDIX: DEVELOPMENT OF PRESSURE
EIOFERORACK

= E

During the development of the initial clinical tests
of stabilization function, it was necessary to
develop a device that could monitor the position
(i.e. stable or unstable) of the lumbopelvic region
duringleg-loading tests performed with the patient
in the supine position. A direct measure of the com-
plex three-dimensional motion of the lumbopelvic
region is not easy; therefore, an indirect method
was developed for clinical testing (Stabilizer,
Chattanooga USA). The pressure biofeedback unit
(Richardson et al 1992) consists of an inelastic,
three-section air-filled bag, which is inflated to fill
the space between the target body area and a firm
surface, and a pressure dial for monitoring the
pressure in the bag for feedback on position (Fig.
14.24). The bag is inflated to an appropriate level
for the purpose and the pressure recorded. Quite
simply, movement of the body part off the bag
results in a decrease in pressure, while movement
of the body part onto the bag results in an increase
in pressure.

The device has come into general use for stabil-
ization exercises for all parts of the body. Its use in
assessing the abdominal drawing-in action has,
however, become its most important use in relation
to the treatment of problems of the local muscle
system in patients with low back pain. A method
was needed to gain some quantification of the
abdominal drawing-in action in the clinic, and the
pressure biofeedback unit has met this need. As
the transversus abdominis produces narrowing of
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Figure 14.24 The pressure biofeedback unit consists of
a three-section, inelastic inflatable pad with a pressure
pump and dial.

the abdominal wall, measurement of the amount
of movement of theabdomen that can be produced
provides a method of identifying a patient’s abil-
ity to perform the contraction. To understand this,
it is necessary to consider the orientation of the
abdominal muscles.

The majority of the muscle fibres of the rectus
abdominis, obliquus externus abdominis and
obliquus internus abdominis run either vertically
or obliquely from the pelvis to the rib cage. When
these muscles contract, they can flatten the
abdominal wall but do not narrow the waist

beyond this. In contrast, the fibres of the transver-
sus abdominis are horizontal and can, therefore,
produce a concavity of the abdominal wall with-
out movement of the spine. Therefore, when the
transversus abdominis contracts in isolation,
concavity of the abdominal wall results, whereas
substitution by the other abdominal muscles sim-
ply flattens the abdomen. Measurement of the ele-
vation of the abdominal wall from the supporting
surface using the pressure biofeedback unit, with
the patient in the prone position, allows identifica-
tion of both how well the transversus abdominis
can be contracted and whether this action can be
performed in isolation.

The principle underlying the use of the pressure
biofeedback unit in this test is that the unit initially
conforms to the patient’s shape when it is placed
under the abdomen. As the patient draws in the
stomach off the pad, the pressure in the pad is
reduced. The pressure reduction is proportional to
the degree to which the patient can elevate the
abdominal wall. The specific construction of this
device has considerable advantages. First, since the
material is inelastic it can accurately reflect abdom-
inal wall motion without distortion. This is assisted
by partitioning the device into three sections,
which assists with the distribution of the air within
the pad. When the device is positioned appropri-
ately, the shape of the pad permits an evaluation to
be made of the movement of the abdomen.
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INTRODUCTION

The closed chain segmental control stage involves
the integration of the local muscles into segmental,
antigravity weightbearing function. Integration of
thelocaland weightbearing muscles is best achieved
through weightbearing (closed) kinetic chain exer-
cises with gradually increasing gravitational (i.e.
gravity-related) load cues. The pattern of muscle
function at each segment of the kinetic chain is
important. The basic posture used for this stage is
a flexed working posture, so that the antigravity
muscles are required to work optimally in eccentric
contractions (Fig. 15.1a). While the semi-squat
working posture, with the upper and lower limb
flexed, is the starting position, exercises may involve
the extension of the upper and lower limb to a fully
extended antigravity position (Fig. 15.1b).

Before beginning this stage of the programme, it
is important to assess the patient’s ability to stretch
the whole body fully against gravity, in case there is
a loss of shoulder or hip flexion range. Performing
this manoeuvre against a wall while maintaining
a neutral lumbopelvic position will allow deficits
in range to be detected (Fig. 15.2).

Most particularly this will give an indication of
overactivity in the flexor muscles of the upper
quadrant (e.g. latissimus dorsi, pectoralis major).
importantly, this will give an indication of the effect
of elevation of the upper limb on spinal position
and direct the position for closed chain upper limb
exercise while maintaining a neutral lumbopelvic
position (see following section).
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(a) (b)

Figure 15.1 (a) The flexed weightbearing posture.
(b) The fully extended antigravity position.

Closed chain segmental control involves closed
chain, weightbearing exercise to re-establish the role
of the local and weightbearing muscles in joint pro-
tection. Because of the predicted reduced sensitivity
of the local and weightbearing muscles to respond
to gravitational load cues, this stage should progress
slowly, depending on results of assessment, to
ensure that both the local and the weightbearing
muscles of the lumbopelvic region are recruited
optimally in progressive weightbearing exercise.
Most importantly, if the weightbearing load cues are
too high, these muscles are likely to fail to respond to
the load or, if they respond, fatigue quickly. In either
situation, compensation by the non-weightbearing
muscles would occur. The contribution by the
non-weightbearing muscles should be minimized
during this stage. This process should be viewed as
reloading the local and weightbearing muscles
while unloading the non-weightbearing muscles.
For optimal achievement of this target, both the
lower and upper girdle muscles should be involved,
together with the trunk and spinal muscles.

No pain or discomfort should occur during
the exercises, and care needs to be taken

N

Figure 15.2 Assessing the extended antigravity position
against a wall.

when progressing load or selecting the exer-
cise endurance time. The progressive exercise
described here serves only as a guide, many types
of exercise would be suitable under the principles
described in Chapter 13. As many of the suggested
exercises are familiar to physiotherapists, as well as
to many other health-care professionals, the details
of the techniques, as have been described for local
segmental control (Ch. 14), are not required.

TRAINING PROCEDURES: PROGRESSIVE
STAGES

To increase compliance, explain to the patient the
reason for each of the following stages of the pro-
gressive exercise programme.

1. Training individual parts of the antigravity
weightbearing holding posture.

2. Weightbearing (closed chain) exercise in flexed
postures.

3. Weightbearing (closed chain) exercise with
addition of unstable, moving surfaces.
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4. Weightbearing (closed chain) exercise on more
challenging surfaces and in more upright
postures.

These stages are preceded by assessments. For all
treatment stages, the patient should first activate the
local muscles to achieve a neutral spine and a neu-
tral lumbopelvic unit in preparation for antigravity
weightbearing exercise (this should have been
achieved by the end of the local segmental control
stage; pp. 214-217). Therefore, for all the following
kinetic chain exercises, the patient should pullin the
lowerabdomen and hold, while breathing normally.

Training individual parts of the antigravity
weightbearing holding posture

There are many different muscle groups at many
individual segments (i.e. joints) that need to be
co-ordinated to hold the flexed weightbearing pos-
ture effectively. The focus initially is on individual
parts of the antigravity posture (Fig. 15.3), so three
component parts are addressed. These are: loading
the neutral spine in sitting, activating the dysfunc-
tional weightbearing muscles of the pelvis, and
ensuring that the quadriceps muscles are capable of
holding (i.e. have efficient endurance) for weight-
bearing. Within each section, assessment proce-
dures are included.

Begin loading the neutral spine/pelvic
position in sitting

The aim is to maintain a neutral spine/pelvic pos-
ition in upright sitting with gradual added anti-
gravity muscle activity using two different methods:
upper quadrant closed chain exercise and trunk
forward lean.

Upper quadrant closed chain exercise The
patient should begin to load the spine in upright
sitting where body weight is partially supported
and increase weightbearing through the addi-
tion of closed chain upper limb exercise. This
could be achieved in the formal setting (Fig.
15.4a,b) or in home based exercise (Fig. 15.4c). It
would be important to check that the spinal curves
can be maintained.

Trunk forward lean First check the patient’s
ability to hold neutral spine and pelvis in trunk

(b)

(c)

Figure 15.3 Individual parts of the antigravity posture:
(a) the lumbopelvic region; (b) the hip region; (c) the knee
region.

forward lean in sitting (i.e. ability to hold lum-
bopelvic position with the addition of gravitational
load). This has been described by Hamilton and
Richardson (1995) in a study in which both patients
with low back pain and matched controls were
assessed. The test involves leaning forward from
the hips and noting the range of trunk flexion (for-
ward lean) that the patient can achieve before sub-
stitution strategies occur (Fig. 15.5). Patients with
low back pain cannot hold the spinal position
beyond 15 degrees (Fig. 15.5b) and compensate in
most cases with lumbar flexion (Fig. 15.5¢). Some-
times substitution into extension can occur (Fig.
15.5d). Note the patient’s hand position as well as
the therapist’s hand position to determine when
substitution occurs.

In order to train the muscles to hold this position,
a variety of facilitation techniques could be used.
These include:

® add real-time ultrasound feedback, especially
for the local muscles and the lumbar erector
spinae;

® palpation of lumbar spine position (as for test);

e assist with pelvic position;

e with focus on inner range lumbar erector spinae,
could use sweep tapping over the muscle or a
10 Hz minimal twitch contraction applied

Closed chain segmental control 223
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(c)

Figure 15.4 Closed chain upper limb exercise using elastic straps (Optimal Life Aus. Pty Ltd). (a) Spinal curves
maintained in a formal setting. (b) Close monitoring in a formal setting. (c) Exercising in a home-based setting.

through a portable muscle stimulator (e.g.
EMG Retrainer, Chattanooga, USA) directly to

the lumbar erector spinae muscles, during the
exercise training;

® use a mirror to assist in achieving and holding
the position of the spinal curves;

e use biofeedback in the form of a posture
biofeedback device placed in the lumbar curve
to signal a change of position.

A posture biofeedback device gives feedback to
the patient when a neutral spinal position is lost.
New ‘easy to use’ models of postural biofeedback
are currently being developed for formal exercise
as well as for home use.

Activating the dysfunctional weightbearing
muscles of the pelvis

Traditional muscle testing techniques (Palmer
and Epler 1998) form the basis for the functional
tests of the weightbearing muscles of the pelvis. It
is the Grade 3 antigravity level of the tests that is
important in detecting muscle dysfunction. For the
one-jointantigravity muscles, these traditional mus-
cle testing procedures have focused on testing the
inner (shortened) range of muscle contraction. Inner

range has several advantages as a testing procedure
for detecting dysfunction in the joint protection role
of the weightbearing muscles:

e individual muscles are checked for their ability
to hold against the force of gravity;

e individual muscles may be lengthened (i.e.
added sarcomeres) because of poor posture,
resulting in an inability to contract into their
inner range (Ch. 12);

e high sensitivity of load receptors (i.e. influence
of the gamma system) will be required in such
shortened ranges of muscle length (earlier
chapters have explained the likely potent
negative effects of deloading (Ch. 7) and injury
(Ch. 8) on the gamma system);

e allows detection of any opposing (antagonist)
tight multijoint non-weightbearing muscles,
which will be stretched during the inner range
testing procedures for the agonist muscle.

The individual antigravity muscles of the lumbo-
pelvic region are checked for inner range hold of
limb load using the grade 3 antigravity muscle test
with a 10 second hold. It is important that it is an
isometric holding contraction without any phasic
erratic limb movement. These tests are applied to
muscles on each side of the body to note if any
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Figure 15.5 Spinal
curves. (a) Spinal
curves maintained in
high sitting. (b) Spinal
curves maintained in
the trunk lean-forward
task. (c) Spinal curves
not maintained during
the trunk lean-forward
task (i.e. spinal flexion).
(d) Spinal curves not
maintained during the
trunk lean-forward task
(i.e. spinal extension).

(b)
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assymmetry is present. The weightbearing muscles
that are essential for weightbearing control of the
pelvis need to be tested separately: gluteus max-
imus (Fig. 15.6), iliopsoas (Fig. 15.7), gluteus medius

Figure 15.7 Antigravity muscle test for iliopsoas.

(focus gluteus medius posterior) (Fig. 15.8), and
adductor magnus and brevis (Fig. 15.9).

Weightbearing needs to be progressed slowly to
ensure that a dysfunctional antigravity system is
responding to gravitational (sensory) load cues. The
dysfunctions of the pelvic muscles detected through
muscle testing procedures needs to be addressed in
order to ensure that they are responding to weight-
bearing load.

Individual weak one-joint antigravity muscles
with poor load control may need to be initially exer-
cised in non-weightbearing or partial weightbearing
positions and/or in more lengthened positions to
begin to activate the correct patterns for loading.
Then weightbearing cues are progressed with
low-load simulated weightbearing with increasing
isometric holds or with very slow movement. The
therapist could provide hand pressure under the
heel to provide a compression stimulus to the joints.

Figure 15.8 Antigravity muscle test for gluteus medius.

Figure 15.9 Antigravity muscle test for adductor magnus
and brevis.



Palpation, electromyographic (EMG) biofeedback
or ultrasound biofeedback could be used to check
activation and give feedback to the patient.

Ensuring quadriceps holding in partial
weightbearing

Isometric holding achieved with body weight
against wall (i.e. wall squat; Fig. 15.10) could be
used to test and train the quadriceps muscles in
preparation for closed chain activities. This is to
ensure that there is no lack of endurance in the
quadriceps, which could limit the patient’s ability
to perform closed chain antigravity exercise (see
next section).

Weightbearing (closed chain) exercise in
flexed postures

The weightbearing (closed chain) exercise in
flexed postures involves slow or isometric exercise
incorporating the lower limb and, in many cases,
including the upper limb in closed kinetic

Figure 15.10 Testing the endurance of the quadriceps
muscles.

chain activity. The type of exercise techniques
used include the slow lunge or semi-squat, with
weightbearing muscles stretched to facilitate their
contribution to weightbearing, and with non-
weightbearing muscles relaxed.

Gradually gravitational load cues are increased,
ensuring that the therapist can observe the patient’s
spine (i.e. suitably dressed). The patient should
have bare feet to maximize sensory input through
the soles of the feet. It must be ensured that the
antigravity muscles are appropriately recruited
(EMG, ultrasound, palpation) as in stage 1, and the
endurance of the antigravity weightbearing muscle
system is gradually increased during the closed
chain exercises. Initially this could be achieved in
simulated weightbearing (Fig. 15.11), including
‘leg-press’ exercise devices. An example of a
weightbearing exercise in a flexed posture would
be a squat with hip and knee flexion. This could be
achieved in the formal setting (Fig. 15.12a) or as a
home-based exercise (Fig. 15.12b). Similarly, a lunge
with hip and knee flexion could be achieved in
the formal setting (Fig. 15.13a) or in home-based
exercise (Fig. 15.13b,c).

All exercise could progress from bilateral to
unilateral weightbearing.

Weightbearing (closed chain) exercise
with the addition of unstable, moving
surfaces

In order to facilitate the weightbearing muscles
further, under increasing gravitational load cues,
unstable and moving surfaces can be used. Exercise
tools, such as balance boards, rubber discs, tram-
polines or other equipment providing moving

Figure 15.11

Simulated weightbearing with elastic straps.



(a) (b)

Figure 15.12 Closed chain exercise with arms elevated in line with trunk. (a) In a formal setting; (b) in a home based setting.

(b)

Figure 15.13 Closed chain lunge exercise. (a) Involving upper and lower limbs, ensuring a neutral lumbopelvic
position. (b) Without the addition of hand weights. Note the neutral spinal curves. (c) With the addition of hand
weights. Note the increased difficulty of maintaining the neutral spinal curves.
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Figure 15.14 Closed chain
exercise. (a) On a large balance
board; (b) on uneven surfaces.

surfaces, can be used as a platform on which to per-
form the closed chain exercises. It is important to
watch for muscle fatigue and/or loss of the neutral
posture. This type of exercise could be given more
readily in the formal setting (Fig. 15.14b) or it could
be a home-based exercise. Whenever possible the
deep local system should be monitored during these
activities in the formal setting (Fig. 15.15). Again, all
exercise could progress from bilateral to unilateral
weightbearing.

Weightbearing (closed chain) exercise on
more challenging surfaces and in more
upright postures

The most challenging surface in a formal setting
for closed chain exercise comes through the use of
a new exercise tool, whole body vibration (WBV).
The patient stands on the platform and performs
closed chain exercise (Fig. 15.16). The Appendix
Figure 15.15 Monitoring the local muscle system (p. 230) gives a detailed overview of the device
during closed chain exercise on unstable surfaces. and its use for patients with low back pain.
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Figure 15.16 Closed chain exercise performed on
the platform of a whole body vibration device.

Progression to unstable surfaces in more
upright postures also provides a challenge for
recruitment of the local and weightbearing muscle
system. This could be achieved during walking on
unstable, uneven, sloping or moving surfaces such
as soft sand, grassy slopes or rough ground.
Achieving joint protection through activation of
the weightbearing muscles in an erect posture
is more difficult as weightbearing muscles (e.g.
gluteus maximus, adductor magnus) are in
more shortened positions. Accurate detection of
load cues would require more sensitive stretch
receptors.

It is also important for the patient to change
lifestyle activities and increase weightbearing
through the skeleton in everyday activities: use
knees to bend to do housework or gardening;
increase the sensation of load and gravity through
activities such as walking bare foot, walking on
grass slopes or sand (Fig. 15.17); bush walking,
windsurfing, skiing; if the patient is attending a
gym, they should focus on closed chain exercise
for resistance training (upper and lower limb).

APPENDIX: WHOLE BODY VIBRATION
TO ENHANCE ANTIGRAVITY MUSCLE
FUNCTION S

WBYV is a new tool to enhance the effects of
exercise training that has been developed by
biomechanical engineers in Europe. The device
is manufactured by several companies (e.g. as
Galileo™ and Power Plate™) and it is becoming
popular with exercise enthusiasists, especially in
the UK and Europe. This device was first devel-
oped by Russian space scientists, who recognized
that this new concept for exercise had the potential
to provide suitable countermeasures to prevent
bone and muscle loss for astronauts in micrograv-
ity situations. It is our contention that carefully
prescribed closed chain exercise performed on
the vibrating platform could enhance the function
of the antigravity muscle system for prevention
and rehabilitation of many types of musculo-
skeletal injury, including, most importantly, low
back pain.

The equipment variables that can be controlled
in WBV are the frequency and amplitude of the
vibratory stimulus. Frequencies of 1-50 Hz are usu-
ally available, with amplitude changes depending
on whether the feet are placed at the centre (reduced
amplitude) or to the outside (higher amplitude) of
the vibrating platform. A timer is also included.
Although most researchers concur that the physical
effects of vibration on individual muscles can
improve strength, power and flexibility (Issurin
and Tenenbaum 1999), most agree that these physi-
cal changes occur through the effect of vibration on
the pro-prioceptive system, that is through the
stretch reflex (Ribot-Cisar et al 1998, Gollhofer et al
1998, Rittweger et al 2002). Interestingly Bosco et al
(2000), while suggesting that vibration influences
the proprioceptive feedback mechanisms, also
suggest that increases in testosterone and growth
hormone occur.

Roll et al (1980) showed that the effect of vibra-
tion changes, depending on whether the effect is
specific to a muscle or not, is a more generalized
effect. The effect of vibration on a single muscle
gives an illusion of segmental movement. In con-
trast, a generalized vibration gives no movement
sensation but induces a perception of a stabilized
position. Importantly, to achieve this, the subject




Figure 15.17

(b)

(d)

Increasing the sensation of load. (a) On grassy slopes; (b) on grassy slopes without shoes;

(c) by walking or running on soft sand; (d) by walking on soft, sandy slopes.

must be active (not passive) to allow the vibration
to induce a motor effect.

The generalized effect of vibration in the form
of WBV has been used by some researchers. Exhaus-
tive exercise using WBV has been shown to be less
effective than bicycle ergometry in improving car-
diovascular fitness (Rittweger et al 2000). Positive
effects on bone density have been shown using
WBV. Rubin et al (2001) highlighted the importance
of vibration in determining bone morphology and,

in research using sheep, demonstrated that WBV
can increase the rate of bone formation.

In a randomized clinical trial, Rittweger et al
(2002) compared lumbar extension exercises with
WBYV for low back pain. A decrease in pain and
disability as well as an increase in trunk extension
torque occurred for both groups. Although there
was no correlation found between pain relief
and lumbar extension torque, the authors believe
that WBV has the potential to treat pain, rather
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than, as commonly thought, cause low back pain.
The effects of vibration on pain relief may be medi-
ated through its effects on motor control, especially
on the function of the antigravity muscle system.

Using whole body vibration for the prevention
and treatment of motor control problems in
low back pain

The most important specific effects of WBV appear
to rely on variables of the assumed posture and
exercise undertaken on the platform. Issurin and
Tenenbaum (1999) claimed that the optimal effect
of vibration on muscles occurs when vibration is
applied from distal to proximal. This may infer that
performing closed chain exercise with feet on the
platform (i.e. WBV with closed chain exercise) may
have a very positive effect on muscle activation
and recruitment patterns of the antigravity, weight-
bearing muscles. This view that vibration could
produce an excitatory effect on the antigravity
muscles, is confirmed to some degree in the recent
studies of Torvinen et al (2002). These researchers
found that, although there was no change in bal-
ance parameters, subjects did demonstrate signifi-
cant fatigue in their vastus lateralis and gluteus
medius muscles after mechanical vibration.

Our contention is that specific WBV training
would have a positive effect on patients with low
back pain, based on the direct effect on increas-
ing sensory (proprioceptive) input to the local
and weightbearing muscles. However, it would be
important to control the variables of posture, mus-
cle specificity and the effects of fatigue if improve-
ments in the joint protective mechanisms are to be
achieved with the assistance of WBV.

A working posture with static or slow closed
chain weightbearing exercise, involving eccentric
lengthening contractions of the weightbearing
muscles, would seem appropriate. In addition, a
corset action (drawing in the abdominal wall) with
a neutral lumbopelvic posture would likely direct

the vibration stimulus specifically to the dysfunc-
tional muscle groups. Therefore, WBV training
with vertical load passing through the body (closed
chain) would have the effect of enhancing gravita-
tional load cues for muscle training and of targeting
the local and weightbearing muscles. This feature
would make WBYV ideal to produce the neurophys-
iological countermeasures to the motor control
changes occurring as a result of deloading (Ch. 7).
The prolonged motor response with WBV may
mean that this type of exercise could be used as a
‘warm up’ activity prior to high-load closed chain
exercise to heighten the response of the local and
weightbearing muscles to gravitational load cues.
It would be likely to have a better response if the
patient had bare feet with focus on heel pressure
rather than pressure on the toes.

Muscle fatigue is common with WBV training
in healthy individuals and so even more care would
be needed if dysfunction of weightbearing and
local muscles is present as these would fatigue
very quickly. It would be important to recognize if
muscle fatigue has occurred. Fatigue would cause
an ache in the muscles themselves or loss of
lumbopelvic position.

There would likely be a reduced exposure of the
non-weightbearing muscles to the stimulus if given
with vertical (closed chain) loading and quite possi-
bly reduced activation, through a reduced tonic
vibratory reflex. This would have advantages for
prevention and treatment of low back pain as (as
argued in Ch. 12) muscles such as the hamstrings,
tensor fascia latae and quadratus lumborum may
be overactive in many patients with low back pain.

In summary, WBV would likely produce a posi-
tive effect for prevention and management of low
back pain from a motor control perspective. How-
ever, it should be recognized that this is a tool that
must be used both with knowledge of the motor
control dysfunction present in the patient and an
understanding of the potent nature of the WBV
stimulus on the neural system.
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INTRODUCTION

Much of everyday function and many sporting
activities involve open chain movements. These
may initially include movement of the limbs on a
stable trunk. This is often used as a form of training
and has been referred to in many exercise pro-
grammes as ‘core stability’. The underlying prin-
cipleof corestability training is that thelimbs should
move on a stable base. An example might be kick-
ing a ball, where the predominant motion should be
flexion of the hip and not flexion of the lumbar
spine. A limitation of hip motion could then be
responsible for unnecessary forces being imposed
on the lumbar spine. Training may involve situ-
ations where the lumbar lordosis is maintained
while loaded movements of the limbs are super-
imposed (see below).

The next phase of open chain segmental control
involves movement of the spinal segments them-
selves. Spinal segmental movement is a normal
component of spinal control, as movement aids in
the dissipation of forces and the reduction of energy
expenditure. From a range-of-motion perspective,
many activities (in sport and in normal function)
require that the spine moves. This movement may
involve both high loads and high speeds. The role
of the local synergy muscles is to control and protect
the individual spinal segments, while the global
muscles are used to dissipate force and generate
torque and movement. A further consideration is
that the global muscles generate internal forces
when they are used to generate torque in open
chain activities. The role of the local muscles in
this situation is to minimize and control the forces
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imposed on the individual spinal segments. Main-
taining local segmental control throughinitial draw-
ing in of the abdominal wall to form the ‘corset’
action (in the absence of spinal movement) is
required prior to all exercise techniques, whether
formal or functional.

Integration of the local, weightbearing and non-
weightbearing muscles is a prime focus of this stage
of rehabilitation. Progression initially is monitored
so that all muscles (i.e. the local, weightbearing and
non-weightbearing) are integrated into functional
movement tasks, initially in a formal way, so that
compensations by non-weightbearing muscles can
be detected as well as a lack of general trunk
strength. It is an important point (which has been
discussed in Ch. 15) that appropriate activation of
the local and weightbearing muscles should result
in decreased use of the non-weightbearing muscles
if they are overactive. If this has occurred, stretch-
ing of overactive muscles should not be required.

There are two very important principles to con-
sider in this third stage. The first is that, in normal
function and movement, there may be a tendency
for patients with low back pain to revert to previous
poor patterns of muscle control. If the tendency of
the body is to compensate with overactivity of the
non-weightbearing muscles in situations of pain,
injury and deloading, the control of the local synergy
is going to be challenged in this phase. As it will
be necessary to use the weightbearing and non-
weightbearing muscles in function and movement,
if local control is not good enough, this control may
be lost. Consequently, the clinician must check local
control often during the stages of closed chain and
open chain segmental control. The second principle
is that it will be necessary for the clinician to
understand this tendency to revert to poor patterns
of control and to devise appropriate strategies and
countermeasures that will help to prevent this
occurring.

SPECIFIC AIMS

The specific aims of open chain segmental control
are:

e decrease compensatory movement of the lumbo-
pelvic region during movement of adjacent
segments;

e reduce tightness/overactivity in the non-
weightbearing muscles if necessary; and

e treat problems of trunk muscle strength and
endurance in open chain exercise.

Those for progression into function are:

e progress to functional (sporting and occupational)
activities that use a combination of open and
closed chain tasks, including trunk movement
as well as higher loads and higher speeds;

® develop countermeasures to prevent loss of joint
protection; and

e maintain segmental control and check regularly.

Aims of open chain segmental control

Decrease compensatory movement of the
lumbopelvic region during movement of
adjacent segments

A deficit of range of motion in any of the joints of
the kinetic chain may lead to compensations in the
lumbopelvic region. For example, a patient with
limited shoulder extension range of motion may
compensate by using lumbar extension in an
attempt to reach overhead. Range of motion of adja-
cent spinal regions (cervical and especially the thor-
acic spine) and peripheral joints (especially the hip
complex) should be examined. The need for good
ranges of thoracic and hip motion in rotation dur-
ing function is important, as compensatory rotation
at the lumbar spine should be avoided during
body rotational movements (explained in Ch. 12).

Example of assessment procedures for the hip
and thoracic spine  Two procedures are used:

e for hip range of movement on a stable/neutral
lumbopelvic region: compare sides, especially
rotation, and include both sides for comparison
to note any asymmetry; and

e for thoracic spine range of movement on a
stable/neutral lumbopelvic region: compare
sides, usually in sitting.

Exercise management is determined by the prob-
lems found in assessment. There are, of course,
many different causes of limited range of motion.
Differential diagnosis between causes of limitation,
such as fixed deformities, and alterable causes,



such as tight or overactive non-weightbearing
muscles, will allow a realistic prediction of the
amount of change possible with treatment. Many
therapeutic interventions may be useful in this
stage to increase range of motion of adjacent
segments (e.g. joint mobilization/manipulation if
appropriate). Problem solving remains a crucial
factor at this stage. In the presence of fixed defor-
mities, ergonomic advice may be helpful. Also, it
may be wise to avoid certain activities or situations.
An example would be a patient with disc pathol-
ogy that is aggravated by flexion activities and sit-
ting on the floor. If examination revealed severe
limitation of hip motion, which induced a high
degree of forced flexion of the lumbar spine when
the patient sits on the floor, this would be an activ-
ity best avoided or modified if the hip limitation
proved irreversible. Modification may be some-
thing simple such as using a small stool (where
a neutral lumbar position could be attained) if
sitting at a low level was required by the patient.

Maintaining a neutral lumbopelvic posture is still
important at this stage of treatment. The pressure
biofeedback unit should be used under the spine to
detect lumbopelvic movement during movement of
adjacent body parts (see Appendix in Ch. 14, pp.
218-219). Its use should be explained to the patient
prior to exercise (Fig. 16.1a). With the leg moving
into abduction and external rotation (Fig. 16.1b), the
patient focuses on learning dissociation of these hip
movements from compensatory rotary movement
of the lumbopelvic region. Straightening the leg to
an extended abduction position adds a sagittal-
plane control component. For both directions, the
pressure biofeedback unit is placed under the
lumbar lordosis to monitor its position. Once in
position, it is inflated to 40 mmHg. Posterior pelvic
tilting (lumbar flexion) will result in an increase in
pressure, and anterior pelvic tilting will result in a
decrease of pressure. In a side-lying position, the
pressure biofeedback unit may be placed under
the waist and the leg lifted into abduction while
the pressure is maintained. In a sitting position, the
pressure biofeedback unit may be placed behind
the lumbar lordosis and the hip moved into flexion
while the pressure is maintained.

Increasing the range of thoracic spine move-
ment, especially for rotation, can be achieved in
many ways including active exercises in four point

(b)

Figure 16.1 Training rotatory control. (a) With a light
leg load. (b) With rotation at the hip with a static,
neutral position of the lumbopelvic region.

kneeling, sitting or standing, as well as passive
mobilizing techniques. Some clinicians require their
sporting patients to move their arms and thoracic
spine while maintaining a stable closed chain posi-
tion (Fig. 16.2).

Reduce tightness/overactivity in the non-
weightbearing muscles if necessary

It is our contention that training the local synergy
muscles and the weightbearing muscles should
result in a decrease of overactivity/tightness of
the non-weightbearing muscles. However, some
impairments may be present in this third stage. In
a formal setting, overactive oblique abdominal
muscles have been detected using resisted rotation
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Figure 16.2 Active rotation of the thoracic spine, with
a static, neutral position of the lumbopelvic region.

devices with the addition of surface electromyo-
graphy (EMG) to detect the impairments in
individual muscles (Ng et al 2002a) (Fig. 16.3). Ina
clinical setting, overactivity /tightness of individual
muscles can be detected using muscle length assess-
ment. Muscle lengthening procedures for individual
muscles may be required.

Muscle lengthening procedures for muscles
attaching to the lumbar spine and pelvis offer chall-
enges to the maintainance of lumbopelvic stability.
In addition, some muscles of the global system with
attachments to the lumbar spine, such as the latis-
simus dorsi, must be able to lengthen without com-
promising the stability of the region.

Formal assessment of muscle length of several
muscles of the lumbopelvic region could be
undertaken, ensuring that lumbopelvic position is
maintained during the tests. Prior to testing, the
patient should be asked to stand against a wall with

Figure 16.3 Testing the activation patterns of the
oblique abdominal muscles during trunk rotation.

Figure 16.4 Performing an assessment of a full body
stretch.

their arms above their head to check that this posi-
tion of full body stretch can be achieved (Fig. 16.4).

Quadratus lumborum length testing could be
assessed with trunk side flexion movement. Figure



(d)

Figure 16.5 Examples of muscle-lengthening techniques
in which lumbar spinal stability must be monitored:

(a) iliopsoas; (b) tensor fasciae latae; (c) hamstrings;

(d) rectus femoris.

16.5 demonstrates muscle length assessment (and
lengthening techniques), using the pressure
biofeedback to monitor the lumbopelvic position,
for iliopsoas, tensor fascia lata, hamstrings and
rectus femoris. Musclelength of the pectoralis major
and latissimus dorsi may also need to be addressed

Figure 16.6 Training lumbopelvic control during
lengthening of the latissimus dorsi.

(Fig. 16.6) to ensure that they are not having a
detrimental effect on lumbopelvic stability.

Various other specific muscle lengthening
techniques could be used to increase the extensi-
bility of these muscles, for example proprioceptive
neuromuscular facilitation (PNF) contract/relax
techniques, which focus on using an isometric
contraction of the muscle requiring lengthening to
induce a reflex relaxation to allow lengthening
(Knott and Voss 1968).

Treat problems of trunk muscle strength and
endurance in open chain exercise

Open chain exercise with increased loads can be
used to increase the strength of the trunk. Leg load-
ing, with hip flexion, extension, abduction or adduc-
tion, in positions such as lying, side lying, sitting or
standing, can be used to increase the strength of the
trunk muscles. It is important to maintain lum-
bopelvic stability during these open chain exercise
tasks. Figure 16.7 shows examples of this type of
exercise. Trunk strength could also be increased
with upper limb loading (Fig. 16.8).

Open chain segmental training may begin at
very low levels of load, and trunk strength and
endurance may be increased through the use
of progressive leg loading (Sahrmann 2002).
The pressure biofeedback unit should be placed
under the lumbar lordosis. Initially, training may be




Figure 16.7 Trunk loading. (a) With hip flexion; (b) with hip extension; (c) with hip abduction; (d) with hip flexion
(standing); (e) starting position for trunk loading with hip flexion in sitting and the patient monitoring the position of
the lumbar spine; (f) with hip abduction and the patient monitoring the position of the lumbar spine. (Parts (e) and (f)
reproduced with permission from Northwater Publishing, Australia.)
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Figure 16.8 Loading the trunk with shoulder extension
in lying. Note no movement of the spine is permitted.

commenced in the crook-lying position and with
unilateral leg loading, the moving leg maintaining
contact with the exercise surface in order to lessen
the level of load to less than leg weight. The other
leg provides some passive stability and remains
supported. Increased loading may be achieved by
lifting first one and then two legs from the exercise
surface (Fig. 16.9).
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(b)

Figure 16.9 The progression of leg load in tests of control of lumbopelvic posture. (a) Preparation for the test. The
requirements of the test to keep the pressure as steady as possible and the importance of maintaining the deep muscle
corset action during the test are explained to the patient. The patient is positioned in supine crook lying, with the legs
together or the legs abducted to emphasize rotatory control. The pressure sensor is positioned longitudinally on the side
of the spine and inflated to 40 mmHg. The patient watches the pressure dial and draws in the abdominal wall. The
pressure will increase slightly. The patient is instructed to keep the pressure level steady throughout the test. (b) Level 1
is the single leg slide with the contralateral leg supported. Left: leg slide with heel support to full extension and return;
right: Unsupported leg slide: the heel is held approximately 5cm from the exercise surface. (c) Level 2 is the single leg
slide with the contralateral leg unsupported. Left: leg slide with heel support to full extension and return; right:
unsupported leg slide: the heel is held approximately 5cm from the exercise surface.
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Exercises are performed with a common pro-
forma. First, the patient draws in the abdominal wall
in order to activate the corset. This co-contraction
must be held throughout the entire leg-loading
manoeuvre, while also maintaining a normal
breathing pattern. The leg must be moved slowly,
with the emphasis being on precision and control.
The patient only moves the leg to positions in
which the lumbopelvic position can be maintained.
Control is defined by two parameters. There should
be no change in pressure registered on the pressure
biofeedback unit, as this signals loss of control of
the lumbopelvic position, and the abdominal wall
needs to remain flat during the entire exercise. Pro-
gression is through increased repetition, increased
holding times (endurance) and movement of the
limb(s) through full excursion.

It is important to note that if overactivity of the
global muscles is present, patients may not need to
undertake this stage of strengthening/endurance.
It has been shown that the oblique abdominal
muscles are less fatiguable in patients with low back
pain than a control group (Ng et al 2002b). In line
with this finding, some patients with low back pain
perform leg-loading exercises better than control
subjects as a result of this overactivity. Careful
assessment is vital, and as control of the local syn-
ergy may be challenged at this stage, countermeas-
ures may be required. A further risk of this stage is
the patient developing co-contraction of the global
muscles (rigidity), which must be avoided.

Various forms of exercise involve trunk strength-
ening and endurance work with the spine in a
neutral position (e.g. Swiss ball exercises and pilates
exercises). The principles described above would
also apply to these techniques.

Specific aims of progression into function

Progress to functional activity (sporting and
occupational)

Progress to functional (sporting and occupational)
activities uses a combination of open and closed
chain tasks, which include trunk movement as well
as higher loads and higher speeds. This next stage
of strengthening/endurance exercises involves
movement of the spine. Classicexercises that use the
body weight as resistance would include sit-ups

and back extension exercises. Endurance of the
spinal extensors has been evaluated using the
Sorenson test. Further resistance can be added by
using free weights or equipment such as the MedX.
Progression to heavily loaded trunk exercises may
be appropriate when the sport or occupation that
the patient performs requires high levels of strength
and endurance. Care must still be taken in evalu-
ating the loads imposed on the spine following
injury (e.g. influence of exercise on aspects such as
discal pressure).

Many sports involve a combination of open and
closed chain tasks, trunk movement, high speeds
and high loads. An example would be sprinting.
Sprinters require strength to generate the forces
required to run fast. They perform strengthening
exercises in the weights room. In addition, there is
a heavy emphasis on technique and track work,
and minimizing trunk movements such as trunk
rotation. Use of the muscle synergy is altered dur-
ing sprinting, as many sprinters hold their breath
as they sprint, temporarily trading respiration
for maximal stabilization. In addition, sprinting is
a repetitive ballistic activity, which by its nature
requires phasic and fast muscle contractions. It
does not encompass slow closed chain activity. If a
sprinter breaks down with back pain, our approach
would require first that control of the local muscle
synergy was restored, using the techniques
described in detail in Chapter 14. To achieve this, in
consultation with the trainer and strength and
conditioning coach, we would try to have the
sprinter stop strength training for a short period of
time (e.g. a couple of weeks) to allow the best pos-
sible chance of activating the local muscle synergy.
We would hope to minimize or alleviate the
patient’s painful symptoms in this stage, depend-
ing upon the pathology present. The next phase
would revolve around techniques described in
Chapter 15, with progressive increases in gravita-
tional load cues. The aim of these two phases is
to maximize safe and effective load transfer and
joint protection. Many strength and training pro-
grammes will challenge the instilled joint protec-
tion mechanisms but are obviously required for
top-level performance. To reconcile these issues,
two aspects should be addressed. These include
development of countermeasures to prevent loss
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of local segmental control and maintaining and
checking segmental control regularly.

Develop countermeasures to maximize
joint protection

The segmental stabilization training approach is
based on progression through stages. However,
even when the initial stage (local segmental con-
trol) is achieved, progression through the next two
stages will challenge this control. It is important to
develop countermeasures to prevent loss of joint
protection and control.

Education of patients in the philosophy and sci-
ence behind this approach is vital. If the patient
does not understand the approach, compliance
will be poor. The patient also needs to understand
why certain activities will be avoided in the early
stages. Once control of the local synergy is achieved,
progression into closed chain activities will chal-
lenge local segmental control. A common mistake
is to progress this stage too quickly. If the weight-
bearing muscles do not respond appropriately to
load, the non-weightbearing muscles will compen-
sate, eventually becoming overactive and/or tight.
This is a risk at each stage, because this tendency
to overactivate the non-weightbearing muscles
occurs in low back pain and the control of the local
and weightbearing muscles seems to be more fragile
in nature. The end result of continuing to progress
the patient when local control and joint protection
islost is likely to be recurrence of painful symptoms.

To progress from stage 1 to stage 2, the basic
requirement is co-contraction of the muscles of the
local synergy in supine, prone, side lying, sitting
and standing. Adequate control of the lumbopelvic
position is also a requirement. Before exercises of
stage 2 (closed chain segmental control) are com-
menced, the local synergy muscles should first be
‘turned on’. In the sporting arena, athletes can be
encouraged to include this in their ‘warm-up’. As
a protective measure, thisshould be done beforeall
exercise sessions and should be incorporated into
the athlete’s routine. The order of loading and
exercise can also work as a protective measure. The
local muscles can be activated, prior to closed
chain exercises, and both stages 1 and 2 should be
performed before stage 3 (open chain segmental

control). In open chain segmental control, exer-
cises that do not involve movement of the lum-
bopelvic region should be performed prior to
exercises that move the spine and exercises that
are high in load and/or high in speed. For sporting
teams, apparatus such as whole body vibration
could be used to provide a countermeasure before
closed chain exercises are performed. This would be
useful to enhance the activity of the weightbearing
muscles and decrease the activity of the non-
weightbearing muscles, giving theathlete a window
of opportunity to enhance closed chain exercises.

Maintain segmental control and check reqularly

The best way for the patient or athlete with low
back pain to ascertain if the muscles of the local
muscle synergy are active is by palpating the
muscles as they try to activate them. This is possi-
bly one of the most important aspects of the whole
approach. If the patient is to perform contractions of
the local muscle synergy as a warm-up, it is vital
that they can use palpation to check that they are
performing the contraction well. It may also be best
to perform the contraction in the position that they
can best and consistently activate the muscles. As
progression is attempted, the patient or athlete
should test whether they can still effectively acti-
vate the muscles of the local synergy. For example,
after attempting some closed or open chain seg-
mental exercises, the patient or athlete could lie
down and try to activate the muscles of the local
synergy. If they are successful, progression is prob-
ably occurring according to plan. If the muscles can
be activated but cannot be held, this would indicate
that the patient has probably done enough in that
session. If the patient/athlete is unable to activate
the local muscles, this would suggest that com-
pensation by the non-weightbearing muscles has
occurred, and progression has been too quick.
Ultrasound imaging can be used at this stage to
confirm this result if there is any confusion or dis-
pute. This is the most effective way to ensure that
the joint protection mechanisms are operational.

CONCLUSION

We have presented an approach to therapeutic and
preventative exercise based on progression through




¥

"

three stages. This approach is based on a consider-
ableamount of research and clinical experience. The
approach relies heavily on problem solving. There
are several approaches and methods of exercise
available to patients with low back pain, athletes
and the general public. Our hope would be that this
approach would allow the clinician to incorporate

APPENDIX: MUSCLE ASSESSMENT

several different exercise approaches in a logical
manner by understanding and applying the princi-
ples presented.

An example of a muscle assessment form is
included in the Appendix below. This could form
part of the patients full subjective and objective
assessment.

The following form is an example of an assessment profile.

NAME: DATE:

1. Assessment of local muscle system

1a. Manual assessment

1b. Multifidus muscle assessment

(i) Palpation

(ii) Activation

(iii) Ultrasound imaging

Vertebral level Cross-sectional area (cm?)

Activation

Left Right

Left Right

L2

3

L4

L5

S1

(iv) Consistency changes

(v) Comments

Tc. Muscles of the abdominal wall

Prone pressure biofeedback test

(i) Pressure change
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(ii) Palpation
(iii) Spinal movement

Supine pressure biofeedback test

(i) Palpation
(ii) Symmetry

(iii) Ultrasound assessment

Quality of activation Left Right

Tensions anterior fascia

Transversus abdominis thickens

Transversus abdominis wraps around waistline

Oblique activation

Symmetry

(iv) Movement of anterior abdominal wall posteriorly

(v) Anterolateral abdominal wall muscle dimensions (in mm)

At rest Drawing in

Muscle Left Right Left Right

Transversus abdominis

Obliquus internus
abdominis

Obliquus externus
abdominis

Comments:

2. Closed chain muscle assessment

2a. Upper quadrant closed chain exercise (maintenance of spinal curves)
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2b. Trunk forward lean (maintenance of spinal curves)

2c. Grade 3 antigravity muscle tests

(i) Gluteus maximus

(ii) lliopsoas

(iii) Gluteus medius

(iv) Adductor magnus and brevis

2d. Wall squat

2e. Closed chain exercise in flexed postures

(i) Slow lunge

(ii) Semi-squat

2f. Closed chain with addition of unstable surfaces

(i) Balance boards

(ii) Discs

2g. Closed chain on more challenging surfaces and in more upright postures

(i) Slopes, sand

(ii) Whole body vibration

3. Open chain segmental control
3a. Assessment of mobility of adjacent segments
(i) Cervical spine

(ii) Thoracic spine

(iii) Shoulder complex
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(iv) Hip pelvic complex

(v) Knee

(vi) Ankle

3b. Maintenance of lumbopelvic position with PBV
(i) Single leg slide, other leg supported

(ii) Single leg slide, other leg unsupported

(iii) Single leg extension, other leg supported

(iv) Single leg extension, other leg unsupported

(vi) Hip rotation

(vii) Double leg slide

(viii) Double leg extension

3c. Muscle length testing
(i) Full body stretch against wall

(ii) Quadratus lumborum

(iii) Latissimus dorsi

(iv) Pectoralis major

(v) lliopsoas

(vi) Tensor fascia lata
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(vii) Hamstrings

(viii) Rectus femoris

3d. Trunk muscle strength: leg loading with PBV in situ
(i) Hip flexion

(ii) Hip extension

(iii) Hip abduction

(iv) Hip adduction

(v) Upper limb loading

3e. Trunk muscle strength with trunk movement

(i) Sit-up

(ii) Back extension

3f. Trunk muscle strength/endurance with apparatus

(i) Flexion

(ii) Extension

(iii) Lateral flexion

(iv) Rotation

3g. Trunk muscle endurance: Sorenson test
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