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Abstract

Many authors report changes in the control of the trunk muscles in people with low back pain (LBP). Although there is consider-
able disagreement regarding the nature of these changes, we have consistently found differential effects on the deep intrinsic and
superficial muscles of the lumbopelvic region. Two issues require consideration; first, the potential mechanisms for these changes
in control, and secondly, the effect or outcome of changes in control for lumbopelvic function. Recent data indicate that experimen-
tally induced pain may replicate some of the changes identified in people with LBP. While this does not exclude the possibility
that changes in control of the trunk muscles may lead to pain, it does argue that, at least in some cases, pain may cause the change
in control. There are many possible mechanisms, including changes in excitability in the motor pathway, changes in the sensory
system, and factors associated with the attention demanding, stressful and fearful aspects of pain. A new hypothesis is presentec
regarding the outcome from differential effects of pain on the elements of the motor system. Taken together these data argue for
strategies of prevention and rehabilitation of LBP
(0 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction changes. The majority of available hypotheses are

broadly consistent with two main theories that propose;
Changes in motor control and function of the trunk (i) that changes in muscle activity cause spinal pain
muscles have been reported frequently in the literature.(muscle—tension or pain—spasm-pain model), or (ii)
These changes range from changes in recruitment tochanges in muscle activity serve to restrict spinal motion
reduced strength and endurance of the trunk muscles(pain  adaptation  model). Experimental (e.g.
Notably, patterns of hyperactivity and hypoactivity have [11,70,95,113)] and clinical[7,50] data suggest that the
been reported and a variety of hypotheses have beemmuscle tension model is too simplistic, and offer support
developed to explain the effects and mechanisms of thefor the pain adaptation modg3], however considerable
debate existd114]. The purpose of this paper is to
review the evidence for changes in motor control, dis-
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2. Changes in motor control of the lumbopelvic
region

Although early studies of trunk muscle function
focused on the strength and endurance of the trunk
muscles in patients with LBP (e.g. [94,101]), more
recently the focus has shifted to issues of motor control.
The challenge of motor control of the lumbopelvic
region is immense and must serve to move and control
the spine in arange of environments and with a complex
interaction between internal and external forces. The
challenge is further complicated by the fact that without
muscle the spine and pelvis are inherently unstable
[62,77]. Trunk muscles must have sufficient strength and
endurance to satisfy the demands of control, but the
efficacy of the muscle system is dependent on its con-
troller, the central nervous system (CNS) [77]. The CNS
must continually interpret the status of stability and
movement, plan mechanisms to overcome predictable
challenges and rapidly initiate activity in response to
unexpected challenges. It must interpret the afferent
input from peripheral mechanoreceptors and other sen-
sory systems, consider this input and the impending
requirements against an “internal model of body dynam-
ics’ and then generate a coordinated response of the
trunk muscles so that the muscle activity occurs at the
correct time, with the correct amplitude, and so on.
Further, muscle activity must be coordinated to maintain
control of the spine within a hierarchy of interdependent
levels, control of intervertebral translation and rotation,
control of spinal posture/orientation, control of body
with respect to the environment [44,45,77]. Findly,
unlike the muscles of the limb, trunk muscles perform
a variety of homeostatic functions in addition to move-
ment and control of the trunk (e.g. respiration and
continence) [39]. In view of the complex requirements
of trunk muscle control, it is not surprising that aspects
of control are altered in people with LBP.

Many studies report changes in motor control in
people with acute and chronic LBP (e.g. [45,81,89]).
While there is considerable variability in results, we
have consistently found differential changes in activity
between the deep and superficial trunk muscles. In terms
of deep intrinsic trunk muscle activity, there is evidence
of delayed activity of transversus abdominis (TrA), the
deepest of the abdominal muscles (recorded with intra-
muscular EMG electrodes), in association with rapid
limb movements in people with chronic LBP [47]. It is
well accepted that the CNS initiates a sequence of mus-
cle activity involving the limb and trunk muscles in
advance of limb movements to prepare the body for the
predictable disturbance to stability from the reactive
forces caused by movement [3,4,8,46]. This sequence of
responses is feedforward, that is, it is preplanned by the
CNS and occurs in advance of the movement. Therefore,
these responses precede any afferent input from the

movement [4]. While changes have been identified in
these tasks in feedforward activity of both deep and
superficial muscles, the most consistent change (between
subjects and movements) occurs in TrA [45]. The
changes in TrA have been replicated when pain is
induced by intramuscular injection of hypertonic saline
into the longissimus at L4 [41]. Notably, the changes
observed in patients were identified in people who had
a history of LBP but were in remission from their symp-
toms. Although these studies have reported a delay in
activation, it is likely that the change is not confined to
this parameter, but instead may be reflective of a change
in control. For example tonic activity of TrA, which is
normally observed during repetitive trunk [17] and limb
movements [40], is reduced during experimentally-
induced pain [41]; relative EMG activity of rectus abdo-
minis and EMG activity recorded with electrodes over
the inferiolateral abdominal wall is atered in people with
chronic LBP during a novel task to move the abdominal
wall inwards [75].

There is preliminary evidence that the deep paraspinal
muscles show similar changes in activity. During func-
tional tasks, there is reduced amplitude of activity of
multifidus, the deepest back muscle in the lumbar region,
in people with LBP [60,89] and atered responses have
been observed during loading of the trunk. For example,
when a load is unexpectedly dropped into the hands,
there is normally a short-latency response of the paraspi-
nal muscles [59,73]. In healthy control subjects, studies
have reported earlier activity of the deep [73] and super-
ficial [59] fibres of multifidus when the loading can be
anticipated compared to trials when the load cannot be
anticipated [73]. However, when people with sciatica
catch aload that is predictable, the response of the paras-
pinal muscles (recorded with surface electrodes) does not
occur earlier than the unpredictable trials [59]. Others,
using an unexpected loading paradigm, report both
delayed [67,109] and no change [113] in activity of the
paraspinal muscles. The apparent greater specificity of
the delay to predictable tasks suggests that the change
is dependent on input from higher centres of the CNS.
The reported changes in activity of multifidus are con-
sistent with changes in its morphology and fatigability,
which in turn could be explained by altered use of the
muscle. For example, studies report changes in muscle
fibre composition [83] and increased fatigability [6,87],
and reduced cross-sectional area of multifidus has been
identified as little as 24 hours after the onset of acute,
unilateral LBP [37], although it is not clear as to whether
this is a premorbid phenomenon. In summary, the evi-
dence seems to suggest that, with LBP, there is an alter-
ation in control of the deep intrinsic spinal muscles that
consistently manifests as hypoactivity. The possible
implications of these changes are discussed below.
Although others argue that paraspinal muscles react to
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pain and injury with hyperactivity (e.g. [49,90,116]) this
may vary between components of the paraspina group.

Dueto the ease of accessibility of the superficial trunk
muscles to surface EMG recordings, there is a large
literature that investigates changes in these muscles in
LBP. Despite the popularity of the muscle tension
model, there is considerable debate about the presence
of augmented activity of the paraspina muscles. Studies
have had variable results, some reporting increased
activity [1,111], othersreporting decreased [89] or asym-
metrical activity [16] and others reporting no change in
activity [15], for a review see [114]. One finding that
has been consistently observed in people with LBP is
sustained activity of the erector spinae muscles at the
end of range of spinal flexion, a point at which the erec-
tor spinae muscles are normally inactive (the so-called
flexion—relaxation response) [88]. Importantly, this nor-
mal responseisonly lost in a subset of patients, suggest-
ing that factors other than the presence of pain influence
this change in activity (e.g. fear of pain, see below).
Nonetheless, this finding has been replicated by experi-
mental pain [113] and has been shown to limit interver-
tebral motion [56]. In this regard, changes in paraspinal
muscle activity during gait may serve a similar purpose.
The normal periods of silence in erector spinae activity
between heel contacts are reduced in LBP patients and
in otherwise symptomatic participants given experimen-
tally induced LBP [2], which may serve to splint the area
during this period.

Variability in superficial trunk muscle activity asso-
ciated with pain has been observed in other tasks. In a
study by Radebold and colleagues [81] in which a load
was removed from the trunk, augmentation of superficia
trunk muscles was observed, but only in a subset of
patients. Experimentally elicited pain caused variable
responses of the superficial trunk muscles in association
with rapid limb movements [41]. However, importantly,
although there was considerable inter-subject variability
in the pattern of superficial trunk muscle activity, at least
one superficiadl muscle was augmented during pain in
every subject. Notably the hypoactivity of the intrinsic
spinal muscle, TrA, was a consistent finding across the
group.

In addition to changes in muscle recruitment, impair-
ment of other elements of motor control has been ident-
ified in people with LBP. For example changes in bal-
ance control and sensory aspects. Balance has been
shown to be impaired in people with LBP when standing
on one [64] or two legs [10] or sitting [82], and people
with poor performance in atest of standing balance have
an increased risk of LBP [100]. Because both feedfor-
ward and feedback-mediated components of motor con-
trol are dependent on sensory input, any change in sen-
sory input is likely to be important. Numerous studies
have reported reduced acuity [32] and impaired ability
to perform repositioning tasks [9] in people with LBP.

Other more complex elements of control have also been
found to be altered in LBP. For instance people with
LBP have a slower reaction time [65], and slow reaction
time has been associated with musculoskeletal injuries
(including LBP) in a variety of sports [99]. Although
there is marked variability between individuals and stud-
ies, the relationship between pain and motor control of
the spine appears complex. Importantly, there is increas-
ing evidence for differential changes in activity of the
deep and superficial trunk muscles with pain. In this
regard, two issues require consideration. What are the
possible mechanisms for this change and what are the
potential outcomes in terms of spinal function?

3. Possible mechanisms for pain to affect motor
control of the trunk muscles

It is not certain whether pain causes changes in motor
control or whether motor control changes lead to pain,
or both. Farfan [25] and Panjabi [77], amongst others,
have presented models that suggest that deficits in motor
control lead to poor control of joint movement, repeated
microtrauma and pain. Consistent with this model, Janda
[53] has argued that people who have mild neurological
signs (e.g. minor coordination difficulties) are more
likely to have pain as adults. Furthermore slow reaction
times have been linked to increased risk of muscul oske-
letal injury [99]. However, the converse may aso be
true. Perhaps pain leads to changes in motor control.
Numerous studies using experimental models of pain
have provided support for this hypothesis by repro-
duction of changes in control that have been identified
in clinical populations [2,41,113]. Consequently, a num-
ber of mechanisms have been proposed to explain the
effect of pain on motor control (Fig. 1). These include
changes in excitability at the spinal or cortical level,
changes in proprioception or afferent mediated control,
or specific cortical effects imparted by aspects of pain,
such as its demand on CNS resources, stress or fear. The
following sections will review each of these possible
mechanisms.

Widespread changes in excitability have been ident-
ified at many levels of the motor system during pain.
Acute experimental pain has been shown to cause
changes in spina motoneuron activity [70,96,97]. For
instance, increased stretch reflex amplitude of the soleus
muscle has been reported after intramuscular injection
of hypertonic saline [70]. Others report reduced ampli-
tude of motor potential evoked by transcranial magnetic
stimulation over the motor cortex in response to experi-
mental pain [102]. However, these responses may be
task or muscle specific as other studies have reported no
changes in excitability of the motoneuron or motor cor-
tex [29,112]. Those authors argued that changes in motor
drive may occur ‘upstream’ of the motor cortex, for
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Fig. 1. Possible mechanisms for pain to affect motor control. Multiple mechanisms have been proposed for pain to affect motor control. It is
unlikely that the simple inhibitory pathways (left) can mediate the complex changes in motor control of the trunk muscles. The most likely candidates
are changes in motor planning via a direct influence of pain on the motor centres, fear-avoidance, or due to changes in the sensory system.

instance, involving areas associated with motor plan-
ning. Reflex inhibition of motoneuron excitability has
also been suggested to occur in association with swelling
[92] and injury to joint structures [24], which has been
argued to indicate polysynaptic inhibition at a spinal
level [93]. While this may be a factor in clinical popu-
lations, it cannot explain the findings of studies of
experimental pain that are not associated with oedema
and injury, and similar effects cannot be produced by
injection of similar volumes of isotonic saline [33].
Evidence from several groups argues that changes in
trunk muscle activity in LBP may not be mediated by
simple changes in excitability. Zedka et a [113] were
unable to identify changes in the short latency response
of the paraspinal muscles to amechanical tap to the mus-
cle following pain induced by injection of hypertonic
saline into the muscle (changes in this component would
be consistent with changes in motoneuron excitability).
These authors did find changes in later components of
the response that can be influenced by input from higher
centres. 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
TrA is independent of the direction of arm movement
[46]. If the delay in response observed during pain was
due to a change in excitability it may be predicted that
the response would remain consistent between move-
ment directions, although delayed. However, this is not
the case. The response of TrA in people with LBP is
earlier with shoulder extension than the other move-
ments, which is similar to the response of the superficial
trunk muscles, normally under differential control
[45,73]. Also, in a healthy population, when the prep-
aration for movement is reduced, despite slowing of the

response of the prime mover of the arm and the oblique
abdominal muscles, the response of TrA is not affected
[48]. However, in people with LBP, the response is
delayed along with the increased reaction time of the
movement in the reduced preparation trials [42]. Taken
together, these findings are likely to represent a change
in motor planning.

Consistent with the identification of changes in motor
planning there is compelling evidence that pain has
strong effects a  the  supraspina level
[20,38,57,61,64,66,104]. Both short- and long-term
changes are thought to occur in activity of the supraspi-
nal structures including the cortex with pain. Many stud-
ies have reported changes during experimental pain in
activity of regions of the brain involved in movement
planning and performance (see [20]). One area that has
been consistently found to be affected is the anterior
cingulate cortex (ACC) [79]. The ACC has also been
reported to be chronically active in people with chronic
LBP [51]. The ACC has long been thought to be
important in motor responses and directly projects to
motor and supplementary motor areas [80]. Hypotheti-
cally at least, activation of these cortical regions during
pain may influence movement control directly and
mediate the changes reported above. However, confir-
mation of this hypothesis is difficult because movement
is not permitted in many imaging studies. Other authors
have identified increased activity in areas of somatosen-
sory cortex activated by noxious cutaneous stimulation
of the finger and back in people with LBP [27]. Further-
more, the area activated increased as a function of the
duration of their pain. These changes may contribute to
the perpetuation of pain in the absence of peripheral noc-
iception, but may also contribute to the motor changes.
Further work is required to clarify these findings as they
relate to motor control.
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Although nociceptive stimulation and pain may dis-
rupt motor output directly, it is aso possible that an
effect is caused by aspects of pain, such as its attention
demanding requirements, stress or fear. In terms of atten-
tion demand, it is widely considered that pain utilises
attentional resources, probably by virtue of its direct rel-
evance for survival (see[80] for review). Severa studies
support this hypothesis. For example, recordings of
event-related potentials in the cortex [86], brain imaging
studies [20], cognitive performance tasks [18,19,22] and
a combination of these methods [61] indicate increased
latencies and/or error rates in the presence of pain. Thus
pain may lead to changes in movement coordination as
a result of the increased demand placed on information
processing resources. While several authors have ident-
ified slower reaction times in people with LBP, which
may be attributable to this mechanism [66], we have
recently shown that performance of an attention-
demanding task does not replicate the changes in trunk
muscle activity seen in people with LBP [72]. 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 trunk
muscles (TrA and deep MF) occurred earlier relative to
the deltoid response (i.e. opposite to the changes seen in
LBP). There was no change in the activity of the super-
ficial abdominal or paraspinal muscles.

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 [54,103,108].
Notably, trunk muscle activity during a lifting task is
atered when the task is performed in the presence of
psychosocia stressors [69] and shoulder muscle activity
during a keyboard task is altered by work-related stress
[23]. Furthermore, changes in paraspinal muscle activity
in chronic pain patients have been linked to subjective
measures of distress and anxiety, rather than just the
intensity of pain [26,28,106]. 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 feed-
back of performance and other negative psychosocial
cues [72]. Although the addition of stress did not repli-
cate the changes that we had identified with experimen-
tally induced pain, there was a delay in the response of
the deep trunk muscles relative to tasks when the atten-
tion demand was non-stressful, indicating some effect
of stress.

Another alternative argues that the changes in control
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, with the fear-avoidance
model gaining considerable support in the literature (see
[105] for review). In brief, the fear avoidance model

argues that fear of pain and (re)injury prevents normal
return to activity, which leads to deconditioning and dis-
ability [105]. Although the primary application of the
fear avoidance model has been in consideration of
behavioural response to pain and injury, corresponding
findings have been reported in the pattern of motor con-
trol [68]. Severa studies have reported differences in
trunk muscle activity between fearful and non-fearful
back pain patients. For instance fearful patients have a
greater reduction in endurance of the paraspina muscles
[6] and less relaxation of the paraspinal muscles at the
end of trunk flexion [107] than non-fearful patients and
controls. Furthermore, it has been suggested that chronic
LBP patients have increased paraspina muscle activity
when they are exposed to personally relevant stressors
but not when they are exposed to general stressors [26].
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 amplitude,
the response of TrA and deep MF is delayed in a manner
that is similar to that seen with experimentally induced
LBP [72]. While the latter finding does not confirm that
fear of pain causes the changes seen in people with LBP
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 com-
mon mechanism. It is important to consider that fear of
pain may explain why people who have a history of pain
have delayed activity of TrA. Furthermore, if fear of pain
can disrupt the normal control of the trunk muscles, this
may provide a link between psychosocia factors and
physiological changes that lead to recurrence of pain. It
could also be interpreted 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).

If pain or other supraspinal mechanisms such as fear
can disrupt motor control, why does this lead to the rela-
tively consistent finding of reduced activity of deep
intrinsic spinal muscles and increased activity of the
large superficial muscles? The explanation may liein the
pain-adaptation model of Lund and colleagues [63]. 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 an increase in antagonist activity so as to
limit the velocity, force and range of movement [95].
This pattern of response has been observed in clinical
and experimental pain studies for many regions of the
body including the jaw [95] and trunk [113]. In terms
of control of a segment such as the trunk, the response
may also involve general dtiffening of the body
segment(s) by muscle co-activation. Panjabi [77] and
Cholewicki [13] predicted that such a response would



366 P.W. Hodges, G.L. Moseley / Journal of Electromyography and Kinesiology 13 (2003) 361-370

increase vertebral control and is consistent with the aug-
mented activity of the large, superficial trunk muscles.

Consistent with this, there is evidence of relative stiff-
ening of the spine in pain. Moe-Nilssen et a. [71]
reported reduced trunk movement during gait during
experimentally induced pain, and [35] showed that trunk
movement following a support surface translation is
reduced during pain. Hypothetically, if the general stiff-
ness of the spineis increased, the CNS may perceive the
demand for ‘fine-tuning’ to be diminished, leading to
reduced activity of the deep intrinsic spina muscles
despite the potential long-term sequelae of this strategy
(see below). 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.

An additional factor to consider is that accurate con-
trol of movement is dependent on the sensory element
of the motor system. Inaccurate afferent input would
affect al aspects of motor control from simple reflex
responses (e.g. those arising from stimulation of
mechanoreceptors in the muscles [113] or other elements
of the spine [52,91,116]) to complex movements that are
dependent on an accurate ‘internal model of body
dynamics (see [34]), which allows the CNS to predict
the interaction between internal and external forces. Sev-
eral studies have reported decreased acuity to spina
motion in LBP [98] and impaired ability to accurately
reposition with LBP [9,32]. In addition, muscle spindle
sensitivity is atered by pain (eg. [78] and muscle
activity [30], thus any change in activation may
adversely affect perception of movement. Finally, sev-
eral studies have argued that sensory acuity may be
reduced by fatigue [12], thus decreased muscle endur-
ance with injury or pain may lead to impaired sensory
acuity via increased fatigability.

4. Possible outcomes of motor control changes

In view of the differential changesin the deep intrinsic
muscles and the superficial muscles in the presence of
pain, it is critical to consider possible sequelae of these
changes. All trunk muscles are required for control and
stability of the spine [77] and it is clear that stability is
dependent on the interplay between an array of muscles,
both intrinsic and superficial [5,14,115]. Yet, there is
considerable redundancy in the motor system with many
muscles potentially able to perform similar functions. A
change in strategy of trunk muscle control, toward
increased stiffening of the spine viaincreased activity of
large superficia muscles, which has been predicted
[13,77] and shown to occur (see above), would seem to
satisfy the demands for spina function. However, we
propose several side effects of this strategy that may
compromise lumbopelvic health and potentialy lead to

long-term sequelae. The basis for this hypothesis is that
the contribution of the deep intrinsic spinal muscles to
trunk control is that of ‘fine-tuning’ of intervertebra
motion. Although it is unlikely that differentiation in
muscle function can be described in a dichotomous man-
ner, in general it has been suggested that, in contrast to
intrinsic muscles, the large and superficia trunk muscles
that transcend the lumbar spine and pelvis have a more
significant contribution to prevention of buckling of the
spine [5,14,115] and to balance external loads [5]. These
are also the muscles that have the greatest potential to
generate torque to move the trunk.

In contrast, in vivo [43,55,85], in vitro [110] and mod-
elling studies [110] argue that the deep intrinsic muscles,
such as TrA and the deep fibres of multifidus, are critical
for the control of intervertebral motion. Thus, data sug-
gests that the deep muscles might provide the ‘fi ne-tun-
ing’ as a component of the complex interdependent
activity of the trunk muscles to stabilise the spine. We
suggest that in the pain adaptation model, the response
to pain of stiffening the spine with increased activity of
the large muscles may be at the ‘cost’ of a loss of this
‘fine tuning’. Other factors require consideration. First,
movement is an important element of spinal function. It
is known that in healthy subjects the CNS uses move-
ment rather than simple stiffening of the spine to over-
come challenges to stability [44] and reduce energy
expenditure [58]. A strategy of trunk stiffening, although
requiring less complex neural control, may compromise
optimal spinal function. Second, co-activation of the
superficial muscles may have a loading cost. The super-
ficial trunk muscles generate torque at the trunk. This
torque must be overcome by antagonist activation in
order to keep the spine upright, and this co-activation
results in a compressive load on the spine [31]. Excess-
ive compression, which results in increased intradiscal
pressure and loading through the posterior elements of
the spine has long been considered to be a risk factor
for spinal degeneration and pain [74]. If greater demand
is placed on the superficial muscle system, the loading
may be increased. Third, trunk muscles are involved in
functions other than spinal control and movement. As
the superficial abdominal muscles depress the rib cage
and are involved in forced expiration [21], increased
activity of these musclesin people with pain may lead to
compromised respiratory function, for example restricted
movement of the chest wall. In contrast, TrA has a lim-
ited effect on rib cage motion due to its horizontal fibre
orientation and contributes to expiratory airflow via ros-
tral displacement of the abdomina contents [21]. In a
recent study we have shown that of the abdominal
muscles only TrA can coordinate respiratory and pos-
tural functions [40]. Thus, changes in trunk muscle
activity may be problematic from a systemic point of
view. While each of these hypotheses requires further
investigation, additional support comes from the litera-
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ture which suggests that reorganisation of the control of
the deep and superficial trunk muscles through motor
learning strategies [84] leads to reduced pain and dis-
ability associated with LBP [76] and reduced recurrence
of pain [36].

In summary, relatively consistent patterns of change
in activity have been identified in the literature, although
there are considerable inter-individual differences. While
the mechanisms of these changes are not completely
understood, there is compelling evidence to suggest that
pain may be responsible for the change, at least in some
individuals. The consequence of these changes may
potentially be a factor in the recurrence of LBP. Taken
together these data are consistent with contemporary
strategies for rehabilitation of patients with LBP.

References

[1] J.G. Arena, R.A. Sherman, G.M. Bruno, T.R. Young, Electromy-
ographic recordings of 5 types of low back pain subjects and non-
pain controls in different positions, Pain 37 (1) (1989) 57—65.

[2] L. Arendt-Nielsen, T. Graven-Nielsen, H. Svarrer, P. Svensson,
The influence of low back pain on muscle activity and coordi-
nation during gait: a clinical and experimental study, Pain 64 (2)
(1996) 231-240.

[3] A.S. Aruin, M.L. Latash, Directional specificity of postural
muscles in feed-forward postural reactions during fast voluntary
arm movements, Experimental Brain Research 103 (1995) 323—
332.

[4] V. Belenkii, V.S. Gurfinkel, Y. Paltsev, Elements of control of
voluntary movements, Biofizika 12 (1) (1967) 135-141.

[5] A. Bergmark, Stability of the lumbar spine. A study in mechan-
ical engineering, Acta Orthopedica Scandinavica 60 (Suppl 230)
(1989) 1-54.

[6] H.J. Biederman, G.L. Shanks, W.J. Forrest, J. Inglis, Power spec-
trum analysis of electromyographic activity: discriminators in the
differential assessment of patients with chronic low back pain,
Spine 16 (10) (1991) 1179-1184.

[7] E.B. Blanchard, F. Andrasik, J.G. Arena, S.J. Teders, Variation
in meaning of pain descriptors for different headache types as
revealed by psychophysical scaling, Headache 22 (3) (1982)
137-139.

[8] S. Bouisset, M. Zattara, A sequence of postura adjustments pre-
cedes voluntary movement, Neuroscience Letters 22 (1981)
263-270.

[9] S. Brumagne, P. Cordo, R. Lysens, S. Verschueren, S. Swinnen,
The role of paraspinal muscle spindles in lumbosacral position
sense in individuals with and without low back pain, Spine 25
(8) (2000) 989-994.

[20] N.N. Byl, P.L. Sinnott, Variations in balance and body sway in
middle-aged adults: subjects with healthy backs compared with
subjects with low back dysfunction, Spine 16 (1991) 325-330.

[11] N.F. Capra, J.Y. Ro, Experimental muscle pain produces central
modulation of proprioceptive signals arising from jaw muscle
spindles, Pain 86 (1-2) (2000) 151-162.

[12] JE. Carpenter, R.B. Blasier, G.G. Pellizzon, The effects of mus-
cle fatigue on shoulder joint position sense, American Journal of
Sports Medicine 26 (2) (1998) 262-265.

[23] J. Cholewicki, M.M. Panjabi, A. Khachatryan, Stabilizing func-
tion of trunk flexor—extensor muscles around a neutral spine pos-
ture, Spine 22 (19) (1997) 2207-2212.

[14] J. Cholewicki, 1.J. Van Vliet, Relative contribution of trunk

muscles to the stability of the lumbar spine during isometric exer-
tions, Clinical Biomechanics 17 (2) (2002) 99-105.

[15] G.A. Collins, M.J. Cohen, B.D. Naliboff, S.L. Schandler, Com-
parative analysis of paraspinal and frontalis emg, heart rate and
skin conductance in chronic low back pain patients and normals
to various postures and stresses, Scandinavian Journa of
Rehabilitation Medicine 14 (1982) 39-46.

[16] J.R. Cram, J.C. Steger, Emg scanning in the diagnosis of chronic
pain, Biofeedback and Self Regulation 8 (1983) 229-241.

[17] A.G. Cresswell, H. Grundstrom, A. Thorstensson, Observations
on intra-abdominal pressure and patterns of abdominal intramus-
cular activity in man, Acta Physiologica Scandinavica 144 (1992)
409-418.

[18] G. Crombez, C. Eccleston, F. Bagyens, P. Eelen, Attentional dis-
ruption is enhanced by the threat of pain, Behavioural Research
and Therapy 36 (2) (1998) 195-204.

[19] G. Crombez, C. Eccleston, F. Baeyens, B. van Houdenhove, A.
van den Broeck, Attention to chronic pain is dependent upon
pain-related fear, Journal of Psychosomatic Research 47 (5)
(1999) 403-410.

[20] S.W. Derbyshire, A.K. Jones, F. Gyulai, S. Clark, D. Townsend,
L.L. Firestone, Pain processing during three levels of noxious
stimulation produces differential patterns of central activity, Pain
73 (3) (1997) 431-445.

[21] A. DeTroyer, M. Estenne, Functional anatomy of the respiratory
muscles, in: M.J. Belman (Ed.), Respiratory Muscles: Function
in Health and disease, W.B. Saunders Co, Philadelphia, 1988, pp.
175-195.

[22] C. Eccleston, G. Crombez, Pain demands attention: a cognitive—
affective model of theinterruptive function of pain, Psychological
Bulletin 125 (3) (1999) 356-366.

[23] K. Ekberg, J. Eklund, Psychologica stress and muscle activity
during data entry at visua display units, Work Stress 9 (1995)
475-490.

[24] J. Ekholm, G. Eklund, S. Skoglund, On reflex effects from knee
joint of cats, Acta Physiologica Scandinavica 50 (1960) 167-174.

[25] H.F. Farfan, Mechanical disorders of the low back, Lea and
Febiger, Philadelphia, 1973.

[26] H. For, N. Birbaumer, Symptom-specific psychophysiological
responses in chronic pain patients, Psychophysiology 29 (1992)
452-460.

[27] H. Flor, C. Braun, T. Elbert, N. Birbaumer, Extensive reorganiza-
tion of primary somatosensory cortex in chronic back pain
patients, Neuroscience Letters 224 (1) (1997) 5-8.

[28] H. Flor, D.C. Turk, Psychophysiology of chronic pain: do chronic
pain patients exhibit symptom-specific psychophysiological
responses?, Psychological Bulletin 105 (2) (1989) 215-2509.

[29] S.C. Gandevia, G.M. Allen, J.E. Butler, JL. Taylor, Supraspina
factors in human muscle fatigue: evidence for suboptimal output
from the motor cortex, Journal of Physiology (London) 490 (Pt
2) (1996) 529-536.

[30] S.C. Gandevia, D.I. McCloskey, D. Burke, Kinaesthetic signals
and muscle contraction, Trends in Neurosciences 15 (2) (1992)
62—65.

[31] M.G. Gardner-Morse, |.A. Stokes, The effects of abdominal mus-
cle coactivation on lumbar spine stability, Spine 23 (1) (1998)
86-91.

[32] K.P. Gill, M.J. Cdlaghan, The measurement of lumbar propri-
oception in individuals with and without low back pain, Spine
23 (3) (1998) 371-377.

[33] T. Graven-Nielsen, P. Svensson, L. Arendt-Nielsen, Effects of
experimental muscle pain on muscle activity and coordination
during static and dynamic motor function, Electroencephal ogra-
phy and Clinica Neurophysiology 105 (2) (1997) 156-164.

[34] V.S. Gurfinkel, The mechanisms of postural regulation in man,
Soviet Scientific Reviews. Section F. Physiology and genera
biology 7 (1994) 59-89.



368

(35]

(36]

(37]

(38]

[39]

(4]

(41]

(42]

(43]

[44]

(45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

P.W. Hodges, G.L. Moseley / Journal of Electromyography and Kinesiology 13 (2003) 361-370

S. Henry, Postural responses in persons with low back pain, in:
J. Duysens, B.C.M. Smits-Engelsman, H. Kingma (Eds.), Control
of posture and gait, International Society for Posture and Gait
Research, Maastricht, 2001, pp. 651-655.

JA. Hides, G.A. Jull, C.A. Richardson, Long term effects of spe-
cific stabilizing exercises for first episode low back pain, Spine
26 (2001) 243-248.

JA. Hides, M.J. Stokes, M. Saide, G.A. Jull, D.H. Cooper, Evi-
dence of lumbar multifidus muscle wasting ipsilateral to symp-
toms in patients with acute/subacute low back pain, Spine 19 (2)
(1994) 165-177.

P. Hodges, Changes in motor planning of feedforward postural
responses of the trunk muscles in low back pain, Experimental
Brain Research 141 (2001) 261-266.

P. Hodges, S. Gandevia, Activation of the human diaphragm dur-
ing arepetitive postural task, Journal of Physiology (London) 522
(2000) 165-175.

P. Hodges, S. Gandevia, Changes in intra-abdominal pressure
during postural and respiratory activation of the human dia-
phragm, Journal of Applied Physiology 89 (3) (2000) 967-976.
P. Hodges, G. Moseley, A. Gabrielsson, S. Gandevia, Acute
experimental pain changes postura recruitment of the trunk
muscles in pain-free humans. Society for Neuroscience
Abstracts, 2001.

P.W. Hodges, Changes in motor planning of feedforward postural
responses of the trunk muscles in low back pain, Experimental
Brain Research 141 (2) (2001) 261—266.

P. Hodges, A. Kaigle-Holm, S. Holm, L. Ekstrom, A.G. Cres-
swell, T. Hansson, A. Thorstensson, In vivo evidence that pos-
tural activity of the respiratory muscles increases intervertebal
stiffness of the spine: porcine studies. Society for Neuroscience
Abstracts 2002; 366.5.

P.W. Hodges, A.G. Cresswell, A. Thorstensson, Preparatory
trunk motion accompanies rapid upper limb movement, Experi-
mental Brain Research 124 (1999) 69-79.

P.W. Hodges, C.A. Richardson, Inefficient muscular stabilisation
of the lumbar spine associated with low back pain: a motor con-
trol evaluation of transversus abdominis, Spine 21 (1996)
2640-2650.

P.W. Hodges, C.A. Richardson, Feedforward contraction of trans-
versus abdominis in not influenced by the direction of arm move-
ment, Experimental Brain Research 114 (1997) 362-370.

P.W. Hodges, C.A. Richardson, Delayed postura contraction of
of transversus abdominis associated with movement of the lower
limb in people with low back pain, Journal of Spinal Disorders
11 (1) (1998) 46-56.

P.W. Hodges, C.A. Richardson, Transversus abdominis and the
superficial abdominal muscles are controlled independently in a
postural task, Neuroscience Letters 265 (2) (1999) 91-94.

S. Holm, A. Indahl, M. Solomonow, Sensorimotor control of the
spine, J Electromyography and Kinesiology 12 (3) (2002) 219-
234.

K.A. Holroyd, D.B. Penzien, K.G. Hursey, D.L. Tobin, L. Rog-
ers, JE. Holm, P.J. Marcille, JR. Hall, A.G. Chila, Change mech-
anismsin EMG biofeedback training: cognitive changes underly-
ing improvements in tension headache, Journal of Consultation
and Clinica Psychology 52 (6) (1984) 1039-1053.

J.C. Hsieh, M. Belfrage, S. Stone-Elander, P. Hansson, M. Ingvar,
Central representation of chronic ongoing neuropathic pain stud-
ied by positron emission tomography, Pain 63 (2) (1995) 225—
236.

A. Indahl, A. Kaigle, O. Reikeras, S. Holm, Electromyographic
response of the porcine multifidus musculature after nerve stimu-
lation, Spine 20 (24) (1995) 2652-2658.

V. Janda, Muscles, central nervous motor regulation and back
problems, in: 1.M. Korr (Ed.), The Neurobiologic Mechanisms

(54]

(59]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

(71

in Manipulative Therapy, New York, Plenum Press, 1978, pp.
27-41.

G. Jones, A. Cale, God difficulty, anxiety and performance,
Ergonomics 40 (3) (1997) 319-333.

A.M. Kaigle, SH. Holm, T.H. Hansson, 1997 Volvo award win-
ner in biomechanical studies. Kinematic behavior of the porcine
lumbar spine: a chronic lesion model, Spine 22 (24) (1997)
2796-2806.

A.M. Kaigle, P. Wessherg, T.H. Hansson, Muscular and kinem-
atic behavior of the lumbar spine during flexion— extension, Jour-
nal of Spina Disorders 11 (2) (1998) 163-174.

T. Kuukkanen, E. Malkia, Effects of a three-month active
rehabilitation program on psychomotor performance of lower
limbs in subjects with low back pain: a controlled study with a
nine-month follow-up, Perceptual Motor Skills 87 (3, Pt 1) (1998)
739-753.

C.J. Lamoth, O.G. Meijer, P.I. Wuisman, JH. van Dieen, M.F.
Levin, P.J. Beek, Pelvis—thorax coordination in the transverse
plane during walking in persons with nonspecific low back pain,
Spine 27 (4) (2002) E92—E99.

V. Leinonen, M. Kankaanpaa, M. Luukkonen, O. Hanninen, O.
Airaksinen, S. Taimela, Disc herniation-related back pain impairs
feed-forward control of paraspinal muscles, Spine 26 (16) (2001)
E367-E372.

K.-A. Lindgren, T. Sihvonen, E. Leino, M. Pitkanen, H. Man-
ninen, Exercise therapy effects on fuctional radiographic findings
and segmental electromyographic activity in lumbar spine insta-
bility, Archives of Physicad Medicine and Rehabilitation 74
(1993) 933-939.

J. Lorenz, B. Bromm, Event-related potentia correlates of inter-
ference between cognitive performance and tonic experimental
pain, Psychophysiology 34 (4) (1997) 436-445.

D.B. Lucas, B. Breder, Stability of the ligamentous spine, Tech-
nical Report esr. 11 no. 40. Biomechanics Laboratory, University
of California, Berkeley and San Francisco, 1960.

JP. Lund, R. Donga, C.G. Widmer, C.S. Stohler, The pain-adap-
tation model: a discussion of the relationship between chronic
musculoskeletal pain and motor activity, Canadian Journal of
Physiology and Pharmacology 69 (5) (1991) 683-694.

S. Luoto, H. Adto, S. Taimela, H. Hurri, 1. Pyykko, H. Alaranta,
One-footed and externally disturbed two-footed postural control
in patients with chronic low back pain and healthy control sub-
jects. A controlled study with follow-up, Spine 23 (19) (1998)
2081-2089.

S. Luoto, M. Helidvaara, H. Hurri, H. Alaranta, Static back
endurance and the risk of low-back pain, Clinical Biomechanics
10 (6) (1995) 323-324.

S. Luoto, S. Taimela, H. Hurri, H. Alaranta, Mechanisms
explaining the association between low back trouble and deficits
in information processing. A controlled study with follow-up,
Spine 24 (3) (1999) 255-261.

M. Magnusson, A. Aleksiev, D. Wilder, M. Pope, K. Spratt, S.
Lee, Unexpected load and asymmetric posture as etiologic factors
in low back pain, European Spine Journa 5 (1) (1996) 23-35.
C.J. Main, P.J. Watson, What harm—pain behavior? Psychologi-
cal and physical factorsin the development of chronicity, Bulletin
of Hospital Joint Disorders 55 (4) (1996) 210-212.

W.S. Marras, K.G. Davis, C.A. Heaney, A.B. Maronitis, W.G.
Allread, The influence of psychosocial stress, gender, and person-
ality on mechanical loading of the lumbar spine, Spine 25 (23)
(2000) 3045-3054.

D.A. Matre, T. Sinkjaer, P. Svensson, L. Arendt-Nielsen, Experi-
mental muscle pain increases the human stretch reflex, Pain 75
(2-3) (1998) 331-339.

R. Moe-Nilssen, A.E. Ljunggren, E. Torebjork, Dynamic adjust-
ments of walking behavior dependent on noxious input in experi-
mental low back pain, Pain 83 (3) (1999) 477-485.



(72

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

P.W. Hodges, G.L. Moseley / Journal of Electromyography and Kinesiology 13 (2003) 361-370 369

G.L. Moseley, P.W. Hodges, S.C. Gandevia, Attention demand,
anxiety and acute pain cause differential effects on postural acti-
vation of the abdominal musclesin humans. Society for Neurosci-
ence Abstracts, 2001.

G.L. Moseley, P.W. Hodges, S.C. Gandevia, Externa pertur-
bation to the trunk is associated with differential activity of the
deep and superficia fibres of lumbar multifidus, in: 4th Interdisci-
plinary World Congress on Low Back and Pelvic Pain, Montreal,
Canada, 2001.

A. Nachemson, JM. Morris, In vivo measurement of intradiscal
pressure: Discometry, a method for the determination of presure
in the lower lumbar discs, Journal of Bone and Joint Surgery 46A
(1964) 1077-1092.

P.B. O'Sullivan, L. Twomey, G.T. Allison, Altered abdominal
muscle recruitment in patients with chronic back pain following
a specific exercise intervention, Journal of Orthopedic and Sports
Physical Therapy 27 (2) (1998) 114-124.

P.B. O’'Sullivan, L.T. Twomey, G.T. Allison, Evaluation of spe-
cific stabilizing exercise in the treatment of chronic low back pain
with radiologic diagnosis of spondylolysis or spondylolisthesis,
Spine 22 (24) (1997) 2959-2967.

M.M. Panjabi, The stabilizing system of the spine. Part |. Func-
tion, dysfunction, adaptation, and enhancement, Journal of Spinal
Disorders 5 (4) (1992) 383-389.

J. Pedersen, P. Sjolander, B.l. Wenngren, H. Johansson, Increased
intramuscular concentration of bradykinin increases the static fus-
imotor drive to muscle spindles in neck muscles of the cat, Pain
70 (1) (1997) 83-91.

R. Peyron, B. Laurent, L. Garcia-Larrea, Functional imaging of
brain responses to pain. A review and meta-analysis (2000), Neu-
rophysiology Clinics 30 (5) (2000) 263-288.

D.D. Price, Psychological Mechanisms of Pain and Analgesia,
IASP Press, Sesttle, 2000.

A. Radebold, J. Cholewicki, M.M. Panjabi, T.C. Patel, Muscle
response pattern to sudden trunk loading in healthy individuas
and in patients with chronic low back pain, Spine 25 (8) (2000)
947-954.

A. Radebold, J. Cholewicki, G.K. Polzhofer, H.S. Greene,
Impaired postural control of the lumbar spine is associated with
delayed muscle response times in patients with chronic idiopathic
low back pain, Spine 26 (7) (2001) 724—730.

J. Rantanen, M. Hurme, B. Falck, H. Alaranta, F. Nykvist, M.
Lehto, S. Einola, H. Kalimo, The lumbar multifidus muscle five
years after surgery for a lumbar intervertebral disc herniation,
Spine 18 (5) (1993) 568-574.

C.A. Richardson, G.A. Jull, P.W. Hodges, JA. Hides, Thera-
peutic Exercise for Spinal Segmental Stabilisation in Low Back
Pain: Scientific Basis and Clinical Approach, Churchill Liv-
ingstone, Edinburgh, 1999.

C.A. Richardson, C.J. Snijders, JA. Hides, L. Damen, M.S. Pas,
J. Storm, The relation between the transversus abdominis
muscles, sacroiliac joint mechanics, and low back pain, Spine 27
(4) (2002) 399-405.

JP. Rosenfeld, K. Bhat, A. Miltenberger, M. Johnson, Event-
related potentials in the dual task paradigm: P300 discriminates
engaging and non-engaging films when film-viewing is the pri-
mary task, International Journal of Psychophysiology 12 (3)
(1992) 221-232.

S.H. Roy, C.J. DeLuca, D.A. Casavant, Lumbar muscle fatigue
and chronic low back pain, Spine 14 (9) (1989) 992-1001.

O. Shirado, T. Ito, K. Kaneda, T.E. Strax, Flexion—relaxation
phenomenon in the back muscles. A comparative study between
healthy subjects and patients with chronic low back pain, Amer-
ican Journal of Physica Medicine and Rehabilitation 74 (2)
(1995) 139-144.

T. Sihvonen, K.A. Lindgren, O. Airaksinen, H. Manninen, Move-
ment disturbances of the lumbar spine and abnormal back muscle

electromyographic findings in recurrent low back pain, Spine 22
(3) (1997) 289-295.

[90] M. Solomonow, B. Zhou, R.V. Baratta, M. Zhu, Y. Lu, Neuro-
muscular disorders associated with static lumbar flexion: a feline
model, Journal of Electromyography and Kinesiology 12 (2)
(2002) 81-90.

[91] M. Solomonow, B.H. Zhou, M. Harris, Y. Lu, R.V. Baratta, The
ligamento—muscular stabilizing system of the spine, Spine 23 (23)
(1998) 2552-2562.

[92] J.D. Spencer, K.C. Hayes, 1.J. Alexander, Knee joint effusion and
quadriceps reflex inhibition in man, Archives of Physical Medi-
cine and Rehabilitation 65 (1984) 171-177.

[93] M. Stokes, A. Young, The contribution of reflex inhibition to
arthrogenous muscle weakness, Clinical Science 67 (1984) 7-14.

[94] N. Suzuki, S. Endo, A quantitative study of trunk muscle strength
and fatigability in the low-back-pain syndrome, Spine 8 (1)
(1983) 69-74.

[95] P. Svensson, L. Arendt-Nielsen, L. Houe, Sensory-motor interac-
tions of human experimental unilateral jaw muscle pain: a quanti-
tative analysis, Pain 64 (1995) 241-249.

[96] P. Svensson, A. De Laat, T. Graven-Nielsen, L. Arendt-Nielsen,
Experimental jaw-muscle pain does not change heteronymous h-
reflexes in the human temporalis muscle, Experimental Brain
Research 121 (3) (1998) 311-318.

[97] P. Svensson, T.S. Miles, T. Graven-Nielsen, L. Arendt-Nielsen,
Modulation of stretch-evoked reflexes in single motor units in
human masseter muscle by experimental pain, Experimental
Brain Research 132 (1) (2000) 65-71.

[98] S. Taimela, M. Kankaanpaa, S. Luoto, The effect of lumbar
fatigue on the ability to sense a change in lumbar position. A
controlled study, Spine 24 (13) (1999) 1322-1327.

[99] S. Taimela, U.M. Kujala, Reaction times with reference to mus-
culoskeletal complaints in adolescence, Perceptual and Motor
Skills 75 (1992) 1075-1082.

[100] E. Takaa, E. Viikari-Juntura, Do functiona tests predict low

back pain?, Spine 25 (16) (2000) 2126-2132.

[101] A. Thorstensson, A. Arvidson, Trunk muscle strength and low
back pain, Scandinavian Journal of Rehabilitation Medicine 14
(1982) 69-75.

[102] M. Vderiani, D. Restuccia, V. Di Lazzaro, A. Oliviero, P. Pro-
fice, D. Le Pera, E. Saturno, P. Tonali, Inhibition of the human
primary motor area by painful heat stimulation of the skin, Clini-
cal Neurophysiology 110 (8) (1999) 1475-1480.

[103] G.P. van Galen, M. van Huygevoort, Error, stress and the role
of neuromotor noise in space oriented behaviour, Biological
Psychology 51 (2-3) (2000) 151-171.

[104] S. Venna, H. Hurri, H. Alaranta, Correlation between neurologi-
cal leg deficits and reaction time of upper limbs among low-
back pain patients, Scandinavian Journal of Rehabilitation Medi-
cine 26 (1994) 87-90.

[105] JW. Vlaeyen, S.J. Linton, Fear-avoidance and its consegquences
in chronic musculoskeletal pain: a state of the art, Pain 85 (3)
(2000) 317-332.

[106] JW. Vlaeyen, H.A. Seelen, M. Peters, P. de Jong, E. Aretz, E.
Beisiegel, W.E. Weber, Fear of movement/(re)injury and mus-
cular reactivity in chronic low back pain patients. an experi-
mental investigation, Pain 82 (3) (1999) 297-304.

[107] P.J. Watson, C.J. Booker, Evidence for the role of psychological
factors in abnormal paraspinal activity in patients with chronic
low back pain, Journal of Musculoskeletal Pain 5 (1997) 41-56.

[108] R. Weinberg, V. Hunt, The interrelationships between anxiety,
motor performance and electromyography, Journal of Motor
Behaviour 8 (1976) 219-224.

[109] D.G. Wilder, A.R. Aleksiev, M.L. Magnusson, M.H. Pope, K.F.
Spratt, V.K. Goel, Muscular response to sudden load. A tool to
evaluate fatigue and rehabilitation, Spine 21 (22) (1996)
2628-2639.



370 P.W. Hodges, G.L. Moseley / Journal of Electromyography and Kinesiology 13 (2003) 361-370

[110] H.J. Wilke, S. Walf, L.E. Claes, M. Arand, A. Wiesend, Stab-
ility increase of the lumbar spine with different muscle groups:
a biomechanical in vitro study, Spine 20 (2) (1995) 192-198.

[111] S.L.Walf, JV. Basmajian, Assessment of paraspinal electromy-
ographic activity in normal subjects and chronic low back pain
patients using a muscle biofeedback device, in: E. Asmussen,
K. Jorgensen (Eds.), Biomechanics iv b, University Park Press,
Baltimore, 1977, pp. 319-324.

[112] M. Zedka, M. Chan, A. Prochazka, VVoluntary control of painful
muscles in humans. Society for Neuroscience Abstracts, 1999.

[123] M. Zedka, A. Prochazka, B. Knight, D. Gillard, M. Gauthier,
Voluntary and reflex control of human back muscles during
induced pain, Journal of Physiology (London) 520 (1999)
591-604.

[124] JH.van Dieén, L. Selen, J. Cholewicki, Trunk muscle activation
in low-back pain patients, an analysis of the literature. J Electro-
myogr Kinesiol 2003;13 doi: 10.1016/S1050-6411(03)00041-5.

[115] S.M. McGill, S. Grenier, N. Kavcic, J. Cholewicki, Coordi-
nation of muscle activity to assure stability of the lumbar spine.
J Electromyogr Kinesiol 2003;13 doi: 10.1016/S1050-
6411(03)00043-9.

[116] M. Solomonow, R.V. Baratta, B.-H. Zhou, E. Burger, A. Zieske,
A. Geddia, Muscular dysfunction elicited by creep of lumbar
viscoelastic tissues. J Electromyogr Kinesiol 2003;13 doi:
10.1016/S1050-6411(03)00045-2.

Paul Hodges is an NHMRC Senior Research Fellow and Associate Pro-
fessor at the University of Queensland where he heads the Human Neuros-

cience Unit. Paul’s research involves integration of neuroscience and
biomechanics to investigate the nervous system control of joint stability
and movement. Key areas of research include investigation of: task conflict
of the trunk muscles, in vivo and in vitro studies of the biomechanical
effect of contraction of intrinsic spinal muscles on the spine, mechanisms
for pain to affect motor control, strategies used by the central nervous
system to control joint stability, and the mechanism of efficacy of thera-
peutic exercise for musculoskeletal pain. In addition to his research in
Brisbane, Paul has ongoing collaborations with laboratories in Sydney,
Stockholm (Sweden), and Portland (USA). He has published more than
50 research papers in international physiology and medical journals, has
presented more than 15 keynote lectures at International back pain and
motor control conferences in Australia, Europe and North America and
has co-authored a clinical text. Paul’s research has resulted in severa
awards from the Australian Society for Medical Research and the Inter-
national Society for Biomechanics and led to him being awarded the
Young Australian of the Year Award for Science and Technology for
1997.

Lorimer Moseley completed his Ph.D. a the Pain Management and
Research Centre, University of Sydney, where he investigated the psycho-
physiology of pain and spinal control. He has also conducted several clini-
cal trials into the use of high level pain physiology education as a thera-
peutic strategy. Lorimer is an Austraian NHMRC Clinica Research
Fellow currently researching perceptual and motor mechanisms of pain at
Royal Brisbane Hospital and The University of Queensland. His particular
interests are the interface between physiotherapy, psychology and physi-
ology; conceptual paradigms of pain; and therapeutic strategies for the
integration of pain sciences and clinical practice, particularly for those
with chronic and recurrent pain.



	Pain and motor control of the lumbopelvic region: effect and possible mechanisms
	Introduction
	Changes in motor control of the lumbopelvic region
	Possible mechanisms for pain to affect motor control of the trunk muscles
	Possible outcomes of motor control changes

	References

