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ABSTRACT
Impaired motor and sensory functions have been associated with low back pain (LBP). This includes
disturbances in a wide range of sensorimotor control e.g. sensory dysfunctions, impaired postural
responses and psychomotor control. However, the physiological mechanisms, clinical relevance and
characteristics of these findings in different spinal pathologies require further clarification.
The purposes of this study were to investigate postural control, lumbar muscle function,
movement perception and associations between these findings in healthy volunteers (n=35), patients with
lumbar disc herniation (n=20) and lumbar spinal stenosis (LSS, n=26).
Paraspinal muscle responses for sudden upper limb loading and muscle activation during flexionextension movement and the lumbar endurance test were measured by surface electromyography (EMG).
Postural stability was measured on a force platform during two- and one-footed standing. Lumbar
movement perception was assessed in a motorised trunk rotation unit in the seated position. In addition,
measurements of motor- (MEP) and somatosensory evoked potentials (SEP) and needle EMG
examination of lumbar multifidus muscles were performed in the LSS patients. Clinical and
questionnaire data were also recorded.
A short latency paraspinal muscle response (~50 ms) for sudden upper limb loading was observed.
The latency of the response was shortened by expectation (p=0.017). The response latency for
unexpected loading was similar in healthy persons and disc herniation patients but the latency was not
shortened by expectation in the patients (p = 0.014). Also impaired postural control (p < 0.05) and
lumbar movement perception (p = 0.012) were observed in disc herniation patients. The impaired lumbar
movement perception (p=0.054) and anticipatory muscle activation (p = 0.043) tended to be restored
after successful surgery but postural control had still not recovered after 3 months of follow-up. The
majority of LSS patients were unable to sense a rotational movement in the lumbar area and thus had
clearly impaired lumbar movement perception (p = 0.006). Abnormal MEPs had only inconsistent and
SEPs showed no associations with impaired movement perception and postural stability in LSS.
Abnormal needle EMG findings and flexion-extension activation of paraspinal muscles were frequently
observed in LSS patients. Lumbar paraspinal muscle endurance was better than in previously evaluated
healthy subjects and chronic LBP patients (p < 0.001).
The results demonstrated clearly impaired lumbar sensory and motor function in sciatica and LSS
patients. The pure reflex activation of paraspinal muscles was not affected in sciatica but a difference was
found in the premotoneuronal response control. The impaired proprioceptive functions and
premotoneuronal response control seem to recover at least partially but the maintenance of postural
stability is a complex activity which does not seem to recover automatically in operated sciatica patients
at least in three months follow-up. Paraspinal muscle denervation and dysfunction were clearly
detectable in LSS but lumbar paraspinal muscle endurance was unexpectedly good.
KEY WORDS: Low back pain, intervertebral disk displacement, spinal stenosis, electromyography,
evoked potentials, posture, psychomotor performance, comparative study, prospective study

1. INTRODUCTION
Low back pain (LBP) is the most common
musculo-skeletal
disorder
causing
huge
humanitarian and economical costs (Andersson,
1999; Aromaa et al., 2002). The pain may arise
from injured structures within the lumbar spine,
however the anatomical cause and functional
consequences of the LBP often remain undefined.
In chronic pain, the precise aetiology is even less
well understood. Imaging studies such as MRI
visualise the macroscopic structural changes but
similar changes are often found in healthy

subjects and frequently the correlation with the clinical
condition seems to be rather low (Jensen et al., 1994;
Jarvik et al., 2001).
The chronic LBP is a multidimensional problem
including pain and functional disability with its
associated
socioeconomical
consequences.
Impairments in neuromuscular control have often been
associated with chronic LBP and are considered a
probable link between pain and disability (Luoto,
1999; Ebenbichler et al., 2001; Holm et al., 2002;
Hodges and Moseley, 2003; van Dieen et al., 2003b).
There is increasing evidence that the impaired
functions can recover with treatment and be restored
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by active rehabilitation (Ebenbichler et al., 2001).
The appropriate muscular control and
movement perception is of vital importance in
preventing low back injury. The protection against
injury requires anticipation of events and adequate
muscular responses. Both abnormal and missing
protective reflexes could possibly lead to trauma
or microtrauma of muscles, nerves, intervertebral
discs and ligamentous spine during loading
(McGill, 1997).
The impaired neuromuscular control
becomes particularly emphasised in conditions of
chronic pain, which are also the most expensive
for the society and the most demanding for the
health care system. The etiological research is
important for developing more effective treatment
modalities especially in prolonged and chronic
pain conditions. Unfortunately we have only a
limited understanding of the time-course,
appearance and clinical relevance of changes in
motor control in LBP attributable to different
pathophysiological mechanisms.
This study has investigated the postural
control and lumbar motor and proprioceptive
functions in specific lumbar disorders of disc
herniation and lumbar spinal stenosis. The
purpose was to evaluate the phenomena involved
in motor control in LBP and patient groups with
specific back disorders were used as experimental
models.

2. GENERAL OVERVIEW
WHO
has
developed
the
International
Classification of Functioning, Disability and
Health (ICF) as a framework for the description of
health and health-related states (WHO, 2001).
Functioning encompasses all body functions,
activities and participation, and disability includes
impairments, activity limitations and participation
restrictions. These functions interact with
environmental and personal factors defining the
health condition (Figure 1). This taxonomy model
can be used in the creation of assessment methods
of lumbar disorders (WHO, 2001). The current
study is focused on “Sensory functions and pain”
(b2) and “Neuromusculoskeletal and movementrelated functions” (b7).
Pain is defined as an unpleasant sensation
and emotional experience associated with actual
or potential tissue damage, or described in terms
of such damage (IASP, 1979, Merskey and
Bogduk, 1994). The acute pain usually eases

during tissue healing or after the impending threat of
tissue damage has passed. In conditions of chronic
neuropathic pain, the sensory processing of the
affected body region becomes abnormal (Watkins and
Maier, 2002) and there may become detectable
changes in central information processing (Peyron et
al., 2000; Juottonen et al., 2002; Farina et al., 2003)
and altered pain experience.
Low back pain (LBP) is defined as pain in the
lumbar area. It is a common problem which affects the
majority of the population. The lifetime prevalence of
LBP varies from 60 to 90 percent with an annual
incidence of 5% (Frymoyer, 1988; Aromaa et al.,
2002). In the majority of cases, the back problems tend
to show the first symptoms before the age of twenty
(Leboef-Yde and Kyvik, 1998). Usually the pain is
acute and heals by itself in less than two months, but
most of these cases will experience relapses with each
episode becoming worse and worse. Approximately 5
to 10% of cases become chronic, lasting over two
months and creating a major medical challenge
(Frymoyer, 1988).
Despite the progress in diagnostic methods, the
aetiology of back pain remains uncertain in most of the
cases. It has been estimated that a precise diagnosis can
be determined for less than 20% of low back pain
patients (White and Gordon, 1982, Nachemson, 1985,
Deyo and Weinstein, 2001), depending partly on the
interpretation of radiographic findings. Furthermore,
the radiological and clinical findings and symptoms do
not invariably correlate. As many as half of the
asymptomatic subjects exhibited abnormal changes in
their discs according to the MRI study by Jensen et al.,
(1994) and the MRI findings alone have only limited
importance (Videman et al., 2003).
Nerve-root symptoms occur only in one percent
of acute LBP patients, but they are often associated
with enduring and persistent pain. Sciatica is defined
as pain in a distribution area of a lumbar nerve root,
often accompanied by sensory and motor deficits.
Sciatic pain requires that there must be mechanical and
inflammatory stimuli to lumbar nerve roots. The most
common cause of sciatica is a herniated lumbar disc
but in the ageing population, there is now an increased
prevalence of spinal stenosis as a cause of sciatica
(Frymoyer, 1988).
This study defines the LBP syndrome as a
multidimensional problem including pain, functional
disability and socioeconomical consequences. The low
back syndrome seems to be a continuous process, and
the functional disorders vary with respect to the stage
and duration of the illness and physical and
psychological stress. However, the time course of the
LBP and the relation between time and symptoms are
J Sports Sci & Med (2004) Suppl. 4
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Figure 1. WHO model of interactions between the components of ICF.
poorly understood. According to experimental
studies, the spatial or temporal overloading of spinal
structures leads to micro-injuries, inflammation, pain
and neuromuscular dysfunction (Claude et al., 2003;
Solomonow et al., 2003a). This dysfunction has
been claimed to be associated with clinical pain
(Indahl, 1999; Solomonow et al., 2003b). Although
in chronic pain, the psychosocial component often
seems to be important, the origin of the syndrome is
organic and thus an evaluation of spinal function is
of clear value.

3. REVIEW OF THE LITERATURE
3.1. Lumbar disorders
Classification of lumbar disorders
Classification of the LBP is still a challenging
problem. Lumbar diseases are often divided into
specific and non-specific conditions. In non-specific
(idiopathic) cases the origin of the pain is unknown,
however, there are several potential sources of pain
like muscles, tendons, ligaments, nerves, discs etc.
The (rare) specific spinal diseases are attributable to
fractures, tumours and infections etc. The more
common specific conditions are disc herniation and
lumbar spinal stenosis, which are the main causes of
sciatica (Frymoyer, 1988; Deyo and Weinstein,
2001). The LBP is also divided by its duration,
usually the pain lasting less than 6 weeks is called
acute, 6-12 weeks is subacute and over 3 months is
chronic LBP (Bigos et al., 1994).
3.1.1. Low back pain

3.1.1.1. Pathophysiology
The underlying mechanisms of LBP are usually
unknown but there are several potential sources and
causes of pain. Currently, there seems to be only
concepts but little hard evidence for the development
of the LBP. One potential course of the syndrome
could be as follows: first the micro-injury e.g. to the
muscles, tendons, ligaments, intervertebral disc or
endplate. Injury is followed by macrophage and
neutrophil accumulation and inflammation (Ahn et
al., 2002; Burke et al., 2002). Static lumbar flexion
has been indicated to cause the development of
creep and micro-injuries of the collageneous
structures in the lumbar ligaments. This elicits acute
inflammation and hyperexcitability of the multifidus
muscle (Claude et al., 2003; Solomonow et al.,
2003a). This reflexive muscular stiffness is thought
to protect the injured structures and enabling tissue
healing (Claude et al., 2003; van Dieen et al., 2002;
Solomonow et al., 2003a).
Reactive oxygen species (ROS) seem to
contribute to muscle fatigue (Reid, 2000) and
therefore they may have role also in the
pathophysiology of LBP. Dorsal ramus neuropathy
is thought to be one potential cause of LBP
(Sihvonen, 1995). Experimental studies have
indicated that pain arising from the passive or active
structures can lead to pathological activation of the
paraspinal muscles at the same and adjacent
segments (Indahl, 1999; Solomonow et al., 2003a).
Despite this important finding, one still requires
unequivocal clinical evidence about these protective
reflexes. In the clinical course of a long-lasting
spinal disorder, ultimately, the chronic pain may
lead to deconditioning of the muscles and neural
J Sports Sci & Med (2004) Suppl. 4
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modulation of the central nervous system (Flor et al.,
1997; Kankaanpää, 1999; Luoto, 1999).
3.1.1.2. Symptoms and findings
The primary diagnostic evaluation includes perusal
of the medical history and a physical examination.
This aims to exclude or diagnose serious causes of
pain and nerve root compression. In addition, the
social and psychological factors causing distress
possibly complicating the recovery should be
clarified (Bigos et al., 1994; Waddell et al., 1996;
Deyo and Weinstein, 2001). Patients suffering
prolonged pain and when there is suspicion of a
serious illness or persisting radicular symptoms need
further evaluation.
In the acute condition, imaging is often
unnecessary (Deyo and Weinstein, 2001). The plain
radiograph is currently the basic examination
procedure for prolonged LBP lasting over six weeks
(Jarvik and Deyo, 2002). The primary
supplementary examination is MRI, which reveals
also macroscopic soft tissue changes (Herzog et al.,
1995) and can even be considered as the primary
procedure in the patients with radicular symptoms
when surgery is potentially indicated. Disc
degeneration is a usual finding also in asymptomatic
subjects (Boden et al., 1990; Tertti et al., 1991;
Jensen et al., 1994; Jarvik et al., 2001) and does not
appear to have a cause-effect relationship with pain.
Disc disruptions seems to have clinical significance
(Kuslich et al., 1991; Moneta et al., 1994), but the
clinical relevance of the indicative MRI findings of
the disc disruptions is rather weak (Videman et al.,
2003) and the need for their invasive evaluation
(discography) and treatment is not clear. Therefore,
evaluation of the functional ability is often more
important than anatomic findings (Bigos et al., 1994;
Waddell et al., 1996; Deyo and Weinstein, 2001).
3.1.1.3. Treatment and prognosis
LBP is not a self-limiting condition (Hestbaek et al.,
2003). Effective pain medication is essential in the
acute condition, and it may prevent the pain from
becoming chronic (Bigos et al., 1994; Waddell,
1996; van Tulder et al., 1997). It is important to
inform the patient about the benign nature of the
syndrome, the need to avoid bed rest and to
encourage the patient to maintain normal daily
activities (Malmivaara et al., 1995). In acute benign
pain it is crucial that the diagnosis and interpretation
of the radiological findings are undertaken to ensure
that the patients do not progress to illness behaviour
and fear-avoidance (Koes et al., 2001), which are

often complicating factors promoting chronic LBP
and disability.
In prolonged pain, activating procedures are
recommended (van Tulder, 1997), and in the case of
radiating pain surgeon should be consulted at the
latest after six weeks of observation (Deyo and
Weinstein, 2001). The patient should be encouraged
to exercise and make active use of the back. Spinal
manipulation and physical therapy are potential
alternatives to treatment (Deyo and Weinstein,
2001). If not started before, then an active
rehabilitation process including guided and selfmotivated exercises should be added to the treatment
of pain lasting over six weeks. In chronic pain, a
comprehensive evaluation of the condition and an
intensive integrated rehabilitation should be
undertaken (Bigos et al., 1994; Guzman et al., 2002).
The good prognosis of the acute pain should
be emphasised from the beginning but also the
patient should be informed about the frequent
recurrence of the pain. Only five to 10 percent of the
cases become chronic, lasting over three months but
those cases result in the most severe medical and
economical hardship.
3.1.2. Disc herniation
3.1.2.1. Pathophysiology
In the herniated disc, the nucleus pulposus has gone
through the ruptured annulus fibrosus. Disc
herniation causes mechanical compression of the
nerve roots and chemical irritation mainly by
activation of the inflammatory processes (Kuslich et
al., 1991, Olmarker et al., 1993). The tumor necrosis
factor-alpha (Olmarker and Larsson, 1998, Olmarker
and Rydevik, 2001) and several other cytokines
(Watkins and Maier, 2002) appear to be clearly
associated with the inflammatory process in sciatica.
The use of specific anti-TNF-α treatment may alter
the treatment strategy of acute sciatica in the future
(Watkins and Maier, 2002; Karppinen et al., 2003).
3.1.2.2. Symptoms and findings
The disc rupture itself can be painful and, in addition
to the local LBP, they can also mimic the radicular
symptoms evoked by a herniated disc (Karppinen et
al., 2001). The radicular symptoms include pain,
numbness, sensory disturbances, paresthesia and
motor weakness. In severe cases (cauda equina
syndrome) urinary retention, anal incontinence or
sensory loss in a saddle distribution may be present
(Frymoyer, 1988). The disc herniation is not visible
in the plain radiograph but can be detected by MRI
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(Herzog et al., 1995) or optionally by CT.

(Verbiest, 1954).

3.1.2.3. Treatment and prognosis
The radicular symptoms usually disappear in three
months by conservative treatment. In those cases
with persistant severe symptoms over six weeks with
a clear radiological finding, surgery is usually
considered. Intolerable pain, cauda equina syndrome
or acute paresis/paralysis may require emergency
surgery (Kostuik et al., 1986; Bigos et al., 1994).
Due to the good spontaneous recovery, only
approximately ten percent of the patients need to
undergo surgery (Frymoyer, 1988), however, the
result of surgery is better if it is initiated within three
months from the beginning of the symptoms (Hurme
and Alaranta, 1987). One year after surgery 50-85%
of the operated patients are free of sciatica (Hoffman
et al., 1993; Junge et al., 1995). However, there is a
considerable recurrence of the syndrome. The need
for re-operation may be up to 20% during 13 years
follow-up (Nykvist et al., 1995), according to
Finnish Hospital Discharge Register 14% of patients
needed re-operation during a 10-year follow-up
(Österman et al., 2003).
According to an early randomised trial
comparing surgery and conservative treatment, the
surgery was more effective for two years follow-up,
but from two until ten years the results were
statistically equivalent (Weber, 1983), though a later
reanalysis has found a slight benefit favouring
surgery also during a longer follow-up. The recent
RCT showed faster recovery after surgery but only
minor differences between conservative care and
surgery at two-year follow-up (Österman et al.,
2002). The current conservative treatment includes
pain medication and patient information. Bed rest
should be avoided and the patient should be
encouraged to resume normal daily activities (within
the limits imposed by the pain) as in non-specific
LBP. New promising treatments, such as therapy
with TNF-alpha antibodies, are also on the horizon
(Karppinen et al., 2003).

3.1.3.1. Pathophysiology
The anatomical narrowness of spinal canal is the
basic aetiology for LSS but the syndrome is caused
by degeneration of lumbar spine leading to facet
arthrosis and disc degeneration with osteophytes and
thickening and calcification of ligamentum flavum
(Rauschning, 1993; Fritz et al., 1998; Spivak, 1998).
The pathophysiology of the symptoms is poorly
known, but it is thought that the mechanical
compression irritates the nerve roots and causes the
symptoms of the disease. However, the symptoms
do not clearly correlate with the degree of the
stenosis, and there is a considerable fluctuation in
the symptoms (Amundsen et al., 1995; Jönsson et
al., 1997). One potential explanation is vascular
compression theory based on the venous congestion
caused by the mechanical compression of the cauda
equina veins, leading to decreased blood flow and
subsequent dysfunction of the lumbar nerve roots
(Porter, 2000). Recent experimental studies have
supported that theory by indicating ectopic firing
caused by venous stasis of lumbar nerve roots and
inhibition of ectopic firing after decompression
(Ikawa et al., 2003).

3.1.3. Lumbar spinal stenosis
LSS is a notable degenerative disorder of the lumbar
spine, responsible for low back and lower extremity
pain. The symptoms of the disorder arise from
compression of the cauda equina due to degenerative
processes leading to anatomical stenosis of the
lumbar spinal canal and intervertebral foramina

3.1.3.2. Symptoms and findings
The symptoms include LBP, intermittent
claudication and radicular symptoms such as pain,
numbness, weakness and loss of sensation in the
lower limbs. Claudication and radicular symptoms
are often provocated by spine extension and revealed
by flexion and the claudication eases slowly, when
the subject stops walking (Spivak, 1998). The plain
radiograph can indicate LSS but the diagnosis is
based on MRI or CT findings correlating with the
symptoms (Katz et al., 1994).
3.1.3.3. Treatment and prognosis
After diagnosis of LSS, the options are follow-up,
conservative treatment or surgery. The mild
symptoms are usually treated conservatively, but
severe stenosis often requires decompressive
surgery. Conservative treatment includes analgesic
medication, physical therapy, spinal support and
calcitonin therapy (Eskola et al., 1992), however,
there is still need for the RCT based evidence on the
effect of conservative treatment modalities. If the
symptoms and disability are intolerable despite
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Figure 2. The concept of motor control.
conservative treatment, then surgery is indicated.
The symptoms are eased, and the extent of disability
decreased after surgery (Atlas et al., 2000), but the
long-term outcome shows large variation (Herno,
1995; Hurri et al., 1998). The natural course of LSS
is unclear but according to a recent RCT, surgery
seems to be better than conservative care in
moderately severe LSS at one-year follow-up (Slätis
et al., 2002).
3.2. Motor control
3.2.1. Classification of motor control to voluntary
and automatic actions
Human motor control includes schematically three
different co-operating levels (Figure 2). The highest
level is planning of the movement, the lowest level
is spinal reflexes, and the intermediate level
connects the highest and lowest levels for the
execution of the task (Kalaska and Drew, 1993). The
terms voluntary and reflex are widely used in
scientific papers and in everyday conversation, but
the exact meaning of these terms is not clear and
need some definition (Prochazka et al., 2000). This
study defines focused attention encompassing
conscious (voluntary) control and subsidiary
activation encompassing automatic motor programs
(including reflexes). Isolated voluntary and
automatic actions are rarely seen in real life, the
normal functions are combinations of different
levels of control. Reflexes assist in voluntary
functions and cortical activation may regulate
reflexes. The primary motor cortex is involved in
reflex inhibition via the descending pathways, which
vary their activity level according to the attention,
arousal and emotional state of the subject.
3.2.2. Focused attention
Voluntary movements are programmed in the brain.
Several cortical areas e.g. supplementary motor
cortex, basal ganglia, cerebellum, thalamus, anterior
gyrus cinguli and primary and supplementary
somatosensory cortex are linked to the primary
motor cortex. These centres are involved in the

planning of the movement. The final command to
perform the motion is initiated by the pyramidal
cells of primary motor cortex and transmitted
through the corticospinal pathway to the ventral horn
of the spinal cord. At a specific spinal level, the
upper motor neuron synapses with the alpha motor
neuron which then transmits the command to muscle
fibers of its own motor unit (Rothwell, 1994).
3.2.3. Subsidiary movement
The subsidiary muscle activations are often
associated with voluntary movements and are
function of servo actions needed e.g. in postural
control (Rothwell, 1994). These actions include
anticipatory postural adjustments and are usually
automatic i.e. unconsciously controlled but are more
complex than simple reflexes. The responsible level
controlling these fast actions is intermediate, also
called the extrapyramidal system. In addition to
thalamus and basal nerve nuclei, this involve the
cerebellum and basal ganglia, which are involved in
the tuning of the fine movements, coordination,
timing, motor learning and muscle tone.
3.2.3.1. Automatic motor programs
Reflexes are the fastest way to control movements.
They are categorically divided into mono-, di- and
polysynaptic reflexes. The monosynaptic reflex is
the simplest and fastest of the three reflex types. The
electrical reflex latency varies from ~10 ms in
spinal muscles to ~50 ms in distal lower limb
muscles depending on the distance of respective
muscle from the spinal cord or cranial nerve nuclei.
The latency consists of the sensory impulse
conduction
in
sensory
neurons,
synaptic
transmission and motor impulse conduction in the
motor neurons (Rothwell, 1994; Schmidt and Lee,
1999). In addition, there is a notable time lag from
the electrical activation of the muscle cells to the
mechanical force produced by the muscle (Rothwell,
1994; Schmidt and Lee, 1999). In complex
responses, the relative time for information
processing is longer.
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3.2.3.2 Motor command execution
In the simple monosynaptic stretch reflex, muscle
spindles sense the stretching of the muscle fibres.
The information is mediated by the Ia sensory
afferent nerves into the dorsal horn at the respective
level of the spinal cord. These sensory nerve cells
synapse with the motor neurons activating the
corresponding muscle. In more complex reflexes, an
increasing number of interneurons are involved in
mediating the reflex (Rothwell, 1994). The muscle
activation is modulated also by the gamma motor
neuron system. These types of reflexes are usuall
involved in voluntary and subsidiary movements e.g.
permitting the fluency of movements by controlling
the agonist-antagonist muscle activation.
3.3. Postural control
The equilibrium of the body is essential for
locomotion and performing other types of limb
movements. The purpose of the postural control
system is to support, stabilize and balance with the
aim of maintaining postural stability. Postural
control functions at three tightly connected levels i.e.
postural reflexes, triggered reactions and voluntary
movements these being listed from fastest to slowest
level of action and from the lowest to highest level
of cognition, respectively. The somatosensory,
vestibular and visual receptors provide the sensory
information needed in this process (Rothwell, 1994).
The sensory information is transmitted by the
ascending pathways of the spinal cord and the motor
commands are transmitted by the descending
pathways which synapse with the lower motor
neurons. The major descending pathways controlling
body posture are the vestibulospinal tracts. The
neurons of the vestibulospinal tracts synapse with
the same alpha motor neuron as the corticospinal
tract (Rothwell, 1994).
Postural responses are modulated by feedback
information but also pre-programmed functions are
needed (Schmidt and Lee, 1999; Hodges, 2003). The
cerebellum is important in maintaining the balance
and adaptation and learning of postural reflexes and
feed-forward responses (Horak and Diener, 1994;
Rothwell, 1994). Postural control is a complex
procedure and vulnerable to disruption by a wide
variety of disorders (Horak and Nashner, 1986;
Rothwell, 1994). In addition to the neurological and
vestibular diseases, postural control plays also a
significant role in several musculo-skeletal
impairments including back and joint disorders
(Alaranta et al., 1994). Increasing age starts to have
detrimental effects on postural control after the fifth
decade of life (Alaranta et al., 1994; Aalto, 1997).

3.4. Motor control of the lumbar spine
Lumbar spinal anatomy has been described in detail
by Bogduk and Twomey (1991) and reviewed in the
association with LBP by Indahl (1999) and
Kankaanpää (1999). According to Panjabi (1992),
the spinal stability system consists of three
subsystems, which are the passive spinal column, the
active spinal muscles and the neural control unit. An
overloading or dysfunction of any of these
subsystems may lead to injury if there is a failure of
compensation mechanisms (Panjabi, 1992). Intraabdominal pressure, diaphragm, pelvic floor and
abdominal muscle activation have been shown to
have a significant role in spinal control (Hodges,
2003).
The simple stability and instability concept in
the low back syndrome has recently been challenged
and the importance of neural control system has
been emphasised. Hodges (2003) has shown that
CNS does not simply stiffen the spine and restrict
the spinal motion, but actively uses movements to
maintain equilibrium in the posture. Lund (2003) has
indicated that mechanical LBP is associated with
restricted but painful motion rather than mechanical
instability. This indicates that a potential
pathomechanism of "the instability" is dysfunction
of neuromuscular control system.
3.4.1. Segmental function of the lumbar spine
Two vertebrae, their intervertebral disc and facet
joints form the functional spinal unit (FSU, Pope et
al., 1993). The ligamento-muscular reflex between
multifidus muscles, zygapophysial joints and
intervertebral ligaments has been demonstrated in
the control of the intricate neuromuscular balance in
the lumbar motion segment (Solomonow et al.,
1998; Indahl, 1999). The possible interactive
responses between injured or diseased spinal
structures, i.e., disc or facet joints, and the paraspinal
musculature may lead to segmental dysfunction of
the lumbar spine (Sihvonen et al., 1991; Indahl et al.,
1995; 1997; Kaigle et al., 1998).
3.4.2. Kinetic chain
Thoracolumbar fascia connects the spine, upper
limbs and pelvis and via the sacrotuberous ligament
the pelvis to the lower limbs. This allows dynamic
load transfer from spine to legs (Vleeming et al.,
1995). Paraspinal, gluteal and hamstring muscles
exhibit sequential activation during sagittal trunk
flexion and extension (Paquet et al., 1994; Leinonen
et al., 2000). Dysfunction of any part of the
integrated system may lead to abnormal load transfer
between low back and pelvis. Therefore, it seems
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rational that the hip extensor muscles, in addition to
the spinal and abdominal musculature, will be
subjected to deconditioning in CLBP patients, if the
use of these muscles is avoided (Kankaanpää et al.,
1998).
3.4.3. Feedback control
The appropriate proprioceptive information is
essential for motor control. In unpredictable postural
perturbation, the control strategy is based on sensory
information transmitted from the receptive structures
and during intended movements, feedback
information is needed for error correction (Schmidt
and Lee, 1999). The proprioceptive information of
the body and limb movements originate from the
muscle spindles, the Golgi tendon organs, joint and
the cutaneous receptors (Rothwell, 1994; Schmidt
and Lee, 1999). Muscle receptors seem to play a
major role in joint position sense (McCloskey, 1978;
Pedersen et al., 1998). The increased repositioning
error after paraspinal muscle vibration and impaired
lumbar position sense after lumbar paraspinal
muscle fatigue emphasize the importance of muscle
spindles in the positioning of lumbosacral spine
(Brumagne et al., 1999; 2000; Taimela et al., 1999).
Tactile
sensations
and
conscious
proprioceptive information about the body are
mediated to the somatosensory cortex via the dorsal
columns, the fasciculus gracilis from lower limbs
and the lower part of the body and by the fasciculus
cuneatus from the upper limbs and the upper part of
the body. The dorsal spinocerebellar and probably
also the spinothalamic tracts transmit the
proprioceptive information needed in the
maintenance of postural stability (Rothwell, 1994).
The precise neurophysiological mechanisms
processing the proprioceptive input in conscious
sensory perception remain to be determined but
probably involve coordinated inputs from
cerebellum, thalamus and somatosensory cortex.
3.4.4. Feed-forward control
In predictable postural perturbation, the CNS can
plan control strategies in advance. According to the
recognition schema theory, muscle activation can be
pre-programmed based on initial condition,
environmental outcome and expected sensory
consequences (Schmidt, 1975; Schmidt and Lee,
1999).
Upper (Cordo and Nashner, 1982, Zattara and
Bouisset, 1988, Hodges and Richardson, 1996) or
lower (Hodges and Richardson, 1998) limb
voluntary movements evoke non-conscious muscle
activation in the trunk muscles via a feed-forward

mechanism. This refers to the activities of the central
movement control system, which maintains postural
stability and prepares the trunk to bear a potentially
increasing load by activating certain trunk muscles.
These trunk muscles which maintain the dynamic
spine stability, are activated before the activation of
the prime muscles responsible for the gross limb
movement without an afferent input from the
respective trunk movement (Belen’kii et al., 1967;
Cordo and Nashner, 1982; Friedli et al., 1988;
Zattara and Bouisset, 1988; Aruin and Latash, 1995;
Hodges et al., 1999).
3.5. Measurements of lumbar function
The clinical examination include inspection,
palpation, range of spinal motion, testing of lower
limb sensory function, muscles and reflexes. These
examinations with the functional and provocation
tests form the basics of the evaluation of lumbar
function in LBP (Deyo and Weinstein, 2001). The
test results are usually non-specific and evaluated
subjectively, but their repeatability is acceptable and
they are very useful, especially when they are
correlating with the subjective symptoms.
Neurophysiologic assessments include neurography,
electromyographic examination and motor and
somatosensory evoked potential measurements.
They are used in the assessment of nerve injury and
in the diagnosis of the level of nerve injury (Dvorak
et al., 2000).
Several functional measurements can be used
in the study of LBP. Surface electromyography
measurements are used in the assessment of muscle
function (Sihvonen, 1995) and endurance
(Kankaanpää, 1999). Muscle strength (Rantanen,
2001) and lumbar kinematics are measured with a
wide variety of methods (Lund, 2003). Postural
control can be measured on a force-platform either
with or without simultaneous EMG and trunk
motion measurements (Luoto, 1999). They have
been mainly used in assessing physiological and
pathophysiological mechanisms of lumbar function
(Hodges, 2003). The test results usually overlap with
values obtained from back healthy subjects.
Therefore they are not of any great benefit in the
diagnosis but can be used for example in the
planning of rehabilitation procedures and in the
objective evaluation of the effectiveness of the
rehabilitation. The diagnostic value of the functional
measurement is often rather poor and their clinical
use is also hindered by a lack of standardisation.
3.6. Pain and sensory-motor control
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3.6.1. Pain and proprioception
Impaired lumbar proprioception is associated with
LBP (Taimela et al., 1999). An increased
repositioning error during trunk movement has been
observed in LBP patients (Gill and Callaghan, 1998;
Brumagne et al., 2000; Newcomer et al., 2000).
Paraspinal muscle spindles seem to be important in
the correct positioning of the lumbosacral spine and
the muscle spindle input may be decreased in lumbar
pain (Brumagne et al., 1999; Taimela et al., 1999).
In addition, experimental muscle pain has been
shown to affect the central modulation of
proprioceptive signals of jaw muscle spindles (Capra
and Ro, 2000). However, there is experimental
evidence that the nociceptive input can actually
enhance
the
central
sensitivity
to
the
mechanoreceptor input (Torebjörk et al., 1992).
3.6.2. Pain and trunk muscle function
Pain has clear effects on motor control. LBP can
induce changes in neuromuscular control and motor
performance. The function and co-ordination of the
muscles stabilising the lumbar spine seem to be
impaired in patients suffering from LBP (Hodges et
al., 1996; Wilder et al., 1996). Delayed or absent
trunk muscle activation has been observed in low
back pain patients during upper (Hodges and
Richardson, 1996) and lower limb movements
(Hodges and Richardson, 1998) and after
experimental pain (Hodges et al., 2003). A different
muscle response pattern to sudden load release
(Radebold et al., 2000; 2001) and during expected
and unexpected upper limb and trunk loading
(Wilder et al., 1996; Magnusson et al., 1996) has
been found in CLBP patients compared with healthy
controls.
Psychosocial stress can change spinal muscle
activation and loading. However, notable individual
differences have been observed in its importance
(Marras et al., 2000; Davis et al., 2002). CLBP
patients have been claimed to exhibit an increased
paraspinal (Roy et al., 1989) and gluteal
(Kankaanpää et al., 1998) muscle fatigability.
During trunk flexion-extension, CLBP patients had
increased paraspinal muscle activity when acting as
antagonist (Ahern et al., 1988; Sihvonen et al., 1991;
Sihvonen, 1995) and decreased activity when acting
as agonist (Sihvonen et al., 1991), with similar
activation patterns being observed during
experimental pain (Zedka et al., 1999). The CLBP
and experimental muscle pain induced increased
paraspinal muscle activity in the normally silent
period and decreased activity in the normally active

period of the gait (Arendt-Nielsen et al., 1996).
3.6.3. LBP and general motor control
The impaired postural control is associated with
chronic lumbar disorders (Byl and Sinnot, 1991;
Luoto et al., 1996). A slow psychomotor reaction
time is also associated with back pain (Taimela et
al., 1993). Poor postural and psychomotor control
(Taimela, 1992) is a known risk factor for accidental
injuries, but in lumbar disorders it is not yet known
whether the poor postural control is a consequence
of pain or neuromuscular impairment or a potential
major source of the disorder. Thus, there appears to
be little prospective evidence on whether the
impaired motor control is pre-existing (risk factor)
or a secondary phenomenon (consequence) of the
musculoskeletal disorder. The muscle dysfunction
and deconditioning seem to be rather a consequence
of the tissue injury and pain. However, this claim
needs further prospective evaluation.
Pain seems to decrease the muscle activation
amplitude during voluntary contractions and
increase the muscle activation during automatic
contractions (Zedka et al., 1999). One potential
explanation for this is the hypothesis based on the
model of fear-avoidance behaviour, where the
decrease in central output is revealed as decreased
primary motor activation and decreased inhibition of
reflexes.
Active physical rehabilitation has been
claimed to restore the impaired neuromuscular
functions (Wilder et al., 1996; Kankaanpää et al.,
1999). However, impaired postural control failed to
improve after rehabilitation and after unsuccessful
treatment the condition may even deteriorate (Luoto
et al., 1998). Despite the widespread acceptance of
the importance of stabilising functions of the spine,
there is still a need of evidence based on randomised
controlled trials on the effect of stabilising exercises
in LBP.
In conclusion extensive variety of changes in
motor and sensory control and trunk muscle function
have been reported. However, they occurrence and
clinical relevance in LBP with different
pathophysiological causes remains undefined. In
addition, the time-course of the changes and the
effect of interventions are rarely evaluated.

4. AIMS OF THE STUDY
The purpose of this study was to evaluate
involuntary motor control in patients with specific
lumbar disorders of disc herniation and lumbar
spinal stenosis in relation to healthy controls.
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4.1 The specific aims
To investigate the latency and magnitude of the
reflex responses in paraspinal muscles after
unexpected and expected upper limb loading and to
investigate the effect of anticipation and external
spinal support on these responses i) in healthy
subjects, ii) in patients with disc herniation before
and after discectomy surgery.
To assess lumbar movement perception i) in
healthy subjects, ii) in patients with disc herniation
before and after discectomy surgery, iii) in patients
with LSS.
To evaluate postural stability i) in healthy
subjects, ii) in patients with disc herniation before
and after discectomy surgery, iii) in patients with
LSS.
To determine paraspinal muscle function,
innervation and endurance in patients with LSS.

5. SUBJECTS AND METHODS
5.1. Subjects
Total of 81 subjects volunteered to participate in the
study (Table 1). All subjects provided informed
consent prior to their participation. The study was
approved by the Kuopio University Hospital
Research Ethics Board, and it was performed
according to the Declaration of Helsinki. The
subjects had not had any previous spine surgery or
cervical radicular symptoms. Additional exclusion
criteria were neurological, metabolic or severe
cardiovascular disease.
5.1.1. Healthy subjects
Thirty-five healthy subjects were recruited in the
study (1-3).
5.1.2. Patients with herniated lumbar disc

The study included 20 patients selected for surgery
due to lumbar disc herniation (15 males and 5
females; study 2, 3). The patients underwent
microdiscectomy performed by a neurosurgeon
(study 3). Baseline measurements were done one
day before the surgery and the follow-up
measurements 3 months after the surgery (study 2,
3).
5.1.3. Patients with lumbar spinal stenosis
The study included 26 LSS patients (11 men, 15
women; study 4, 5). The diagnosis was based on the
patients’ symptoms and signs and was confirmed by
computed tomography (CT) or magnetic resonance
imaging (MRI).
5.2. Assessment of paraspinal muscle function
5.2.1. Surface EMG
Bipolar surface electromyography (EMG) was
recorded bilaterally over the paraspinal muscles at
T12-L1 and L5-S1 levels by a four channel ME
3000P EMG system (Mega Electronics Ltd, Kuopio,
Finland) with disposable Ag/AgCl surface electrodes
(Medicotest, Olstykke, Denmark). The electrodes
were placed on the erector spinae (ES, T12-L1 level)
and multifidus (MF, L5-S1 level) muscles as
recommended by Biedermann et al., (1991). The raw
EMG signal was recorded at the sampling rate of 2
kHz and band-pass filtered between 7-500 Hz with
an analogue filter, amplified (differential amplifier,
CMRR>110 dB, gain 1000, noise<1µV), analogueto-digital converted (12-bit), and stored in a personal
computer for later analysis. (study 1-3, 5).
5.2.2. Paraspinal muscle responses for sudden
upper limb loading
Back muscle reaction time for unexpected (eyes
closed) and expected (eyes open) upper limb loading

Table 1. Characteristics of the subjects. Data are mean (SD).
Healthy subjects
Sciatica patients
1
2, 3
2, 3
Study
20
15
20
Number of subjects
23 (1)
37 (12)
39 (10)
Age (y)
173 (10)
175 (9)
175 (7)
Height (cm)
68 (11)
74 (13)
78 (16)
Weight (kg)
38.4 (17.0)
Disability index (ODI 0-100)
5.6 (4.4)
Depression score (RBDS 0-21)
60.8 (19.0)
LBP intensity (VAS 0-100)
64.2 (25.0)
Leg pain intensity (VAS 0-100)

LSS
4, 5
26
56 (7)
168 (10)
79 (14)
24.7 (7.0)
5.0 (4.0)
44.6 (23.0)
39.6 (29.0)
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the procedure, the subject was standing and holding
a box in the hands while a weight of 0.68 kg was
suddenly dropped from the height of the subject’s
eyes into the box equipped with a marker switch
indicating the moment of impact. Twelve
consecutive measurements were performed in
sequences of three trials with the eyes open and
three with the eyes closed in supported (first six) and
unsupported (last six) standing positions (study 1-3).
The muscle activation onsets and offsets were
determined visually from the rectified EMG. The
determination was made without reference points in
order to exclude observer bias (study 1-3).

Spectral mean power frequency (MPF) slopes
of the first 90 seconds of the endurance time were
calculated by performing a fast Fourier
transformation to assess the muscle fatigue
(percentage change of MPF per minute). The
average MPF was calculated from the first 5 seconds
of the performance (initial MPF). The LSS patients
(pooled MPF change and initial MPF at L5-S1 level)
were compared with the subjects of previous studies
by t-test [10 healthy controls (Kankaanpää et al.,
1997) and also with 59 chronic LBP patients who
did not suffer any symptoms of LSS (Kankaanpää et
al., 1999)]. (study 5)

5.2.3. Dynamic function
Subjects performed sagittal trunk flexion and
extension in the standing position with knees
extended and feet 10 cm apart while raw surface
EMG was recorded bilaterally over the paraspinal
muscles from the abovementioned placements. The
subjects were instructed to flex their body to the
limit of full flexion and to extend back to the upright
position (forward flexion and extension lasting from
5 to 10 seconds, Leinonen et al., 2000). The muscle
activation amplitudes were calculated from a 1 sec
period during the flexion movement, full flexion and
extension movement, respectively. The full-trunk
flexion and extension activation were related with
flexion activation modified from the previously
described method (Ahern et al., 1988; Watson et al.,
1997). The range of motion was determined by an
accelerometer/goniometer (Mega Electronics Ltd,
Kuopio, Finland) placed on the T6 vertebra. (study
5)

5.2.5. Muscle denervation
Electromyography (EMG) of the paraspinal muscles
was performed at the L3 to S1 levels bilaterally with
Viking IV EMG equipment (Dantec, USA) using a
concentric needle electrode (Neuroline, 50 x 0.45
mm). Amplification was set at 50 µV/div and the
high and low-pass filters at 10 kHz and 20 Hz,
respectively.
At least 20 insertions were analysed from
each multifidus muscle and the aim of the
examination was to detect any abnormal
spontaneous activity indicative of a lower motor
neuron disorder and thus as a sign of denervation.
Abnormal activities indicative of denervation were
considered to be fibrillation potentials, positive
sharp waves and complex repetitive discharges
(Kimura, 2001). The analysis was performed on-line
(study 5).

5.2.4. Lumbar endurance
The back muscle endurance was measured by a
previously demonstrated isoinertial back endurance
test (Kankaanpää et al., 1997; 1999). Briefly,
subjects were seated in a back extensor training unit
(DBC International, Helsinki, Finland), which the
fixation mechanism (lower limbs and hips were
mechanically bound) focused the dynamic
movement to the upper back. The subjects
performed repetitive upper trunk extensions with a
continuous isoinertial load (30 repetitions per min
controlled by a metronome) and the subjects were
instructed to hold the tension at both ends of the
movement range. The hyperextension of the spine
was prevented to avoid the provocation of
claudication symptoms. The test was performed until
exhaustion or pain, and the endurance time was
measured.

5.3. Lumbar movement perception
Lumbar proprioception was assessed in a previously
described trunk rotation measurement unit (DBC
International Ltd, Helsinki, Finland; Taimela et al.,
1999), which targeted the rotation on the
lumbar/thoracic spine. In the test, the subject was
placed in the device in the seated position, ears and
eyes covered, while the seat was rotated with an
angular velocity of 1o·sec-1 and the subject indicated
the initiation of the movement by releasing a finger
switch. The magnitude of the lumbar rotation was
recorded. In addition, the subject was asked to
indicate the direction of movement. The results of
five consecutive trials were pooled. (study 3, 4)
5.4. Postural stability
Postural control was measured with a vertical force
platform (Smart Balance Master, NeuroComR,
Clackamas, OR, USA), which is based on the
principle introduced by Terekhov (1974). The load
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cell signals were recorded by a personal computer
with a sampling frequency of 50 Hz and were lowpass filtered. The postural control was evaluated
during eight 20 sec trials (one two-footed trial with
eyes open and one with eyes closed; six one-footed
trials, of which three were performed while standing
with the right foot and three while standing with the
left foot. The center point of force velocity (CPFV,
cm·sec-1) was calculated for each trial (study 3, 4).
5.5. Motor and somatosensory evoked potentials
MEPs were elicited by transcranial and lumbar root
stimulation using a MES-10 magnetic stimulator
(Cadwell Laboratories Inc., Kennewick, WA, USA)
with a circular 9-cm-diameter coil producing 2
Tesla. The motor responses and SEPs were recorded
by using standard EMG equipment (Nicolet Viking
I, Dantec, Wisconsin, USA). The responses were
high and low-pass filtered.
MEPs were recorded bilaterally from the
anterior tibial muscles using bipolar Ag-AgCl cup
electrodes. The latencies of the MEP after cortical
stimulation (cortical latency, CL) and after lumbar
root stimulation (peripheral latency, PL) were
measured from the response with the shortest
latency.
During the SEP procedure, the tibial nerves
were stimulated at the ankle behind the medial
malleolus with a surface electrode. The cortical P40N50 responses were recorded 2 cm posterior from
the vertex referenced to the forehead with platinum
needle electrodes. Peripheral responses were
recorded from the popliteal space with Ag/AgCl cup
electrodes. P40 latencies and P40-N50 amplitudes
were measured.
The MEP and SEP latencies were compared
with the laboratory reference values. The P-value
was used as a measure of normality and p<0.05 was
classified as abnormal. SEP amplitudes <1 µV were
also considered as abnormal. (study 4)
5.6. Questionnaires and clinical signs
Low back and lower extremity pain intensities were
determined by Visual Analogue Scale (VAS, Scott
and Huskinsson, 1976) and functional disability by
Oswestry disability index (ODI, Fairbanks, 1980).
The depressive symptoms were evaluated by
Rimon’s brief depression scale questionnaire
(RBDS, Keltikangas-Järvinen and Rimon, 1987).
Clinically observed sensory deficit, motor weakness
and limited range of movement (fingertips over the
level of the knee during forward bending) were
recorded. (study 2-5)

5.7. Statistical analysis
A repeated measures analysis of variance with three
(four) within factors [control of position, level and
expectance (and operation)] was used to analyze the
effects of supported position, measurement level
(ES, T12-L1 and MF, L5-S1), anticipation (and
operation) for the short latency response of
paraspinal muscles (study 1-3). The degree of
lumbar rotation and CPFV were compared in the
patients and controls by independent samples t-test
(study 3), and the effect of surgery was assessed by
paired t-test (study 3). Correlation coefficients were
calculated to assess the associations between
questionnaire data, degree of lumbar rotation, CPFV
and paraspinal reflex latencies in the sciatica patients
(study 3) and SEP and MEP (study 4) and muscle
endurance and flexion-extension activation (study 5)
in the LSS patients. Discriminant or multiple linear
regression analysis was performed (study 4, 5). The
statistical analyses were performed with SPSS 10.0
software (SPSS, Chicago, IL) and statistical
significance was set as p < 0.05.

6. RESULTS
6.1. Reliability of the measurements
Twenty healthy volunteers (study 1) were tested
twice within a 1-week interval to assess the
reliability of the postural control, lumbar movement
perception and paraspinal muscle reaction
measurements. In at least 18 (usually 19) of the 20
patients, the two tests yielded measurements that
were within 95% of the deviation for all parameters.
Thus, the reliability of these measurements was
acceptable according to the Bland and Altman
method (Bland and Altman, 1986).
6.2. Paraspinal muscle responses
6.2.1. Expectation
A short latency response of ~50 ms was observed in
paraspinal muscles. On average the latency was ~3
ms shorter (p = 0.017) during expected trials and the
latency shortened during the first three expected
trials (p = 0.02). Visual expectation decreased also
the magnitude of the response (p < 0.05). Trunk
movement was initiated ~35 ms and ~50 ms after the
impact of the load at T6 and T12 levels,
respectively. (study 1)
6.2.2. LBP with sciatica
The short latency response for the unexpected upper
limb loading was similar in the patients and controls.
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The response latency was shortened by expectation
both in healthy controls and sciatica patients in the
controlled standing position, i.e., while the pelvis
was supported. However, expectation did not
decrease the response latency of patients in the
uncontrolled position (p=0.014, Figure 3). In other
words, there was a significant difference between
the groups with respect to the effect of control of the
position on the effect of expectance of the load.
(study 2)
6.2.3. Surgery in sciatica
After discectomy, the reflex latency was shortened

to a greater extent by anticipation more than had
been the case prior to the operation (p = 0.043,
Figure 3). Patients with clinically observed motor
weakness had less shortened latencies by
expectation at baseline but responded similarly to
the others after surgery but had longer latencies
during the unexpected trials (p = 0.005). (study 3)
6.3. Impaired lumbar movement perception
6.3.1. LBP with sciatica
The threshold to detect a change in the position
during lumbar rotation was ~2.5 and ~1.0 degrees
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Figure 3. Paraspinal muscle reflex latencies in supported and unsupported standing positions in healthy
control subjects and sciatica patients at baseline and 3 months after surgery (follow-up) during unexpected
and expected upper limb loading trials from erector spinae (A) and mulfidus (B) muscles. Error bars are SDs.
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(p = 0.012, Figure 4) in the patients and controls,
respectively, and it tended to decrease in the
patients after surgery (p = 0.054, Figure 4). The
degree of lumbar rotation and self-reported
disability correlated moderately (r = 0.455, p <
0.05). The improved self-reported disability
correlated with improved movement perception (r
= 0.589, p < 0.05). (study 3)
6.3.2. LSS
The majority of LSS patients (76.9%) reported the
movement direction incorrectly (p = 0.006).
Furthermore, these patients consistently localised
the movement sensation elsewhere in their body
than in lumbar region, usually in the shoulder
region. The mean±SD lumbar rotations ranged
from 7.2° ± 8.8 to 3.9° ± 5.9 from the first to the
fifth consecutive trials, respectively (Figure 4).
The LSS patients had a significantly poorer ability
to sense a change in their lumbar position than
previously evaluated healthy controls (p < 0.0002)
and LBP patients (p = 0.0005) not suffering from
symptoms of LSS. (study 4)

6.4. Postural stability
6.4.1. LBP with sciatica
Patients exhibited larger CPFV values than
controls in the two-footed stance with eyes open
(p = 0.022) and with eyes closed (p = 0.001) and
in the one-footed balance test (p = 0.004, Figure
5). Motor weakness (R2=0.355; p = 0.006) was
related with larger two-footed CPFV with eyes
open and limited range of movement (R2 = 0.465;
p = 0.001) was related with larger two-footed
CPFV with eyes closed at baseline. Patients with
motor weakness (p = 0.078) and a limited range of
movement (p = 0.051) tended to have larger onefooted CPFV, but there was no difference in the
CPFV values between healthy side and leg with
sciatica. The postural control remained unchanged
in the patients after (Figure 5) the
microdiscectomy but the improved self-reported
disability correlated (r = 0.524, p < 0.05) with
improvements in two-footed CPFV with eyes
open. (study 3)
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Figure 4. The measurements for the sensation of a change in lumbar position in control subjects and in
sciatica patients at baseline and 3 months after surgery (follow-up) and in LSS patients. Five consecutive
trials are pooled. Error bars are SDs.
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6.4.2. LSS
The mean±SD CPFV values were 4.1 ± 1.5 and
3.6 ± 1.3 cm·sec-1 on right and left leg,
respectively (Figure 5). Abnormal cortical MEPs
were observed in 11 patients (44%) and abnormal
SEPs in 16 patients (61.5%). The association
between motor and sensory conduction and
postural stability was inconsistent. A significant
association was found between increased CPFV
and prolonged cortical MEP latencies on the left
side but no association was detected on the right
side. No significant associations were found
between abnormal SEPs and CPFV. The
associations between impaired lumbar sensation
and increased CPFV as well as lumbar sensation
and cortical left side MEP were of borderline
significance. (study 4)
6.5. Paraspinal muscle function and endurance
6.5.1. Parapinal muscle denervation
Abnormal findings in the needle EMG of the
paraspinal muscles indicative of denervation, were
observed in 18 out of the 22 (81.8%) LSS
patients. Increasing age and lower extremity pain
were related with the probability of abnormal
findings in paraspinal needle EMG. Stepwise
discriminant analysis entered the subject’s age,
lower extremity pain and relative extension
activation at T12-L1 level as independent
variables. Wilks’ lambda was 0.184 (p < 0.001)
and these variables explained 81.6% of the
variability between the subgroups of the patients
with and without denervation. (study 5)
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6.5.2. Flexion-extension function
The average paraspinal muscle activations during
full flexion were ~60 and ~65 percent of flexion
activation at T12-L1 and L5-S1 levels,
respectively. The full flexion-relaxation was
achieved by none of the patients despite the fact
that all but one patient had a range of flexion
movement covering at least 85 degrees. The fullflexion muscle activation associated poorly with
denervation, muscle endurance, pain and
disability, however, the associations between
extension activation and pain and disability were
more obvious. The relative extension activation at
T12-L1 level was smaller in the patients with
paraspinal denervation than in those without
denervation. Stepwise linear regression analysis
entered lower extremity numbness and paraspinal
muscle denervation as independent variables
accounting for ~46% of the variability of the
relative extension activation (R2 = 0.462, p =
0.003). (study 5)
6.5.3. Lumbar endurance
Paraspinal muscle fatigue (pooled mean±SD MPF
change at L5-S1 level) was significantly smaller
in LSS patients (-6.8 ± 7.1 %·min-1) than that
observed in previously evaluated healthy subjects
(-20.4 ± 11.3 %·min-1) and LBP patients (-21.1 ±
8.7 %·min-1, p < 0.001) not suffering from the
symptoms of LSS. The mean endurance time
(~172 sec) was similar to that of healthy controls.
Paraspinal muscle endurance (MPF change) was
not associated with the denervation of the muscles
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Left leg

Sciatica follow-up
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Figure 5. The measurements for postural control (center point of force velocity, CPFV) in control subjects
and in sciatica patients at baseline and 3 months after surgery (follow-up) and in LSS patients. Error bars are
SDs. * p < 0.05, ** p < 0.01.
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but the endurance time tended to be shorter (p =
0.059) in those patients who had denervation.
Endurance time, but not the MPF change, was
related with disability and low back and lower
extremity pain. Stepwise linear regression analysis
entered lower extremity pain as an independent
variable which explained ~62% of the variability of
the endurance time (R2 = 0.624, p < 0.001). The
initial MPF values of LSS patients (84.4±20.9 Hz)
were similar as in the previously evaluated healthy
subjects (79.1 ± 14.9 Hz, p = 0.488) and higher than
in LBP patients (71.1 ± 13.2 Hz, p = 0.0009). (study
5)

7. DISCUSSION
7.1. Main novel findings
This study was aimed at detecting the sensory and
motor function of the lumbar spine and postural
control in healthy subjects and two specific lumbar
disorders. The lumbar disc herniation and spinal
stenosis were selected to represent two different
stages of the LBP syndrome. Disc herniation
represents an early and more acute stage whereas
spinal stenosis encompasses the late and perhaps the
final stage.
Impaired postural control, lumbar movement
perception and defective effect of visual expectation
on lumbar muscle control were seen in patients with
sciatica. Movement perception and the defect in
anticipatory processing seem to recover in short term
after successful surgery, but postural control did not
recover
Nearly total loss of lumbar movement
perception was observed in lumbar spinal stenosis,
indicative of a clear impairment of lumbar
proprioception associated with LSS. The
observations of paraspinal muscle denervation and
disturbed muscle function during dynamic
movement were expected but the exceptionally good
lumbar endurance was surprising. The associations
between different pathological findings were
inconsistent and not necessarily related with each
other.
7.2. Subjects and methods
The sciatica patients were selected by a specialist
neurosurgeon
to
meet
the
criteria
for
microdiscectomy surgery. They represented a
specific condition of low back syndrome with
sciatica due to a radiologically confirmed disc
herniation and the dropouts did not diverge from the
others. LSS patients were selected by a specialist in

physical and rehabilitation medicine representing a
specific condition of low back syndrome with
radicular symptoms due to radiologically confirmed
LSS. The patients of both groups were suffering
considerable pain and disability.
The repeatability of paraspinal muscle
responses for sudden upper limb loading, lumbar
movement perception and postural stability was
assessed in healthy subjects. The measurements
were indicated to be repeatable and the methods
were valid for assessing the studied issues. However,
according to current knowledge it would have been
an advantage to perform all of the measurements in
both groups of patients and also on a larger sample
of healthy individuals. The sciatica patients had a
healthy control group comparable with respect to
age and height but LSS patients did not and the use
of historical and internal control limits the value of
the results.
7.3. Motor control
7.3.1 Anticipation in lumbar motor control
A short latency (~50 ms) paraspinal muscle response
for sudden upper limb loading was observed (study
1), the response being shortened by visual
expectation (study 1). The effect of anticipation can
be explained by feed-forward control, where the
visual system alerted the reflex mechanisms about
incoming sensory impulses. Thus, in the anticipated
condition, cortical pre-programming could well be
involved in the response modulation. The response
latency was comparable with the earlier findings
(Carlson et al., 1981; Marsden et al., 1981;
Carpenter et al., 1999; Hodges et al., 2001). The
shortening of the latency during expected upper limb
loading (study 1, 2) has been observed also in a later
study (Moseley et al., 2003) confirming the finding.
The visual expectation did not make the
reflex faster in sciatica patients, in contrast to control
subjects in the experiments where the spine and
pelvis were not supported (study 2). This indicates
that prolonged sciatic pain can impair the lumbar
feed-forward control. This is in line with the earlier
findings of impaired feed-forward postural responses
of the trunk muscles in CLBP (Hodges and
Richardson, 1996; 1998; Hodges, 2001) and during
experimental muscle pain (Hodges et al., 2003). The
unaffected paraspinal muscle latency during
unexpected upper limb loading differs from the
earlier findings of delayed trunk muscle activation
during expected and unexpected upper limb and
trunk loading (Wilder et al., 1996; Magnusson et al.,
1996) and sudden load release (Radebold et al.,
J Sports Sci & Med (2004) Suppl. 4
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2000; 2001) in CLBP patients. The difference can be
explained by dissimilarity of patient groups and
methodological variation. Wilder et al. (1996) used
computer based wavelet analysis in their assessment
of muscle response latencies and therefore the
latencies are not comparable. During direct trunk
loading and load releasing, the triggering mechanism
may be different (study 1). The duration of the
symptoms in sciatica patients (study 2, 3) were
usually from three to six months and thus perhaps
the variable changes in trunk muscle control were
dependent on the pathophysiology and duration of
the LBP syndrome.
Since the latency of the responses for
unexpected stimulus was unaffected, the limited
effect of anticipation in CLBP patients may be due
to impairment in the processing of visual feedback
information in the short-term memory. Short-term
memory is not a distinct cortical area, but an abstract
concept representing the co-operation and
recruitment of neural networks in several cortical
areas involved in information processing. It is an
information storage process regulating movement
output by processing sensory input between shortterm sensory store and long-term memory (Schmidt
and Lee, 1999).
According to the recognition schema theory,
the initial conditions, environmental outcomes, and
expected sensory consequences serve as the basis for
movement evaluation, i.e. a schema for movement
control in the short-term memory by sensory
information enables motor learning (Schmidt, 1975;
Schmidt and Lee, 1999). Therefore, the altered
short-term memory is probably the explanation for
the diminished effect of anticipation, revealing the
impairment of feed-forward control system in CLBP
patients. It has been hypothesised that CLBP can
impair also the higher level information processing
i.e. functioning of short-term memory. This
hypothesis was based on the observation of missing
differences between preferred and non-preferred
upper limbs during hand reaction time test in CLBP
patients (Luoto et al., 1999).
The possible explanations for the difference
in the effect of anticipation between controlled and
uncontrolled positions may be the initial condition
where the supports in the controlled position
function as reference points (Schmidt and Lee,
1999). The controlled initial condition, therefore,
enhances the affected feed-forward control. The
possible enhancing effect of these reference points is
in line with the observation that in back healthy
subjects there was a small but significant learning
effect to reduce the response latency during three

consecutive trials in the controlled position but not
in the uncontrolled position (study 1).
LBP and depression have been shown to
interfere with voluntary motor control. The impaired
feed-forward control values did not correlate
significantly with pain, functional disability and
depression scores in the whole patient group (study
2) but the anticipatory trunk muscle control does
seem to be affected by severe LBP. CLBP and painrelated depression could be related to the motor
behaviour at a higher level involved in anticipatory
behaviour. However, the assessment of a causal
relationship between depression, pain and
anticipatory control requires further studies.
7.4. Sensory contributions to motor control
The impaired lumbar movement perception was
observed in the patients with sciatica (study 3),
however, the impairment was not as obvious as that
seen in the patients with lumbar spinal stenosis
(study 4). The perception of lumbar movement
tended to recover after discectomy, indicating that at
least in sciatica patients, the impaired lumbar
proprioception is a reversible phenomenon (study 3).
The impaired lumbar movement perception may be
due to feedback error as a result of sensory loss or a
deficit in information processing or a combination of
both mechanisms. CLBP seems to reorganise the
somatosensory cortex (Flor et al., 1997), being in
line with the idea of reversible pain related
dysfunction of central sensory information
processing.
The majority of LSS patients failed to sense
the direction of lumbar rotation correctly and, in
addition, they localised the movement sensation
elsewhere than in lumbar region. This is evidence of
a peripheral sensory loss in LSS but does not
exclude the possibility of altered central sensorymotor processing (study 4). The proprioceptive
deficit in LSS was more severe in LSS than in
previously observed LBP patients with no LSS
(Taimela et al., 1999). Since ligament
mechanoreceptors (e.g. Sjölander et al., 2002) and
muscle receptors (e.g. McCloskey, 1978; Sjölander
et al., 2002) are important in propioception and
denervation with impaired muscle function (study 5)
and ligament calcification is typically associated
with LSS, the impaired movement sensation in LSS
patients was to be expected. The local loss of lumbar
proprioception appears to be more important in
spinal function than the changes in long ascending
nerve tracts evaluated by SEPs.
The current results are in line with the earlier
observations of a large repositioning error in trunk
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movement in idiopathic LBP (Gill and Callaghan,
1998; Brumagne et al., 2000; Newcomer et al.,
2000) and in lumbar segmental instability
(O’Sullivan et al., 2003). Since muscle spindles have
a major role in lumbar proprioception (Brumagne et
al., 1999) and the γ-muscle spindle system is thought
to have a significant function in feed-forward control
(Sjölander et al., 2002), dysfunction of the muscle
spindle system may contribute to both impaired
lumbar proprioception and feed-forward control.
7.5. Postural control
Impaired postural stability was observed in sciatica
(study 3) being comparable with the previous
findings in LBP patients and controls (Byl and
Sinnot, 1991; Luoto et al., 1998). In the current
study, the two-footed body sway was also increased
in the patients with clinically observed motor
weakness and a limited range of movement.
Furthermore, one-footed body sway was not
associated with the side of sciatica in the one-footed
test (study 3). The two-footed postural stability was
weaker also with eyes open, but the difference
between patients and controls was more prominent
when the eyes were closed during testing (study 3).
This is in agreement with the previous findings
indicating that the impaired sensory input from
muscles and joints is more severely challenged
during the absence of visual input (Byl and Sinnot,
1991; Mientjes et al., 1999; Radebold et al., 2001).
The unsuccessful recovery of impaired
postural control after surgery in sciatica is not
surprising according to a previous prospective
evaluation in CLBP patients. After active
rehabilitation, the impairment in postural control
remained unchanged in the patients with good
outcome but deteriorated further in the patients with
poor outcome (Luoto et al., 1998). In addition, low
performance in a test of standing balance was
associated with future back disorders (Takala and
Viikari-Juntura, 2000).
According to the previous studies in
conservatively (Balague et al., 2001; Dubourg et al.,
2002) and surgically (Dubourg et al., 2002) treated
sciatica patients, the recovery of impaired muscle
performance was not a matter of course even at six
months of follow-up. Therefore, the recovery of
postural control may have been still taking place
after three months follow-up. However, many
postural reactions are not triggered by lower leg
proprioception, but probably by receptors in the
proximal body segments (Bloem et al., 2000). Thus,
the impaired postural control seems to be related
with the information processing in addition to the

lower leg muscle function. A longer follow-up
duration, perhaps with postoperative intervention,
would help in clarifying this issue.
The postural stability usually improves during
the repetitive measurements indicating motor
learning. In LSS patients, the postural stability had a
weak negative correlation with lower extremity pain
intensity during standing i.e. those patients with
more severe pain seemed to have better postural
stability (study 4). Further analysis showed that the
one-footed postural stability improved during the
repetitive measurements in the patients with less
pain, but it seemed to become even worse in the
patients with severe pain. This is further evidence
that pain may impair motor learning.
Postural control is a complex procedure
involving integrated sensory and motor function. An
association between poor balance performance
during unstable sitting with eyes closed and delayed
trunk muscle response times during quick force
release, reflecting the relationship between impaired
postural control and delayed muscle activation, has
been reported previously in idiopathic CLBP
(Radebold et al., 2001). The current results in
sciatica patients are in accordance with those
findings. Additionally, the postural control and
muscle response times correlated with impaired
proprioception (study 3). Impaired postural control
was associated with impaired lumbar perception
both in sciatica and LSS patients (study 3, 4). In LSS
patients, according to the evoked potential findings,
the one-footed postural control seemed to be more
dependent on motor than sensory conduction
between the lower limbs and the central nervous
system (study 4).
7.6. Function of lumbar muscles
Impaired lumbar muscle function and denervation
were frequently observed in LSS patients. The
lumbar endurance time of LSS patients was
associated with low back and lower extremity pain
but not with power frequency change. The limiting
factor of endurance in some LSS patients was not
the paraspinal muscle fatigue but the pain intensity,
especially the intensity of radicular symptoms (study
5). I also attempted to measure lumbar endurance in
sciatica patients, but because half of the first eight
patients were unable to perform the test due to
intolerable pain, further analyses were discontinued.
The value of dynamic lumbar endurance
assessments and power frequency analysis as a
measurement of muscle function must be questioned
in patients with muscle denervation and radicular
symptoms (study 5). However, the endurance test
J Sports Sci & Med (2004) Suppl. 4
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could be useful in monitoring the functional ability
and the fatigue resistance of paraspinal muscles in
LSS patients indicate indirect evidence for selective
type 2 muscle fiber atrophy possibly associated with
LSS (study 5). These results are in accordance with
an earlier proposal of the low diagnostic value of the
isometric trunk strength test (Rantanen, 2001). That
test was indicated to be a potentially hazardous for
high-risk patients due the cardiovascular stress
(Rantanen, 2001), which could be particularly
dangerous in LSS patients who often are elderly
people.
The paraspinal muscle dysfunction during
flexion-extension movement was similar in LSS
patients (study 5) as previously observed in CLBP
patients (Ahern et al., 1988; Sihvonen et al., 1991;
Shirado et al., 1995; Sihvonen et al., 1997) and
during experimental pain (Zedka et al., 1999). This
was evident as increased paraspinal muscle activity
when acting as an antagonist and decreased activity
when acting as an agonist (study 5). The different
recruitment patterns found in CLBP patients
increased spinal stability and therefore may
represent a beneficial compensation mechanism (van
Dieen et al., 2003a; 2003b). Decreased extension
activation but not the increased flexion-relaxation
activation was related with the denervation and
subjective low back and lower extremity symptoms
and were not correlated with each other (study 5).
Thus, these could be independent phenomena
reflecting different changes in motor control
properties.
Abnormal paraspinal needle EMG findings
indicate that denervation of paraspinal muscles was
frequent in LSS patients (study 5). In previous
studies, a denervation of multifidus muscles was
often observed in sciatica patients (Mattila et al.,
1986; Rantanen et al., 1993). Although the muscle
receptors seem be important in lumbar perception
(Brumagne et al., 1999; 2000, Taimela et al., 1999),
the impaired lumbar perception did not have any
direct relationship with the muscle denervation
findings in LSS. However, the denervation findings
often represent only a limited area of the paraspinal
muscles, which may explain their poor relationship
with both lumbar muscle endurance and
proprioception. Since the extensive spinal
degeneration and abnormal paraspinal muscles are
common in LSS the dorsal ramus neuropathy
(Sihvonen, 1995) may be associated also with LSS
and therefore their evaluation would be beneficial in
the assessment of pathophysiology of LSS.

7.7. Clinical significance and hypothesis for
further investigation
The chronic pain may modulate neuronal activity at
the spinal, intermediate and cortical levels (Flor et
al., 1997; Watkins and Maier, 2002; Juottonen et al.,
2002; Farina et al., 2003) and it may alter both
central tactile and motor processing (Juottonen et al.,
2002). The impaired motor control can be restored
by rehabilitation procedures. In rehabilitation, the
aim is to enhance the motor performance. In painful
conditions, the central information processing can be
disturbed by the sensation of pain. This may lead to
disuse of muscles by fear-avoidance behaviour
(Vlaeyen et al., 1999; Vlaeyen and Linton, 2000).
During exercise, the brain receives alternative
information in addition to pain signals, this probably
being explained by gate control theory, decreased
sensitivity of receptive structures or CNS
remodelling. Thus, this pain-related CNS
remodelling may be reversed by rehabilitation (Flor,
2003). This may lead to relief of pain and break the
vicious cycle of pain, disuse and de-conditioning.
The apparently partly reversible phenomenon of
impaired feed-forward control in sciatica (study 2, 3)
indicate a possible site of motor control to focus
rehabilitation of LBP patients.
The effect of rehabilitation may elicit better
neuronal function as well as improved muscle
properties. The cognitive effect may at least in
certain situations be even more important than the
effect at the muscle level. The crucial factor is to
enhance muscular function by improving the muscle
control. After successful rehabilitation of CLBP
patients (Mannion et al., 2001b) no change in
histologically analysed structural muscle anatomy
was observed (Kaser et al., 2001) and the changes in
muscle performance were mainly related with
psychological factors (Mannion et al., 2001a;
2001b), however, the histological changes seem to
appear slowly (Rissanen et al., 1995). The current
study supports the idea that co-ordination
and muscle control are perhaps more important in
the rehabilitation of LBP patients than muscle
strength.
The functional brain imaging has provided
new insight into the anatomical structures and
physiological functions of pain processing (Flor et
al., 1997; Peyron et al., 2000). In addition to the
imaging of neuronal function, other methods used in
cognitive neuroscience could be advantageous in
assessing the chronic pain. The current results point
to impaired sensory function and information
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processing being associated with both LSS and
sciatica.
In future studies the representative cohorts of
LBP patients with various spinal pathologies should
be tested with the full measurement repertoire in
prospective settings. This kind of simultaneous
testing would clarify the associations between the
findings. The prospective setting with an adequate
follow-up time would clarify the still remaining
question, which phenomena are the cause and which
are the consequence of the problem. Furthermore, it
is important to clarify which phenomena are
reversible and through which kind of intervention.
This work does not alter the current clinical
practice but does broaden our view of the LBP
syndrome and in the terms of WHO can provide new
insights into sensory and neuromusculoskeletal
functions associated with lumbar disorders and has
provided novel hypotheses which can be evaluated in
further experiments.
8. CONCLUSIONS
Impaired anticipation related lumbar motor control,
proprioception and postural control were observed in
LBP patients with sciatica. Anticipation related
lumbar control and proprioception improved after
surgery but postural stability remained unchanged.
These results indicate that, in addition to lumbar
nerve root irritation, there seem to be changes of the
central motor control in LBP with disc herniation
and that the recovery of these impairments is not
simply a matter of course.
Extensive loss of lumbar proprioception,
lumbar paraspinal muscle denervation and impaired
muscle function were observed in lumbar spinal
stenosis. These findings indicate that there appears to
be not only notable structural pathologies in the
lumbar spine but also clearly abnormal lumbar
function in LSS.

9. REFERENCES
Aalto,

H. (1997) Force platform posturography:
methodological aspects and practical applications.
Academic dissertation, University of Helsinki,
Helsinki.
Ahern, D.K., Follick, M.J., Council, J.R., Laser-Wolston,
N. and Litchman H. (1988) Comparison of lumbar
paravertebral EMG patterns in chronic low back
pain patients and non-patient controls. Pain 34,
153-160.
Ahn, S.H., Cho, Y.W., Ahn, M.W., Jang, S.H., Sohn,
Y.K. and Kim, H.S. (2002) mRNA expression of

cytokines and chemokines in herniated lumbar
intervertebral discs. Spine 27, 911-917.
Alaranta, H., Moffroid, M,, Elmquist, L.G., Held, J.,
Pope, M. and Rehnström P. (1994) Postural control
of adults with musculoskeletal impairment. Critical
Reviews of Physical Rehabilatain Medicine 6,
337-370.
Amundsen, T., Weber, H., Lilleas, F., Nordal, H.J.,
Abdelnoor, M. and Magnaes B. (1995) Lumbar
spinal stenosis. Clinical and radiologic features.
Spine 20, 1178-1186.
Andersson, G.B. (1999) Epidemiological features of
chronic low-back pain. Lancet 354, 581-585.
Arendt-Nielsen, L., Graven-Nielsen, T., Svarrer, H. and
Svensson, P. (1996) The influence of low back
pain on muscle activity and coordination during
gait: a clinical and experimental study. Pain 64,
231-240.
Aromaa, A., Koskinen, S. (2002) Terveys ja toimintakyky
SuomessaTerveys
2000
tutkimuksen
perustulokset. Kansanterveyslaitoksen julkaisuja
B3/2002. Helsinki.
Aruin, A.S. and Latash, M.L. (1995) Directional
specificity of postural muscles in feed-forward
postural reactions during fast voluntary arm
movements. Experimental Brain Research 103,
323-332.
Atlas, S.J., Keller, R.B., Robson, D., Deyo, R.A. and
Singer, D.E. (2000) Surgical and nonsurgical
management of lumbar spinal stenosis: four-year
outcomes from the Maine lumbar spine study.
Spine 25, 556-562.
Balague, F., Nordin, M., Sheikhzadeh, A., Echegoyen,
A.C., Skovron, M.L., Bech, H., Chassot, D. and
Helsen, M. (2001) Recovery of impaired muscle
function in severe sciatica. European Spine
Journal 10, 242-249.
Belen’kii, V., Gurfinkel, V.S. and Paltsev, Y. (1967)
Elements of control of voluntary movements.
Biofizika 12, 135-141.
Bigos, S., Bowyer, O., Braen, G. et al. (1994) Acute low
back problems in adults. Clinical practice
guideline No. 14. Agency for Health Care Policy
and Research, Public Health Services, U.S.
Department of Health and Human Services.
Biedermann, H-J., DeFoa, L.J. and Forrest, W.J. (1991)
Muscle fiber directions of iliocostalis and
multifidus: male-female differences. Journal of
Anatomy 179, 163-167.
Bland, J.M. and Altman, D.G. (1986) Statistical methods
for assessing agreement between two methods of
clinical measurement. Lancet 1(8476), 307-310.
Bloem, B.R., Allum, J.H., Carpenter, M.G. and Honegger,
F. (2000) Is lower leg proprioception essential for
triggering human automatic postural responses?
Experimental Brain Research 130, 375-391.
Boden, S.D., Davis, D.O., Dina, T.S., Patronas, N.J. and
Wiesel, S.W. (1990) Abnormal magneticresonance scans of the lumbar spine in

J Sports Sci & Med (2004) Suppl. 4

26

Leinonen

asymptomatic
subjects.
A
prospective
investigation. The Journal of Bone and Joint
Surgery (American volume) 72, 403-408.
Bogduk, N. and Twomey, L.T. (1991) Clinical anatomy
of the lumbar spine. Chuchill Livingstone.
Melbourne, Australia.
Brumagne, S., Cordo, P., Lysens, R., Verschueren, S. and
Swinnen, S. (2000) The role of paraspinal muscle
spindles in lumbosacral position sense in
individuals with and without low back pain. Spine
25, 989-994.
Brumagne, S., Lysens, R., Swinnen, S. and Verschueren,
S. (1999) Effect of paraspinal muscle vibration on
position sense of the lumbosacral spine. Spine 24,
1328-1331.
Burke, J.G., Watson, R.W., McCormack, D., Dowling,
F.E., Walsh, M.G. and Fitzpatrick, J.M. (2002)
Intervertebral discs which cause low back pain
secrete high levels of proinflammatory mediators.
The Journal of Bone and Joint Surgery (British
Volume) 84, 196-201.
Byl, N.N. and Sinnott, P. (1991) Variations in balance
and body sway in middle-aged adults: subjects
with healthy backs compared with subjects with
low-back dysfunction. Spine 16, 325-330.
Capra, N.F., Ro, J.Y. (2000) Experimental muscle pain
produces central modulation of proprioceptive
signals arising from jaw muscle spindles. Pain 86,
151-162.
Carlson, H., Nilsson, J., Thorstensson, A., Zomlefer, M.R.
(1981) Motor responses in the human trunk due to
load
perturbations.
Acta
Physiologica
Scandinavica 111, 221-223.
Carpenter, M.G., Allum, J.H. and Honegger, F. (1999)
Directional sensitivity of stretch reflexes and balance
corrections for normal subjects in the roll and pitch
planes. Experimental Brain Research 129, 93-113.
Claude, L.N., Solomonow, M., Zhou, B.H., Baratta, R.V.
and Zhu, M.P. (2003) Neuromuscular dysfunction
elicited by cyclic lumbar flexion. Muscle & Nerve
27, 348-358.
Cordo, P.J. and Nashner, L.M. (1982) Properties of
postural adjustments associated with rapid arm
movements. Journal of Neurophysiology 47, 287302.
Davis KG, Marras WS, Heaney, C.A., Waters, T.R. and
Gupta, P. (2002) The impact of mental processing
and pacing on spine loading: 2002 Volvo Award in
Biomechanics. Spine 27, 2645-2653.
Deyo, R.A. and Weinstein, J.N. (2001) Low back pain.
The New England Journal of Medicine 344, 363370.
van Dieen, J.H., Cholewicki, J. and Radebold, A. (2003a)
Trunk muscle recruitment patterns in patients with
low back pain enhance the stability of the lumbar
spine. Spine 28, 834-841.
van Dieen, J.H., Selen, L.P. and Cholewicki, J. (2003b)

Trunk muscle activation in low-back pain patients,
an analysis of the literature. Journal of
Electromyography and Kinesiology 13, 333-351.
Dubourg G., Rozenberg S., Fautrel B., Valls-Bellec I.,
Bissery A., Lang T., Faillot T., Duplan B.,
Briancon D., Levy-Weil F., Morlock G., Crouzet
J., Gatfosse M., Bonnet C., Houvenagel E., Hary S,
Brocq O., Poiraudeau S., Beaudreuil J., de
Sauverzac C., Durieux S., Levade M.H., Esposito
P, Maitrot D., Goupille P., Valat J.P., and
Bourgeois P. (2002) A pilot study on the recovery
from paresis after lumbar disc herniation. Spine 27,
1426-1431.
Dvorak, J., Herdmann, J. and Vohanka, S. (2000)
Neurophysiologic assessment in patients with
lumbar spinal stenosis. In: Lumbar Spinal Stenosis.
Eds: Gunzburg, R. and Szpalski, M. Philadelphia:
Lippincott Williams & Wilkins, 125-135.
Ebenbichler, G.R., Oddsson, L.I., Kollmitzer, J. and Erim,
Z. (2001) Sensory-motor control of the lower back:
implications for rehabilitation. Medicine and
Science in Sports and Exercise 33, 1889-1898.
Eskola, A., Pohjolainen, T., Alaranta, H., Soini, J.,
Tallroth, K. and Slätis, P. (1992) Calcitonin
treatment in lumbar spinal stenosis: a randomized,
placebo-controlled, double-blind, cross-over study
with one-year follow-up. Calcified Tissue
International 50, 400-403.
Fairbank, J.C.T., Couper, J., Davies, J., and O’Brien, J.P.
(1980) The Oswestry low back pain disability
questionnaire. Physiotherapy 66, 271-273.
Farina, S., Tinazzi, M., Le Pera, D. and Valeriani, M.
(2003) Pain-related modulation of the human
motor cortex. Neurological Research 25, 130-142.
Flor, H. (2003) Cortical reorganisation and chronic pain:
implications for rehabilitation. Journal of
Rehabilitation Medicine (Suppl. 41), 66-72.
Flor, H., Braun, C., Elbert, T. and Birbaumer, N. (1997)
Extensive reorganization of primary somatosensory
cortex in chronic back pain patients. Neuroscience
Letters 224, 5-8.
Friedli, W.G., Cohen, L., Hallet, M., Stanhope, S. and
Simon, S.R. (1988) Postural adjustments associated
with rapid voluntary arm movements. II.
Biomechanical analysis. Journal of Neurology,
Neurosurgery, and Psychiatry 51, 232-243.
Fritz, J.M., Delitto, A., Welch, W.C. and Erhard, R.E.
(1998) Lumbar spinal stenosis: a review of current
concepts in evaluation, management, and outcome
measurements. Archives of Physical Medicine and
Rehabilitation 79, 700-708.
Frymoyer, J. (1988) Back pain and sciatica. The New
England Journal of Medicine 318, 291-300.
Gill, K.P. and Callaghan, M.J. (1998) The measurement
of lumbar proprioception in individuals with and
without low back pain. Spine 23, 371-377.
Guzman, J., Esmail, R., Karjalainen, K., Malmivaara, A.,
Irvin,
E.
and
Bombardier,
C.
(2002)
Multidisciplinary bio-psycho-social rehabilitation

J Sports Sci & Med (2004) Suppl. 4

27

Neuromuscular control in lumbar disorders

for chronic low back pain. Cochrane Database of
Systematic Reviews 1, CD000963.
Herzog, R.J., Guyer, R.D., Graham-Smith, A. and
Simmons, E.D. Jr. (1995) Magnetic resonance
imaging. Use in patients with low back or radicular
pain. Spine 20, 1834-1838.
Herno, A. (1995) Surgical results of lumbar spinal
stenosis. Annales Chirurgiae et Gynaecologiae
Suppl. 210, 1-969.
Hestbaek, L., Leboeuf-Yde, C. and Manniche, C. (2003)
Low back pain: what is the long-term course? A
review of studies of general patient populations.
European Spine Journal 12, 149-165.
Hodges, P. (2003) Neuromechanical control of the spine.
Academic dissertation, Karolinska Institutet,
Stockholm, Sweden.
Hodges, P.W. (2001) Changes in motor planning of
feedforward postural responses of the trunk
muscles in low back pain. Experimental Brain
Research 141, 261-266.
Hodges, P., Cresswell, A. and Thorstensson, A. (1999)
Preparatory trunk motion accompanies rapid upper
limb movement. Experimental Brain Research
124, 69-79.
Hodges, P.W., Cresswell, A.G. and Thorstensson, A.
(2001) Perturbed upper limb movements cause
short-latency postural responses in trunk muscles.
Experimental Brain Research 138, 243-250.
Hodges, P.W. and Moseley, G.L. (2003) Pain and motor
control of the lumbopelvic region: effect and
possible
mechanisms.
Journal
of
Electromyography and Kinesiology 13, 361-370.
Hodges, P.W., Moseley, G.L., Gabrielsson, A. and
Gandevia, S.C. (2003) Experimental muscle pain
changes feedforward postural responses of the
trunk muscles. Experimental Brain Research 151,
262-271.
Hodges, P.W. and Richardson, C.A. (1996) Inefficient
muscular stabilisation of the lumbar spine
associated with low back pain. A motor control
evaluation of transversus abdominis. Spine 21,
2640-2650.
Hodges, P.W. and Richardson, C.A. (1998) Delayed
postural contraction of transversus abdominis in
low back pain associated with movement of the
lower limb. Journal of Spinal Disorders 11, 46-56.
Hoffman, R.M., Wheeler, K.J. and Deyo, R.A. (1993)
Surgery for herniated lumbar discs: a literature
synthesis. Journal of General Internal Medicine 8,
487-496.
Holm, S., Indahl, A. and Solomonow, M. (2002)
Sensorimotor control of the spine. Journal of
Electromyography and Kinesiology 12, 219-234.
Horak, F.B. and Diener, H.C. (1994) Cerebellar control of
postural scaling and central set in stance. Journal
of Neurophysiology 72, 479-493.
Horak, F.B. and Nashner, L.M. (1986) Central
programming of postural movements: adaptation to

altered support-surface configurations. Journal of
Neurophysiology 55, 1369-1381.
Hurme, M. and Alaranta, H. (1987) Factors predicting the
result of surgery for lumbar intervertebral disc
herniation. Spine 12, 933-938.
Hurri, H., Slätis, P., Soini, J., Tallroth, K., Alaranta, H.,
Laine, T. and Heliövaara, M. (1998) Lumbar spinal
stenosis: assessment of long-term outcome 12
years after operative and conservative treatment.
Journal of Spinal Disorders 11, 110-115.
IASP (1979) Pain terms: A list with definitions and notes
on usage recommended by the IASP Subcommittee
on Taxonomy. Pain 6, 249-252.
ICF (2001) International classification of functioning,
disability and health. WHO, Geneva.
Ikawa, M., Atsuta, Y. and Tsunekawa, H. (2003)
Pathogenesis
of
neurogenic
intermittent
claudication - relationship between venous
congestion and ectopic firing. In: Proceedings of
the 30th Annual Meeting of International Society
for the Study of the Lumbar Spine. Vancouver.
Indahl, A. (1999) Low back pain – a functional
disturbance, physiology and treatment. Academic
dissertation. University of Oslo, Oslo, Norway.
Indahl, A., Kaigle, A., Reikerås, O. and Holm, S. (1995)
Electromyographic response of the porcine
multifidus musculature after nerve stimulation.
Spine 20, 2652-2658.
Indahl, A., Kaigle, A.M., Reikerås, O. and Holm, S.H.
(1997) Interaction between the porcine lumbar
intervertebral disc, zygapophysial joints, and
paraspinal muscles. Spine 22, 2834-2840.
Jarvik, J.G. and Deyo, R.A. (2002) Diagnostic evaluation
of low back pain with emphasis on imaging.
Annals of Internal Medicine 137, 586-597.
Jarvik, J.J., Hollingworth, W., Heagerty, P., Haynor, D.R.
and Deyo, R.A. (2001) The Longitudinal
Assessment of Imaging and Disability of the Back
(LAIDBack) Study: baseline data. Spine 26, 11581166.
Jensen, M.C., Brant-Zawadzki, M.N., Obuchowski, N.,
Modic, M.T., Malkasian, D. and Ross, J.S. (1994)
Magnetic resonance imaging of the lumbar spine in
people without back pain. The New England
Journal of Medicine 33, 69-73.
Junge, A., Dvorak, J. and Ahrens, S. (1995) Predictors of
bad and good outcomes of lumbar disc surgery. A
prospective clinical study with recommendations
for screening to avoid bad outcomes. Spine 20,
460-468.
Juottonen, K., Gockel, M., Silen, T., Hurri, H., Hari, R.
and Forss, N. (2002) Altered central sensorimotor
processing in patients with complex regional pain
syndrome. Pain 98, 315-323.
Jönsson, B., Annertz, M., Sjöberg, C. and Strömqvist, B.
(1997) A prospective and consecutive study of
surgically treated lumbar spinal stenosis. Part I:
Clinical features related to radiographic findings.
Spine 22, 2932-2937.

J Sports Sci & Med (2004) Suppl. 4

28

Leinonen

Kaigle, A.M., Wessberg, P. and Hansson, T.H. (1998)
Muscular and kinematic behavior of the lumbar
spine during flexion-extension. Journal of Spinal
Disorders 11, 163-174.
Kalaska, J.F. and Drew, T. (1993) Motor cortex and
visuomotor behavior. In: Exercise and Sport
SciencesReviews. Ed: Hollozy, J. Baltimore:
Williams & Wilkins, 397-436.
Kankaanpää, M. (1999) Lumbar muscle endurance in the
assessment of physical performance capacity of
low back pain patients. Academic dissertation,
University of Kuopio, Kuopio, Finland.
Kankaanpää, M., Taimela, S., Airaksinen, O. and
Hänninen, O. (1999) The efficacy of active
rehabilitation in chronic low back pain. Effect on
pain intensity, self-experienced disability, and
lumbar fatigability. Spine 24, 1034-1042.
Kankaanpää, M., Taimela, S., Laaksonen, D., Hänninen,
O. and Airaksinen, O. (1998) Back and hip
extensor fatigability in chronic low back pain
patients and controls. Archives of Physical
Medicine and Rehabilitation 79, 412-417.
Kankaanpää, M., Taimela, S., Webber, C.L. Jr,
Airaksinen, O. and Hänninen, O. (1997) Lumbar
paraspinal muscle fatigability in repetitive
isoinertial loading: EMG spectral indices, Borg
scale and endurance time. European Journal of
Applied Physiology and Occupational Physiology
76, 236-242.
Karppinen, J., Korhonen, T., Malmivaara, A., Paimela, L.,
Kyllönen, E., Lindgren, K.A., Rantanen, P.,
Tervonen, O., Niinimäki, J., Seitsalo, S. and Hurri,
H. (2003) Tumor necrosis factor-alpha monoclonal
antibody, Infliximab, used to manage severe
sciatica. Spine 28, 750-753.
Karppinen, J., Malmivaara, A., Tervonen, O., Pääkkö, E.,
Kurunlahti, M., Syrjälä, P., Vasari, P. and
Vanharanta, H. (2001) Severity of symptoms and
signs in relation to magnetic resonance imaging
findings among sciatic patients. Spine 26, E149154.
Kaser, L., Mannion, A.F., Rhyner, A., Weber, E., Dvorak,
J. and Muntener, M. (2001) Active therapy for
chronic low back pain: part 2. Effects on paraspinal
muscle cross-sectional area, fiber type size, and
distribution. Spine 26, 909-919.
Katz, J.N., Dalgas, M., Stucki, G. and Lipson, S. J. (1994)
Diagnosis of lumbar spinal stenosis. Rheumatic
Diseases Clinics of North America 20, 471-483.
Keltikangas-Järvinen, L. and Rimon, R. (1987) Rimon’s
brief depression scale, a rapid method for screening
depression. Psychological Review 60, 111-119.
Kimura, J. (2001) Electrodiagnosis in diseases of nerve
and muscle - principles and practise. 3rd ed. New
York: Oxford University Press 339-369.
Koes, B.W., van Tulder, M.W., Ostelo, R., Burton, K.A.
and Waddell, G. (2001) Clinical guidelines for the
management of low back pain in primary care: an
international comparison. Spine 26, 2504-2514.

Kostuik, J.P., Harrington, I., Alexander, D., Rand, W. and
Evans, D. (1986) Cauda equina syndrome and
lumbar disc herniation. The Journal of Bone and
Joint Surgery. American Volume 68, 386-391.
Kuslich, S.D., Ulstrom, C.L. and Michael, C.J. (1991)
The tissue origin of low back pain and sciatica: a
report of pain response to tissue stimulation during
operations on the lumbar spine using local
anesthesia. The Orthopedic Clinics of North
America 22, 181-187.
Leboeuf-Yde, C. and Kyvik, K. (1998) At what age does
low back pain become a common problem? A
study of 29 434 individuals aged 12-41 years.
Spine 23, 228-234.
Leinonen, V., Kankaanpää, M., Airaksinen, O. and
Hänninen, O. (2000) Back and hip extensor
activities during trunk flexion/extension: effects of
low back pain and rehabilitation. Archives of
Physical Medicine and Rehabilitation 81, 32-37.
Lund, T. (2003) Biomechanical aspects of chronic low
back pain: kinematics and stabilisation. Academic
dissertation,
ORTON
Research
institute,
Yliopistopaino, Helsinki, Finland.
Luoto, S. (1999) Postural and psychomotor control in
chronic low-back trouble. Academic dissertation,
ORTON Research institute, Yliopistopaino,
Helsinki, Finland.
Luoto, S., Taimela, S., Hurri, H., Aalto, H., Pyykkö, I.
and Alaranta, H. (1996) Psychomotor speed and
postural control in chronic low-back pain patients:
A controlled follow-up study. Spine 21, 26212627.
Luoto, S., Aalto, H., Taimela, S., Hurri, H., Pyykkö, I.
and Alaranta, H. (1998) One-footed and externally
disturbed two-footed postural control in patients
with chronic low back pain and healthy control
subjects. A controlled study with follow-up. Spine
23, 2081-2089.
Luoto, S., Taimela, S., Hurri, H. and Alaranta, H. (1999)
Mechanisms explaining the association between
the low back trouble and deficits in information
processing. A controlled study with follow-up.
Spine 24, 255-261.
Magnusson M.L., Aleksiev A., Wilder D.G., Pope M.H.,
Spratt K., Lee S.H., Goel V.K. and Weinstein J.N.
(1996) Unexpected load and asymmetric posture as
etiologic factors in low back pain. European Spine
Journal 5, 23-35.
Malmivaara, A., Häkkinen, U., Aro, T., Heinrichs, M.L.,
Koskenniemi, L., Kuosma, E., Lappi, S.,
Paloheimo, R., Servo, C., Vaaranen, V. and
Hernberg S. (1995) The treatment of acute low
back pain--bed rest, exercises, or ordinary activity?
The New England Journal of Medicine 332, 351355.
Mannion, A.F., Junge, A., Taimela, S., Muntener, M.,
Lorenzo, K. and Dvorak, J. (2001a) Active therapy
for chronic low back pain: part 3. Factors

J Sports Sci & Med (2004) Suppl. 4

29

Neuromuscular control in lumbar disorders

influencing self-rated disability and its change
following therapy. Spine 26, 920-929.
Mannion, A.F., Taimela, S., Muntener, M. and Dvorak, J.
(2001b) Active therapy for chronic low back pain
part 1. Effects on back muscle activation,
fatigability, and strength. Spine 26, 897-908b.
Marras, W.S., Davis, K.G., Heaney, C.A., Maronitis, A.B.
and Allread, W.G. (2000) The influence of
psychosocial stress, gender, and personality on
mechanical loading of the lumbar spine. Spine 25,
3045-3054.
Marsden, C.D., Merton, P.A. and Morton, H.B. (1981)
Human postural responses. Brain 104, 513-534.
Mattila, M., Hurme, M., Alaranta, H., Paljärvi, L.,
Kalimo, H., Falck, B., Lehto, M., Einola, S. and
Järvinen, M. (1986) The multifidus muscle in
patients with lumbar disc herniation. A
histochemical and morphometric analysis of
intraoperative biopsies. Spine 11, 732-738.
McCloskey, D. I. (1978) Kinesthetic sensibility.
Physiological Reviews 58, 763-820.
McGill, S.M. (1997) The biomechanics of low back
injury: implications on current practice in industry
and the clinic. Journal of Biomechanics 30, 465475.
Merskey, H. and Bogduk, N. (1994) Classification of
chronic pain: Descriptions of chronic pain
syndromes and definitions of pain terms. 2nd ed.
IASP Press, Seattle, USA, 172-179.
Mientjes, M.I. and Frank, J.S. (1999) Balance in chronic
low back pain patients compared to healthy people
under various conditions in upright standing.
Clinical Biomechanics (Bristol, Avon) 14, 710-716.
Moneta, G.B., Videman, T., Kaivanto, K., Aprill, C.,
Spivey, M., Vanharanta, H., Sachs, B.L., Guyer,
R.D., Hochschuler, S.H. and Raschbaum, R.F, et
al. (1994) Reported pain during lumbar
discography as a function of anular ruptures and
disc degeneration. A re-analysis of 833
discograms. Spine 19, 1968-1974.
Moseley, G.L., Hodges, P.W., Gandevia, S.C. (2003)
External perturbation of the trunk in standing
humans differentially activates components of the
medial back muscles. The Journal of Physiology
547, 581-587.
Nachemson, A. (1985) Advances in low back pain.
Clinical Orthopaedics and Related Research 200,
266-278.
Newcomer, K.L., Laskowski, E.R., Yu, B., Johnson, J.C.,
An, K.N. (2000) Differences in repositioning error
among patients with low back pain compared with
control subjects. Spine 25, 2488-2493.
Nykvist, F., Hurme, M., Alaranta, H. and Kaitsaari, M.
(1995) Severe sciatica: a 13-year follow-up of 342
patients. European Spine Journal 4, 335-338.
Olmarker, K. and Larsson, K. (1998) Tumor necrosis
factor alpha and nucleus-pulposus-induced nerve
root injury. Spine 23, 2538-2544.

Olmarker, K. and Rydevik, B. (2001) Selective inhibition
of tumor necrosis factor-alpha prevents nucleus
pulposus-induced thrombus formation, intraneural
edema, and reduction of nerve conduction velocity:
possible implications for future pharmacologic
treatment strategies of sciatica. Spine 26, 863-869.
Olmarker, K., Rydevik, B. and Nordborg, C. (1993)
Autologous
nucleus
pulposus
induces
neurophysiologic and histologic changes in porcine
cauda equina nerve roots. Spine 18, 1425-1432.
O'Sullivan, P.B., Burnett, A., Floyd, A.N., Gadsdon, K.,
Logiudice, J., Miller, D. and Quirke, H. (2003)
Lumbar repositioning deficit in a specific low back
pain population. Spine 28, 1074-1079.
Panjabi, M. (1992) The stabilizing system of the spine.
Part I. Function, dysfunction, adaptation and
enhancement. Journal of Spinal Disorders 5, 383389.
Paquet, N., Malouin, F. and Richards, C.L. (1994) Hipspine movement interaction and muscle activation
patterns during sagittal trunk movements in low
back pain patients. Spine 19, 596-603.
Pedersen, J., Ljubisavljevic, M., Bergenheim, M. and
Johansson, H. (1998) Alterations in information
transmission in ensembles of primary muscle
spindle afferents after muscle fatigue in
heteronymous muscle. Neuroscience 84, 953-959.
Peyron, R., Laurent, B. and Garcia-Larrea, L. (2000)
Functional imaging of brain responses to pain. A
review and meta-analysis. Neurophysiologie
Clinique (Clinical Neurophysiology) 30, 263-88.
Pope, M.H. and Novotny, J.E. (1993) Spinal
biomechanics.
Journal
of
Biomechanical
engineering 115, 569-574.
Porter, R. (2000) Vascular compression theory. In:
Lumbar Spinal Stenosis. Eds: Gunzburg, R. and
Szpalski, M. Philadelphia: Lippincott Williams &
Wilkins, 159-162.
Prochazka, A., Clarac, F., Loeb, G.E., Rothwell, J.C. and
Wolpaw, J.R. (2000) What do reflex and voluntary
mean? Modern views on an ancient debate.
Experimental Brain Research 130, 417-432.
Radebold, A., Cholewicki, J., Panjabi, M.M. and Patel,
T.C. (2000) Muscle response pattern to sudden
trunk loading in healthy individuals and in patients
with chronic low back pain. Spine 25, 947-954.
Radebold, A., Cholewicki, J., Polzhofer, G.K. and
Greene, H.S. (2001) Impaired postural control of
the lumbar spine is associated with delayed muscle
response times in patients with chronic idiopathic
low back pain. Spine 26, 724-730.
Rantanen, P. (2001) Dynamic trunk muscle strength test
in low back trouble. Academic dissertation,
ORTON Research institute, Yliopistopaino,
Helsinki, Finland.
Rantanen, J., Hurme, M., Falck, B., Alaranta, H., Nykvist,
F., Lehto, M., Einola, S. and Kalimo, H. (1993)
The lumbar multifidus muscle five years after

J Sports Sci & Med (2004) Suppl. 4

30

Leinonen

surgery for a lumbar intervertebral disc herniation.
Spine 18, 568-574.
Rauschning, W. (1993) Pathoanatomy of lumbar disc
degeneration and stenosis. Acta Orthopaedica
Scandinavica (Suppl. 251), 3-12.
Reid, M. B. (2000) Muscle fatigue: mechanism and
regulation. In: Handbook of Oxidant and
Antioxidants in Exercise. Eds: Sen, C.K., Packer,
L. and Hänninen, O. Amsterdam: Elsevier; 599630.
Rissanen, A., Kalimo, H. and Alaranta, H. (1995) Effect
of intensive training on the isokinetic strength and
structure of lumbar muscles in patients with
chronic low back pain. Spine 20, 333-340.
Rothwell, J.C. (1994) Proprioceptors in muscles, joints
and skin. In: Control of Human voluntary
movement. London: Chapman & Hall, 86-126.
Roy, S.H., De Luca, C.J. and Casavant, D.A. (1989)
Lumbar muscle fatigue and chronic lower back
pain. Spine 14, 992-1001.
Schmidt, R.A. (1975) A schema theory of discrete skill
learning. Psychological Review 82, 225-260.
Schmidt, R.A. and Lee, T.D. (1999) Motor control and
learning: A behavioral emphasis. Campaign, IL:
Human Kinetics Publishers.
Scott, J. and Huskinsson, E. (1976) Graphic
representation of pain. Pain 2, 175-184.
Shirado, O., Ito, T., Kaneda, K. and Strax, T.E. (1995)
Flexion-relaxation phenomenon in the back
muscles. A comparative study between healthy
subjects and patients with chronic low back pain.
American Journal of Physical Medicine &
Rehabilitation 74, 139-144.
Sihvonen, T. (1995) Low back pain, paraspinal EMG and
forgotten dorsal rami. Academic dissertation,
University of Kuopio, Kuopio, Finland.
Sihvonen, T., Lindgren, K.A., Airaksinen, O. and
Manninen, H. (1997) Movement disturbances of
the lumbar spine and abnormal back muscle
electromyographic findings in recurrent low back
pain. Spine 22, 289-295.
Sihvonen, T., Partanen, J., Hänninen, O. and Soimakallio,
S. (1991) Electric behavior of low back muscles
during lumbar pelvic rhythm in low back pain
patients and healthy controls. Archives of Physical
Medicine and Rehabilitation 72, 1080-1087.
Sjölander, P., Johansson, H. and Djupsjöbacka, M. (2002)
Spinal and supraspinal effects of activity in
ligament afferents. Journal of Electromyography
and Kinesiology 12, 167-176.
Slätis, P., Malmivaara, A., Heliövaara, M., Sainio, P.,
Kinnunen, H., Kankare, J., Dalin-Hirvonen, N.,
Herno, A., Kortekangas, P., Niinimäki, T.,
Tallroth, K., Turunen, V., Seitsalo, S., Knekt, P.,
Härkänen, T. and Hurri, H. (2002) Leikkaushoidon
vaikuttavuus keskivaikeassa spinaalistenoosissa.
Satunnaistettu vertailututkimus. Suomen Ortopedia
ja Traumatologia 25, 228-232.

Solomonow, M., Baratta, R.V., Banks, A., Freudenberger,
C. and Zhou, B.H. (2003a) Flexion-relaxation
response to static lumbar flexion in males and
females. Clinical Biomechanics (Bristol, Avon) 18,
273-279.
Solomonow, M., Hatipkarasulu, S., Zhou, B.H., Baratta,
R.V. and Aghazadeh, F. (2003b) Biomechanics and
electromyography of a common idiopathic low
back disorder. Spine 28, 1235-1248.
Solomonow, M., Zhou, B.H., Harris, M., Lu, Y. and
Baratta, R.V. (1998) The ligamento-muscular
stabilizing system of the spine. Spine 23, 25522562.
Spivak, J.M. (1998) Degenerative lumbar spinal stenosis.
The Journal of Bone and Joint Surgery (American
Volume) 80, 1053-1066.
Taimela, S. (1992) Information processing and accidental
injuries. Sports Medicine 14, 366-375.
Taimela, S., Kankaanpää, M. and Luoto, S. (1999) The
effect of lumbar fatigue on the ability to sense a
change in lumbar position - a controlled study in
chronic LBP patients and healthy controls. Spine
24, 1322-1327.
Taimela, S., Österman, K., Alaranta, H., Soukka, A. and
Kujala, U.M. (1993) Long psychomotor reaction
time in patients with chronic low-back pain:
preliminary report. Archives of Physical Medicine
and Rehabilitation 74, 1161-1164.
Takala, E.P. and Viikari-Juntura, E. (2000) Do functional
tests predict low back pain? Spine 25, 2126-2132.
Terekhov, Y. (1974) A system for the study of man's
equilibrium. Biomed Engineering 10, 478-480.
Tertti, M.O., Salminen, J.J., Paajanen, H.E., Terho, P.H.
and Kormano, M.J. (1991) Low-back pain and disk
degeneration in children: a case-control MR
imaging study. Radiology 180, 503-507.
Torebjörk, H.E., Lundberg, L.E. and LaMotte, R.H.
(1992) Central changes in processing of
mechanoreceptive input in capsaicin-induced
secondary hyperalgesia in humans. The Journal of
Physiology 448, 765-780.
van Tulder, M.W., Koes, B.W. and Bouter, L.M. (1997)
Conservative treatment of acute and chronic
nonspecific low back pain. A systematic review of
randomized controlled trials of the most common
interventions. Spine 22, 2128-2156.
Verbiest, H. (1954) A radicular syndrome from
developmental narrowing of the lumbar vertebral
canal. The Journal of Bone and Joint Surgery 36B, 230-237.
Videman, T., Battie, M.C., Gibbons, L.E., Maravilla, K.,
Manninen, H. and Kaprio, J. (2003) Associations
between back pain history and lumbar MRI
findings. Spine 28, 582-588.
Vlaeyen, J.W., Seelen, H.A., Peters, M., de Jong, P.,
Aretz, E., Beisiegel, E. and Weber, W.E. (1999)
Fear of movement/(re)injury and muscular
reactivity in chronic low back pain patients: an
experimental investigation. Pain 82, 297-304.

J Sports Sci & Med (2004) Suppl. 4

Neuromuscular control in lumbar disorders

31

Vlaeyen, J.W. and Linton, S.J. (2000) Fear-avoidance and
its consequences in chronic musculoskeletal pain: a
state of the art. Pain 85, 317-332.
Vleeming, A., Pool-Goudzwaard, A.L., Stoeckart, R., van
Wingerden, J.P. and Snijders, C.J. (1995) The
posterior layer of the thoracolumbar fascia. Its
function in load transfer from spine to legs. Spine
20, 753-758.
Waddell, G., Feber, G., McIntosh, A., Lewis, M. and
Hutchinson, M. (1996) Low back pain evidence
review. London. Royal College of General
Practioners.
Watkins, L.R. and Maier, S.F. (2002) Beyond neurons:
evidence that immune and glial cells contribute to
pathological pain states. Physiological Reviews 82,
981-1011.
Watson, P.J., Booker, C.K., Main, C.J. and Chen, A.C.
(1997) Surface electromyography in the
identification of chronic low back pain patients: the
development of the flexion relaxation ratio.
Clinical Biomechanics (Bristol, Avon) 12, 165-171.
Weber, H. (1983) Lumbar disc herniation. A controlled,
prospective study with ten years of observation.
Spine 8, 131-140.

White, A. and Gordon, S. (1982) Synopsis: Workshop on
idiopathic low back pain. Spine 7, 141-149.
Wilder, D.G., Aleksiev, A.R., Magnusson, M.L., Pope,
M.H., Spratt, K.F. and Goel, V.K. (1996) Muscular
response to sudden load. A tool to evaluate fatigue
and rehabilitation. Spine 21, 2628-2639.
Zattara, M. and Bouisset, S. (1988) Posturo-kinetic
organisation during the early phase of voluntary
upper limb movement. 1 Normal subjects. Journal
of Neurology, Neurosurgery, and Psychiatry 51,
956-965.
Zedka, M., Prochazka, A., Knight, B., Gillard, D. and
Gauthier, M. (1999) Voluntary control of human
back muscles during induced pain. The Journal of
Physiology 520, 591-604.
Österman, H., Seitsalo, S. and Malmivaara, A. (2002)
Leikkaushoito
lanneselän
välilevytyrässä.
Satunnaistettu vertailututkimus. Suomen Ortopedia
ja Traumatologia 25, 237-243.
Österman, H., Sund, R., Seitsalo, S. and Keskimäki, I.
(2003) Risk of multiple reoperations after lumbar
discectomy: a population-based study. Spine 28,
621-627.

10. AUTHOR BIOGRAPHY
Ville LEINONEN
Employment:
Resident,
Department
of
Neurosurgery,
Kuopio
University Hospital, Kuopio,
FIN
Degrees:
Licentiate of Medicine (MD),
2002, Univ. of Kuopio, FIN
Doctor of Medical Sciences
(DMS), 2003, Univ. of Kuopio,
FIN
Research interests:
Low back pain
Email: Ville.Leinonen@kuh.fi
Ville Leinonen, MD, DMS
Department of Physiology, University of Kuopio,
70211 Kuopio, Finland

J Sports Sci & Med (2004) Suppl. 4

