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1. INTRODUCTION 

Approximately 80% of the world’s population will develop low back pain (LBP) 
at some point in their adult life (Andersson, 1997) and it is one of the most com-
mon types of musculoskeletal pain (Frymoyer and Cats-Baril, 1991, van Tulder 
et al., 2000). Furthermore, 34% of people who experience acute LBP will have 
recurrent episodes (Wasiak et al., 2006). Recurrence of back pain did not have a 
more specific medical diagnosis than non-specific medical LBP for more than 6 
months and had at least three self-reported recurrent episodes of LBP (most 
liberal definition of LBP recurrence) (Marras et al., 2007). Only about 10% of 
cases have a specific and identified but most cases are still unclear (Bouter et al., 
1998, Krismer and van Tulder, 2007). Hence, it is difficult to find clinical 
guidelines on how best to manage LBP the best and why some people ex-
perience recurrences and others do not. 

It has been suggested that LBP is associated with several structural and func-
tional abnormalities in neuromuscular system such as atrophy of low back 
muscles or alteration of muscle fibres (Mannion, 1999) and altered muscle 
coordination patterns (Van Dieen et al., 2003). These alterations can lead to 
decreased back extensor muscle strength and endurance (Nicolaisen and 
Jørgensen, 1985, Hultman et al., 1993). 

The assessment of low back muscle fatigue has been of interest for investi-
gators over many years because of its tight association with LBP. Numerous 
studies have identified an association between patients with LBP and easily 
fatigued low back muscles, either based on subjective (endurance time) 
(Biering- Sørensen, 1984, Hultman et al., 1993, Alaranta et al., 1995) or objec-
tive (electromyographic spectral analysis) (Kankaanpää et al., 1998, Elfving et 
al., 2003, Da Silva et al., 2005) assessment methods on muscle fatigue. Surface 
electromyography (EMG) is a noninvasive technique for assessing muscle func-
tion that has played a major roll in basic understanding of the low back muscle 
fatigue in both people with and without LBP during specific postures and move-
ments. The erector spinae muscle group is important for maintaining upright 
posture of the trunk (Bogduk, 1991, Bogduk et al., 1992). Therefore, the evalu-
tion of erector spinae muscle function may improve rehabilitation strategies and 
the effectiveness of specific exercise interventions for patients with LBP. 

Although early studies of trunk muscle function focused on strength and 
endurance of the trunk muscles in people with LBP (Thorstensson and Arvidson, 
1982, Suzuki and Endo, 1983), more recently the focus has shifted to issues of 
motor control. Growing number of studies report changes in motor control of 
the trunk muscles in people with LBP (Hodges and Richardson, 1996, Sihvonen 
et al., 1997, Radebold et al., 2000). Postural control can partly be viewed as a 
dynamic feedback control system (Gresty, 1987, Johansson and Magnusson, 
1991). To maintain optimal postural control in daily activities the central 
nervous system (CNS) must identify and selectively focus on the sensory inputs 
(visual, vestibular, proprioceptive) that are providing the functionally most 
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reliable signals (Carver et al., 2006). For feedback control a stimulus is needed 
which has its primary effect on sensory input and is well-defined in time 
(Söderström and Stoica, 1989, Johansson, 1993). Because of that muscle vibra-
tion is used as a powerful stimulus of muscle spindles which can evoke illusory 
sensations of joint displacement (Goodwin et al., 1972, Roll and Vedel, 1982, 
Cordo et al., 2005). People with LBP have been observed to have altered lum-
bosacral proprioceptive acuity (Newcomer et al. 2000, Brumagne et al., 2000), 
dysfunction in trunk muscle control (Hides et al., 1996, Hodges and Richardson, 
1996) and altered postural balance (Mientjes and Frank, 1999, Henry et al., 
2006). Some studies showed that lumbar extensor muscle fatigue resulted in an 
increased postural sway in healthy individualds (Davidson et al., 2004, 
Vuillerme et al., 2007). However, the possible relationship between back 
muscle fatigue and selection of a proprioceptive postural control in people with 
and without LBP is poorly understood. 

The main goal of present study was to evaluate back extensor muscle fati-
gability and the effect of acute back muscle fatigue on postural control in people 
with and without LBP. 
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2. REVIEW OF LITERATURE 

2.1. Functional anatomy of lumbar spine 

A thorough knowledge of the anatomy of lumbar spine is needed to aid in 
understanding of the mechanisms that cause LBP and to provide rationale of 
management. Complex central and peripheral elements control the bio-
mechanics of the lumbar spine and ensure the optimal spinal loading in normal 
everyday life situations (Adams and Dolan, 2005, Cifrek et al., 2009). 

To interpret possible changes in motor control, local and global muscle sys-
tem can be used (Bergmark, 1989, Comerford and Mottram, 2001). The so 
called local system consists of deep intrinsic muscles and controls intervertebral 
motion. The global system consists of large superficial muscles with origin on 
the pelvis and insertions on the thoracic cage, controls gross movements of the 
spine and balances external loads (Cholewicki et al., 1997). 

The lumbar back muscles lie behind the vertebral transverse processes, cover 
the posterior elements of the lumbar spine and exert their actions on the lumbar 
spine. The intrinsic muscles of the back are concerned with the maintenance of 
posture and movements of the vertebral column and head. The main mass of the 
lumbar back muscles is formed by lumbar erector spinae muscles and multifidus 
muscles. According to Bogduk lumbar erector spinae muscle is divided into two 
parts: (1) longissimus thoracis: (a) longissimus thoracis pars lumborum, (b) 
longissimus thoracis pars thoracis and (2) iliocostalis lumborum: (a) iliocostalis 
lumborum pars lumborum, (b) iliocostalis lumborum pars thoracis (Bogduk, 
1980). The erector spinae muscles are the chief extensor of the vertebral 
column. They straighten the flexed column and can bend it posteriorly (Floyd 
and Silver, 1955, Bogduk, 1980).  

When the massive erector spinae muscles are removed, several short muscles 
(semispinalis, multifidus, and rotators) are visible in the groove between the 
transverse and spinous processes of the vertebrae. Collectively, this group of 
muscles is known as deep layer of intrinsic back muscles or transversospinal 
muscle because their fibres run from the transverse processes to the spinous 
processes of the vertebrae. The multifidus muscle consists of short, triangular 
muscular bundles that are thickest in the lumbar region. The fibres of multifidus 
are centred on each spinous process, fibres radiate inferiorly in a systematic 
order to assume a variety of attachments inferiorly (Adams et al., 2002). This 
arrangement allows the multifidus muscle to act on each spinous process 
individually and separately. By some authorities in the past the multifidus 
muscle has been regarded as a rotator of the lumbar spine. It has no such action. 
The obliquity of the fibres provides them with only a minor transverse action, 
the predominant action of the multifidus muscle is to pull downwards on the 
spinous processes (Adams et al., 2002). The mechanical role of the multifidus 
muscle is more on transfer of forces and to act as a mover, controling the 
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lordosis (Bergmark, 1989). These muscles are supplied by the dorsal rami of the 
spinal nerves (Bergmark, 1989, Ebraheim et al., 2004, Cilroy et al., 2008).  

Transverse and interspinal muscles as a deep segmental back muscles are 
small-paired muscles that connect the spinal processes between their lateral 
surfaces. These muscles in spite of their comparatively small muscle force but 
due to their short length, give an increased stiffness and extrinsic mechanical 
stability to the spine (Bogduk, 1997, Bergmark, 1989). 

The quadratus lumborum muscle is a wide rectangular shaped muscle that 
arises from the 12th rib and lumbar transverse processes. Caudally it attaches to 
the top margin of the ilium. The main function of the muscle is the control 
(stabilization) of the pelvis and produce the lateral flexion of the trunk. 
Furthermore, it has also been claimed to take a part in respiration (Bogduk, 
1980, Bergmark, 1989). The lateral muscles of lumbar spine are innervated by 
the ventral rami of the spinal nerves (Ebraheim et al., 2004). 

The gross anatomy of the lumbar muscles has been (re)investigated in great 
detail over the last 10–30 years, and the most salient findings are reported in a 
series of excellent manuscripts (Bogduk, 1980, Bogduk and Macintosh, 1984, 
Macintosh and Bogduk, 1987; 1991, Bergmark, 1989, Bogduk et al., 1992, 
Ebraheim et al., 2004). 
 
 

2.2. Definition, epidemiological and  
etiological aspects of low back pain  

LBP is defined as pain and discomfort localised between the 12th rib and the 
inferior gluteal folds, with or without leg pain. Most cases are non-specific, but 
in 5–10% of cases a specific cause is identified. Non-specific (common) LBP is 
defined as back pain with no known underlying pathology (e.g. infection, 
tumour, osteoporosis, ankylosing spondylitis, fracture, inflammatory process, 
radicular syndrome or cauda equina syndrome) (Krismer and Tulder, 2007). 
Back pain may be classified based on its duration. Acute LBP occurs suddenly 
after a period of minimum of 6 months without LBP and lasts for less than 6 
weeks. Subacute LBP is low back pain persisting between 6 weeks and 3 
months, chronic LBP as low back pain persisting for 3 months or more. 
Mechanical LBP is defined as pain secondary to trauma or deformity of an 
anatomic structures. Recurrent LBP is defined as a new episode after a 
symptom-free period, not an exacerbation of persistent LBP (van den Hoogen et 
al., 1998). 

LBP is a common condition affecting a large percentage of the population. It 
is estimated that between 70–85% of the population in industrialised countries 
(one-year prevalence 15% to 45%, adult incidence 5% per year) will experence 
LBP at some point in their lives (Kelsey and White, 1980, Biering-Sørensen, 
1983, Waddell, 1987). LBP is not only limited to adults, but it occurs widely 
even during childhood and adolescence (Balague et al., 1999) peaking ages 
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between 35 and 55 years (Andersson, 1997). Pain cannot be attributed to 
pathology or neurological encroachment in about 85% of people. A role of 
genetic influence on liability to back pain is suggested from recent research 
(Hestbaek et al., 2004, MacGregor et al., 2004).  

Acute LBP is usually considered to be self-limiting (recovery rate 90% 
within 6 weeks) but 2–7% of people develop chronic pain. Around two-thirds of 
people are likely to experience relapses of pain over 1 year and around a third 
are likely to have relapses of work absence (Hestbaek et al., 2003). Recurrent 
and chronic back pain is widely acknowledged to account for a substantial 
proportion of total worker’s absenteeism (Nachemson et al., 2000).  

The dysfunction of the lumbar spine including impaired back muscle en-
durance, motor and postural control has a pivotal role in etiology of LBP. In 
many cases, the pathology or the organic basis behind LBP remains unclear 
(Bouter et al., 1998, Turk and Okifuji, 1999) and the origin of LBP has been 
explained in several ways. The most powerful risk factors for a new episode of 
back pain are altered muscle control (Hides et al., 1996, Hodges, 2001, Moseley 
et al, 2002), altered postural control (Brumagne et al., 2004, 2008) and 
increased back muscle endurance (Biering-Sørensen 1984, Kankaanpää et al., 
1997). Beyond that, the most frequently reported environmental risk factors are 
heavy physical work and frequent lifting, stooping, postural stress and vibration 
(Andersson, 1997). Psychosocial risk factors include stress, distress, anxiety, 
depression, cognitive functioning and pain behaviour job dissatisfaction and 
mental stress at work (Andersson, 1997, Hoogendoorn et al., 2000, Linton, 
2000). Pain may arise from the degeneration of intervertebral discs (Frymoer et 
al., 1984, Mooney, 1989) or from abnormalities in other tissues, such as facet 
joints, vertebral bodies, ligaments, muscles (Cavanaugh, 1995, Siddall and 
Cousins, 1997). The changes in different structures of the spine may produce 
spinal instability, which may cause the sensation of pain (Panjabi, 1992). Pain 
may be associated with compression load, damage to the nerves (Mooney, 
1989, Siddall and Cousins, 1997) or abnormal chemical events that occur with 
tissue damage, as well as the release of chemical mediators (Mooney, 1989, 
Cavanaugh, 1995). Psychological factors may also produce pain and the pain 
may then be of psychogernic origin (Viikari-Juntura et al. 1991, Liebenson, 
1992).  

In brief a source of LBP can arise from any part of the lumbosacral region 
that is innervated, such as vertebral periosteum, intervertebral discs, back exten-
sor muscles, tendons, ligaments, vessels, zygapophyseal joints and sacroiliac 
joints or it can arise from the visceral organs (Schwarzer et al., 1995, Bogduk, 
1997, Coppes et al., 1997, Freemont et al., 1997). 
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2.3. Lumbar muscle dysfunction in low back pain 

LBP has been shown to be associated with histomorphological and structural 
changes in the paraspinal muscles, i.e. the back muscles are smaller, contain 
more fat, show a degree of selective muscle fiber atrophy (Verbunt et al., 2003) 
and their blood circulation may be restricted because calcific deposits in the 
abdominal aorta and vertebral arteries (Kauppila et al., 1997, 2004). In 
consequence, the lumbar paraspinal muscles are weaker (Häkkinen et al., 2003) 
and exhibit excessive fatigability (Mannion et al, 1997, Greennough et al., 
1998, Humphrey et al., 2005). Also poor co-ordination of paraspinal muscles 
has been related with chronic LBP and with excess lumbar muscle fatigability 
(Wilder et al., 1996, Taimela et al., 1999, Leinonen, 2003). These changes are 
widely thought to be a result of disuse and deconditioning, secondary to pain 
and illness, a process called the deconditioning syndrom (Nachemson and 
Lindh, 1969, Thorstensson and Arvidson, 1982). Behavioural aviodance can 
cause decrease in physical activity, which can result in reduced lumbar mobility 
and loss of muscle strength and endurance because of muscle atrophy (Biering-
Sørensen, 1984, Laasonen, 1984, Airaksinen et al., 1996) i.e. physical de-
conditioning. As apart of the deconditioning syndrome, reduced endurance 
capacity of paraspinal muscles has been related to chronic LBP (Suzuki and 
Endo, 1983, Biering-Sørensen, 1984, Hultman et al., 1993). Its important to 
prevent recurrence of LBP, because alterations in motor control, proprioceptive 
acuity may lead to weakness and fatigability and these two back muscle 
impairments recognized as a potential cause of the recurrent LBP (Mannion, 
1999). Therefore, the evaluation of the back extensor muscle strength and 
fatigability, motor control has important applications in assessment of people 
with LBP during rehabilitation. 
 
 

2.3.1. Back muscle weakness 

Chronic LBP is associated with several anatomical or structural abnomalities 
such as atrophy of back muscle mass or alteration of muscle fibres characte-
ristics (Ng et al., 1998, Mannion, 1999), several impairments in structure 
(Mattila et al., 1986, Hultman et al., 1993, Sihvonen et al., 1993, Venna et al. 
1994) and limitations in functions such as in muscle strength (Biering-Sørensen, 
1984, Mayer et al., 1985) and endurance (Roy et al., 1989, Kankaanpää et al., 
1998b, Latimer et al., 1999, Mannion, 1999). There are many studies where 
have been reported the impairments in structure like atrophy of type II (fast) 
motor units in the trunk musculature (Mattila et al., 1986, Rissanen et al., 1995), 
changes in type I (slow) motor units (Mattila et al., 1986), sensory and neuro-
logical deficits (Venna et al., 1994) or abnormal EMG activity (Sihvonen et al., 
1993) and impairments in muscle function such as decreased muscle strength 
(Hultman et al., 1993, Kankaanpää, 1999) and endurance (Nicolaisen and 
Jørgensen, 1985, Hultman et al., 1993, Kankaanpää, 1999). The chronic pain 
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situation itself may cause alterations of back muscles which might lead to 
weakness and fatigability and these two back muscle impairments are 
recognized as a potentional cause of the recurrent nature of LBP (Panjabi, 1992). 

To maintain stability of the lumbar spine antagonistic flexor and extensor 
muscles must be simultaneously active (Cholewicki et al, 1997). Decreased 
back extensor muscle strength has often been associated with LBP (Biering-
Sørensen, 1984, Hultman et al., 1993). There seems to be an agreement that 
people with LBP especially ones with chronic problems have weaker back 
extensor muscles than healthy persons (Nicolaisen and Jørgensen, 1985, Klein 
et al., 1991). Not only are the back muscles weaker but there are also modi-
fications in extensor/flexor muscle strength ratio (Mayer et al., 1985, Shirado et 
al., 1995). People with LBP have a significant loss of both flexor and extensor 
muscle strength, but the main loss of strength is found in the back extensors 
(Mayer et al., 1985, Hultman et al., 1993, Shirado et al., 1995, Kankaanpää, 
1999). Chronicity and severity of LBP may be supplementary factors for the 
reduction in back extensor muscle strength. Numerous investigations have 
shown that people with chronic LBP are weaker than the subjects with acute or 
even intermittent LBP (Hultman et al., 1993, Kankaanpää, 1999). The decrease 
in back muscle performance (strength and endurance) following a first episode 
of LBP, the so-called „deconditioning syndrome” is proposed as a potential 
cause of recurring LBP (Mannion, 1999, Verbunt et al., 2003). In people with 
more frequent LBP, magnetic resonance imaging (MRI) studies showed a 
slightly smaller cross-sectional area of the paraspinal muscles and greater signal 
intensities, possibly due to muscle atrophy, which may be one of the causing 
factors of back muscle dysfunction (Cooper et al., 1992, Hultman et al., 1993, 
McGregor et al., 1999). However, the association between paraspinal muscle 
cross-sectional area and back function related factors, such as disability and 
back pain, have been controversial (Mannion et al., 2000, Käser et al., 2001). 

Isometric, isokinetic and isoinertial trunk strength measurements are com-
mon methods in the assesment of trunk muscle performance (Mayer et al., 
1989a, Mayer et al., 1995, Hupli et al, 1997, Räty et al., 1999). The strength 
measurements impose heavy loads on the lumbar spine structures and may pre-
dispose the patients to injury and further aggravating pain (Kankaanpää, 1999). 
Therefore the back extensor muscle strength measurements pose an ethical con-
sideration in people with LBP. The results of these tests are influenced greatly 
by motivation and current level of pain (Newton and Waddell, 1993, Moony 
and Andersson, 1994). It is not clear in every LBP case whether decreased back 
extensor strength is caused by current pain or fear of pain, or whether it is due 
to actual disturbances in nerve or muscle functions. These reasons severely limit 
the use of back extensor muscle strength measurement in clinical practice. 
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2.3.2. Back muscle fatigability 

Neuromuscular fatigue is generally defined as the failure to maintain the re-
quired or expected force (De Luca, 1984, Gandevia, 2001). It may arise not only 
because of peripheral changes at the level of the muscle, but also because the 
central nervous system (CNS) fails to drive the motoneurons adequately 
(Bigland-Ritchie et al., 1978, Gandevia, 2001). In physically demanding occu-
pations, back muscle fatigue is easily developed during repetitive lifting, 
bending and twisting maneuvers, which have been shown to be occupational 
risk factors for LBP (Frymoyer et al., 1983). The assessment of low back 
muscle fatigue has been of interest for investigators over many years because of 
its tight association with LBP. Numerous studies have identified an association 
between people with LBP and easily fatigued low back muscles, either based on 
subjective (endurance time, Borg scale) (Biering-Sørensen, 1984, Borg, 1990, 
Hultman et al., 1993, Alaranta et al., 1995, Kankaanpää et al., 1997) or objec-
tive (electromyographic spectral analysis) (Klein et al., 1991, Mannion et al., 
1997, Kankaanpää et al., 1998a, Pääsuke et al., 2002, Elfing et al., 2003, Da 
Silva et al., 2005) assessment methods of muscle fatigue. 

Various test positions have been used in studies of isometric back muscle 
fatigue. Most common is the Sørensen test, i.e. prone unsupported trunk in hori-
zontal position (Mannion et al., 1997, Ng et al., 1997, Kankaanpää et al., 1998a, 
Koumantakis et al., 2001), which is about 40–50% of maximal voluntary con-
traction (MVC) force (Mannion and Dolan, 1994). The change in parameters of 
the EMG spectrum obtained during this test has been shown to be a better pre-
dictor of first-time LBP acquisition than the simple measure of endurance time 
(Mannion et al., 1997). On the other hand, Adams et al. (1999) reported that the 
median frequency (MF) parameters were not significant predictors of first-time 
LBP, although endurance time during the Biering-Sørensen was significant at 
some of their follow-ups. Several studies however have shown that people with 
chronic LBP often suffer from excessively fatigable back extensors muscles 
(Biering-Sørensen, 1984, Jørgensen and Nicolaisen, 1987, Mayer et al., 1989b, 
Roy et al., 1989, Tsuboi et al., 1994).  

Surface EMG is a noninvasive technique for assessing muscle function that 
has played a major role in basic understanding of low back muscle fatigue in 
both normal subjects and in people with LBP. It has been suggested that muscle 
fatigue is present as soon as muscle contraction starts (Bigland-Ritchie et al., 
1981) and can be measured by a shift of the EMG power spectrum to lower 
frequencies (spectral compression) caused by neural and metabolic factors in 
the muscle (Lindström et al., 1970). The fatigue-induced EMG spectral com-
pression has been related to the action potential conduction velocity propagation. 
This is most likely due to an accumulation of metabolites (e.g. H+ and extracel-
lular K+) (Bigland-Ritchie et al., 1981, Tesch et al., 1983) reducing intracellular 
pH (Brody et al., 1991) and, thus, decreasing sarcolemma excitability. Although 
the exact mechanisms underlying the EMG spectral compression are not fully 
understood, the resultant shift to lower frequencies during sustained contraction 
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is recognized as an electrophysiological monitoring of fatigue process (Hägg, 
1992, Mannion and Dolan, 1994, Umezu et al., 1998, Kankaanpää et al., 1998a). 

A decrease in MF and the mean power frequencies (MPF) of the EMG 
power spectrum (the slope) is an indicator of muscle fatigue commonly used for 
back muscles, while its initial MF and MPF may indicate muscle fibre compo-
sition (Roy et al., 1989, Biedermann et al., 1991). Differences in EMG power 
spectrum parameters in people with LBP compared with those in healthy indi-
viduals have been usually shown a steeper slope (Roy et al., 1989, Mayer et al., 
1995). However, conversely, a less steep slope for people with LBP has also 
been reported (Peach and McGill, 1998). Studies in people with LBP have 
shown difference in MPF and MF slope between the right and left side of 
bilateral recordings of an isometric contraction of back extensor muscles (Roy 
et al., 1995, Oddson et al., 1997), but for healthy subjects difference between 
both sides (Tsuboi et al., 1994) and no difference (Oddson et al., 1991, Mannion 
et al., 1997) have been shown. 

Physical characteristics (age and BMI) have a significant influence on lum-
bar paraspinal muscle fatigability in the isometric Sørensen test (Kankaanpää et 
al., 1998a). Despite the wide-spread use of EMG power spectrum parameters to 
monitor of the back extensor muscle fatigue, its relationship with subjects BMI, 
has received only little attention (Kankaanpää et al., 1998a), however a few 
studies have reported that increased BMI is positively associated with CLBP 
(Orvieto et al., 1994, de Leboeuf-Yde et al., 1999, Bayramoglu et al., 2001, 
Pääsuke et al., 2002). The relationship between the changes in EMG power 
spectrum during fatiguing sustained isometric contractions of the back extensor 
muscles and BMI in people with chronic LBP is poorly understood. 

Concerning gender, several studies have reported that women performed the 
back endurance test longer and showed less progressive decreases in spectral 
indices (MF slope) than did the men (Mannion and Dolan, 1994, Mayer et al., 
1995, Kankaanpää et al., 1998a). This suggests that women fatigue more slowly 
than men in the Sørensen back endurance test (Biering-Sørensen, 1984, 
Oddsson et al., 1991). The gender differences in lumbar muscle fatigability 
during the Sørensen test can most likely be explained by the differences in 
muscle anatomic and functional characteristics or it can partially by the higher 
weight of the torso/upper limbs of men compared to women and therefore back 
muscle activity at a higher percentage of maximal voluntary contraction. It has 
been shown that back muscles in women have a greater relative cross-sectional 
area of fatigue-resistant type I fibres (women 73% vs men 56%), and as much 
as a twofold higher type I type II fibre area ratio than back muscles in men 
(Thorstensson and Calson, 1987). In addition, men have a 17% larger total 
erector spinae cross-sectional area than women (Parkkola et al., 1993).  

Despite the wide-spread use of Sørensen back endurance test to monitor the 
lumbar back muscle fatigue, the relationship between the EMG power spectrum 
compression during sustained isometric contraction and anthropometric charac-
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teristics in people with chronic LBP and healthy individuals and its gender 
differences are not well understood. 
 
 

2.4. Postural control and low back pain 

Optimal postural control is essential to perform daily activities. Postural control 
involves two main functions: postural orientation and postural balance (Massion, 
1994). The ability to control of body balance during standing is dependent on 
the activity of central nervous system (CNS) (Winter et al., 1998). The CNS 
regulates the body stability while standing or during locomotion mainly by 
means of afferent signals from the visual system (Merger et al., 2005), pro-
prioceptors (Bove et al., 2003, Tresch, 2007) and changes in vestibular input 
(Bacsi and Colebatch, 2005). These signals, which allow us to assess the po-
sition and motion of the body in space, are constantly reweighted so as to gener-
ate the appropriate forces to control and maintain balance in a wide range of 
situations (Massion, 1992). Alterations in postural control (Nies and Sinnott, 
1991, Luoto et al., 1996, Mientjes and Frank, 1999, Mok et al., 2004, Moseley 
et al., 2004, Moseley and Hodges, 2005), impairments in motor control (Hodges 
and Richardson, 1996) and altered lumbosacral proprioceptive acuity (Bru-
magne et al., 2000, Newcomer et al., 2000) have been observed in people with 
recurrent LBP, which might be a causative factors in their postural instability. 
Pain also may be a confounding factor to maintain postural stability, but it is not 
certain whether pain causes changes in motor control or whether motor control 
changes lead to pain, or both (Arendt-Nielsen et al., 1996, Hodges et al., 2001, 
Hodges and Moseley, 2003). 

There are several studies of trunk muscle function focused on the strength 
and endurance of the trunk muscles in people with chronic LBP (Thorstensson 
and Arvidson, 1982, Suzuki and Endo, 1983), but more recently the focus has 
shifted to issues of motor control. Muscle activity must be coordinated to main-
tain control of the spine and the efficacy of the muscle system is dependent on 
its controller, the CNS (Panjabi, 1992). Numerous studies have reported 
impaired balance in people with LBP when standing on one (Luoto et al., 1998) 
or two legs (Nies and Sinnott, 1991) and people with poor performance in a test 
of standing balance have an increased risk for LBP (Takala and Viikari-Juntura, 
2000). 

Proprioceptive input from the muscles of the legs and trunk plays an impor-
tant role in maintaining postural stability (Bloem et al., 2000), suggesting that 
sensory deficitis from either location might result in instability. Muscle vibra-
tion is known as a powerful stimulus of muscle spindles (Roll and Vedel, 1982, 
Cordo et al., 2005) and can evoke illusory sensations of joint displacement, 
which most of the time correspond with a perceived lengthening of the vibrated 
muscle (Goodwin et al., 1972, Cordo et al., 2005). Vibration is a potent stimulus 
for muscle spindle Ia afferents (Brown et al., 1967). Muscle spindles are respon-
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sible for the sense of position and movement (Gandevia, 1992). Reduced 
proprioception in the spine in people with chronic LBP has been established for 
standing posture (Brumagne et al., 2004), sitting (Brumagne et al., 2000) and 
four-point kneeling (Gill and Callaghan, 1998). When postural muscles are 
vibrated and when the CNS uses these signals for postural control, the kinaes-
thetic illusions will cause excessive corrective displacement of the center of 
mass to avoid falling. For example, during standing vibration of triceps surae 
muscles can give the illusion of forward leaning and therefore the subject will 
compensate with a backwards shift of the center of mass, even to the point of 
falling (Eklund, 1972, Brumagne et al., 2004). Healthy individuals normally 
maintain postural stability using a “multi-segmental” control strategy (Allum et 
al., 1998, Morasso and Schieppati, 1999, Brumagne et al., 2004). In this model 
postural control is seen as a more dynamic process whereby muscle activation 
occurs in a proximal to a distal sequence (Allum et al., 1998, Morasso and 
Schieppati, 1999). In contrast, people with LBP seem to use a more rigid pos-
tural strategy (i.e. ankle steered strategy) to control postural balance resulting in 
postural instability when postural demands increase (Mok et al., 2007, 
Brumagne et al., 2008).  

Postural control might be negatively influenced by muscle fatigue. Muscle 
fatigue can be defined as a decreased force-generating capacity (Bigland-
Ritchie et al., 1983) and may be caused by peripheral changes or by a failure of 
the CNS to drive the motoneurons adequately (Brumagne et al., 2008). It 
possibly influences postural control due to altered muscle contractile efficiency 
(Bigland-Ritchie et al., 1983, Duchateau and Hainaut, 1985), proprioceptive 
acuity (Allen and Proske, 2006) and cortical control (Taylor et al., 1996, 
Gandevia, 2001). Excessive fatigability of back extensor muscles is common 
among people with chronic LBP (Biering-Sørensen, 1984, Mannion et al., 1997, 
Latimer et al., 1999). The fatigue-related changes in muscle stiffness may 
reduce the capacity of the paraspinal muscles to stabilize the spine (Granata et 
al., 2004). Furthermore, Taimela et al. (1999) concluded that lumbar muscle 
fatigue impaired lumbar position sense in people with LBP and healthy subjects. 
Some studies showed that lumbar extensors fatigue resulted in increased pos-
tural sway in healthy individuals (Davidson et al., 2004, Vuillerme et al., 2007). 
However, the possible relationship between back muscle fatigue and the selec-
tion of a proprioceptive postural control strategy in healthy individuals and in 
people with LBP are poorly understood.  
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3. AIMS OF THE DOCTORAL PROJECT 

The general aim of the present doctoral thesis was to evaluate back extensor 
muscle fatigability and postural control in people with and without low back 
pain. 
 
Accordingly, the specific aims of the present investigation were: 

(1) To assess back extensor muscle fatigability during sustained submaximal 
isometric contraction condition and its associations with anthropometric 
characteristics in people with and without chronic low back pain. This 
specific aim is addressed in Paper I and II; 

(2) To evaluate back extensor muscle isometric strength in people with and 
without chronic low back pain. This specific aim is addressed in Paper IV; 

(3) To assess the effect of acute back muscle fatigue on postural control in 
people with and without recurrent low back pain. This specific aim is 
addressed in Paper III. 
 
 

6
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4. MATERIALS AND METHODS 

4.1. Subjects 

In total, 57 subjects with LBP and 58 subjects without LBP as controls gave 
informed consent and participated in this study. Eighty-three subjects (53 
women and 30 men) from Tartu (Estonia) and 32 individuals (22 women and 10 
men) from Leuven (Belgium) were participated. Table 1 displays the division of 
the subjects and then mean age and anthropometric characteristics in different 
studies. 
 
Table 1. Anthropometric characteristics and age of the subjects (mean±SE). 

Papers n Age 
(yrs) 

Height 
(cm) 

Body mass 
(kg) 

BMI 
(kg·m–2) 

Paper I   

Chronic LBP group * 12 47.4±4.40 169.8±2.90 74.9±4.20 25.9±1.2 

Healthy controls* 12 46.7±1.40 168.8±2.40 74.3±3.50 25.3±1.4 

Paper II   

Women      

Chronic LBP group 10 50.3±3.40 164.7±2.20 71.9±3.90 26.9±1.4 
Healthy controls 
Men 
Chronic LBP group 
Healthy controls 

10 
 

10 
10 

49.6±1.30
 

50.7±11.9
49.3±6.50

163.2±1.10 
 

177.8±2.50 
177.5±1.70

67.2±3.90 
 

81.2±3.70 
80.5±3.40 

24.6±1.4 
 

25.6±1.2 
25.6±1.3 

Paper III   

Recurrent LBP subjects # 16 22.7±1.70 174.7±9.60 66.8±12.5 21.9±2.2 

Healthy controls # 16 22.0±1.10 172.0±10.7 65.5±9.60 22.1±2.0 

Paper IV  

Female chronic LBP group  9 47.3±1.70 164.3±1.60 69.9±2.60 25.9±1.8 

Female healthy controls 10 45.6±1.20 163.9±1.30 66.7±2.70 23.6±1.7 

Abbreviations: LBP– low back pain; BMI – body mass index. 
* 7 women and 5 men; # 11 women and 5 men. 
 
 
A medical screening by a physician was performed to include and exclude sub-
jects. In Paper I, II, IV in the initial clinical examination at the hospital, the 
cause of the back pain was perfirmed to be non-specific. People with nerve root 
compression or disc prolapsed, severe scoliosis, spondyloarthrosis, previous 
back surgery, and other serious and specific causes of back pain were excluded. 
The chronic LBP diagnosis included the criteria that people had LBP for longer 
than 3 months (on the average for 6.8 ± 2.1 yrs) and they did not have radicular 
symptoms. Individuals were recruited through the Tartu University Hospital. 



23 

In Paper III individuals were included in the recurrent LBP group if they had 
experienced non-specific mechanical LBP for more than 6 months, reported at 
least 6/100 on the Oswestry Disability Index, version 2 (ODI) (Fairbank and 
Pynsent, 2000) and had at least three self-reported recurrent episodes of LBP 
(most liberal definition of LBP recurrence) (Marras et al., 2007). None was 
undergoing regular medical treatment or physical therapy for their LBP at the 
time of testing or in the last 6 months. Study participants in Paper III were 
excluded if they had LBP with a non-musculoskeletal etiology, muscloskeletal 
injuries of the lower limbs, previous spinal surgery, history of neurological dis-
ease, specific balance or coordination problems, a history of cerebral trauma or 
if they were using any pain relieving medication. Subjects were recruited from 
the University Hospitals of Leuven, where they had sought medical attention for 
LBP. Individuals were included in the control group if they had no history of 
LBP and an ODI equal to 0/100. All procedures were approved by the institu-
tional Medical Research Ethical Committee and were applied with respect to the 
Declaration of Helsinki (Ethical Principles for Medical research Involving 
Human Subjects). 

 
 

4.2. Study design 

One part of the present study was performed during the period of 2002–2005 in 
University of Tartu in the Laboratory of Kinesiology and Biomechanics. The 
second experimental part was carried out in the Department of Rehabilitation 
Sciences, University of Leuven (Belgium) from 2006 to 2007. Papers (I, II, IV) 
decribes work done in Estonia, which include back extensor muscle fatigability 
and strength measurements. Paper III presents work done in Belgium, postural 
control measurements in two conditions. 

In papers I and II, low back muscle fatigue was assessed during Sørensen 
back isometric endurance test in people with and without chronic LBP. 
Relationship between EMG spectral compression and anthropometric characte-
ristics was found. Sørensen back endurance test till exhaustion was used to 
evaluate back muscle fatigue. Surface EMG was recorded bilaterally from the 
erector spinae muscle at the level of L3 to monitor the EMG power spectrum 
changes during fatiguing isometric contraction. 

In paper III, acute back muscle fatigue was used as a mechanism to induce 
or sustain a suboptimal proprioceptive postural control strategy in people with 
and without recurrent LBP. Experimental protocol is presented in Table 2. 

In paper IV, strength and fatigability characteristics of back extensor 
muscles were assessed in female chronic LBP patients compared to healthy 
subjects. MVC force of the back extensor muscles was measured by standard 
back dynamometer. 
 
 



24 

Table 2. Experimental postural control protocol (Paper III) 

1. Control (day 1) 
 1.A. Upright stance – stable support surface 
  1.A.1. Without vision 
  1.A.2. Without vision, bilateral triceps surae muscle vibration 
  1.A.3. Without vision, bilateral lumbar multifidus muscle vibration 
 1.B. Upright stance – unstable support surface (foam) 
  1.B.1. Without vision 
  1.B.2. Without vision, bilateral triceps surae muscle vibration 
  1.B.3. Without vision, bilateral lumbar multifidus muscle vibration 

2. Back muscle fatigue (day 2) 
 2.A. Upright stance – stable support surface 
  2.A.1. Without vision 
  2.A.2. Without vision, bilateral triceps surae muscle vibration 
  2.A.3. Without vision, bilateral lumbar multifidus muscle vibration 
 2.B. Upright stance – unstable support surface (foam) 
  2.B.1. Without vision 
  2.B.2. Without vision, bilateral triceps surae muscle vibration 
  2.B.3. Without vision, bilateral lumbar multifidus muscle vibration 

 
 

4.3. Methods 

4.3.1. Sørensen back endurance test 

Back extensor muscle isometric endurance was evaluated using Sørensen test 
(Biering-Sørensen, 1984) (Paper I; II; IV). In Paper III, Sørensen test was used 
for inducing the back muscle fatigue condition. During the Sørensen test the 
subject lay in a prone position on a treatment bench with the lower half of the 
body below the level of the anterior superior iliac spines strapped to the couch 
at three positions: at the ankles as close to the malleoli as possible, at the knee 
creases, and at the level of the greater trochanter of the femur. The seat belts 
were tightened as firmly as possible while considering the subject’s level of 
comfort. The subject’s hands were placed at the sides of the trunk (Paper I, II, 
IV) or crossed over the chest (Paper III), and the chest was supported at a 45° 
angle downward from the horizontal plane with the head and neck in neutral 
position. While the subjects performed Sørensen back endurance test, they were 
instructed at the beginning of the test to lift the upper trunk clear of the chair 
and maintain unsupported upper body in the horizontal plane as long as possible 
(until exhaustion). The horizontal position during the test was controlled by a 
small sack (hanging from the ceiling), which was placed between the scapulae. 
The test was terminated when the subject could no longer maintain upper body 
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in the horizontal plane (defined as > 2 cm reduction in height for 2 s) despite 
strong verbal encouragement. The endurance time was recorded in seconds by 
using a stopwatch and was taken as indicator of back extensor muscle isometric 
endurance (Fig. 1). 

 

 
Figure 1. Sørensen back endurance test. 
 

 
4.3.2. Electromyography 

In Paper I, II and IV, surface EMG was recorded bilaterally from the centre of 
the lumbar erector spinae muscle during Sørensen back endurance test. After the 
skin was shaved, abraded, and then cleaned with alcohol, pairs of bipolar sur-
face EMG electrodes (Ag-AgCl, 8-mm diameter, 20-mm interelectrode distance) 
were attached bilaterally over the lumbar erector spinae muscle at the level of 
L3 (approximately 3 cm laterally to the center of the spinous process). As a 
reference electrode a large carbon rubber plate (Nemectron, Germany, 7×12.5 
cm) was placed on the iliac crest. The EMG signals were amplified and 
displayed with Medicor MG-440 preamplifiers with the frequency band ranging 
1 Hz – 1 kHz. The output signals from EMG preamplifiers were digitized on-
line (sampling frequency 1 kHz) by analogue-to-digital converter installed in 
personal computer. The digitized signals were stored on a hard disk for further 
analysis. EMG power spectrum MF was calculated by using Fast Fourier Trans-
form Algorithms (Lindström et al., 1970), where a 1024 data point window (1 s) 
slides over the whole recorded signal area with a 512 point shift (50% overlap). 
During Sørensen back isometric endurance test the MF was determined and 
averaged over each period of 5 s, whereas the following characteristics were 
calculated: initial MF as the mean of the first 5 s, end MF as the mean of the last 
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5 s and MF slope as the percent change from initial value (%·min–1). MF slope 
was taken as indicator of the erector spinae muscle fatigability.  

In paper III, surface electromyography (EMG) during Sørensen endurance 
test was recorded from the iliocostalis lumborum pars thoracis (IL) and MF 
(multifidus) muscles (Myosystem, USA). The pairs of surface-electrodes 
(Medicotest blue sensor, INC, USA) were placed 2 cm apart, over the muscle 
belly, and following the direction of the muscle fibers. To reduce cross-talk 
signals from adjacent muscles, the electrode positions of the IL and MF muscles 
were at the intersection of the line corresponding to the muscle fiber orientation 
and horizontal lines through the spinous process of L2 (IL) and L5 (MF), 
respectively. A ground electrode was placed over the right malleolus lateralis. 
The EMG data were amplified (× 1000), band-pass filtered (10–500 Hz) and 
sampled at 2000 Hz using a Micro1401 data acquisition system and Spike2 soft-
ware (Cambridge Electronic Design, UK). 
 
 

4.3.3 Muscle vibration 

In paper III, muscle vibration, as a strong stimulation for muscle spindles (Roll 
and Vedel, 1982, Cordo et al., 2005), was used to appraise the role of pro-
prioception in postural control. During vibration, an illusion of muscle-
lengthening alters the proprioceptive sense (Goodwin et al., 1972, Cordo et al., 
2005). When postural muscles are vibrated and when the CNS uses these 
signals for postural control, the kinaesthetic illusions will cause excessive 
corrective displacement of the center of mass to avoid falling. For example 
during standing in healthy individual, vibration of triceps surae (TS) muscles 
induces an involuntary body sway in backward direction, whereas lumbar 
multifidus (MF) muscle vibration produces a forward body sway (Brumagne et 
al., 2004, Brumagne et al., 2008). Displacement of the center of pressure (COP) 
specifies how the subject makes use of proprioceptive signals from the vibrated 
muscle to control posture. Therefore, two muscle vibrators (Maxon motors, 
Switzerland) were used. Vibration was applied bilaterally to TS muscles or MF 
muscle, respectively (Fig. 2). The frequency of vibration was 60 Hz and the 
amplitude was approximately 0.5 mm. Trials lasted 60 s. Muscle vibration 
started 15 s after the start of trial and lasted for 15 s. Activation and deactivation 
of the vibrators were manually controlled. 

The subjects stood barefoot on the force plate with the feet separated by the 
width of the hips, arms hanging loosely at the sides. The subjects were 
instructed to remain still and relaxed. Two test conditions were used to evaluate 
postural control: (1) control condition (Day 1) and (2) back muscle fatigue con-
dition (Day 2). Each condition involved six trials (Table 2). All trials were per-
formed on stable and unstable support surface. For the unstable support surface 
trials a “foam” (Airex balance pad) was used to decrease the reliability of ankle 
proprioception, so the CNS should rely on other proprioceptive signals for 
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postural control such as from the back muscles (Ivanenko et al., 2000, Bru-
magne et al., 2008). Back muscle fatigue was used to evaluate if this may be a 
mechanism to induce changes in proprioceptive postural strategies. During the 
trials subject had to stand barefoot on a force plate (or on “foam” on the force 
plate) with the arms loosely hanging along the body (Fig. 2). The heels were 10 
cm apart with the forefeet in a free splayed out position. Vision was occluded 
by non-transparent glasses and subjects were instructed to remain immobile, but 
relaxed. In the muscle vibration trials, data was collected for 15 s prior to the 
start of vibration, muscle vibration lasted for 15 s and data collection continued 
for 30 s after cessation of vibration. 

In the back muscle fatigue condition a modified Biering-Sørensen back 
endurance test (Biering-Sørensen, 1984, Latimer, 1999) was performed and 
immediately followed by the same six postural control trials used in the first 
(control) condition. To ensure that the force platform measurements were 
obtained in a genuine fatigued state, the fatiguing test took place beside the 
force platform.  

Participants were asked to rate their back pain on a Numerical Rating Scale 
(NRS) (0–10) and their perceived effort on an adapted Borg scale (0–10). While 
the back endurance test was performed, surface EMG was recorded.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Lumbar multifidus (A) and triceps surae (B) muscle vibration during upright 
standing on an unstable support surface (“foam”). 
 

 
 

A           B 
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4.3.4 Postural sway analysis 

In paper III, postural sway characteristics (mean center of pressure COP and 
root mean square (RMS) during upright of standing subject were measured 
using a six-channel force plate (Bertec Corporation, OH, USA). It recorded the 
moments of force around the frontal (Mx) and sagittal (My) axes and the vertical 
ground reaction force (Fz). Force plate data were sampled at 500 Hz using a 
Micro 1401 data acquisition system and Spike2 software (Cambridge Electronic 
Design, UK) and low pass filtered with a cut-off frequency of 5 Hz. To evaluate 
trunk position in space two piezo-resistive accelerometers (ICSensors, UK) also 
connected with the data-acquisition system were placed on the spinosus 
processes of T1 and S1 vertebra in upright posture.  

 
 

4.3.4 Dynamometry 

MVC force of the back extensor muscles was measured by standard back dyna-
mometer DC-200 (Russia) (Paper IV). Each individual was instructed to stand 
on a platform with knees fully extended and head and trunk erect. The partici-
pant grasped the hand bar using an alternating grip and the hand bar was posi-
tioned across the thighs. The participant was instructed to pull the hand bar 
straight upward using the back muscles and to roll the shoulders backward dur-
ing the pull, without leaning backward. Each pull lasted approximately 3 
seconds (Heyward, 2000). A plumb line was hung from the ceiling directly 
behind the participant. If his/her back came in contact with this line, indicating 
that the participant was starting to lean backward, the test was terminated 
immediately. Three trials were administered with a 1-minute recovery period 
between each (Heyward, 2000). The highest of the three measurements was 
recorded. Each participant was encouraged to exhale throughout the entire 
contraction to avoid the Valsalva maneuver. The dynamometer was calibrated 
prior to the start of data collection to ensure that each measurement was 
accurate.  
 
 

4.4. Data reduction and statistical analysis 

Standard statistical methods were used for the calculation of means and stan-
dard errors of the means (SE) (Papers I, II and IV). During Sørensen back 
endurance test, the MPF was determined and averaged over each period of 5 s. 
The MPF was defined as the weighted mean value of the data points forming 
the single spectrum. The following characteristics were calculated: initial MPF 
(first 5 s), end MPF and MF (last 5 s), MPF and MFslopes (% change/min) for 
right and left side (Paper I) (mean of the right and left side data). MFslope was 
taken as indicator of the erector spinae muscle fatigability (Papers I, II and IV). 
One-way analysis of variance (ANOVA) followed by Tukey post hoc compari-
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sons was used to evaluate differences between the groups and between body 
sides. Pearson’s correlation coefficient was used to estimate linear relationships 
between subject’s anthropometric characteristics, endurance time and EMG 
power spectrum parameters. Statistical significance was accepted at p < 0.05 
(Papers I, II and IV). 

In paper III, postural sway characteristics were recorded from the force plate 
readings using Spike2 and Microsoft Excel software. Displacements of the COP 
in the anterior-posterior direction were calculated from the raw force plate data 
using the equation: COP= Mx/Fz. Further data reduction was performed by 
calculating the RMS values of the COP displacements as a measure of postural 
stability and the mean values in order to appraise the directional effect of mus-
cle vibration on COP displacement. The COP displacements in the muscle 
vibration trials were analyzed over two epochs: the 15 s preceding and the 15 s 
during muscle vibration. Positive values correspond to forward COP displace-
ment and negative values with backward COP displacement. In addition, ratios 
of the COP displacement during the TS muscle vibration trials versus MF mus-
cle vibration trial were calculated to determine the proprioceptive postural con-
trol strategy using the equation: RW TS/MF= absolute TS/(abs TS + abs MF). 
Where RW is the relative proprioceptive weighting, abs TS is the absolute value 
of mean COP displacement during TS muscles vibration and abs MF is the 
absolute value of mean COP displacement during MF vibration. A score of zero 
means 100% reliance on lumbar muscles proprioception in postural control. In 
contrast, a score of one means 100% reliance on proprioception of the ankle 
muscles in postural control (Brumagne et al., 2008). 

To determine back muscle fatigue MPF of the EMG was calculated (Ng and 
Richardson, 1996). Differences between the two groups, conditions and trials 
were analyzed using a repeated measures analysis of variance (ANOVA/ 
MANOVA). Post hoc analysis (Tukey) was performed on significant main and 
interaction effects to calculate specific effects. The level of statistical signi-
ficance was set at p< 0.05. The statistical analysis was performed with Statistica 
9.0 (Statsoft, OK, USA) (Paper III). 
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5. RESULTS 

5.1. Low back muscle fatigue during  
Sørensen endurance test in people with and  

without chronic low back pain 

Endurance time 

People with chronic LBP had significantly shorter (p0.05) endurance time 
(235.0±30.7 s) of the Sørensen test as compared to healthy controls (352.0±42.2 s) 
(Fig. 3A, Paper I). Male with chronic LBP had shorter (p0.05) endurance time 
(230.2±42.0 s) in the Sørensen test compared to the healthy female (308.3±30.0 s) 
and male subjects (314.0±53.0 s) (Fig. 3B, Paper II). No significant differences 
in endurance time were observed between the healthy male and female subjects, 
and female with chronic LBP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Endurance time in people with chronic low back pain (CLBP) and healthy 
controls (mean±SE). A – Paper I; B – Paper II. *p<0.05; **p<0.01. 
 
 

Changes in surface EMG spectral parameters 

The MPF significantly declined as time of isometric contraction progressed. No 
significant differences (p0.05) in initial MPF during first 5 s and end MPF of 
right or left side during last 5 s of the Sørensen back isometric endurance test 
between the measured groups were observed (Fig. 4A, Paper I). People with 
chronic LBP had significantly higher (p0.05) MPF slope for left and right side 
compared to healthy controls (Fig. 4B, Paper I).  

** *
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Controls 
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Controls 

A

*
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Figure 4. Initial and end mean power frequency (MPF) of EMG power spectrum (A) 
and MPF decrease over time (MPFslope) (B) of right and left side during the Sørensen 
back endurance test in people with chronic low back pain (CLBP) and controls 
(mean±SE). *p<0.05; ***p<0.001. 
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 Healthy male subjects had higher (p<0.05–0.01) MF slope than healthy female 
subjects (Fig. 5, Paper II). No significant differences in MF slope were found 
between the female and male with chronic LBP, and between people with 
chronic LBP and healthy subjects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. EMG power spectrum median frequency decrease over time (MFslope) of the 
erector spinae muscle during the Sørensen back endurance test in people with chronic 
low back pain (CLBP) and healthy controls (mean±SE). *p<0.05; **p<0.01. 
 
 

Correlation between EMG power spectrum changes and anthropometric 
changes 

In people with chronic LBP the endurance time of the Sørensen test correlated 
significantly negatively with BMI (r=–0.71; p0.01), and MPF slope of right 
side (r=–0.85; p0.001), MPF slope of left side (r=–0.65; p0.05) (Table 3, 
Paper I). In controls, BMI correlated significantly positively with initial MPF of 
right side (r=0.58; p<0.05) and left side (r=0.72; p<0.01), MPF slopes of right 
side (r=0.57; p0.05) and left side (r=0.68; p0.05). A significant negative 
correlation between endurance time, MPF slopes of right side (r=–0.80; p0.01) 
and left side (r=–0.73; p0.01) was also observed (Paper I). 
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Table 3. Pearson correlation coefficients between BMI, endurance time and EMG 
spectral parameters during the Sørensen endurance test in people with chronic LBP 
(n=12) and controls (n=12). 

Parameters BMI tendur Initial 
MPF 

(right) 

Initial 
MPF 
(left) 

MPF 
slope 
(right) 

MPF 
slope 
(left) 

LBP group   
BMI X –0.71* 0.17* 0.45* 0.47* 0.20* 
tend X* 0.26* –0.22* –0.85* –0.65*  
Initial MPF (right)  X* 0.78* –0.42* –0.32*  
Initial MPF (left)  X* 0.01v –0.06*  
MPF slope (right) X* 0.90*  
MPF slope (left)   X* 
Controls   
BMI X –0.28* 0.58* 0.72* 0.57* 0.68*  
tend X* –0.12* –0.23* –0.80* –0.73*  
Initial MPF (right) X* 0.77* 0.32* 0.32*  
Initial MPF (left) X* 0.48* 0.49*  
MPF slope (right)  X* 0.95*  
MPF slope (left)  X * 

Abbreviations: LBP – low back pain, BMI – body mass index, tendur – endurance time, initial MPF 
– EMG mean power frequency during first 5 s of the Sørensen endurance test; MPFslope – EMG 
mean power frequency decrease over time during the Sørensen endurance test, *p<0.05. 
 
 
Table 4 and Table 5 (Paper II) provide the correlation coefficients between 
anthropometric parameters and low back muscle fatigue characteristics in 
female subjects and in male subjects, respectively. In female and male with 
chronic LBP and healthy female subjects the endurance time correlated 
moderately to strongly negatively (r = –0.46 to –0.75) with MF slope. In male 
with chronic LBP and in healthy female subjects body mass and BMI correlated 
moderately negatively with endurance time (r = –0.44 to –0.69). Female with 
chronic LBP had strong positive correlation and healthy control subjects had 
moderate positive correlation between endurance time and initial MF for right 
side during the Sørensen endurance test (r = 0.72 and 0.49, respectively). Body 
mass and BMI correlated moderately positively with MF slope (r = 0.40–0.67) 
in all measured subject groups. In healthy female subjects MF slope correlated 
moderately positively with initial MF (r = 0.45–0.61) (Paper II). 
 

9
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Table 4. Correlations between anthropometric parameters and low back muscle fatigue 
characteristics during the Sørensen back endurance test in female with chronic LBP and 
healthy subjects. 

Parameters Height BM BMI tendur Initial 
MF 

(right) 

Initial 
MF 

(left) 

MF 
slope 
(right) 

MF 
slope 
(left) 

LBP group (n=10)        
Height X 0.23 –0.28* – 0.20* –0.38* –0.38* –0.01* 0.16* 
BM  X  0.85* – 0.21* –0.01* 0.30*  0.64* 0.52* 
BMI  X* – 0.12*  0.15* 0.50*  0.57* 0.44* 
tendur  X*  0.72* 0.29*  –0.63*  –0.75* 
Initial MF 
(right) 

 X*  0.70* –0.38* –0.15* 

Initial MF (left)  X*  0.22* 0.22* 
MF slope (right)  X* 0.45* 
MF slope (left)   X* 
Controls (n=10)   

Height X 0.01 0.07** 0.08* –0.37* 0.28* –0.15* –0.01* 
BM  X 0.88*  –0.44* 0.27* 0.46*  0.40*  0.52* 
BMI  X  –0.65* 0.42*  0.68*  0.47*  0.64* 
tendur  X* –0.33* –0.35* –0.16* –0.59* 
Initial MF 
(right) 

 X*  0.47*  0.60*  0.58* 

Initial MF (left)  X*  0.45*  0.61* 
MF slope (right)  X*  0.51* 
MF slope (left)   X* 

Abbreviations: LBP – low back pain; BM – body mass; BMI – body mass index; tendur – 
endurance time; MF – median frequency; MF slope – median frequency decrease over time.  
* p < 0.05. 
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Table 5. Correlations between anthropometric parameters and low back muscle fatigue 
characteristics during the Sørensen back endurance test in male with chronic LBP and 
healthy subjects. 

Parameters Height BM BMI tendur Initial 
MF 

(right) 

Initial 
MF 

(left) 

MF 
slope 
(right) 

MF 
slope 
(left) 

LBP group (n=10)        
Height X 0.28 –0.39* 0.19* –0.40* –0.68* 0.23* 0.22* 
BM  X 0.77* –0.58* 0.07* 0.16* 0.67*  0.64* 
BMI  X* –0.69* 0.32* 0.61* 0.65* 0.57* 
tendur  X* –0.26* –0.57* –0.46*  –0.66* 
Initial MF (right)  X* 0.78* 0.02* 0.10* 
Initial MF (left)  X* 0.14* 0.39* 
MF slope (right)  X* 0.30* 
MF slope (left)   X* 
Controls (n=10)   

Height X 0.51 0.43* 0.07* 0.39* *0.35* 0.29* 0.22* 
BM  X 0.90* 0.22* 0.65* 0.91* 0.61* 0.46* 
BMI  X* 0.02* 0.41* 0.71* 0.56* 0.59* 
tendur  X* 0.49* 0.42* –0.31* –0.36* 
Initial MF (right)  X* 0.83* 0.11* 0.01* 
Initial MF (left)  X* 0.01* 0.06* 
MF slope (right)  X* 0.97* 
MF slope (left)   X* 

Abbreviations: LBP – low back pain; BM – body mass; BMI – body mass index; tendur – 
endurance time; MF – median frequency; MF slope – median frequency decrease over time.  
* p < 0.05 
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5.2. Low back muscle strength  
in females with chronic low back pain (Paper IV). 

MVC force of back extensor muscles was significantly higher (p<0.05) in 
controls compared to female with chronic LBP (Fig. 6). Back extensor muscle 
isometric strength was 24.1% less in female with chronic LBP compared to 
healthy controls. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Isometric maximal voluntary contraction force of back extensor muscles in 
female with chronic low back pain (CLBP) and in healthy controls (mean±SE).  
** p<0.01. 
 
 

5.3. Postural stability and proprioceptive control 
strategies in people with recurrent low  

back pain and healthy subjects (Paper III) 

Control condition (non-fatigued back muscles) 

People with recurrent LBP showed significantly larger posterior sways than 
controls during ankle muscle vibration when standing on an unstable support 
surface (p<0.001) in the control condition (i.e. non-fatigued back muscles). 
However, back muscle vibration induced significantly smaller anterior sways in 
the unstable support surface trials in people with recurrent LBP compared to 
healthy controls (p< 0.001) (Fig. 7). 

Based on the proprioceptive weighting ratios people with LBP showed a 
significantly more ankle-steered proprioceptive control strategy compared to 
healthy subjects (Table 6). 
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Figure 7. Anterior-posterior sways for the muscle vibration trials in the control condi-
tion TS vibr – triceps surae muscles vibration; TS vibr F – triceps surae muscles vibra-
tion on foam; MF vibr – lumbar multifidus muscles vibration; MF vibr F – lumbar 
multifidus muscles vibration on foam; LBP – low back pain; (mean ± SD) ** p<0.01; 
*** p<0.001. 
 
 
Table 6. Relative proprioceptive weighting ratios of the people with recurrent LBP and 
healthy subjects (mean  SD). 

Condition 
 

 

LBP 
patients 
(n=16) 

(%) 

Controls 
(n=16) 

(%) 
F-value p-value 

Control RW TS/MF 0.85  0.07 0.73  0.11 12.31 0.002 

 RW TS/MF F 0.86  0.07 0.52  0.16 58.69 0.000 

Fatigued RW TS/MF 0.86  0.09 0.78  0.11 6.11 0.007 

 RW TS/MF F 0.86  0.09 0.72  0.10 30.67 0.000 

Abbreviations: RW – relative weighting; TS – triceps surae muscles vibration; MF – lumbar 
multifidus muscles vibration; F – foam; LBP – low back pain. 
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Back muscle fatigue condition 
 

Postural stability and proprioceptive control strategies after back muscle  
fatigue 

Back muscle fatigue induced a significant decrease in postural stability in 
healthy subjects when standing on an unstable support surface compared to the 
control condition (mean RMS values: 0.131 ± 0.037 m vs. 0.081 ± 0.025 m, 
respectively; p< 0.05). People with LBP maintained their decreased postural 
stability after back muscle fatigue was induced (mean RMS values:  
0.136 ± 0.038 m (on foam) and 0.123 ± 0.033 m; p>0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Anterior-posterior sways for the muscle vibration trials in the fatigue condi-
tion (mean ± SD). TS vibr – triceps surae muscles vibration; TS vibr F – triceps surae 
muscles vibration on foam; MF vibr – lumbar multifidus muscles vibration; MF vibr F – 
lumbar multifidus muscles vibration on foam; LBP – low back pain patients. ** p< 0.01. 
 
 
Back muscle fatigue had no significant influence on proprioceptive control 
during both the TS muscle vibration and MF muscle vibration trials in healthy 
subjects and people with recurrent LBP while standing on a stable support 
surface (p> 0.05). However, when standing on an unstable support surface, 
acute back muscle fatigue induced an increased backward sway during ankle 
muscle vibration in healthy subjects compared to the control condition 
(p<0.001). Moreover, back muscle fatigue induced a significant decrease in 
anterior sway during MF vibration in the healthy controls compared to the 
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control condition when standing on the “foam” support (0.039 ± 0.020 m vs. 
0.054 ± 0.022 m, respectively; p<0.05). Despite this decrease, people with LBP 
still showed significantly smaller forward sways during MF vibration compared 
to the healthy individuals (p< 0.01) (Fig. 8). 

The proprioceptive weighting ratios showed that when healthy subjects were 
standing on an unstable support surface, and their back muscles were fatigued, 
they relied significantly more on ankle proprioception for postural control than 
they did when their back muscles were not fatigued (p< 0.001) (Table 6). 
In contrast, back muscle fatigue did not have a significant additional influence 
on relative proprioceptive weighting ratios in people with recurrent LBP com-
pared to healthy controls when standing on an unstable support surface  
(p> 0.05). 
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6. DISCUSSION 

6.1. Low back muscle fatigue during Sørensen 
endurance test in people with chronic low  

back pain: relationship between electromyography 
power spectrum changes, back muscle  

strength and antropometric characteristics 

EMG power spectrum changes during Sørensen endurance test 

In this thesis, the lumbar erector spinae muscle MPF decreases during the 
Sørensen back isometric endurance test. This is in agreement with the results of 
previous studies of back extensor muscle isometric contractions (Smidt and 
Blanpied, 1987, Roy et al., 1989, van Dieen et al., 1993, Mannion and Dolan, 
1994, Kankaanpää et al., 1998a,b). The EMG spectrum shift to lower fre-
quencies (spectral compression) caused by neural and metabolic factors during 
fatiguing contractions (Lindström et al., 1970), i.e. an intracellular pH decrease 
due to lactate accumulation and H+ concentration (Brody et al., 1991) or extra-
cellular K+ accumulation (Linssen et al., 1991, Sjøgaard, 1991). In the investi-
gated moderate contractions, lactate production was expected to have been 
minimal, especially in view of the high percentage of type I (slow twitch) 
muscle fibres shown to be present in erector spinae muscle (Jørgensen and 
Nicolaisen, 1991). Extracellular K+ accumulation might, therefore, be the 
important factor limiting erector spinae muscle endurance at moderate 
contraction levels. The exact physiological mechanisms behind the EMG 
spectral changes are believed to be multifactorial, where a number of factors has 
been suggested to influence the rate of EMG spectral shifts toward lower 
frequencies during fatiguing contractions. These factors include: (1) slowing of 
action potential velocity, (2) synchronization of motor units, (3) slowing of 
firing frequency, (4) recruitment of new motor units during the fatiguing 
contraction (DeLuca, 1984). Although the exact mechanisms underlying the 
EMG spectral compression are not fully understood, the resultant shift to lower 
frequencies during sustained contraction is recognized as an electrophysio-
logical monitoring of fatigue process (Hägg, 1992, Mannion and Dolan, 1994, 
Umezu et al., 1998, Kankaanpää et al., 1998a).  

In addition to changes in EMG power spectrum parameters the present study 
indicated that peole with chronic performed a shorter sustained isometric 
contraction of the back extensor muscles till exhaustion (endurance time of 
Sørensen test) and showed greater lumbar erector spinae muscle MPF slopes for 
right and left side, than did age-and gender-matched healthy controls. This 
suggests that peole with chronic LBP fatigued faster than controls in the 
Sørensen back endurance test. This finding is in agreement with several earlier 
studies (Biering-Sørensen, 1984, Nicolaisen and Jørgensen, 1985, Mayer et al., 
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1989, Roy et al., 1989, Hultman et al., 1993). These results discussed above are 
from the Paper I.  

The results from Paper II suggested that male with chronic LBP had a 
reduced back extensor muscle isometric endurance compared to the healthy 
female subjects when performed the Sørensen back endurance test until exhaus-
tion, but not with female subjects with LBP. Male with chronic LBP had shorter 
endurance time, i.e. fatigued faster than healthy control subjects despite the 
subjects having been strongly verbally encouraged to continue throughout the 
sustained isometric contraction. Several previous studies demonstrated a 
reduced back extensor muscle isometric endurance in people with chronic LBP 
compared to the healthy control subjects (Nicolaisen and Jørgensen, 1985, De 
Luca, 1993, Da Silva et al., 2005). Many studies comparing men to women 
during the Sørensen back isometric endurance test reported shorter endurance 
time in men (Mannion, 1999, Oddson and De Luca, 2003, Da Silva et al., 2005). 
However, the relative weight of the trunk is generally lower for women and 
consequently the trunk holding task is at a lower level of MVC, may resulting in 
a longer endurance time in this test (Frymoyer et al., 1983, Roy et al., 1998).  

The most commonly used EMG variable for assessing low back muscle fati-
gue is MF or half-power point of the EMG (Smidt and Blanpied, 1987). The 
initial value of MF was associated to the distribution of the muscle fibre type 
recruited (Sung et al., 2005), while MF slope, i.e. the rate of change over time, 
was associated to the fatigability properties of the active motor units (Tesch et 
al., 1983). In the present study, healthy male subjects had a higher initial EMG 
power spectrum MF of the erector spinae muscle compared to the healthy 
female subjects when performing Sørensen back endurance test (Paper II). This 
is an indicator of the greater pre-fatigue loading of the erector spinae muscle 
during sustained isometric contraction in healthy men than in women. Con-
cerning gender, several studies have reported that women performed the 
endurance contraction longer and showed less progressive decreases in spectral 
indices (MF slope) than did the men (Mannion and Dolan, 1994, Mayer et al., 
1995, Kankaanpää et al., 1998a). This suggests that women fatigue more slowly 
than men in the Sørensen back endurance test (Biering-Sørensen, 1984, 
Oddsson et al., 1991).  

A steeper MF slope of the erector spinae muscle during the Sørensen back 
endurance test in healthy male subjects was observed compared to the healthy 
female subjects, indicating greater fatigability in men. A steeper MF slope 
obtained from the lumbar erector spinae muscle in healthy men compared to the 
women during an unsupported trunk holding test has been reported previously 
(Mannion and Dolan, 1994), which is in good agreement with the present 
results. The gender differences in lumbar muscle fatigability during the Søren-
sen test can most likely be explained by the differences in muscle anatomic and 
functional characteristics or it can partially by the higher weight of the torso/ 
upper limbs of men compared to women and therefore back muscle activity at a 
higher percentage of maximal voluntary contraction. It has been shown that 

11
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back muscles in women have a greater relative cross-sectional area of fatigue-
resistant type I fibres (women 73% vs men 56%), and as much as a twofold 
higher type I/type II fibre area ratio than back muscles in men (Thorstensson 
and Calson, 1987). In addition, men have a 17% larger total erector spinae 
cross-sectional area than women (Parkkola et al., 1993). In several previous 
studies, low back muscle fatigue has been assessed by using EMG power 
spectrum indices (Mannion, 1999, Oddson and De Luca, 2003). It has been sug-
gested that EMG power spectrum MF slope during fatigue reflects the changes 
in the action potential propagation of individual muscle fibers that are a result of 
the underlying accumulation of metabolic by-products (lactate and extracellular 
K+) during the fatiguing contraction (Lindström et al., 1970, van Dieen et al., 
2003). 
 
Back muscle strength 

Decreased back extensor muscle strength has often been associated with LBP 
(Biering-Sørensen, 1984, Hultman et al., 1993). In the present thesis back 
extensor muscle isometric strength was 24.1% less in female with chronic LBP 
compared to healthy controls. There seems to be an agreement that people with 
LBP especially ones with chronic problems have weaker back extensor muscles 
than healthy persons (Nicolaisen and Jørgensen, 1985, Klein et al., 1991). Not 
only are the back muscles weaker but there are also modification in extensor 
/flexor muscle strength ratio (Mayer et al., 1985, Shirado et al., 1995). In litera-
ture people with LBP have a significant loss of both flexor and extensor muscle 
strength, but the main loss of strength is found in the back extensors (Mayer et 
al., 1985, Hultman et al., 1993, Shirado et al., 1995, Kankaanpää, 1999). Chro-
nicity and severity of LBP may be supplementary factors for the reduction in 
back extensor muscle strength. Numerous investigations have shown that 
people with chronic LBP are weaker than the subjects with acute or even inter-
mittent LBP (Hultman et al., 1993, Kankaanpä, 1999). 

LBP has been shown to be associated with histomorphological and structural 
changes in the paraspinal muscles, i.e. the back muscles are smaller, contain 
more fat, show a degree of selective muscle fibre atrophy (Verbunt et al., 2003) 
and their blood circulation may be restricted because calcific deposits in the 
abdominal aorta and vertebral arteries (Kauppila et al., 1997, 2004). In 
consequence, the lumbar paraspinal muscles are weaker (Häkkinen et al., 2003) 
and exchibit excessive fatigability (Mannion et al, 1997, Greennough et al., 
1998, Humphrey et al., 2005). 
 
Correlations between antropometric parameters and low back pain muscle 
fatigue characteristics 

The results of correlation analysis from Paper I showed that endurance time of 
the Sørensen test correlated negatively with MPF slopes of the erector spinae 
muscle in people with chronic LBP and healthy controls. High correlations have 
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been reported between MPF or MF slopes during fatiguing contractions of the 
back extensor muscles and endurance time by several authors (van Dieen et al., 
1993, Mannion and Dolan, 1994). The initial MPF of the erector spinae muscle 
during first the 5 s of the Sørensen back endurance test did not differ signi-
ficantly between the groups of chronic LBP pain and healthy controls, which 
indicates the similar back extensor muscle loading in both subject groups in pre-
fatigue condition. This confirms the group differences in fatiguability to be real 
and not caused by group differences in muscle loading. No right-left side 
differences were found for initial MPF and MPF slope in peole with chronic 
LBP and controls. Thus, the muscle loading and rate of decrease of muscle acti-
vation during fatiguing contraction was similar for both sides. The differences 
between peole with chronic LBP and controls in back extensor muscle fati-
gability during the Sørensen test can be explained by several factors. Subjects 
with LBP often avoid using their back in everyday situations, because of fear of 
pain and its consequences (Waddell et al., 1993). Also poor co-ordination of 
paraspinal muscles has been related with CLBP and with excess lumbar muscle 
fatigability (Wilder et al., 1996, Taimela et al., 1999, Leinonen et al., 2003). 
These changes are widely thought to be a consequence of disuse and decondi-
tioning, secondary to pain and illness, a process called the deconditioning 
syndrom (Nachemson and Lindh, 1969, Thorstensson and Arvidson, 1982). It 
has been shown that lumbar back muscle fatigue leads to abnormal spinal 
movements due to loss of precise muscle co-ordination which increase mecha-
nical loading of passive elements, such as ligaments and intervertebral discs, 
and may cause back injury and pain (Wilder et al., 1996). Poor back muscle 
endurance may predict future occurrence of LBP (Biering-Sørensen, 1984, 
Mannion et al., 1997). 

The data from present thesis suggest that BMI has a significant influence on 
back extensor muscle fatigability in the Sørensen isometric endurance test. The 
correlation analysis indicated that in people with chronic LBP with high BMI 
the endurance time was shorter than in people with low BMI (Paper I). Healthy 
control subjects with high BMI had greater lumbar erector spinae muscle initial 
MPF as well as MPF slope for right and left side. This suggest that subjects 
with high BMI had greater back extensor muscle loading and fatigued faster 
during Sørensen test than subjects with low BMI. In literature, there are some 
suggestions, that subject body mass (weight) may influence the Sørensen iso-
metric endurance test result (Biering-Sørensen, 1984, Mannion and Dolan, 1994, 
Alaranta et al., 1994). Kankaanpää et al. (1998a) investigated the influence of 
BMI on paraspinal muscle fatigability (endurance time, EMG spectral indices) 
by using Sørensen test and found a strong influence of this factor. BMI showed 
a strong negative correlation, endurance time a strong positive correlation with 
paraspinal muscle fatigability (MF slope). Multiple regression analysis indi-
cated that MF slope (fatigue) during the test was dependent on BMI in both 
sexes, but the effect of BMI was more prounounced in women than men. 
Several previous studies showed rising of LBP prevalence with increasing BMI 
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(de Leboeuf-Yde et al., 1999, Bayramoglu et al., 2001). This association may 
suggest a role of body weight and height in the pathogenesis of LBP. These 
findings support the previously reported need for education regarding weight 
reduction as useful implement in LBP prevention (Orvieto et al., 1994). 
Correlation data from Paper II showed differences in EMG power spectrum 
compression parameters during fatiguing contraction in people with chronic 
LBP compared with those in healthy control subjects have usually shown a 
steeper slope (Hägg, 1992, Vestgaard-Poulsen et al., 1995). However, no 
significant differences in MF slope between female and male with chronic LBP 
were found in the present study and this finding is somewhat surprising for us. 
These differences between our findings and previous studies may be caused by 
the differences in the experimental settings and the number of the subjects who 
participated in this study. It has been indicated that MF slope obtained from the 
low back muscles during a sustained submaximal contraction is approximately 
linear and strongly negatively correlated with endurance time, suggesting being 
a sensitive, objective, and motivation-independent indicator providing 
information regarding the degree of muscle fatigue (Alaranta et al., 1995, 
Mannion, 1999, Pääsuke et al., 2002). In the present study, MF slope of the 
erector spinae muscle during Sørensen back endurance correlated moderately to 
strongly with endurance time in female and male with chronic LBP and healthy 
female control subjects. One purpose of this study was to correlate objective 
patterns of the low back muscle fatigue with subject’s anthropometric 
parameters. A moderate to strong negative correlation between body mass and 
BMI, and endurance time evaluated during Sørensen test was observed in male 
with chronic LBP and in healthy female control subjects. Body mass and BMI 
correlated moderately negatively with MF slope in all measured groups of 
subjects. Thus, the correlation analysis indicated that subjects with higher body 
mass and BMI appeared to fatigue faster during Sørensen back endurance test 
than that of subjects with lower body mass and BMI. However, the relationship 
between anthropometric characteristics and low back muscle fatigability in 
different loading conditions and its association with gender and chronic LBP 
need further clarification. 
 
 

6.2. Proprioceptive postural control in people with 
recurrent low back pain:  

The effect of back muscle fatigue on postural  
stability and postural control strategies (Paper III) 

Acute back muscle fatigue may be a mechanism to induce changes in pro-
prioceptive postural strategy. The main result of this study is that healthy indi-
viduals after back muscle fatigue were significantly more dependent on ankle 
proprioception while standing on an unstable support surface in comparison 
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with the control condition. This suggests that in healthy subjects back muscle 
fatigue induced a shift to a more ankle-steered proprioceptive postural control 
strategy when standing on an unstable support surface, as used by people with 
recurrent LBP.  

People with recurrent LBP were more dependent on ankle signals in com-
parison to healthy subjects during the control condition. An explanation for this 
reliance could be reduced lumbosacral proprioception (Brumagne et al., 2000, 
Newcomer et al., 2000). This probably leads to a refocusing of proprioceptive 
sensitivity from the trunk to the ankles (Brumagne et al., 2004, Brumagne et al., 
2008, Claeys et al. 2011). The CNS regulates the body stability while standing 
or locomotion mainly by means of afferent signals from the visual system 
(Mergner et al., 2005), proprioceptors (Bove et al., 2003, Tresch, 2007) and 
changes in vestibular input (Bacsi and Colebatch, 2005). Another possible but 
not mutually exclusive explanation is increased antagonistic cocontraction of 
the trunk muscles to stabilize the spine (Granata et al., 2004), which might lead 
to a reduced multi-segmental control strategy (Mok et al., 2007). They will 
restore and maintain their equilibrium by moving around the ankles and keeping 
the rest of their body stiff. This way of controlling posture is in line with the 
inverted pendulum model (Winter et al., 1998). Alterations in postural control 
(Nies and Sinnott, 1991, Luoto et al., 1996, Mientjes and Frank, 1999, Mok et 
al., 2004, Moseley et al., 2004, Moseley and Hodges, 2005), impairments in 
motor control (Hodges and Richardson, 1996) and altered lumbosacral proprio-
ceptive acuity (Brumagne et al., 2000, Newcomer et al., 2000) have been 
observed in people with recurrent LBP, which might be a causative factors in 
their postural instability. Pain also may be a confounding factor to maintain 
postural stability, but it is not certain whether pain causes changes in motor 
control or whether motor control changes lead to pain, or both (Arendt-Nielsen 
et al., 1996, Hodges et al., 2001, Hodges and Moseley, 2003). 

Moreover, our results demonstrated that people with recurrent LBP sustained 
their reliance on ankle proprioception for controlling posture while standing on 
an unstable support surface. An unstable support surface decreases the acuity of 
ankle proprioceptive signals (Ivanenko et al., 2000). Therefore, their sustained 
reliance on ankle proprioceptive showed their inability to switch to a more 
appropriate proprioceptive postural control strategy, as demonstrated by other 
studies (Mok et al., 2007, Brumagne et al., 2008, Claeys et al. 2011), leading to 
decreased postural stability. Muscle activity must be coordinated to maintain 
control of the spine and the efficacy of the muscle system is dependent on its 
controller, the CNS (Panjabi, 1992). Numerous studies have reported impaired 
balance in people with LBP when standing on one (Luoto et al., 1998) or two 
legs (Nies and Sinnott, 1991) and people with poor performance in a test of 
standing balance have an increased risk for LBP (Takala and Viikari-Juntura, 
2000). In contrast, based on the lower proprioceptive weighting ratios, healthy 
controls seemed to make more use of other proprioceptive signals, in addition to 
those from the ankles, which is more in line with the multi-segmental control 
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model (Allum et al., 1998, Morasso and Schieppi, 1999). These results con-
firmed our previous findings (Brumagne et al., 2004, Brumagne et al., 2008). 

In back muscle fatigue condition healthy individuals had a longer endurance 
time of the back extensor muscles in comparison to people with recurrent LBP. 
These results are in agreement with previous studies (Biering-Sørensen, 1984, 
Mannion et al., 1997, Latimer et al., 1999). Both the significant decline in MPF 
of the back muscles and the very high perceived effort scores after the back 
endurance test in both groups suggested that real fatigue of the back muscles 
was induced. 

However, despite the very high perceived effort scores, it is still important to 
take the possibility of a submaximal performance regarding back muscle en-
durance into consideration. Pain-related factors might contribute to the per-
ception of a maximal effort in people with recurrent LBP (Tam and Yeung, 
2006). Moreover, the rate of decline in mean MPF is similar between the groups 
suggesting that the patients may not have reached the same level of fatigue as 
the healthy individuals. In addition, most people with recurrent LBP reported 
significantly more pain after the back muscle fatigue test, so we cannot exclude 
that they stopped earlier due to this increase in pain. 

Back muscle fatigue in healthy individuals resulted in a significantly 
stronger reliance on proprioceptive signals from the ankles for controlling 
posture during quiet standing on “foam”, resulting in a decreased postural 
stability. Vibration of triceps surae muscles can give the illusion of forward 
leaning and therefore the subject will compensate with a backwards shift of the 
center of mass, even to the point of falling (Eklund, 1972, Brumagne et al., 
2004). In comparison with the control condition, significantly larger posterior 
sways have been shown during triceps surae muscle vibration while standing on 
an unstable support surface. An increased sway due to lumbar muscle fatigue 
has already been shown by some studies (Davidson et al., 2004, Vuillerme et al., 
2007). Vuillerme et al. suggested that the significant interaction between fatigue 
and support surface could be attributable to the sensory reweighting hypothesis. 
It is possible that healthy individuals reweight their sensory input from the trunk 
to the ankles due to the back muscle fatigue. This can be explained by the nega-
tive influence of fatigue on the muscle receptors and thereby on proprioception 
(Gandevia, 2001, Allen and Proske, 2006). Muscle fatigue may be caused by 
peripheral changes or by a failure of the CNS to drive the motoneurons ade-
quately (Gandevia et al., 1996, Taylor and Gandevia, 2008). It possibly influ-
ences postural control due to altered muscle contractile efficiency (Bigland-
Ritchie et al., 1983, Duchateau and Hainaut, 1985), proprioceptive acuity (Allen 
and Proske, 2006) and cortical control (Taylor et al., 1996, Gandevia, 2001, 
Taylor and Gandevia, 2008). Excessive fatigability of back extensor muscles is 
common among people with chronic LBP (Biering-Sørensen, 1984, Mannion et 
al., 1997, Latimer et al., 1999). Due to lumbar muscle fatigue proprioceptive 
acuity can decrease, which leads to inaccurate signals about lumbar spine posi-
tion and movement (Taimela et al., 1999). Under simple (non-fatigued) postural 
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conditions greater dependence upon proprioceptive input from the ankles is the 
norm, and increased input from back muscle spindles only becomes important 
when the stance is unstable, in which case healthy controls adapt their strategy 
accordingly but people with recurrent LBP do not. It is the ability to adapt 
postural control strategy in unstable conditions which then appears to be lost in 
the healthy subjects when back muscle is fatigued. However, the possible 
relationship between back muscle fatigue and the selection of a proprioceptive 
postural control strategy in healthy individuals and in people with recurrent 
LBP need more investigations. 

A limitation of this present thesis was a relatively small number of subjects 
in the measured groups of people with LBP and age- and gender matched 
controls. Besides, gender differences in MVC force of back extensor muscles in 
people with and without LBP were not analyzed. Because of the young age, low 
disability and moderately challenging postural tasks of the studied subjects, the 
collected results may underestimate the postural control impairment that can be 
observed in a patient population of older age and with higher disability during 
the more demanding activities of daily life. Therefore, future studies with an 
older population and with more expressed disabilities have to be conducted. 
Despite the short rest periods between the trials in testing postural control 
strategies, the learning effects and general fatigue cannot be ruled out from 
affecting the results. In addition, back muscle fatigue might be recovered when 
performing postural control trials. However, the total duration of these trials 
was about 10 min. So, complete recovery from back muscle fatigue cannot be 
expected in that time frame. Moreover, significant differences in postural 
strategy were observed when standing on an unstable support surface in the last 
trials. In future more research is needed on the physiological basis of postural 
control strategies in people with and without chronic or recurrent LBP.  
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CONCLUSIONS 

1. People with chronic low back pain fatigued faster than healthy controls 
during sustained submaximal isometric contraction of back extensor muscles. 
No gender differences were found in back extensor muscle isometric 
endurance in people with chronic low back pain and in healthy subjects. 

2. People with and without chronic low back pain who had higher body mass 
and body mass index fatigued faster during sustained submaximal isometric 
contraction of back extensor muscles.  

3. Females with chronic low back pain demonstrated lowered back extensor 
muscle isometric strength compared with age- and gender-matched healthy 
subjects. 

4. People with recurrent low back pain relied strongly on ankle proprioception 
independent of the postural demands resulting in a decreased postural 
stability.  

5. Back muscle fatigue in healthy subjects impaired the ability to adapt their 
postural control strategy and the healthy individuals were resorting to a 
similar postural strategy to that observed in people with recurrent low back 
pain when postural demands increased. 
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SUMMARY IN ESTONIAN 

Selja sirutajalihaste väsimus ja posturaalkontroll 
alaseljavalude korral 

Sissejuhatus 

Inimese lülisammas on kõikvõimalike komprimeerivate koormuste suhtes väga 
tundlik. Seljavaevusi on ulatuslikult uuritud, kuid vaatamata sellele on selja-
valud üks töövõimetuse sagedasemaid põhjusi. Enamasti tekivad alaseljavalud 
staatiliste pingutuste tõttu sundasendites, tingituna lülisamba halvast funktsio-
naalsest seisundist, kerelihaste nõrkusest või lihaste neuraalse kontrolli häiretest 
kesknärvisüsteemi tasandil. Ka kõrgetasemeliste diagnostikameetoditega pole 
paljudel juhtudel võimalik alaseljavalude põhjust kindlaks määrata. Seljalihaste 
funktsionaalse seisundi hindamiseks kasutatakse vastupidavusteste, millega 
hinnatakse väsimuse teket staatilise ja dünaamilise lihastöö tingimustes. Palju 
on uuritud seljalihaste jõu ja vastupidavuse seoseid alaseljavaevustega patsienti-
del võrreldes tervetega, kuid väsimuse lokalisatsiooni iseärasused sõltuvalt indi-
viidi vanusest, soost ja kehaehituslikest iseärasustest pole veel lõplikult selged. 
Viimasel kümnendil on suuremat tähelepanu hakatud pöörama nn. motoorsele 
kontrollile, mida juhib kesknärvisüsteem ja mis peab tagama optimaalse keha-
asendi igapäevatoimingutes. Kesknärvisüsteemi poolt vastuvõetava sensoorse 
sisendi häirunud identifitseerimine põhjustab kehaasendi muutumist ruumis. 
Sensoorne sisend proprioretseptiivse signaali näol lihastest võib olla häirunud 
mitmel põhjusel. Käesolevas doktoritöös kasutati lihasväsimust kui mehhanismi 
uurimaks, missuguseid strateegiaid kasutavad alaseljavaludega vaatlusalused 
võrreldes tervetega oma kehaasendi säilitamiseks selle häirumise korral erine-
vates tingimustes.  

Doktoritöö põhieesmärk oli hinnata selja sirutajalihaste väsimust ja postu-
raalkontrolli alaseljavaevustega indiviididel võrreldes tervetega.  
 

Uurimistöö ülesanded 

Põhieesmärgist lähtuvalt püstitati uurimistöös järgmised ülesanded: 
1. Uurida selja sirutajalihaste väsimust submaksimaalse staatilise lihas-

kontraktsiooni tingimustes ja seoseid antropomeetriliste karakteristikute ning 
väsimuse näitajate vahel alaseljavaludega vaatlusalustel võrreldes tervetega. 

2. Võrrelda selja sirutajalihaste maksimaalset tahtelist jõudu alaseljavaludega 
vaatlusalustel ja tervetel. 

3. Hinnata akuutse lihasväsimuse mõju kehaasendi kontrollile alaseljavaludega 
vaatlusalustel võrreldes tervetega. 
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Uuritavad ja kasutatav metoodika 

Uuringutes osales kokku 57 alaseljavaludega ja 58 alaseljavaludeta inimest 
(kontrollgrupina). Seljalihaste jõu ja vastupidavuse uuringud viidi läbi Tartu 
Ülikooli kinesioloogia ja biomehaanika laboris aastatel 2002–2005. Kehaasendi 
kontrolli uuringud viidi läbi Leuveni Ülikooli füsioteraapia laboris aastatel 
2006–2007. Seljalihaste isomeetrilist vastupidavust hinnati Sørenseni testiga, 
mille käigus registreeriti seljalihaste bioelektriline aktiivsus erector spinae liha-
sel. Seljalihaste isomeetrilise maksimaaljõu testimisel kasutati standartset selja-
dünamomeetrit. Lihasvibratsiooni kasutati lihaskäävide I a afferentide stimu-
leerimiseks, et kutsuda esile kehaasendi häirumine ruumis. 
 

Järeldused 

1. Selja sirutajalihaste kestva submaksimaalse staatilise pingutuse tingimustes 
väsisid alaseljavaludega indiviidid kiiremini võrreldes tervetega. Soolisi 
erinevusi seljalihaste staatilises vastupidavuses alaseljavaludega indiviididel 
ja tervetel ei täheldatud. 

2. Selja sirutajalihaste tahteline maksimaaljõud oli alaseljavaludega indiviididel 
võrreldes tervetega väiksem. 

3. Suurema kehamassi ja kehamassiindeksiga indiviididel arenes selja sirutaja-
lihaste väsimus kestva submaksimaalse staatilise pingutuse tingimustes 
kiiremini. 

4. Alaseljavaludega indiviididel domineeris kehaasendi stabiilsuse säilitamisel 
raskendatud tingimustes hüppeliigese strateegia. 

5. Seljalihaste akuutse väsimuse tingimustes kasutasid terved ja alaselja-
valudega indiviidid sarnast kehaasendi säilitamise strateegiat. 
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