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Background: Fatigability and postural control deficits are both serious concerns in a variety of chronic muscu-
loskeletal conditions. Research has shown that muscle fatigue may adversely affect postural control. This is while
the evidence on the relevance of fatigue to postural control has never been summarized nor critically appraised.
Research question: Is there sufficient and strong enough evidence to accept trunk muscle fatigue as a contributing
factor to postural control alterations during upright standing posture?.

Methods: EMBASE, Scopus, ELSEVIER, PubMed, ProQuest, Google scholar and reference lists of the relevant
articles were searched through April 2018. Studies having investigated the trunk muscle fatigue effect on pos-
tural control in asymptomatic individuals were included in the study. Only those studies having assessed pos-
tural control in terms of center of pressure driven variables were included.

Results: Twelve studies (218 asymptomatic participants) matched the inclusion criteria of this systematic review.
Their results supported the hypothesis that fatigue has a significant effect on postural control in terms of the time
domain variables. Sway velocity was consistently found to be affected by fatigue. The results were inconsistent in
the frequency domain. The only study on the structural dynamics of center of pressure displacements also
confirmed such a relationship.

Significance: The present review indicates that postural control is altered in asymptomatic individuals following
trunk muscle fatigue. This may suggest that trunk muscle endurance training is crucial to address postural
impairment in chronic spine musculoskeletal conditions.

1. Introduction

Optimal postural control is an essential prerequisite for safe per-
formance during activities of daily living (ADL) [1]. Postural control
involves integration of multiple sensory (visual, vestibular, and soma-
tosensory) inputs within the central nervous systems where they are
processed to plan and execute appropriate motor commands [2]. Def-
icits in the postural control system have been associated with muscu-
loskeletal impairments [3]. The active element of postural control is
mainly provided by muscular activation. Muscles have thus been con-
sidered as playing a critical role in spinal stability, postural control and
balance [4,5]. Coordinated activation of the trunk muscles has been
introduced as being necessary for maintenance of the upright quiet
standing posture with minimal postural sway [6,7]. Alterations of the
recruitment pattern of the trunk muscles has also been suggested to
impose postural consequences challenging the stability of the spine
[6,8,9]. Factors adversely affecting muscular performance may thus

challenge postural control and put the body at the risk of postural un-
steadiness. Fatigue in the trunk muscles has been shown to induce more
pronounced effects on postural control comparing fatigue in ankle, knee
or shoulder regions [9].

Control of the erect posture during ADL requires sustained activa-
tion of postural muscles in an effort to generate and maintain low levels
of force necessary to counteract external perturbing moments such as
that of gravity. This is while, except in cases of extreme external per-
turbations, high levels of muscular activity are rarely required for the
control of erect posture. This may explain why muscular endurance
might be more crucial than muscular strength to spinal stability [10].
Among mechanical components, trunk and cervical extensor muscles
endurance have been found most relevant to low back pain (LBP) [11]
and neck pain [12], respectively. Muscle fatigue, defined as a decline in
force or power output with the same or higher levels of muscle acti-
vation [13], has been proposed both as a perturbation to the postural
control system [14] and a possible predisposing factor to
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musculoskeletal conditions. Higher rates of trunk muscle fatigue has
been documented in patients suffering from LBP [15,16]. Muscular
fatigue may disturb postural control by its adverse effects on the ac-
curacy of sensory information [17], integration of peripheral afferents
within the CNS [18] and efficacy of the motor commands recruitment
[19].

Despite abundant theoretical and speculative explanations on the
relevance of fatigue to postural control, to the best of the authors’
knowledge, there are no systematic reviews to appraise the evidence on
the effect of local trunk muscle fatigue on the control of erect standing
posture. This is while a variety of chronic musculoskeletal conditions
such as LBP and NP have been attributed to poor postural control and it
merits clinical significance to summarize the evidence on the relevance
of trunk muscle fatigue to postural unsteadiness. The results might have
implications on designing rehabilitative protocols for the prevention
and management of such conditions. Documenting the association be-
tween muscular fatigue and postural control impairment will help to
predict if endurance exercises might be beneficial reversing postural
deficits in chronic LBP or NP cases.

The aim of the present systematic review was to determine the effect
of trunk muscle fatigue on postural control by critical analysis of the
literature and to evaluate its level of evidence.

2. Methods

This systematic review was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement guidelines [20].

2.1. Search strategy

Six electronic databases: “EMBASE, Scopus, ELSEVIER, PubMed,
Web of Science and Google scholar” were searched for the published
papers from inception until April 2018. The reference lists of the re-
levant papers were also explored for any extra papers not found during
the primary electronic search. The search strategy used were combi-
nations of the following search keywords: “low back”, “lumb*”,
“trunk”, “torso”, “back”, “spine”, “fatig*”, “exhaustion”, “lassitude”,
“tired”, “burnout”, “postural control”, “postural steadiness”, “postural
stability”, “postural sway”, “postur*”, “COP”, “center of pressure”,
“sway”, “balance”, “equilibrium”, “force plat*”. The specific search

strategy for PubMed database is provided in Appendix A.

2.1.1. Selection criteria

Included papers were limited to those published in peer-reviewed
journals without language or publication date restrictions. Original
research papers having investigated postural control through COP
driven measures, comparing the local pre/post trunk muscle fatigue
conditions (in terms of EMG signal median frequency or force reduc-
tion) in symptom-free subjects were included in this review.
Experiments including generalized fatigue or postural control measures
other than COP parameters were excluded.

2.2. Data extraction

The following information was extracted from the included full-text
articles: the authors’ name, study design, year of publication, char-
acteristics of the samples including the age, number and gender of
participants, fatiguing task, conditions in which postural control was
assessed, COP driven measures and key findings.

2.3. Quality assessment
All relevant studies were assessed using a quality assessment

checklist. This checklist includes relevant criteria obtained from
National Institute for Health and Care Excellence (NICE) [21], National
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Institute of Health (NIH) [22], Hailey’s criteria [23] and Critical Ap-
praisal Skills Programme (CASP) System for Case-Control studies
(Public Health Resource Unit) [24] giving a total of 15 criteria to be
assessed in cross sectional studies. When there was inadequate in-
formation on internal validity of the articles, the corresponding authors
of the studies were contacted for further information. Papers having
fulfilled less than 50% of the criteria were rated as “low”, those with
50-75% fulfillment as “moderate” and those obtaining more than 75%
of the scores as “high” quality.

The search process, paper scanning for the selection criteria and
quality assessment were all performed by both authors independently.
Disparities were resolved by discussion and final decision was reached
through consensus. In cases of considerable disagreement a third col-
league would be consulted.

3. Results
3.1. Literature search results

The electronic databases search provided 824 (580 after duplicates
removal) studies the abstracts of which were screened for inclusion
criteria. No additional studies were identified through hand-searching
of the reference lists of the relevant studies. The remaining articles were
further explored through screening titles and abstracts and application
of inclusion/exclusion criteria. Five hundred and forty two articles were
removed by their titles and 20 by their abstracts. Only 18 studies suc-
cessfully met our inclusion/exclusion criteria the full texts of which
were reviewed by both authors independently. Six of these studies were
also excluded during further evaluations: three studies had investigated
balance [25,26] and postural strategy [27] without using COP para-
meters; in two studies [28,29] general fatigue was examined and in the
other study postural control scores of the post fatigue condition were
not clearly reported [30]. Subsequently, 12 studies met the inclusion
criteria [8,9,31-40] and entered the quality assessment phase of our
systematic review (Fig. 1).

3.2. Description of included studies

The characteristics of the included studies have been summarized in
Table 1. All studies were published between 2004 and 2018, and were
in English. Totally, 218 asymptomatic subjects had participated in these
studies. In five studies [6,8,32,34,39], both sexes were included
(women: 55; and men: 49), whereas in four studies [33,35,38,40] only
male subjects were included and in three other ones [9,36,37] the sex of
the participants were not reported. The asymptomatic subjects were
defined as not presenting musculoskeletal or neurological disorders and
vestibular impairment. In two studies [34,41], no history of cardio-
vascular or respiratory disease was also noted. In ten of the studies,
fatigue was induced by isotonic trunk muscle contraction while in two
other studies [6,8] isometric activity of these muscles were used to
induce fatigue. In all studies except one [31] (having fatigued both
flexor and extensor groups) fatigue was imposed on trunk extensor
muscles. In seven of the studies [6,8,9,36-38,41] fatiguing contractions
were continued until exhaustion while in the other 5 [33-35,39,40]
force reduction to a fraction (60-86%) of the maximum voluntary ex-
ertion (MVE) was set as the fatigue index. Table 2 shows the details of
the fatigue protocol in the included studies. Static standing (upright
[8,9,31,37,38,40] or forward bent [39]) postural control was assessed
in in all included studies (Table 1). While all studies (except one) as-
sessed COP time domain measures, three of them also included fre-
quency domain parameters [33,36,41] and one utilized structural
analyses to describe COP behavior [39].

3.3. Outcomes

Overall, all the included studies reported a significant effect for
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Fig. 1. PRISMA flow chart of study selection process.

fatigue on COP driven measures in the time domain variables, but the
results were inconsistent in the frequency domain. Among temporal
variables, sway velocity was consistently found to be affected by fatigue
in all but four studies [8,37-39]. Increase of the mean and peak velo-
cities were reported in five [9,33,37,40,41] and two of the studies
[34,40], respectively. Madigan et al. found the variability of velocity
measure to be augmented following fatigue [35] while in Larson et al.’s
study, root mean square (RMS) velocity and velocity ranges were found
to be increased in response to both extensor and abdominal muscles’
fatigue [6]. Pline et al. showed a positive correlation between peak
sway velocity and the level of trunk extensor fatigue [40]. Three studies
investigated the effect of fatigue on the variability measures of COP
position and the results were controversial. While Madigan et al. re-
ported decreased COP position variance [35], Vuillerme et al. found
COP displacements to become more variable following trunk muscle
fatigue in 2 independent studies [36,38].

Among the three studies investigating frequency domain para-
meters, two found no significant alterations in response to fatigue
[33,41] while one reported higher median and RMS frequency [36].
Granata et al. investigated fatigue effects on postural control mechan-
isms using analyses of non-linear dynamics. They reported significantly
larger maximum Lyapunov exponent values and smaller embedding
dimension in the phase portrait [39] indicating decreased dynamic
stability and complexity, respectively. Two studies investigated the ef-
fect of fatigue rate and/or level on postural control alterations [35,40].
One revealed that increasing fatigue level and time will augment pos-
tural responses [40], but the other one did not report anything about
the effect of different fatigue levels on postural control [35].

3.4. Methodological quality of the included studies

All included studies except one [39] were rated as high quality
(quality score > 70%) with the scores presented in Table 3. Critical
appraisal found the articles to be methodologically heterogeneous and
meta-analysis of the data was thus not possible. Common areas of bias
were small sample size and lack of measurement reliability reporting in
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almost all studies except one [34]. Of the 11 corresponding authors who
were contacted, three replied to our inquiry about reliability reporting
none of which having performed reliability measurement [9,35,41].
The sample size was small in all studies (ranging from 10 to 36) and
there was no justification rationale for that except in one study [8].

4. Discussion

This systematic review revealed that trunk muscle fatigue is a
challenging condition for postural control. While there is so little and
inconsistent evidence on the effect of fatigue on frequency domain
parameters, time domain COP measures have almost consistently been
found to be affected by trunk muscle fatigue.

Increased mean, peak and variability of COP velocity was reported
in the majority of the studies, all of which rated as high quality. A
significant positive relationship was reported between trunk extensor
muscles’ fatigue level and time and sway velocity in one study [40].
Longer fatigue duration and higher fatigue level may result in creep in
trunk muscles viscoelastic connective tissues shown to be associated
with impaired trunk control [42], and suggested to contribute to in-
creased COP displacement [40]. It has also been argued that increasing
fatigue level may increase muscle force fluctuations that might in turn
augment trunk movements and postural sway [40]. COP velocity,
among all other COP variables, has been introduced as the most accu-
rate balance parameter characterizing postural control [43,44], valid in
detecting changes in postural steadiness [45] and has the greatest intra-
participant consistency [46].

Multitude of explanations for the effect of muscles’ fatigue on pos-
tural control can be categorized as peripheral and central mechanisms.
The peripheral sensory and motor nerves, neuromuscular junction and
muscle fibers constitute the peripheral motor system. Impaired func-
tioning of any of these components leading to physical performance
decline following sustained or repeated motor activity is assumed as
peripheral fatigue [47]. Decreased proprioceptive accuracy of trunk
muscles following fatigue has been proposed a potential contributor to
fatigue-induced postural control deficits [48,49]. Since proprioception
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Table 2

Description of fatigue protocol in each of the included studies.

Target fatigue measure

External resistance Task

Subject Position

Author (yrs)

Exhaustion

Isometric Ext./ Flex.

No

Prone/ Supine

Larson et al. [31]

Exhaustion. Not able to maintain the movement velocity during 3

consecutive cycles

Exhaustion
70% MVE

Isotonic ext. from 45° Flex. paced at a rate of 2s for each, performed 1 cycle/ min

Equivalent to 40-60% MVE

45° Roman chair

Parreira et al. [32]

Isometric Ext.

Prone No

Johanson et al. [8]

Isotonic Ext. from 45° Flex. paced at a rate of 23/ min performed 1set for a total
duration 14 min

Standing 45% MVE

Davidson et al. [34]

Not able to perform Ext. over the entire ROM for 3 reps

60% MVE

Isotonic Ext. at 60% MVE from 45° Flex paced at a rate of 12/ min

If necessary

No

Standing

Lin et al. [9]

Isotonic Ext. from 60° Flex., 10 repetition at a rate of 30 cycles / min for a total

duration 16 min

45° Roman chair

Granata et al. [39]

Exhaustion
Exhaustion
Exhaustion

Isotonic Ext. from 90° Flex. as many times as possible

Prone No

Vuillerme et al. [38]

Isotonic Ext. from 90° Flex. (mean dur 54 s) as many times as possible
Isotonic Ext. from 90° Flex. (mean dur 54 s) as many times as possible

Isotonic Ext. from 60° Flex. for a total duration 14 and 90 min

Prone No

Vuillerme et al. [37]

Prone No

Vuillerme et al. [36]
Pline et al. [40]

86%, 73%, 60% MVE over 14 min, 73% MVC over 90 min

86%, 73%, 60% MVE

No

45° Roman chair

Isotonic Ext. from 60° Flex. paced at a rate of 1 set/ min for a total duration 14 min

No

45° Roman chair

Madigan et al. [35]

Isotonic Ext. from 60° Flex. paced at a rate of 1 set/ min for a total duration 10 and 60% MVE

90 min

No

45° Roman chair

Davidson et al. [33]

Ext: extension, Flex: flexion, MVE: maximum voluntary exertion, min: minute, ROM: range of motion, s: second, yrs: years.
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impairment has been associated with chronic musculoskeletal condi-
tions such as chronic LBP [50], fatigue-induced postural deficits might
be explained by impaired proprioception in such conditions. Impaired
proprioception from the trunk muscles might result in poor control of
the lumbar spine kinematics and delay the stabilizing muscle activation
necessary to generate postural corrections [33]. Neural transmission
has also been found to be slowed in fatigued condition [51]. This may
result in both delayed sensory afferents to the central processing units
of the postural control system and late motor commands to the actuator
muscles. Delayed corrective adjustments by the postural muscles may
result in less controlled postural sway. Besides neural transmission
impairments, reduced muscular force generating capacity following
fatigue might adversely affect postural control [52,53]. Lactic acid ac-
cumulation, interfering with troponin to Ca* * binding [25,54], might
be considered as an explanation for reduced muscle contractile capacity
following fatigue, which may result in impaired postural control
[55,56].

Central fatigue, defined as decline in voluntary activation of the
motor system decreases motor output from primary motor cortex (M1)
via supraspinal mechanisms [57]. Alterations in the sensory input from
the peripheral system following fatigue have been suggested to activate
inhibitory interneurons limiting the motor output [58]. Central me-
chanisms have been accounted for 20-25% of the force loss following
fatigue [59] interfering with postural control. M1 cortex has been
proposed to contribute to the control of postural sway during both
unperturbed standing [60] and complex postural conditions [61],
which further indicates that central mechanisms contribute to altered
postural control following fatigue.

4.1. Study strengths and limitations and recommendations for future
research

This review focused only on studies reporting effect of trunk mus-
cles fatigue on COP driven measures. Since trunk muscle fatigue, in
comparison with fatigue in other regions, has been shown to have more
pronounced effects on postural control [9], and to avoid heterogeneous
evidence, we decided to exclude studies on the effect of general fatigue
or fatigue in other regions. It should also be mentioned that while we
limited our investigation to the studies including COP parameters, there
are some other measures characterizing postural control such as kine-
matic alterations of the lower limb joints and global balance measures
such as star excursion balance tests score and Biodex balance scale. To
avoid data heterogeneity, we decided not to include all these measures,
which imposes limitations to the generalizability of our results. The
search strategy was not limited by language, but some relevant studies
from the gray literature might be missing. Meta-analysis was not pos-
sible due to poor homogeneity of fatigue protocol and outcomes mea-
sures. The methodologies of almost all included studies were rated as
high quality.

Small sample size and lack of sample size rationale and measure-
ment reliability reporting almost consistently constituted internal va-
lidity issues of the studies increasing the risk of bias. Almost all in-
cluded studies investigated COP alterations in the time domain and
there is lack of sufficient evidence on COP changes in the frequency
domain or COP signal structural alterations assessed by nonlinear tools.
Postural control [62-64] and trunk muscle fatigue [16,65] are both
important concerns in chronic musculoskeletal conditions such as
CLBP, but too few investigations on the effect of trunk muscle fatigue on
postural control in these patients did not provide the opportunity to
conduct the systematic review on such studies. The results of the cur-
rent review highlights the necessity for conducting investigations on the
mechanisms by which fatigue might contribute to postural control
deficits in chronic musculoskeletal conditions such as CLBP.
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5. Conclusions

The findings of the current systematic review indicate that, trunk
muscle fatigue could be a contributing factor to postural control al-
terations in asymptomatic participants. COP velocity was found to be
the most sensitive COP driven measure for fatigue induced postural
alterations. Further investigations on the effect of trunk muscle fatigue
on postural control are recommended in chronic musculoskeletal con-
ditions such as CLBP in which higher rates of fatigue and postural
control deficits are both concerns.

Declarations of interest

None.
Funding

There are no funding sources to disclose.
Acknowledgements

The authors express their appreciation for the support received from
the Clinical Research Development Center of Rofeideh Rehabilitation
Hospital, Tehran, Iran.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.gaitpost.2019.06.010.

References

[1] D.A. Winter, A.E. Patla, F. Prince, M. Ishac, K. Gielo-Perczak, Stiffness control of
balance in quiet standing, J. Neurophysiol. 80 (1998) 1211-1221.

F.B. Horak, Postural orientation and equilibrium: what do we need to know about
neural control of balance to prevent falls? Age Ageing 35 (2006) ii7—ii11.

A. Ruhe, R. Fejer, B. Walker, Center of pressure excursion as a measure of balance
performance in patients with non-specific low back pain compared to healthy
controls: a systematic review of the literature, Eur. Spine J. 20 (2011) 358-368.
A.H. Kahlaee, L. Ghamkhar, A.M. Arab, Effect of the abdominal hollowing and
bracing maneuvers on activity pattern of the lumbopelvic muscles during prone hip
extension in subjects with or without chronic low back pain: a preliminary study, J.
Manipulative Physiol. Ther. 40 (2017) 106-117.

R.A. Preuss, S.G. Grenier, S.M. McGill, Postural control of the lumbar spine in un-
stable sitting, Arch. Phys. Med. Rehabil. 86 (2005) 2309-2315.

D.J. Larson, S.H.M. Brown, The effects of trunk extensor and abdominal muscle
fatigue on postural control and trunk proprioception in young, healthy individuals,
Hum. Mov. Sci. 57 (2018) 13-20.

F. Horak, L. Nashner, H. Diener, Postural strategies associated with somatosensory
and vestibular loss, Exp. Brain Res. 82 (1990) 167-177.

E. Johanson, S. Brumagne, L. Janssens, M. Pijnenburg, K. Claeys, M. Paasuke, The
effect of acute back muscle fatigue on postural control strategy in people with and
without recurrent low back pain, Eur. Spine J. 20 (2011) 2152-2159.

D.D. Lin, M.A. Nussbaum, H. Seol, N.B. Singh, M.L. Madigan, L.A. Wojcik, Acute
effects of localized muscle fatigue on postural control and patterns of recovery
during upright stance: influence of fatigue location and age, Eur. J. Appl. Physiol.
106 (2009) 425-434.

J. Schomacher, D. Falla, Function and structure of the deep cervical extensor
muscles in patients with neck pain, Man. Ther. 18 (2013) 360-366.

M.R. Nourbakhsh, A.M. Arab, Relationship between mechanical factors and in-
cidence of low back pain, J. Orthop. Sports Phys. Ther. 32 (2002) 447-460.

B. Shahidi, D. Curran-Everett, K.S. Maluf, Psychosocial, physical, and neurophy-
siological risk factors for chronic neck pain: a prospective inception cohort study, J.
Pain 16 (2015) 1288-1299.

R.M. Enoka, J. Duchateau, Muscle fatigue: what, why and how it influences muscle
function, J. Physiol. (Paris) 586 (2008) 11-23.

N. Vuillerme, F. Danion, N. Forestier, V. Nougier, Postural sway under muscle vi-
bration and muscle fatigue in humans, Neurosci. Lett. 333 (2002) 131-135.

P.S. Sung, A.R. Lammers, P. Danial, Different parts of erector spinae muscle fatig-
ability in subjects with and without low back pain, Spine J. 9 (2009) 115-120.
R.A. da Silva, E.R. Vieira, M. Cabrera, L.R. Altimari, A.F. Aguiar, A.H. Nowotny,
et al., Back muscle fatigue of younger and older adults with and without chronic
low back pain using two protocols: a case-control study, J. Electromyogr. Kinesiol.
25 (2015) 928-936.

S. Taimela, M. Kankaanpaa, S. Luoto, The effect of lumbar fatigue on the ability to
sense a change in lumbar position. A controlled study, Spine Phila. Pa (Phila Pa

[2]

[3]

[4]

[5]

[6]

[71
(8]

[91

[10]
[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Gait & Posture 72 (2019) 167-174

1986) 1976 (24) (1999) 1322-1327.

S. Gandevia, Spinal and supraspinal factors in human muscle fatigue, Physiol. Rev.
81 (2001) 1725-1789.

T. Paillard, Effects of general and local fatigue on postural control: a review,
Neurosci. Biobehav. Rev. 36 (2012) 162-176.

D. Mobher, A. Liberati, J. Tetzlaff, D.G. Altman, P. Group, Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement, Ann. Intern. Med.
8 (2010) 336-341.

NICE, Methods for the Development of NICE Public Health Guidance, Available at,
3rd ed., (2012) https://wwwniceorguk/process/pmg4/chapter/appendix-g-quality-
appraisal-checklist-quantitative-studies-reporting-correlations-and.

Health Nlo. National Heart Lung, and Blood Institute, Quality Assessment Tool for
Observational Cohort and Cross-sectional Studies, Available at: (2014) https://
www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools.

D. Hailey, A. Ohinmaa, R. Roine, Study quality and evidence of benefit in recent
assessments of telemedicine, J. Telemed. Telecare 10 (2004) 318-324.

CASP case-control checklist. http://docs.wixstatic.com/ugd/dded87_
afbfc99848f64537a53826e1f5b30b5c.pdf.

O. Surenkok, A. Kin-Isler, A. Aytar, Z. Gultekin, Effect of trunk-muscle fatigue and
lactic acid accumulation on balance in healthy subjects, J. Sport Rehabil. 17 (2008)
380-386.

N. Cetin, M. Bayramoglu, A. Aytar, O. Surenkok, O.U. Yemisci, Effects of lower-
extremity and trunk muscle fatigue on balance, Open Access J. Sports Med. 2
(2008).

E.L. Wilson, M.L. Madigan, B.S. Davidson, M.A. Nussbaum, Postural strategy
changes with fatigue of the lumbar extensor muscles, Gait Posture 23 (2006)
348-354.

D.D. Lin, M.A. Nussbaum, M.L. Madigan, Efficacy of three interventions at miti-
gating the adverse effects of muscle fatigue on postural control, Ergonomics. 55
(2012) 103-113.

N. Asgari, M.A. Sanjari, A. Esteki, Local dynamic stability of the spine and its co-
ordinated lower joints during repetitive Lifting: effects of fatigue and chronic low
back pain, Hum. Mov. Sci. 54 (2017) 339-346.

D.D. Lin, M.A. Nussbaum, Effects of lumbar extensor fatigue and surface inclination
on postural control during quiet stance, Appl. Ergon. 43 (2012) 1008-1015.

D.J. Larson, S.H. Brown, The effects of trunk extensor and abdominal muscle fatigue
on postural control and trunk proprioception in young, healthy individuals, Hum.
Mov. Sci. 57 (2018) 13-20.

R.B. Parreira, C.F. Amorim, A.W. Gil, D.C. Teixeira, M. Bilodeau, R.A. Da Silva,
Effect of trunk extensor fatigue on the postural balance of elderly and young adults
during unipodal task, Eur. J. Appl. Physiol. 113 (2013) 1989-1996.

B.S. Davidson, M.L. Madigan, M.A. Nussbaum, Effects of lumbar extensor fatigue
and fatigue rate on postural sway, Eur. J. Appl. Physiol. 93 (2004) 183-189.

B.S. Davidson, M.L. Madigan, M.A. Nussbaum, L.A. Wojcik, Effects of localized
muscle fatigue on recovery from a postural perturbation without stepping, Gait
Posture 29 (2009) 552-557.

M.L. Madigan, B.S. Davidson, M.A. Nussbaum, Postural sway and joint kinematics
during quiet standing are affected by lumbar extensor fatigue, Hum. Mov. Sci. 25
(2006) 788-799.

N. Vuillerme, B. Anziani, P. Rougier, Trunk extensor muscles fatigue affects un-
disturbed postural control in young healthy adults, Clin Biomech (Bristol, Avon). 22
(2007) 489-494.

N. Vuillerme, N. Pinsault, Re-weighting of somatosensory inputs from the foot and
the ankle for controlling posture during quiet standing following trunk extensor
muscles fatigue, Exp. Brain Res. 183 (2007) 323-327.

N. Vuillerme, N. Pinsault, O. Chenu, A. Fleury, Y. Payan, J. Demongeot, Postural
destabilization induced by trunk extensor muscles fatigue is suppressed by use of a
plantar pressure-based electro-tactile biofeedback, Eur. J. Appl. Physiol. 104 (2008)
119-125.

K. Granata, P. Gottipati, Fatigue influences the dynamic stability of the torso,
Ergonomics. 51 (2008) 1258-1271.

K.M. Pline, M.L. Madigan, M.A. Nussbaum, Influence of fatigue time and level on
increases in postural sway, Ergonomics. 49 (2006) 1639-1648.

R.B. Parreira, C.F. Amorim, A.W. Gil, D.C. Teixeira, M. Bilodeau, R.A. da Silva,
Effect of trunk extensor fatigue on the postural balance of elderly and young adults
during unipodal task, Eur. J. Appl. Physiol. 113 (2013) 1989-1996.

E.L. Rogers, K.P. Granata, Disturbed paraspinal reflex following prolonged flexion-
relaxation and recovery, Spine. 31 (2006) 839-845.

J. Jeka, T. Kiemel, R. Creath, F. Horak, R. Peterka, Controlling human upright
posture: velocity information is more accurate than position or acceleration, J.
Neurophysiol. 92 (2004) 2368-2379.

C. Maurer, R.J. Peterka, A new interpretation of spontaneous sway measures based
on a simple model of human postural control, J. Neurophysiol. 93 (2005) 189-200.
C.J. Hasson, R.E. Van Emmerik, G.E. Caldwell, Predicting dynamic postural in-
stability using center of mass time-to-contact information, J. Biomech. 41 (2008)
2121-2129.

A.C. Geurts, B. Nienhuis, T. Mulder, Intrasubject variability of selected force-plat-
form parameters in the quantification of postural control, Arch. Phys. Med. Rehabil.
74 (1993) 1144-1150.

M. Tanaka, Y. Watanabe, Supraspinal regulation of physical fatigue, Neurosci.
Biobehav. Rev. 36 (2012) 727-734.

M. Bjorklund, A.G. Crenshaw, M. Djupsjobacka, H. Johansson, Position sense acuity
is diminished following repetitive low-intensity work to fatigue in a simulated oc-
cupational setting, Eur. J. Appl. Physiol. 81 (2000) 361-367.

M.A. Hughes, P.W. Duncan, D.K. Rose, J.M. Chandler, S.A. Studenski, The re-
lationship of postural sway to sensorimotor function, functional performance, and


https://doi.org/10.1016/j.gaitpost.2019.06.010
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0005
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0005
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0010
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0010
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0015
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0015
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0015
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0025
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0025
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0035
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0035
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0040
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0040
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0040
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0050
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0050
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0055
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0055
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0060
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0060
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0060
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0065
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0065
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0070
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0070
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0075
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0075
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0085
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0085
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0085
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0090
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0090
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0095
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0095
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0100
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0100
https://wwwniceorguk/process/pmg4/chapter/appendix-g-quality-appraisal-checklist-quantitative-studies-reporting-correlations-and
https://wwwniceorguk/process/pmg4/chapter/appendix-g-quality-appraisal-checklist-quantitative-studies-reporting-correlations-and
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0115
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0115
http://docs.wixstatic.com/ugd/dded87_afbfc99848f64537a53826e1f5b30b5c.pdf
http://docs.wixstatic.com/ugd/dded87_afbfc99848f64537a53826e1f5b30b5c.pdf
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0125
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0125
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0125
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0130
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0130
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0130
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0135
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0135
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0135
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0140
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0140
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0140
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0145
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0150
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0150
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0155
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0155
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0155
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0160
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0160
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0160
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0165
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0165
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0170
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0170
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0170
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0175
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0175
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0175
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0180
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0180
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0180
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0185
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0185
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0185
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0190
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0190
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0190
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0190
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0195
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0195
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0200
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0200
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0210
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0210
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0215
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0215
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0215
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0220
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0220
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0225
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0225
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0225
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0230
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0230
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0230
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0235
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0235
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0240
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0240
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0240
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0245
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0245

L. Ghamkhar and A.H. Kahlaee

[50]

[51]
[52]

[53]

[54]
[55]

[56]

[57]

[58]

disability in the elderly, Arch. Phys. Med. Rehabil. 77 (1996) 567-572.

L. Ghamkhar, A.H. Kahlaee, Pain and pain-related disability associated with pro-
prioceptive impairment in chronic low back pain patients: a systematic review, J.
Man. Manip. Ther. (2018) Accepted.

N. Forestier, N. Teasdale, V. Nougier, Alteration of the position sense at the ankle
induced by muscular fatigue in humans, Med. Sci. Sports Exerc. 34 (2002) 117-122.
N. Vuillerme, M. Boisgontier, Muscle fatigue degrades force sense at the ankle joint,
Gait Posture 28 (2008) 521-524.

J.-B. Morin, P. Samozino, P. Edouard, K. Tomazin, Effect of fatigue on force pro-
duction and force application technique during repeated sprints, J. Biomech. 44
(2011) 2719-2723.

J.L. Taylor, J.E. Butler, S. Gandevia, Changes in muscle afferents, motoneurons and
motor drive during muscle fatigue, Eur. J. Appl. Physiol. 83 (2000) 106-115.
Powers S. Exercise physiology, Theory and Application to Fitness and Performance:
Boston: McGraw-Hill Higher Education, (2014).

I. Holm, M.A. Fosdahl, A. Friis, M.A. Risberg, G. Myklebust, H. Steen, Effect of
neuromuscular training on proprioception, balance, muscle strength, and lower
limb function in female team handball players, Clin. J. Sport Med. 14 (2004) 88-94.
S. Gandevia, G.M. Allen, J.E. Butler, J.L. Taylor, Supraspinal factors in human
muscle fatigue: evidence for suboptimal output from the motor cortex, J. Physiol.
(Paris) 490 (1996) 529-536.

K. Tsutsumi, M. Tanaka, Y. Shigihara, Y. Watanabe, Central regulation of physical

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Gait & Posture 72 (2019) 167-174

fatigue via mirror visual feedback, Eur. J. Sport Sci. 11 (2011) 171-175.

J.L. Taylor, G. Todd, S.C. Gandevia, Evidence for a supraspinal contribution to
human muscle fatigue, Clin. Exp. Pharmacol. Physiol. 33 (2006) 400-405.

0. Soto, J. Valls-Solé, P. Shanahan, J. Rothwell, Reduction of intracortical inhibi-
tion in soleus muscle during postural activity, J. Neurophysiol. 96 (2006)
1711-1717.

W. Taube, M. Schubert, M. Gruber, S. Beck, M. Faist, A. Gollhofer, Direct corti-
cospinal pathways contribute to neuromuscular control of perturbed stance, Appl
Physiol. 101 (2006) 420-429.

R. Della Volpe, T. Popa, F. Ginanneschi, R. Spidalieri, R. Mazzocchio, A. Rossi,
Changes in coordination of postural control during dynamic stance in chronic low
back pain patients, Gait Posture 24 (2006) 349-355.

D. Lafond, A. Champagne, M. Descarreaux, J.-D. Dubois, J.M. Prado, M. Duarte,
Postural control during prolonged standing in persons with chronic low back pain,
Gait Posture 29 (2009) 421-427.

M. Salavati, B. Akhbari, L.E. Takamjani, H. Bagheri, K. Ezzati, A.H. Kahlaee, Effect
of spinal stabilization exercise on dynamic postural control and visual dependency
in subjects with chronic non-specific low back pain, J. Bodyw. Mov. Ther. 20 (2016)
441-448.

A.H. Kahlaee, F. Bahrpeyma, A. Esteki, The effect of fatigue and instability on
postural control parameters in standing posture in healthy adults and patients with
chronic low back pain, Zahedan J. Res. Med. Sci. 14 (2012) 17-22.


http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0245
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0250
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0250
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0250
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0255
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0255
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0260
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0260
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0265
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0265
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0265
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0270
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0270
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0275
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0275
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0280
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0280
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0280
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0285
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0285
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0285
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0290
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0290
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0295
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0295
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0300
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0300
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0300
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0305
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0305
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0305
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0310
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0310
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0310
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0315
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0315
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0315
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0320
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0320
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0320
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0320
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0325
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0325
http://refhub.elsevier.com/S0966-6362(18)31762-4/sbref0325

	The effect of trunk muscle fatigue on postural control of upright stance: A systematic review
	Introduction
	Methods
	Search strategy
	Selection criteria

	Data extraction
	Quality assessment

	Results
	Literature search results
	Description of included studies
	Outcomes
	Methodological quality of the included studies

	Discussion
	Study strengths and limitations and recommendations for future research

	Conclusions
	Declarations of interest
	Funding
	Acknowledgements
	Supplementary data
	References




