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Study Design. A 2-group experimental design.
Objective. To determine postural stability and propri-

oceptive postural control strategies of healthy subjects
and subjects with recurrent low back pain (LBP) during
acute inspiratory muscles fatigue (IMF).

Summary of Background Data. People with LBP use a
more rigid proprioceptive postural control strategy than
control subjects during postural perturbations. Recent ev-
idence suggests that respiratory movements create pos-
tural instability in people with LBP. The role of the respi-
ratory muscles in postural control strategies is unknown,
but can be studied by inducing acute IMF.

Methods. Postural control was evaluated in 16 people
with LBP and 12 healthy controls, both before and after
IMF. Center of pressure displacement was determined on
a force plate to evaluate postural stability. Proprioceptive
postural control strategies were examined during vibra-
tion of the triceps surae muscles or lumbar paraspinal
muscles, while standing on both a stable and unstable
support surface and without vision. Proprioceptive pos-
tural control strategies were determined by examining
the ratio of mean center of pressure displacement mea-
sured during triceps surae muscles vibration to that mea-
sured during lumbar paraspinal muscles vibration.

Results. After IMF, control subjects showed a signifi-
cantly larger sway compared to the unfatigued condition
while standing on an unstable support surface (P � 0.05).
IMF induced an increased reliance on proprioceptive sig-
nals from the ankles, which resembled the postural con-
trol strategy used by people with LBP (P � 0.05). Subjects
with LBP showed that same ankle steered postural control
strategy in the unfatigued and IMF states (P � 0.05).

Conclusion. After IMF, control subjects use a rigid pro-
prioceptive postural control strategy, rather than the

normal “multisegmental” control, which is similar to peo-
ple with LBP. This results in decreased postural stability.
These results suggest that IMF might be a factor in the
high recurrence rate of LBP.
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The upright posture requires a continuous dynamic sta-
bilization, which is essential in daily activities. This con-
trol of posture involves inputs from 3 sensory systems
(visual, vestibular, and proprioceptive), which interact
centrally.1 Proprioception is a primary sense for postural
control, which comprises the sensations of joint position
and movement, force, heaviness associated with muscu-
lar contractions, and perceived timing of muscular con-
tractions.2 Postural control has been shown to be im-
paired in people with low back pain (LBP).3,4 When
balance is disturbed temporarily, a strategy must provide
recovery of the upright posture. The proprioceptive pos-
tural control strategies employed to achieve this, appear
to differ in people with LBP and may lead to a reduction
in overall postural stability. Healthy subjects normally
maintain postural stability using “multisegmental” con-
trol that is not based on a fixed set of equilibrium strat-
egies, but on flexible centrally organized responses.5,6 In
contrast, people with LBP lack the ability to use multi-
segmental control.7,8 Instead, they control postural bal-
ance using a more rigid strategy involving the ankle (i.e.,
ankle-strategy).9 The mechanisms that explain this im-
pairment in subjects with LBP are not yet clear. Putative
mechanisms include pain,10 change in coordination,11

muscle fatigue,12 and an impaired ability of the propri-
oceptive system.13

When visual and vestibular feedback are compro-
mised, the central nervous system (CNS) is obliged to
reweight within proprioception itself, instead of between
proprioception and the other 2 senses.14 Under these
conditions, it appears that the CNS of people with LBP
tends to rely less on proprioceptive signals from the hips
or trunk, and more on input from other locations such as
the ankles.8 This sensory reweighting can vary depend-
ing on external (e.g., the environmental context) and in-
ternal (e.g., muscle fatigue) factors.

Muscle fatigue has a negative influence on proprio-
ceptive feedback. This has been investigated by studying
postural control in fatigued and nonfatigued limb and
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low back muscles.15–17 There is evidence that the dia-
phragm is activated during tasks that challenge the sta-
bility of the spine,18 and that it is also activated in the
preparatory phase of movements that induce postural
instability.19 Further, it has been suggested that the dia-
phragm plays a role in contributing to spinal stiffness via
its influence on intra-abdominal pressure, as well as via
direct mechanical effect via the attachments of the dia-
phragm crurae.20 It is reasonable to suppose that some
proprioceptive signals may be derived from the dia-
phragm during such activities, and that this may be al-
tered by specific fatigue.

A recent study suggested that disorders of respiration
are related strongly to recurrent LBP.21 In addition, it has
been suggested that respiratory movement serves as a
postural disturbance that necessitates the need for cor-
rective postural control.22,23 Collectively, these findings
suggest that respiration imposes a significant disturbing
effect on balance in people with LBP.23 Furthermore,
compensation for this disturbance may be less effective in
this population.24 This being the case, it is reasonable to
postulate that diaphragm fatigue may exacerbate pos-
tural instability. However, the influence of inspiratory
muscles fatigue (IMF) on postural control has not been
studied in either healthy people or those with LBP.

The main objective of this study was to investigate the
influence of acute IMF on postural stability and propri-
oceptive postural control strategies. In addition, our aim
was to investigate whether this influence is different in
persons with LBP in comparison to healthy subjects. To
achieve these aims, postural control characteristics were
determined on a stable and unstable support surface25

and muscle vibration was used to specifically evaluate
the role of proprioceptive signals in postural control.26,27

Materials and Methods

Subjects
A total of 28 university students, 16 individuals (11 women, 5
men) with a history of nonspecific LBP and 12 healthy control
subjects (7 women, 5 men), volunteered for this study. All sub-
jects gave their written informed consent. The study conformed
to the principles of the Declaration of Helsinki (1964) and was
approved by the local Ethics Committee of Biomedical Sci-
ences, Katholieke Universiteit Leuven.

The characteristics of all subjects are summarized in Table
1. Ages ranged from 18 to 33 years. A physical activity ques-
tionnaire28 and LBP questionnaire were completed. Subjects
were included in the LBP group if they had at least 3 episodes of
nonspecific LBP in the last 6 months and reported at the mo-
ment of testing a score of at least 6 of 100 on the Oswestry
Disability Index, version 2 (adapted Dutch version).29 An epi-
sode of LBP was identified by patient-reported recurrent symp-
toms (i.e., the most liberal definition of LBP recurrence). This
was found to be the most sensitive evaluation of LBP recur-
rence.30 The persons in the LBP group did not have a more
specific medical diagnosis than nonspecific mechanical LBP.
The participants were tested when they were not in a recurrence
of their LBP and they rated the pain lower than 2 of 10 on the
moment of testing.31 Subjects were included in the control

group if they had no history of LBP and reported a score equal
to zero on this questionnaire. Subjects were excluded if they
presented any history of vestibular disorder, respiratory dis-
ease, previous spinal surgery, hip/knee/ankle/foot problems, or
the use of pain relieving medication or physical treatment. All
subjects had normal spirometry. In the week before the exper-
imental protocol, maximal inspiratory pressure (PImax) and
maximal expiratory pressure (PEmax) of each subject were as-
sessed using an electronic pressure transducer (MicroRPM, Mi-
cromedical Ltd., Kent, UK). PImax was measured at residual
volume and PEmax at total lung capacity according to the
method of Black and Hyatt.32 A minimum of 5 repetitions were
made and tests were repeated until there was less than 5%
difference between the best and second best test. The highest
pressure sustained over 1 second was defined as PImax or PEmax,
respectively.

Kinematic Analysis
Postural sway characteristics were measured using a 6-channel
force plate (Bertec, OH). Force plate signals were sampled at
500 Hz using a Micro1401 data acquisition system using
Spike2 software (Cambridge Electronic Design, UK) and were
filtered using a low pass filter with a cut-off frequency of 5 Hz.
Relative position of the trunk in space was recorded by 2 pi-
ezoresistive accelerometers (IC Sensors, London, UK) placed
over the spinous process of T1 and S2 vertebra, which were
connected to the data acquisition system.

Muscle Vibration
Mechanical muscle vibration was used to investigate the role of
proprioception in postural control. During vibration, the pro-
prioceptive sense is changed due to an illusion of muscle-
lengthening.26 During standing in normal subject, vibration of
the triceps surae (TS) muscles induces an involuntary body
sway in backwards direction, whereas lumbar paraspinal (LP)
muscles vibration results in a forward body sway.8,9 Displace-
ment of the center of pressure (CoP) indicates the manner in
which the individual makes use of signals from the vibrated
muscle to control posture. The muscle vibrator was strapped
onto the muscle tendon of the TS muscles or LP muscles, re-
spectively. Activation and deactivation of the muscle vibrator

Table 1. Descriptive Characteristics of Control Group and
LBP Group

Control Group
(n � 12)

LBP Group
(n � 16) P

Age (yr) 22.8 � 0.6 21.4 � 1.0 NS
Height (cm) 174.3 � 2.7 171.3 � 2.4 NS
Weight (kg) 66.3 � 3.4 64.6 � 2.3 NS
PAI 9.5 � 1.5 9.4 � 1.2 NS
ODI-2 0 14.4 � 6.3
NRS pain 0 1.6 � 1.8
LBP (yr) 0 3.7 � 2.2
FEV1 % pred 106.8 � 9.1 107.8 � 8.9 NS
FVC % pred 106.0 � 8.3 109.3 � 7.4 NS
PImax % pred 117.9 � 23.5 106.9 � 36.5 NS
PEmax % pred 116.9 � 28.4 122.8 � 8.7 NS

Data are presented as mean � SD.
PAI indicates Physical Activity Index questionnaire (max. score � 15); ODI-2,
Oswestry Disability Index version 2 (max. disability � 100); NRS pain, Numer-
ical Rating Scale for pain (0–10); LBP, amount of years suffering from low back
pain; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity;
PImax, maximal inspiratory pressure; PEmax, maximal expiratory pressure; %
pred, percentage predicted; NS, not significant (P � 0.05).
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were controlled manually. The proprioceptive stimulation was
delivered by vibration at a high frequency and low amplitude
(60 Hz, 0.5 mm).33

Inspiratory Muscles Fatigue
During the fatiguing protocol, all participants underwent in-
spiratory threshold loading to induce IMF (Figure 1). Before
the test, a short warm-up routine familiarized the subjects
with the resistive threshold load. While standing, subjects
breathed through a mouthpiece (POWERbreathe Medic, HaB

International Ltd., Warwickshire, UK) with their nose oc-
cluded. With each inspiration, resistance was added to the in-
spiratory valve so that the subjects had to generate a negative
threshold pressure of 80% of their PImax.34 The participants
were instructed to inspire maximally and as rapidly as possible.
Verbal encouragement was given to ensure that subjects
worked maximally and to maintain a constant respiratory
rhythm. The end of the task was signaled by failure of the
subject to sustain the breathing task despite encouragement of
the investigator. The time to this point of task failure was re-
corded as the endurance time.35 For pragmatic reasons, the
maximum length of the protocol was set at 600 seconds. An
adapted Borg scale (from 0 to 10) was chosen to evaluate the
respiratory effort during inspiratory loading.36

Experiment Protocol
The experimental set up is shown in Figure 2. All participants
had to stand barefoot on the force plate with their hands re-
laxed and at their sides. The feet positions were marked on a
plastic sheet in order to ensure standardization throughout the
experiment. The vision of the subjects was occluded by non-
transparent glasses and subjects were asked to keep their gaze
in a straight-ahead direction. We did not focus on occluding the
vestibular sense since no large accelerations/decelerations of
the head are expected during quiet standing. Therefore, the
vestibular organ plays a negligible role in these postural condi-
tions. Subjects were instructed to try to maintain their balance
at all times during the experiment and an investigator stood
next to the subject during the trial to prevent actual falls.

Each subject was tested in following 2 conditions: (1) con-
trol condition and (2) IMF condition. Each condition involved
4 trials that are summarized in Table 2. All trials were per-
formed on stable (Figure 2A) and unstable support surface
(Figure 2B). Trial 1 (no vision) served as a baseline. In trial 2,
the effect of a ballistic bilateral arm anteflexion (after 15 sec-

Figure 1. Inspiratory muscles fatiguing protocol. Patient consent
obtained.

Figure 2. A, Stable support sur-
face (lumbar paraspinal muscles
vibration). B, Unstable support
surface (triceps surae muscles
vibration). Patient consent ob-
tained.
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onds) on postural stability was evaluated. In trials 3 and 4,
mechanical muscle vibration (of TS muscles and LP muscles,
respectively) started at 15 seconds, lasted for 15 seconds, and
data collection continued for 30 seconds. For the unstable sup-
port condition, a foam (Airex balance pad; 49.5 cm length �
40.5 cm width � 6.5 cm thick) was used to decrease the reli-
ability of ankle proprioception. The CNS decreases the reliance
on proprioceptive input when this source of signals is con-
founded by support surface stability (ankle proprioception). In
this way, the CNS was forced to use other proprioceptive sig-
nals to provide postural control.25 In the second condition, all
postural balance measurements were repeated following acute
IMF. Thus, the IMF protocol described above was used before
the stable support surface trials and was repeated before the
unstable support surface trials. All trials were completed on the
same day.

Data Reduction and Data Analysis
Postural balance measurements were calculated using Spike 2
software and Microsoft Excel. Displacements of the CoP in
anterior-posterior direction were estimated from the raw force
plate data using the equation: CoP � Mx/Fz. Root mean square
values of the CoP displacements were used for the analysis of
postural stability measures and mean values were calculated
for both vibration trials to analyze the expected directional
effect. The ratios of the CoP displacements of the TS muscles
vibration trial regard to the LP muscles vibration trial were
calculated to determine the proprioceptive postural control
strategy, using the following equation: RW TS/LP � absolute
TS/(absolute TS � absolute LP). In this equation, RW refers to
the relative proprioceptive weighting ratio. A RW outcome of 1
indicates use of a 100% ankle muscles steered proprioceptive
control strategy. An outcome of 0 indicates the use of a 100%
LP muscles steered proprioceptive control strategy.

A t test was used to examine differences in baseline charac-
teristics between the 2 groups (Table 1). A repeated measures

analysis of variance was used to examine between-subjects and
within-subjects differences. When a significant main or interac-
tion effect was found, a post hoc test was performed to further
analyze these results in detail. Statistical analysis was per-
formed with Statistica 8.0 (Statsoft, OK). The level of signifi-
cance was set at P � 0.05.

Results

Inspiratory Muscles Endurance
There was no significant difference in inspiratory muscle
endurance time between the LBP group (322.8 � 213.4
seconds) and the control group (399.1 � 209.1 second),
although there was a trend for endurance to be lower in
the LBP group (F(1, 26) � 2.44, P � 0.087). About 12
subjects (58% of the controls, 31% of the LBP subjects)
reached the maximal endurance time of 600 seconds.
During the IMF breathing task, no difference in breath-
ing effort was found between the control group (7.7 �
1.9) and LBP group (7.6 � 1.0), neither between the
subjects who reached 600 seconds (7.3 � 1.4) and the
subjects who did not (7.9 � 0.7), for the reason that all
Borg scores denote “very strong” breathing effort sensa-
tion.

Postural Stability Measures
Compared with the unfatigued condition, control sub-
jects show an increased postural sway when the inspira-
tory muscles were fatigued, although this was only ob-
served when standing on an unstable support surface
(P � 0.0002) (Table 2: trial 1–2). Table 3 presents in
more detail the mean root mean square values for both
conditions (unfatigued and IMF) in both experimental
groups.

Proprioceptive Postural Control Strategies
Figure 3 compares the proprioceptive postural control
strategies for all conditions (Table 2: trial 3–4). In the
unfatigued condition, control subjects used an ankle
steered proprioceptive control strategy on a stable sup-
port surface (RW TS/LP: 0.73 � 0.11), but switched to a
multisegmental control strategy on an unstable support
surface (RW TS/LP: 0.52 � 0.16). In contrast, after IMF
the control group demonstrated an even greater reliance
on ankle steered proprioceptive control, both on the sta-

Table 2. Experimental Protocol

Trial Description

1 Upright stance, without vision (30 sec)
2 Upright stance, ballistic bilateral arm anteflexion, without vision

(at 30 sec)
3 Upright stance, bilateral triceps surae muscles vibration, without

vision (60 sec)
4 Upright stance, bilateral lumbar paraspinal muscles vibration,

without vision (60 sec)

Table 3. Mean Root Mean Square (RMS) Values With Standard Deviations (SD) for the Postural Stability Trials During
Standing on Stable and Unstable Support Surface

Group Support Surface Trial

Unfatigued IMF

F PRMS (m) SD RMS (m) SD

Control Stable 1 0.071 0.040 0.089 0.040 4.090 0.082
2 0.070 0.038 0.081 0.038 0.210 0.648

Unstable 1 0.081 0.025 0.140 0.027 26.350 0.0002
2 0.079 0.028 0.126 0.027 15.100 0.0002

LBP Stable 1 0.079 0.039 0.078 0.045 4.090 0.998
2 0.074 0.036 0.080 0.044 0.210 0.648

Unstable 1 0.123 0.033 0.132 0.035 26.350 0.545
2 0.131 0.280 0.136 0.023 15.100 0.870

IMF indicates inspiratory muscles fatigue; LBP, low back pain.
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ble (RW TS/LP: 0.80 � 0.10) and unstable support sur-
face (RW TS/LP: 0.70 � 0.12). In other words, after
IMF, control subjects decreased their reliance on propri-
oceptive signals from the low back in both the stable
(P � 0.007) and unstable (P � 0.0007) conditions. In
contrast, in the LBP group, there was no difference in
RW following IMF on either the stable (P � 0.1) or
unstable surface (P � 0.6). Indeed, the LBP group were
already very reliant on ankle steered postural control in
unfatigued condition on both the stable (RW TS/LP:
0.85 � 0.07) and unstable support surface (RW TS/LP:
0.86 � 0.07), and maintained this proprioceptive con-
trol strategy after IMF (RW TS/LP: 0.89 � 0.06, RW
TS/LP: 0.90 � 0.05, respectively).

Discussion

Our main finding was that after IMF control subjects
decreased their reliance on proprioceptive signals from
the low back when standing on an unstable support sur-
face. This proprioceptive postural control strategy re-
sembled that used by people with LBP. As in people with
LBP, adopting this postural control strategy induced a
reduction in postural stability. People with LBP show the
same ankle steered postural control strategy and reduced
postural stability in the unfatigued and IMF states.

Postural Control During Acute IMF
Regarding postural stability measures, no significant dif-
ferences in CoP displacement were observed between the
unfatigued and IMF condition while standing on a stable
support surface. In contrast, on an unstable support sur-
face, IMF increased postural sway significantly, although
only in the control group. These results are in agreement
with a previous finding where differences in postural con-
trol could only be found when the task involved in-
creased complexity.37

The increased CoP displacement following IMF may be
the result of a change in the proprioceptive postural control
strategy, which was manifest in the relative proprioceptive
weighting ratio. In control subjects, the ratio (RW TS/LP:
mean CoP displacement during ankle vibration over low
back vibration) significantly increased following IMF. This
calculated ratio implies that ankle proprioception plays a
dominant role in postural control following IMF, likely
because input from the low back becomes less reliable. Due
to centrally organized reweighting, the control subjects dis-
played a tendency to use a rigid postural control strategy
(i.e., ankle-strategy), which was similar to that employed by
people with LBP in an unfatigued state.8 In other words, a
way to compensate for proprioceptive deficits is to shift the
focus of reliance from a less reliable proprioceptive input to
other regions with more reliable inputs.25 Following IMF,
increased use of ankle signals suggests that the ability to
switch from “single segment” control to a more complex
multisegmental control is challenged.

Recent studies suggest that, under changing postural
conditions, people with LBP exhibit an ankle steered pos-
tural control strategy.7,9 Interestingly, in our group of sub-
jects with LBP, IMF failed to induce any greater reliance on
ankle steered postural control. A possible explanation is
that these subjects were already exploiting this strategy to
its maximum effect. This finding does not rule out that
inspiratory muscle training can improve postural control in
people with LBP, and thus adjust the treatment of LBP.
However, this hypothesis requires further investigation.

The physiological changes associated with muscle
fatigue provided possible underlying mechanisms to
explain the impaired multisegmental control follow-
ing IMF. Localized muscle fatigue can impair postural
control directly through the inability to produce or
sustain a required muscle output.12 Indirectly, it influ-

Figure 3. Relative weighting ra-
tios from ankle over low back
vibration (RW TS/LP) in unfa-
tigued and inspiratory muscles
f a t i g u e d ( I M F ) c o n d i t i o n
(Mean � SD; **P � 0.01, ***P �
0.001).
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ences postural control through changes in propriocep-
tion. The properties of the muscle spindles change,38

which can affect proprioception through supraspinal
projections and, in order to control posture, the cen-
tral motor commands change to compensate (e.g., spa-
tial sensory reweighting).12,14

Previous studies suggest that the diaphragm plays an
important role in maintaining an upright posture, and in
stabilizing the spine under conditions of postural chal-
lenge and loading.19,39 The present data support the im-
portance of this postural role for the diaphragm, and
suggest that specific fatigue of the inspiratory muscles
may impair this function. Since postural control is im-
paired in persons with LBP and IMF impairs postural
control, the present study allows speculation on a poten-
tial mechanism for the proprioceptive deficit in persons
with LBP. The mechanisms underlying this deficit fol-
lowing IMF require further investigation.

Limitations
The principal limitation of our study was the failure to
verify the presence of IMF following the loaded breathing
task. However, the task in question was extremely chal-
lenging, and we believe that it is very unlikely that partici-
pants were not in a state of IMF after breathing against a
substantial inspiratory load for 600 seconds, or to task fail-
ure. In addition, our evaluation of IMF (constant-load re-
sistive breathing test to task failure) seems to be the only
noninvasive test to securely assess IMF.35 Nevertheless, to
provide definitive evidence of diaphragmatic fatigue, we
suggest future studies to record transdiaphragmatic pres-
sures and evoked potential responses to bilateral phrenic
nerve magnetic stimulation.40 Second, we acknowledge
that the results of this study cannot be generalized to a
more typical population with LBP. However, the find-
ings of this study might support clarifying the under-
lying mechanisms of the high recurrence rate of LBP.
Therefore, future research (with a larger sample size)
studying older persons with higher disability would
further test the proposed clinical implementation.

Conclusion

The results of the present study show that during postural
perturbation, IMF has a negative effect on postural stability
in healthy subjects. Due to reweighting, they tend to use a
rigid postural control strategy over a more effective “mul-
tisegmental control”-strategy. This resembles the behavior
of people with LBP during an unfatigued condition. Our
findings might shed some light on a potential underlying
mechanism of nonspecific recurrent LBP.

Key Points

● The influence of inspiratory muscles fatigue on
postural control was observed in people with
and without recurrent low back pain under dif-
ferent support surface trials.

● Ratios of mean center of pressure displacement
during triceps surae muscles vibration over lum-
bar paraspinal muscles vibration determined the
spatial proprioceptive reweighting.

● Following inspiratory muscles fatigue, healthy
individuals show a rigid proprioceptive postural
control strategy (ankle steered), which resembles
that used by people with low back pain.
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