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RESEARCH ARTICLE

Posturography as an Indicator of Fatigue Due to
Sleep Deprivation

Yair Morad, Bella Azaria, Isaac Avni, Yaniv Barkana,
David Zadok, Reuven Kohen-Raz, and Erez Barenboim

MORAD Y, AZARIA B, AVNI I, BARKANA Y, ZADOK D, KOHEN-RAZ R,
BARENBOIM E. Posturography as an Indicator of Fatigue Due to Sleep
Deprivation. Aviat Space Environ Med 2007; 00:000–00.

Background: Fatigue is one of the main causes for accidents in
transportation. This study was designed to assess the efficacy of a short
objective posturographic test as an indicator of fatigue due to sleep
deprivation. Objectives: To assess the efficiency of a short objective
posturographic test as an indicator of fatigue due to sleep deprivation.
Methods: Postural control was measured using four-plate posturograhy
with eyes open and eyes closed. Over a period of 26 h of sleep
deprivation (from 08:00 to 10:00 the following day) 12 subjects were
studied 10 times. The posturographic data were correlated with a sub-
jective fatigue assessed by means of the Stanford Sleepiness Score.
Results: Stability and sway intensity while eyes were closed showed a
statistically significant circadian pattern with a peak at early morning
hours and a recovery at 10:00 the following day. When eyes were open,
only changes within the medium-low frequency band (0.1–0.05 Hz),
believed to be linked with vestibular function, reached statistical signif-
icance. The Subjective Feeling Scale pattern was similar to the postural
parameters, but with an absence of recovery at 10:00 the following day.
Excluding this point, significant correlations were found between pos-
turography with eyes closed and this scale. Conclusions: Fatigue caused
by sleep deprivation can be objectively assessed by a short, non-inva-
sive, postural test. The vestibular function appears to be relatively more
strongly affected by fatigue than the visual and somato-sensory sub-
systems. Occlusion of vision appears to enhance the effect of fatigue on
postural performance. Our results may imply that this test could be used
as an efficient screening tool for detection of fatigue.
Keywords: fatigue, sleep derivation, vigilance, posturography.

“PERFORMANCE FATIGUE” is defined by
Brown (5) “as the subjective experience of in-

dividuals who are obliged . . . to continue working
beyond the point at which they are confident of per-
forming their task efficiently.” This has become an
issue of major concern in technological society, as the
majority of contemporary occupations and jobs re-
quire optimal attention and alertness during an ex-
tended span of time, including night shifts. It was
shown that sleep deprivation can cause cognitive and
judgmental errors (17). Hence a decline of perfor-
mance to the extent of failing to respond to critical
cues of the operational setting may be fatal (19).
Fatigue and weakened vigilance have been reported
to be one of the main causes for accidents in aviation
as well as in ground transportation (16,26). More
specifically, decreased performance related to sleep
deprivation and circadian disruption has been impli-
cated in some major disasters, such as the Exxon
Valdez and Bhopal accidents (25).

Although levels of fatigue can be subjectively as-
sessed, it was shown that such an evaluation does not
reflect the objective, physiological status of the tired
person, mainly because subjective reports are biased by
motivation, personal factors, experience, training, etc.
(18). Hence it is obvious that fatigue must be measured
with objective methods. There are several physiological
parameters that were reported to be influenced by fa-
tigue, and several of them were actually tested, such as
electrocardiogram, electroencephalogram (10,32), rectal
temperature (21,30), BP (32), etc. However, none of
these assessment methods gained popular use. This is
due to several drawbacks such as inconvenience of use,
difficulties in interpretation of data, impractical use in
field settings, and other reasons that eventually made
all these methods non-cost-effective. In light of this,
there is an urgent need to find a practicable, non-inva-
sive, but reliable tool to measure fatigue, and especially
its critical levels, which involve high risk for accidents.

The postural control system consists of three main
subsystems: vestibular, somatosensory, and visual (4).
Previous studies done by our group (14) and by others
(20,22) have shown that postural control is influenced
by changes in vigilance. The computerized posturo-
graphic test can measure the activity of each of these
three main subsystems (8,27,31), however, the exact
effect of fatigue on those subsystems needed to be
elucidated. The objectives of the present study were the
following: 1) to evaluate the sensitivity of posturo-
graphic parameters to fatigue caused by sleep depriva-
tion in healthy subjects; 2) to validate the posturograhic
measures of fatigue against an external criterion of es-
tablished reliability and validity, i.e., The Stanford
Sleepiness Test (13); and 3) to investigate the possibility
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that two main subsystems of postural control, i.e., the
vestibular and somatosensory, are differently affected
by sleep deprivation.

METHODS

There were 12 volunteers (6 men and 6 women ages
20–60 yr) who were recruited for the study. All were
healthy and did not take any medication, as verified by
medical checkup. Additional exclusion criteria were:
postural problems, minor orthopedic abnormalities,
and suspected sleep disorders, as assessed by a special
questionnaire (33). The Assaf Harofeh Medical Center
Ethics Committee approved the study, and each partic-
ipant gave his informed consent for participation.

Postural control was measured using the FitScan In-
teractive Balance System (Beamed Medical, Petach-
Tikva, Israel, also marketed as Tetrax Interactive Bal-
ance System). This method of posturography is based
on the assessment of the vertical pressure fluctuations
on four independent force plates, each placed beneath
the two heels and toe parts of the subject standing on
them in upright position. The software of the system
measures four basic parameters, obtained by standing
in eight positions. The parameters are:

1. Stability index, which is an indicator of the
amount of sway. It is an equivalent to the tradi-
tional posturographic measures assessing point-
of-gravity deviations.

2. Weight distribution, assessed by calculating the
percentage of weight put on each of the four plat-
forms.

3. Synchronizations, which are mathematical expres-
sions of the interactions between paired traces ob-
tained by comparing the six possible combinations
of the four outputs: heel and toe of each foot (2);
the two heels (1); the two toes (1); and the diago-
nals (2) (heel and contra-lateral toe part). Synchro-
nizations reflect the quality and efficiency of coor-
dination movements of the agonist and antagonist
muscle system of the lower extremities.

4. Fourier transformations measure the intensity of
sway across a spectrum of sway frequencies rang-
ing from 0.01 to 3.00 Hz, using a sampling rate of
32 Hz during 32 s. This spectrum is broken down
into four frequency bands designated as low (0.01–
0.1 Hz), medium-low (0.1–0.5 Hz), medium-high
(0.5–1.00 Hz), and high (1.00–3.00 Hz). As shown
by previous studies (3,8,21,25,29), the power of the
low frequencies is linked with visual control, the
medium-low frequency band is sensitive to vestib-
ular stress and disturbances, the medium-high fre-
quencies reflect somato-sensory input from the
lower extremities, and bursts of high frequencies
are signs of postural tremor caused by muscular
stress or central nervous dysfunctions.

The standard examination protocol includes eight po-
sitions of 32 s duration each. In the present study only
two positions were used: standing with eyes open or
eyes closed, respectively, for an extended experimental
time of 48 s. A more comprehensive and detailed de-

scription of the system is described elsewhere
(14,15,28).

The Stanford Sleepiness Score (13), a self-rating ques-
tionnaire, was used to assess the participant’s feeling of
sleepiness. The scale contains 7 statements describing a
gradually increasing feeling of sleepiness ranging from
“Feeling active and vital; alert; wide-awake” (score 1) to
“Almost in reverie; sleep onset soon; lost struggle to
remain awake” (score 7).

Subjects arrived in the morning, after a normal, full
night’s sleep and were required to stay awake for 26 h,
starting at 08:00 and terminating at 10:00 the next day.
They were given posturographic examinations and an-
swered the fatigue questionnaire according to the fol-
lowing timetable: 08:00, 09:00, 10:00, 23:00, 01:00, 03:00,
05:00, and 08:00, 09:00, and 10:00 the following day. This
timetable allowed us to compare the three first and
three last performances scheduled at identical circadian
time points. During the entire study, all subjects were
under supervision to ensure sleep deprivation. They
were allowed to watch video, read, and eat as desired,
but were not allowed caffeine at any form.

The statistical significance of the results was evalu-
ated by computing the non-parametric Friedman’s
Rank Analysis of Variance for Repeated Measurements,
followed by post hoc paired t-tests. Correlations were
examined using the Spearman Rank Correlation test.
All F values refer to Friedman non-parametric one-way
test of variance for repeated measurements with de-
grees of freedom 11–9.

RESULTS

The subjective feeling of fatigue, as reflected by the
Stanford Sleepiness Score, is presented in Fig. 1. As can
be seen, the Sleepiness Scores have a highly significant
circadian pattern (F � 67.5, p � 0.0001) with a conspic-
uous raise (post hoc t-tests, p � 0.05) at 05:00, persisting
until the end of the experimental period at 10:00. As
shown on Fig. 2A and B, postural stability shows a
similar circadian pattern with a significant peak of de-
stabilization between 05:00 to 08:00 (Post hoc t-tests,
p � 0.05). However, in contrast to the Sleepiness Score,

Fig. 1. Subjective Sleepiness Score vs. clock time for the duration of
the 26-h experiment. White circles on graph show post hoc differences
significant at p � 0.05 between designated circadian time points and
performance on the morning hours preceding the sleepless night.

POSTUROGRAPHY TO INDICATE FATIGUE—MORAD ET AL.
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a rather steep recovery occurs at 10:00. Although with
open eyes the circadian changes in stability do not reach
statistical significance, the same circadian pattern with
occluded vision is highly significant (F � 29.7, p �
0.0005). In both Fig. 1 and 2, the standard deviation
increases sharply at the peaks of the morning fatigue.
This phenomenon is statistical evidence of the individ-
ual variability in coping with sleep deprivation.

Fig. 3 presents the circadian patterns of sway inten-
sity at three frequency ranges of the Fourier spectrum
for the position with eyes closed (the circadian pattern
of the lowest frequency range—below 0.1 Hz—was not
affected by the experimental intervention and is not
plotted). The circadian changes of the medium-low fre-
quency range (0.1 to 0.5 Hz) were significant with eyes
open (F � 18.3, p � 0.03; data not plotted), as well with
eyes closed (F � 21, p � 0.01), while the higher part of
the spectrum (0.5 to 3.0 Hz) was affected by fatigue only
with occluded vision (F � 23, p � 0.01, F � 19, p �
0.03). Standard deviations are not shown on Fig. 3, as
they would interfere with the clarity of the graphical
presentation.

As already noted, all posturographic measures show
a stage of recovery toward the last test at 10:00 the
following morning; however, this recovery is not seen
on the Subjective Sleepiness Score. For this reason, cor-
relations between the Subjective Sleepiness Score and
posturography were computed with exclusion of the

last examination. These correlations were statistically
significant for the closed eyes condition. The parameter
of diagonal weight shift (Fig. 4), while not showing
statistically significant changes, revealed a definitive
circadian pattern with a raise which started at 23:00,
shortly reverted at 01:00, and thereafter followed the
trend of the other postural parameters with a peak
toward early morning and a recovery at 10:00 the next
day. The parameter of synchronization was not affected
by fatigue and did not show any systematic circadian
trends (data not tabulated).

DISCUSSION

Our results support the first hypothesis, showing that
the two basic parameters of stability index and Fourier
sway intensities are sensitive to sleep deprivation. This
is documented statistically by the significant tests of
variance between the repeated measurements, further
visible in a conspicuous increase of sway at early morn-
ing, and also evident when comparing by post hoc
t-tests the two examinations at the identical circadian
time points at 08:00 and 09:00, one before and the sec-
ond after a sleepless night. It should be noted that
occlusion of vision drastically enhances the effect of
fatigue on stability (p � 0.0005), while with eyes open it
drops to the insignificant level of p � 0.1. In two stud-
ies, one from our group (1) and the other carried out in
Japan (22), statistically significant results were also re-
ported for stability measures with eyes open.

A third parameter, diagonal weight shift, which is a
derivative of the weight distribution scores, reveals cir-
cadian changes which are partly different from those
shown by the other two parameters, i.e., the score had
started to decline already at 23:00, but otherwise fol-
lowed the same posturographic trend (Fig. 4). Although
these circadian variations were not statistically signifi-
cant (p � 0.1), we feel that this finding should not be
dismissed in light of the outcome of two pervious stud-
ies: one reporting significant relationships of this mea-
sure with sleep disturbances such as sleep apnea (2),
and the other demonstrating significant correlations be-
tween weight shift scores and fighter pilot’s evaluation
of vigilance, concentration, and sensation of stress dur-
ing flight, as assessed by a self rating scale (11). In both
of these studies, as well as in the present one, stress,

Fig. 3. Three different ranges of postural sway (sway intensity in
decibels of pressure fluctuations) while standing with eyes closed vs.
clock time for the duration of the 26-h experiment.

Fig. 2. Stability (mean vertical pressure fluctuation normalized by
subject weight) vs. clock time for the duration of the 26-h experiment. A)
Eyes open. B) Eyes closed. White circles on graph show post hoc
differences significant at p � 0.05 between designated circadian time
points and performance on the morning hours preceding the sleepless
night.

POSTUROGRAPHY TO INDICATE FATIGUE—MORAD ET AL.
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fatigue, sleep deprivation, etc., are linked with a weight
shift from the right toe (anterior right weight displace-
ment) to the left heel (posterior right weight displace-
ment), which can be explained by the decline of vigi-
lance leading to leaning backwards, seeking support on
the left “pillar” foot (12).

The correlations found between the postural scores
and the universally established Subjective Sleepiness
Score represents a satisfactory validation of the postural
examination against an external criterion, which is
strictly behavioral, albeit completely subjective. The
discrepancy between the results of the two instruments
at 10:00 of the second day, i.e., the presence of recovery
on the posturographic test against its negation in the
self-report, is interesting and plausible. A possible ex-
planation for this discrepancy is that the subjective
score may reflect what a person thinks “he should feel”
after a sleepless night, while the objective postural score
tells us the actual situation.

In this context we reported that in our study men-
tioned above (1), the stability measures correlated sig-
nificantly with the performance on another indepen-
dent physiological measure of fatigue caused by sleep
deprivation, the Psychomotor Vigilance Test (PVT, Am-
bulatory Monitoring, Ardsley, NY). This is a widely
used device that was shown to assess cognitive perfor-
mance during fatigue by measurements of reaction time
(9,18). In the same study it was shown that the circadian
plots of stability and the plots of circadian variations of
body temperature, as reported Nakano et al. (22), over-
lap. This finding can be interpreted as a genuine, albeit
indirect, validation of the posturographic responses in
relation to this well-documented physiological re-
sponse to fatigue caused by sleep deprivation (29).

The differential sensitivity of the postural subsystems
to fatigue, as reflected by differences in sway intensities
within the Fourier Spectrum were partly confirmed by
our findings. When eyes were open, the medium-low
frequency band, believed to be linked with the vestib-
ular system, showed significant circadian changes
which were absent in the higher part of the spectrum.
With occluded vision, significant responses also ap-
peared within the frequency ranges above 0.5 Hz, re-
flecting somatosensory involvement (Fig. 3B). This ob-
servation on the apparent enhanced effect of sleep
deprivation on the vestibular subsystem was also doc-
umented in our previous study (1), which used condi-
tions designed to create additional stress on the pos-
tural system (visual occlusion together with standing

on soft pads and toe lifting). During the entire study,
the significant predominance of circadian changes in
the medium-low frequency band in comparison to the
high frequencies was well established. Similar observa-
tions were also reported by Shub et al. (23) in his study
on 36 h of sleep deprivation while operating a flight
simulator. The authors reported that the circadian
rhythm of the sway intensity below 0.5 Hz, which was
equal to the circadian rhythm of the simulator perfor-
mance, showed a peak to peak distance of 12 h, while
this difference was 24 h for the high frequency range
(1.00–3.00 Hz). Interestingly, another study that ex-
plored muscular fatigue induced by continuous toe lift-
ing and not sleep deprivation, showed a similar raise in
the post-experimental Fourier Spectrum below 0.5 Hz,
while the pre- and post-experimental graphic plots
above 0.5 Hz completely overlapped (7).

Obviously the above findings, which appear to be
congruent, are still far from offering firm and systemic
evidence that the main sub-mechanisms of postural
control have different thresholds and vulnerabilities to
sleep deprivation, fatigue, or stress, with the vestibular
system suspected of being the most sensitive. Further
research on this issue appears to be of high priority,
especially in light of the central role of appropriate
vestibular control in pilots during flight (6,24).

Finally, we draw attention to the concomitant in-
crease of SDs of all parameters used in this study
with the decline of alertness, which we believe dem-
onstrates the individual variability in coping with
sleep deprivation. The conclusion from this phenom-
enon is, in our opinion, that in order to measure
fatigue objectively, these individual differences must
be taken into consideration by establishing and stor-
ing individual baseline values into the database of the
fitness-scanning instrument. In the instrument which
was actually developed by our group, this principal
is implemented. A baseline posturography value
which includes the average values of several postu-
rography tests is stored for each individual, and com-
pared with the results of the posturography results
performed when fatigue is analyzed.

In conclusion, the results of this study show that from
a pragmatic point of view, posturography has a prom-
ising potential to be used as a practical, quick, and easy
measure for “Fitness-for-Duty” determinations in occu-
pations where continued alertness on the job is critical,
e.g., transportation or heavy equipment operators, con-
trol room operators, etc. In addition, from a perspective
of basic research, the vestibular function appears to be
relatively more strongly affected by fatigue than the
visual and somato-sensory subsystems and occlusion of
vision appears to enhance the effect of fatigue on pos-
tural performance.
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AQ1—Author: Is Ardsley the correct city in New York where Ambulatory Monitoring is located? If not, please
provide.

AQ2—Author: Is Tel Hashomer the city in Israel where the IAF is located? If not, please provide. (Reports must have
author(s), title, city and state or country of publisher, publisher’s name, and year of publication per our reference
style sheet.)

AQ3—Author: In Ref. #18, is Washington, DC, the correct city and state where the Research and Technology Div.
of the Federal Motor Carrier Safety Administration is? If not, please provide.

AQ4—Author: In Ref. #23, is Columbus, OH, where the symposium took place? If not, please provide city and state
where symposium was held.

AQ5—Author: In Ref. #33, what is the title of the chapter/article/etc. being cited here? For the proceedings, what
is/are the last name(s) and intials of the editors? Is Verlag the publisher or the last name of an editor? Was the
conference held in Holland? If not, please provide city and state or country where it was held. Who published the
proceedings and where are they located (city and state or country)?
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