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Abstract⎯Effects of different visual conditions on the vertical posture maintenance were compared in subjects standing on a firm or compliant surface. These visual conditions included a motionless visual environment (MVE), eyes-closed condition (EC), and a virtual visual environment (VVE). The VVE consisted of two
planes: the foreground and background. The foreground displayed a room window with adjacent walls, and
the background was represented by an aqueduct with the adjacent landscape. The VVE was destabilized by
inducing either the cophased or the antiphased relation between the foreground of the visual scene and the
body sway. We evaluated changes in the amplitude spectra of two elementary variables calculated from the
trajectories of the plantar center of pressure (CoP) displacements in the anteroposterior and lateral directions,
namely, the trajectories for the center of gravity projections on the support (the CG variable) and the differences between the CoP and CG trajectories (the CoP–CG variable).The CG trajectory was considered as a
controlled variable, and the difference between the CoP and CG trajectories were considered as a variable
related to the body acceleration and reflecting changes in the resultant stiffness in ankle joints. The rootmean-square (RMS) values for the spectra of both variables calculated from the body sway in the anteroposterior direction in standing on a firm support decreased proportionately with antiphased relation between the
foreground and the body sway and increased with the cophased relation, compared with the RMS calculated
for the MVE conditions. RMS for the spectra of the CG variable in the cophased relation were nearly the
same, as in standing with eyes closed (EC), while the RMS for the spectra of the CoP–CG variable were significantly less than with EC. The body sway during standing on a compliant support significantly increased
in both the anteroposterior and the lateral directions under all visual conditions. RMS for the spectra of both
variables with EC increased considerably higher than in the cophased relation. Furthermore, the RMS for the
spectra of the CG variable calculated from the body sway in the lateral direction on a compliant support was
substantially higher in the antiphased relation than in the cophased relation, whereas the RMS for the spectra
of the CoP–CG variable under both conditions had similar values. The analysis of body sway and the results
under some visual conditions have shown that the amplitude characteristics of the CG and CoP–CG variables changed not always proportionately with the passage from standing on a firm support to a compliant
support. It is suggested that the found disproportion of changes in these two variables is probably associated
with the contribution of another additional factor to the process of postural control, the passive elastic component of musculo-articular stiffness generated by fascial-tendon tissues.
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A human vertical posture is naturally unstable, due
to the high position of the center of gravity (CG) relative to the support and the body multisegment structure. Small deviations from the suitability of the body
vertical position lead to the emergence of spin
momentum due to the force of gravity. The latter acts
on the body and makes it to deviate still farther from its
vertical posture, but muscular corrective responses
secure the recovery of verticality by the body. The process of triggering muscle responses to counterbalance
the natural postural instability and generate the postural correction forces are so far quite unclear, as is the
mechanism underlying interactions between the sen-

sory and locomotor systems in this process [1, 2]. Nevertheless, the human central nervous system (CNS)
successfully solves the posture maintenance problem
in the majority of cases, coordinating the muscular
activity of the legs and body by the information coming from the vestibular, proprioceptive, and visual sensory systems [1–4].
Regarding visual information, its presence is not
compulsory for the vertical posture maintenance,
although switching off vision considerably deteriorates
the quality of standing [5–9]. The visual system participates in solving the postural stabilization problem,
using different mechanisms. On the one hand, vision
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directly participates in the assessment of the value,
rate, and direction of body sway [10–13], using the
mechanisms of feedback and feedforward control [14].
On the other hand, vision can nonspecifically affect
the postural regulation system. This is indicated, in
particular, by the fact that closing the eyes in darkness,
when vision cannot be useful for postural stabilization,
may lead to further deterioration in the quality of
standing [15]. On the contrary, opening the eyes in full
darkness leads to a better posture maintenance, compared with standing with eyes closed [16]. These and
other observations have allowed some authors to suggest [17–20] that visual effects, including nonspecific
ones, are mainly realized through the regulation of
musculo-articular stiffness (primarily, in the joints of
lower limbs) and mediated by changes either in the
levels of tonic contraction in the corresponding postural muscles or in the level of the amplification coefficients in the vestibular and/or proprioceptive subsystems of postural regulation. The results reported by
these studies merely indirectly confirmed the mentioned suggestion. For example, evaluating postural
responses to vestibular stimulation in standing with
the eyes open and closed (EO and EC, respectively),
Fitzpatrick et al. [19] have found that the span of the
body background sway and the value of responses to a
stimulation proportionately increase under the EC
conditions, which is interpreted as a nonspecific EC
effect on muscular stiffness.
We attempted in our study to determine whether
the principle of proportionality between changes in
musculo-articular stiffness and the body sway is preserved against the background of more integrated
visual stimuli acting on a vertical posture under more
complex conditions.
We used the EC condition and three conditions of
“immersion” into a virtual visual environment as the
visual conditions when visual environment was either
motionless or nonstationary due to the inclusion of
cophased (CR) or antiphased relation (AR) between
the environment and the body sway. The compliant
support was selected based on the results of our earlier
study [21], in which we showed that, during posture
maintenance on such a support, under the conditions
of motionless visual environment the relative contribution of elementary variables was somewhat different
from that on a firm support.
We evaluated changes in the spectra of two elementary variables estimated from the plantar center of
pressure (CoP) displacements. The first variable
described displacements of the vertical projection of
the body CG (CG variable) and was a controlled value
[22, 23], while the second one was the difference
between the plantar CoP and CG (the CoP–CG variable), which allowed us to judge the changes in the
resultant musculo- articular stiffness in the ankle
joints [22–25].
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METHODS
Fourteen apparently healthy subjects, including
eight men (with the mean age of 42.6 ± 5.6 years) and
six women (with the mean age of 44.0 ± 6.2 years),
without visual pathology or a history of any neurological disease, participated in the study. They were previously informed about the content and procedure of
the experiments and gave their written consent to the
participation in the study. The subjects had to keep a
comfortable vertical posture during tests, standing on
the square platform of a stabilograph (40 × 40 сm, Stabiloplatforma-2, Design Bureau, Research Engineering Institute (RII), Balashikha, Russia), by which the
changes in the position of the plantar CoP on the support were recorded. The subject’s feet were in a comfortable position and were turned towards each other
at an angle of 20–30 degrees, while the distance
between the heels was 6–8 cm.
Trying to maintain their vertical posture, the subjects were looking at the screen (1.5 m high and 2 m
wide), made of a fabric minimally depolarizing the
falling light (the silverscreen). Using the so-called passive technique [26], a 3D stereoscopic image based on
the light-induced polarization effect was generated on
the screen. In particular, two images of the same
scene—a window view on an aqueduct—were simultaneously projected on the screen with two projectors
(Sharp XR-10X), supplied with polarized filters and
orthogonally oriented relative to each other. The subjects and the projectors were located on the same side
relative to the screen. During the tests, the subjects
wore glasses with 3DS-GS (Panorama) polarizing filters (Stel—Computer Systems, Moscow) with the
interleaving rate of 120 Hz, oriented in parallel to the
corresponding filters of projectors, which provided 3D
perception. The field of view (FoV) of the subjects was
limited by the glasses at about 60° vertically and 80°
horizontally and did not go beyond the screen limits.
Due to these limitations, the subjects could see only a
virtual 3D picture, which included two planes. The
first plane was a window of a room with adjacent walls,
while the second one was an aqueduct with its surrounding locality. The distance of the foreground
image from the subject was 1.2 m, while the second
(background) plane was at a distance of 20 m. Thus,
subjects could orient themselves only within the presented VVE. During testing the posture maintenance,
subjects were asked to look at the static background,
approximately at the center of the screen and use it as
the reference system element.
To study the vertical posture maintenance in the
VVE displacements, which are cophasally and antiphasally related to body sway, we used the technique of
a more complete “immersion” of subjects into virtual
reality. For this purpose, the foreground position of
VVE in the lateral and anteroposterior directions made
the CoP dependent on low-frequency (below 1 Hz)
fluctuations in the corresponding planes. Such an
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attribution (relation) led to a situation when foreground deviations of VVE took place almost simultaneously (with a delay of 25 ms) with the body sway.
The relation of the VVE foreground with body sway
allowed the experimenter to set, prior to each test, the
direction (antiphased or cophased) of VVE foreground
deviations. In this study, the coefficient of relation
between the VVE foreground deviations and the body
sway was equal to 2; i.е., if the body deviated in the
anteroposterior direction, e.g., to 1 сm, the VVE foreground deviated to 2 сm. We showed earlier that the
subjects who corrected their postures under such conditions involuntarily used the mobile VVE foreground
as a baseline to set up a reference system, and, thus,
destabilized their postures, compared to the normal
visual conditions [8]. The manipulation with the
direction of relation between the body sway and VVE
led to a situation when the subjects, according to their
verbal reports, perceived the outer environment, on
the whole, as nonstationary, despite the presence of
the static background.
The CoP trajectory derived with the stabilograph
pressure sensors was converted from the analogue
form into the digital one at a sampling rate of 100 Hz
and then saved to a PC. In subsequent analysis, this
trajectory was deployed as a sum of two time-related
functions along each (lateral and anteroposterior) axis.
The vertical posture maintenance was assessed by analyzing changes in the amplitude–frequency characteristics of two elementary variables calculated from the
CoP movements on the support. One of the two was
the vertical CG projection trajectory (CG variable),
while the other trajectory was the difference between
the CoP and CG trajectories (the CoP–CG variable).
We used the approach suggested in the study [27] and
described in detail and used in a series of studies [23,
25, 28] for the calculation of these trajectories. Therefore, only the main principles of this approach are
described below.
The method for the estimation of the indicated elementary variables is based on the idea that there is a
clear dependence of changes in the amplitude of CG
and CoP displacements on the frequency of fluctuations. In particular, it has been shown [23, 24, 27] that
the ratio between the amplitudes of these variables
(CG/CoP) is the highest, approximating 1.0, at the
minimum fluctuation frequencies (close to 0.0 Hz)
and the lowest, approximating 0.0, at the maximum
frequencies (above 3 Hz). It is easy to conclude that
the relatively high-frequency CoP fluctuations did not
affect the value of CG fluctuations. Actually, as was
experimentally shown in the cited studies, the CoP
fluctuations at frequencies of above 0.5 Hz were not,
in fact, reflected on the value of CG fluctuations. Proceeding from this understanding, we used the low-frequency filtration method expressing the ratio between
the amplitudes of CG and CoP fluctuations and
reflecting the relation between the CoP fluctuation

frequency and body sway to derive elementary variables [23, 25, 27]. Subsequently, analyzing the experimental results, the CG movements were considered as
a controlled variable, while the CoP–CG difference,
as a variable related to the body acceleration and
reflecting changes in the resultant musculo-articular
stiffness in ankle joints [22, 23, 25]. The effect of visual
conditions on the process of vertical posture maintenance was assessed, analyzing changes in the median
frequency (MF) and root-mean-square value (RMS)
of the amplitude spectra within 0–0.5 Hz for the CG
variable and 0–3.0 Hz for the CoP–CG variable.
The program for the CoP fluctuation frequency filtration to distinguish CG and CoP–CG variables and
their subsequent estimation, based on the MF and
RMS of fluctuation spectra, was written in the Matlab
environment.
The subjects were instructed during testing the process of posture maintenance: “Choose a small fragment of the aqueduct at the eye level on the background
and look at this fragment during test performance,”
minimizing the body sway as much as possible. CR or
AR between the visual environment and body sway in
individual tests were set up at random. The tests with
the adjustment of the VVE foreground to the body
sway alternated with the tests in MVE and tests with
the visual control completely suspended (EC condition). Under the MVE conditions, the subjects were
standing in the same stereoscopic glasses, and the FoV
was limited by the same boundaries as in the relation
of body sway with the foreground. They looked at the
image of the same virtual 3D scene on the screen, but
neither of its planes was connected with the body sway.
According to the test program, the subjects were
standing first on a firm and then on a compliant platform. The compliant platform was designed using a
10-cm-thick square plate of foam rubber, which was
placed on the platform of stabilograph and covered by
a 10-mm-thick plywood sheet; the sizes of the plates
were identical to the sizes of the stabilograph platform.
The pliancy of foam rubber reached nearly 3 сm at a
pressure of 0.5 N/сm2.
The subjects performed 28 tests during the experiment: 14 tests on the firm platform and 14 tests on the
compliant platform. In total, four tests were performed
with AR and four tests with CR between the VVE foreground and the body sway, as well as three tests in the
MVE and three tests under the EC conditions. The
recording time for a stabilogram was 40 s in the run.
The interval between the tests lasted for nearly 1 min,
and, after every four or five tests, the subjects took rest
in a sitting position, not changing their plantar position. Visual conditions in each half of the experiment
rotated at random.
The individual mean values for all tests were calculated from the derived data for each visual condition,
and the group mean values were then calculated. Oneway ANOVA was used to assess statistically the global
HUMAN PHYSIOLOGY

Vol. 42

No. 6

2016

SPECTRAL ANALYSIS OF THE HUMAN

1.0

Firm support

0.8

1.0
CG
CoP–CG

0.6

0.2

0.2
EC

AR

CR

CG
CoP–CG

0.6
0.4

MVE

Податливая support

0.8

0.4

0

629

0

MVE

EC

AR

CR

Fig. 1. Mean RMS values for the spectra of CG and CoP–CG variables and their standard errors calculated from the body sway
in the motionless visual environment (MVE), eyes closed in a dark room (EC), antiphased relation (AR) and cophased relation
(СR) of the VVE fluctuations with body sway. The ordinate axis shows the amplitude of sway in mm.

effect of the “visual control condition” and “support
type” factors on the analyzed variables. The significance of differences between RMS and MF in the
paired comparison of visual conditions was assessed by
post-hoc analysis, using the paired two-sample t test
for means.
RESULTS
Analysis of the RMS for the Spectra of the Variables Studied Estimated from the Plantar CoP Displacements in the Anteroposterior Direction.
Figure 1 shows the overall RMS values for the
amplitude spectra of the CG and CoP–CG variables
calculated for all subjects from the results of the posture maintenance analysis for the firm and compliant
supports. It is seen that the RMS for the spectra of both
variables altered, due to changes in the visual conditions of posture maintenance. ANOVA has shown the
statistically significant effect of the “visual control
condition” factor on the spectrum RMS of the CG
variable: Fisher’s test for the firm support was F3, 52 =
10.26, p < 2.04E-05; and for the compliant support
F3, 52 = 33.07, p < 4.21E–12. The amplitude spectra
RMS of the CoP–CG variable was also visually dependent, although the effect of this factor was less
expressed; ANOVA has detected the effect of this factor on the spectra RMS of the CoP–CG variable for
both the firm (F3,52 = 7.33, p < 0.00034) and the compliant support (F3, 52 = 9.95, p < 2.73E-05).
The post-hoc analysis has revealed the following
assessments of differences between visual effects on
posture maintenance.
Firm support. The RMS for the spectra of the CG
variable was the least with AR, significantly differing
from the values derived for the condition of posture
maintenance in MVE (t13 = –3.63, р < 0.002), as well
as for the CR (t13 = –4.56, р < 0.0002) and EC conditions (t13 = –5.56, р < 0.000038). The spectra RMS of
the CG variable derived for the MVE condition sigHUMAN PHYSIOLOGY
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nificantly differed from the spectra RMS for the EC
(t13 = –4.42, р < 0.0003) and СR conditions (t13 =
‒3.49, р < 0.002). No reliable differences between the
RMS for the spectra of CG variable have been found
by the statistical analysis when comparing the visual
conditions with EC and CR.
The RMS for the spectra of the CoP–CG variable
in different visual conditions changed not so significantly. Those were also the least in the AR condition,
significantly differing from the values in the CR (t13 =
–2.67, р < 0.01) and EC conditions (t13 = –3.79, р <
0.0012), and not differing from the values in the MVE
condition (р > 0.05). RMS for the spectra of the CoPCG variable obtained for the MVE and CR conditions
significantly differed from the RMS for the spectra for
the EC condition: t13 = –4.13, р < 0.001 in comparing
the MVE and EC conditions; t13 = –2.87, р < 0.007 in
comparing the CR and EC conditions. No reliable differences have been found between the RMS for the
spectra of this variable obtained for the MVE and CR
conditions (p > 0.05).
Compliant support. The assessment results on the
differences between the visual effects on posture
maintenance have proven to be somewhat different
with this support.
In contrast with the firm support, a statistically significant difference has been found between the RMS
for the spectra of the CG variable in the EC and CR
conditions (t13 = 4.35, р < 0.0004). In addition, no differences have been found between the RMS for the
spectra of the CG variable in the AR and MVE conditions (р > 0.05). The calculated RMS for the spectra of
the CG variable in the AR conditions significantly differed from the values obtained for the CR (t13 = –6.10,
р < 0.00002) and EC conditions (t13= –6.93, р <
0.000005). The RMS for the spectra of the CG variable
derived for the MVE condition significantly differed
from the RMS of the spectra for EC (t13 = –6.40, р <
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Fig. 2. Mean RMS values for the spectra of CG and CoP–CG variables and their standard errors calculated from the body in the
lateral direction. See designations in Fig. 1.

0.00001) and CR conditions (t13 = –7.02, р <
0.000005).
The RMS for the spectra of the CoP–CG variable
had the least and similar values in the MVE and CR
conditions, not differing significantly from the values
derived for the AR (t13 = –2.82, р < 0.007 and t13 = –
3.16, р < 0.004, respectively) and EC conditions (t13 =
–3.92, р < 0.0009 and t13= –3.61, р < 0.002, respectively). The RMS for the spectra of this variable was the
highest for the EC condition and significantly
exceeded the values for the AR condition (t13 = 3.09,
р < 0.004).
The “type of support” factor also significantly
affected the spectra of the CG and CoP–CG variables. The body sway was substantially greater in
maintaining a vertical posture on the compliant support. ANOVA has revealed the global effect of this factor on the RMS of both variables: Fisher’s test F1, 110 =
13.4, p < 0.0004 for the CG variable and F1, 110 = 16.1,
p < 0.0001 for the CoP–CG variable.
The paired comparison of the RMS for the variables obtained in the same visual condition gave the
following results. No statistically significant effects of
the type of support factor on the RMS for the spectra
of the CG variable have been found in standing in
MVE conditions (p > 0.05). The RMS of this variable
considerably increased in the remaining visual conditions after the passage to the posture maintenance on
the compliant support: t13 = –3.57, p < 0.002 for the
EC conditions, t13 = –5.02, p < 0.0001 for AR condition, and t13 = –2.12, p < 0.03 for the CR condition.
The RMS for the spectra of the CoP-CG variable
calculated for all visual conditions, including MVE,
were significantly lower if the subjects were standing
on the firm support. The indicator for the significance
of differences was t13 = –2.54, p < 0.01 for the MVE
condition; t13 = –2.22, p < 0.02 for the EC condition;
t13 = –6.55, p < 0.00005 for the AR condition; and
t13 = –2.25, p < 0.02 for the СR condition.

Analysis of the RMS for the Spectra of the Variables Studied Calculated from the Plantar CoP Displacements in the Lateral Direction.
Figure 2 shows the results of the analysis on the
posture maintenance by subjects standing on the firm
and compliant supports. As seen from the figure, the
RMS for the spectra of both variables had lower values
than those calculated from the fluctuations of the
anteroposterior direction.
Firm support. The RMS spectra of both laterally
directed variables depended on the visual conditions
in a similar same way as did the RMS for the spectra of
this variable of the anteroposterior direction. Those
were the highest in the EC condition, the lowest in AR
and MVE and close in the CR condition to the EC
condition. ANOVA has shown a statistically significant effect of the “visual control condition” factor on
the fluctuations of support-related responses in this
direction: Fisher’s test F3, 52 = 3.37, p < 0.025 for the
CG variable; and F3, 52 = 4.82, p < 0.005 for the CoP –
CG variable.
The assessment of the significance of differences
between the visual effects on posture maintenance has
revealed the following facts. The RMS for the spectra
of the CG variable in the EC condition significantly
differed from the values obtained for the MVE condition (t13 = 2.59, p < 0.012), as well as for the AR condition (t13 = 4.12, p < 0.0005). The RMS obtained for
the AR condition were significantly less than the RMS
values for СR (t13 = –2.081, p < 0.03).
In contrast to the CG variable, the RMS for the
spectra of the CoP–CG variable obtained for the AR
and CR conditions did not differ from one another. At
the same time, the RMS for the spectra of this variable
in the EC condition were also significantly greater
than RMS under the MVE, AR and СR conditions
(t13 = 4.05, p < 0.001; t13 = 3.01, p < 0.005; t13 = 2.19,
p < 0.03, respectively).
Compliant support. ANOVA of the body sway
during standing on the compliant support has shown a
statistically significant effect of the “visual control
condition” factor on the RMS for the spectra of the
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CG variable (F3, 52 = 4.05, p < 0.012), as well as of the
CoP–CG variable (F3, 52 = 7.56, p < 0.0003).
The RMS for the spectra of both variables in the
lateral direction in the posture maintenance on the
compliant support changed somewhat differently due
to the effect of visual conditions than in standing on
the firm support. In particular, the RMS for the CG
spectra was the highest under both EC and AR conditions, while the RMS of the CoP – CG variable
derived for the AR and CR conditions did not differ
from one another.
The post-hoc analysis gave the following results
from the assessment of differences between the effects
of visual conditions on the studied variables. The RMS
for the spectra of the CG variable obtained in the AR
and EC conditions did not differ from one another
(p > 0.05). At the same time, the RMS for the spectra
of this variable in the AR condition were significantly
higher than the RMS for the spectra of this variable in
the MVE and CR conditions (t13 = 6.03, p < 0.00005
and t13 = 3.58, p < 0.002, respectively). The RMS for
the spectra of the CG variable in the EC condition
were also significantly higher than the RMS of the
spectra in the MVE and СR conditions (t13 = 3.28, p <
0.003 and t13 = 2.38, p < 0.017, respectively).
Paired comparison of the RMS values for the CoP–
CG variable, which were calculated for the MVE, AR,
and CR conditions, has not found any statistically significant differences between them. At the same time,
the RMS of this variable in the EC condition significantly differed from the values derived in the remaining conditions. When the RMS for the spectra of CG
variable were compared, the criterion was found to be
t13 = 3.39, p < 0.003 in the MVE condition, t13 = 3.42,
p < 0.002 in the AR condition, and t13 = 3.63, p <
0.0015 in the CR condition.
The “type of support” factor significantly affected
the RMS for the spectra of the CG and CoP–CG variables. The body sway was significantly greater in the
vertical posture maintenance on the compliant support. ANOVA has found the global effect of this factor
on the RMS of both variables: Fisher’s test for the CG
variable was F1, 110 = 73.9, p < 6.21E–14, while F1, 110 =
37.5, p < 1.41E–08 for the CoP – CG variable.
Paired comparison of the spectra derived in the
same visual conditions but with different (firm and
compliant) supports gave the following results. Comparing the RMS for the spectra of the CG variable for
the visual condition of MVE the criterion t = –4.37,
p < 0.0004 for EC condition t = –4.14, p < 0.0006, t =
–8.09, p < 9.77E–07 for AR condition, t = –3.44, p <
0.0022 for the СR condition.
The RMS for the spectra of the CoP – CG variable
calculated for all compared pairs were also significantly less if subjects were standing on the firm support. The indicator for the significance of differences
was t = –4.36, p < 0.0004 for the MVE condition; t =
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–3.60, p < 0.002 for the EC condition; t = –4.77, p <
0.0002 for AR; and t = –6.76, p < 6.68E–06 for the
CR condition.
RESULTS AND DISCUSSION
Vision can play at least a double role in the stabilization of a human vertical posture. On the one hand,
vision informs the CNS about the body sway relative to
the outer environment, on the other hand, it assesses
the degree of stationarity of the very environment.
Therefore, it is important to understand how efficient
the contribution of visual signals containing information about the body sway relative to the outer environment may be for the regulation of vertical posture
under the conditions when its perception is destroyed
(for example, in some vestibular disorders and other
neurological diseases [29–32]). Our study has yielded
important factual data that, as we believe, provide further insight into this problem.
We compared in our study the vertical posture
maintenance in the motionless visual environment
(MVE) combined with some conditions when the subject was “immersed” into a virtual nonstationary
visual space. The destruction of the stationarity of the
visual environment was induced by the adjustment
(cophasally or antiphasally) of the VVE foreground
position to the body sway.
The RMS for the spectra of the CG and CoP–CG
variables calculated from the CoP fluctuations
changed in a similar way as the visual conditions for
posture maintenance changed. Those values
decreased in the antiphased relation between the foreground and the body sway and decreased with the
cophased relation, compared with the RMS derived in
motionless visual environment (MVE). This result can
be interpreted in the following way. The subjects
during the posture maintenance, despite the instruction “to use a motionless background plane as a reference,” unconsciously responded to the foreground
fluctuations and corrected the posture in correspondence with the direction of these fluctuations. In the
case of antiphased relation, this led to the situation
when corrective forces caused antiphased foreground
displacements corresponding to a subject’s habitual
structure of motion parallax, when the objects located
closer than the point of fixation move in the direction
opposite to the observer’s motion. As a result, this led
even to a small decrease in the postural sway. On the
contrary, corrective forces in the cophased relation
were accompanied by the emergence of unusual
inverted form of motion parallax, as a result of which
the foreground was perceived as moving in the same
direction with a subject’s movements. This very circumstance seemed to be the cause of additional postural destabilization. At the same time, it should be
noted that the maximum body sway in the CR effect
condition did not exceed the values characteristic of
the stance with EC. This circumstance indicates that
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the subjects succeeded, to a considerable degree, to
overcome the effect of visual signals destabilizing the
posture and related to the foreground sway.
The sway of the body CG in maintaining the vertical posture on the compliant support significantly
increased under all visual conditions. However, in
contrast to what was observed on the firm support,
these sways were significantly smaller under the CR
condition than in the posture maintenance with EC
(Figs. 1, 2). It was initially suggested that the cophased
relation combined with the compliant support will
result in the highest increase in body sway, but this did
not occur. We can suggest that some postural stabilization in this condition was related to partially ignored
signals from visual organs and the increase in the contribution of information on the body stance to the posture maintenance from nonvisual sensor sources
(muscular, articular, and vestibular).
The RMS for the spectra of CoP–CG variable did
not change in direct proportion to changes in the RMS
for the spectra of the CG variable after the passage to
the stance on the compliant support in the visual AR
and CR conditions. For example, the RMS for the
spectra of the CoP–CG variable for the AR condition
(anteroposterior direction) was higher than for the CR
condition, whereas the RMS for the spectra of the CG
variable, on the contrary, were considerably less for
the AR condition than for the CR condition. Thus,
reflecting the process of vertical posture maintenance,
the amplitude characteristics of elementary variables
(CG and CoP–CG) could change due to changes in
visual conditions not only nonproportionately, but
also even multidirectionally. Since the CoP–CG variable is the indicator of changes in the resultant musculo-articular stiffness, we can suggest that the formation of the latter was not the same as with the firm support. This result was quite unexpected and, therefore,
is not simple for interpretation. Some reasons for its
understanding are given by some current studies
related to the two-component nature of musculoarticular stiffness [33–35]. These studies distinguish
two components: the active muscular contractile component and the passive elastic fascial tendinous component. It has especially been shown that their relative
contribution to the formation of resultant stiffness in
different conditions may vary by gender groups. For
example, the passive elastic component made a larger
contribution to the resultant stiffness in male subjects,
while the active muscular component is more
expressed in female subjects [35].
CONCLUSIONS
Thus, based on our results, we can suggest that the
identified nonproportionality in the changes of two
variables under the conditions of compliant platform
could reflect the participation of another variable
value in the formation of the resultant musculo-articular stiffness, namely, its passive elastic component

formed by fascial tendinous tissues. However, this suggestion requires additional experimental research.
The results obtained in this study, to a certain
degree, contradict the hypothesis [17, 19] that changes
in the value of body sway due to different visual conditions can be explained quite simply, proceeding from
changes in the resultant musculo-articular stiffness
automatically adjusted based on the effects coming
from different neural structures of postural regulation.
ACKNOWLEDGMENTS
This study was in part supported by the Russian
Foundation for Basic Research, project no. 14-0400950.
REFERENCES
1. Assländer, L. and Peterka, R.J., Sensory reweighting
dynamics in human postural control, J. Neurophysiol.,
2014, vol. 111, no. 9, p. 1852.
2. Sousa, A.S., Silva, A., and Tavares, J.M., Biomechanical and neurophysiological mechanisms related to postural control and efficiency of movement: a review,
Somatosens. Mot. Res., 2012, vol. 29, no. 4, p. 131.
3. Faraldo-García, A., Santos-Pérez, S., CrujeirasCasais, R., et al. Influence of age and gender in the sensory analysis of balance control, Eur. Arch. Otorhinolaryngol., 2012, vol. 269, no. 2, p. 673.
4. Polastri, P.F., Barela, J.A., Kiemel, T., et al., Dynamics
of inter-modality re-weighting during human postural
control, Exp. Brain Res., 2012, vol. 223, no. 1, p. 99.
5. Chen, E.W., Fu, A.S., Chan, K.M., et al., Balance control in very old adults with and without visual impairment, Eur. J. Appl. Physiol., 2012, vol. 112, no. 5,
p. 1631.
6. Giagazoglou, P., Amiridis, I.G., Zafeiridis, A., et al.,
Static balance control and lower limb strength in blind
and sighted women, Eur. J. Appl. Physiol., 2009,
vol. 107, no. 5, p. 571.
7. Magalhães, F.H. and Kohn, A.F., Vibration-enhanced
posture stabilization achieved by tactile supplementation: may blind individuals get extra benefits?, Med.
Hypotheses, 2011, vol. 77, no. 2, p. 301.
8. Smetanin, B.N., Kozhina, G.V., and Popov, A.K.,
Maintenance of the upright posture in humans upon
manipulating the direction and delay of visual feedback, Neurophysiology, 2012, vol. 44, no. 5, p. 401.
9. Keshner, E.A., Slaboda, J.C., Day, L.L., and Darvish,
K., Visual conflict and cognitive load modify postural
responses to vibrotactile noise, J. Neuroeng. Rehabil.,
2014, no. 11, p. 6.
10. Soechting, J. and Berthoz, A., Dynamic role of vision
in the control of posture in man, Exp. Brain Res., 1979,
vol. 36, no. 3, p. 551.
11. Dokka, K., Kenyon, R.V., and Keshner, E., Influence
of visual scene velocity on segmental kinematics during
stance, Gait Posture, 2009, vol. 30, no. 2, p. 211.
12. Hanssens, J.M., Allard, R., and Giraudet, G., Visually
induced postural reactivity is velocity-dependent at low
temporal frequencies and frequency-dependent at high
HUMAN PHYSIOLOGY

Vol. 42

No. 6

2016

SPECTRAL ANALYSIS OF THE HUMAN

13.

14.
15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

temporal frequencies, Exp. Brain Res., 2013, vol. 229,
no. 1, p. 75.
Joseph, J., Safavynia, S.A., and Ting, L.H., Contribution of vision to postural behaviors during continuous
support-surface translations, Exp. Brain Res., 2014,
vol. 232, no. 1, p. 169.
Alexandrov, A.V., Frolov, A.A., Horak, F.B., et al.,
Feedback equilibrium control during human standing,
Biol. Cybern., 2005, vol. 93, no. 5, p. 309.
Smetanin, B.N., Kozhina, G.V., and Popov, A.K.,
Dependence of joint stiffness on the conditions of
visual control in upright undisturbed stance in humans,
Neurophysiology, 2006, vol. 38, no. 2, p. 157.
Rougier, P., Zanders, E., and Borlet, E., Influence of
visual cues on upright postural control: differentiated
effects of eyelids closure, Rev. Neurol., 2003, vol. 159,
no. 2, p. 180.
Collins, J.J. and De Luca, C.J., The effects of visual
input on open-loop and closed-loop postural control
mechanisms, Exp. Brain Res., 1995, vol. 103, no. 1,
p. 151.
Smetanin, B.N., Popov, K.E., and Kozhina, G.V.,
Human postural responses to vibratory stimulation of
calf muscles under conditions of visual inversion, Hum.
Physiol., 2002, vol. 28, no. 5, p. 556.
Fitzpatrick, R., Burke, D., and Gandevia, S.C., taskdependent reflex responses and movement illusions
evoked by galvanic vestibular stimulation in standing
humans, J. Physiol., 1994, vol. 478, no. 2, p. 363.
Kozhina, G.V., Levik, Yu.S., and Smetanin, B.N.,
Influence of a light tactile contact on vertical posture
maintenance under the conditions of destabilization of
visual environment, Hum. Physiol., 2015, vol. 41, no. 5,
p. 98.
Smetanin, B.N., Kozhina, G.V., and Popov, A.K.,
Human upright posture control in a virtual visual environment, Hum. Physiol., 2009, vol. 35, no. 2, p. 177.
Horstmann, G.A. and Dietz, V., A basic posture control mechanism: the stabilization of the centre of gravity, Electroencephalogr. Clin. Neurophysiol., 1990,
vol. 76, no. 2, p. 165.
Rougier, P., Compatibility of postural behavior
induced by two aspects of visual feedback: time delay
and scale display, Exp. Brain Res., 2005, vol. 165, no. 2,
p. 193.
Winter, D.A., Patla, A.E., Prince, F.M., et al., Stiffness
control of balance in quiet standing, J. Neurophysiol.,
1998, vol. 80, no. 3, p. 1211.

SPELL: 1. FIGURE!

HUMAN PHYSIOLOGY

Vol. 42

No. 6

2016

633

25. Nafati, G. and Vuillerme, N., Decreasing internal
focus of attention improves postural control during
quiet standing in young healthy adults, Res. Q. Exercise
Sport, 2011, vol. 82, no. 4, p. 634.
26. Burdea, G. and Coiffet, P., Virtual Reality Technology,
New York: John Wiley & Sons, Wiley-IEEE Press,
2003.
27. Caron, O., Faure, B., and Brenière, Y., Estimating the
center of gravity of the body on the basis of the center of
pressure in standing posture, J. Biomech., 1997, vol. 30,
nos. 11–12, p. 1169.
28. Munoz, F. and Rougier, P.R., Estimation of centre of
gravity movements in sitting posture: application to
trunk backward tilt, J. Biomech., 2011, vol. 44, no. 9,
p. 1771.
29. Pavlou, M., Quinn, C., Murray, K., et al., The effect of
repeated visual motion stimuli on visual dependence
and postural control in normal subjects, Gait Posture,
2011, vol. 33, no. 1, p. 113.
30. Cohen, H.S., Mulavara, A.P., Peters, B.T., et al.,
Standing balance tests for screening people with vestibular impairments, Laryngoscope, 2014, vol. 124, no. 2,
p. 545.
31. Mulavara, A.P., Cohen, H.S., Peters, B.T., et al., New
analyses of the sensory organization test compared to
the clinical test of sensory integration and balance in
patients with benign paroxysmal positional vertigo,
Laryngoscope, 2013, vol. 123, no. 9, p. 2276.
32. Brandt, T., Kugler, G., Schniepp, R., et al., Acrophobia impairs visual exploration and balance during
standing and walking, Ann. N. Y. Acad. Sci., 2015.
vol., 1343, p. 37.
33. Fouré, A., Nordez, A., McNair, P., and Cornu, C.,
Effects of plyometric training on both active and passive parts of the plantarflexors series elastic component
stiffness of muscle-tendon complex, Eur. J. Appl.
Physiol., 2011, vol. 111, no. 3, p. 539.
34. Kubo, K., Active muscle stiffness in the human medial
gastrocnemius muscle in vivo, J. Appl. Physiol., 2014,
vol. 117, no. 9, p. 1020.
35. Fouré, A., Cornu, C., McNair, P.J., and Nordez, A.,
Gender differences in both active and passive parts of
the plantar flexors series elastic component stiffness
and geometrical parameters of the muscle-tendon
complex, J. Orthop. Res., 2012, vol. 30, no. 5, p. 707.

Translated by N. Tarasyuk

