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Abstract The role of visual orientation cues for human
control of upright stance is still not well understood. We,
therefore, investigated stance control during motion of a
visual scene as stimulus, varying the stimulus parameters
and the contribution from other senses (vestibular and
leg proprioceptive cues present or absent). Eight normal
subjects and three patients with chronic bilateral loss of
vestibular function participated. They stood on a motion
platform inside a cabin with an optokinetic pattern on
its interior walls. The cabin was sinusoidally rotated in
anterior–posterior (a–p) direction with the horizontal
rotation axis through the ankle joints (f=0.05–0.4 Hz;
Amax=0.25�–4�; vmax=0.08–10�/s). The subjects’ centre
of mass (COM) angular position was calculated from
optoelectronically measured body sway parameters. The
platform was either kept stationary or moved by cou-
pling its position 1:1 to a–p hip position (‘body sway
referenced’, BSR, platform condition), by which pro-
prioceptive feedback of ankle joint angle became inac-
tivated. The visual stimulus evoked inphase COM
excursions (visual responses) in all subjects. (1) In nor-
mal subjects on a stationary platform, the visual re-
sponses showed saturation with both increasing velocity
and displacement of the visual stimulus. The saturation
showed up abruptly when visually evoked COM velocity
and displacement reached approximately 0.1�/s and 0.1�,
respectively. (2) In normal subjects on a BSR platform
(proprioceptive feedback disabled), the visual responses

showed similar saturation characteristics, but at clearly
higher COM velocity and displacement values (�1�/s
and 1�, respectively). (3) In patients on a stationary
platform (no vestibular cues), the visual responses were
basically similar to those of the normal subjects, apart
from somewhat higher gain values and less-pronounced
saturation effects. (4) In patients on a BSR platform (no
vestibular and proprioceptive cues, presumably only
somatosensory graviceptive and visual cues), the visual
responses showed an abnormal increase in gain with
increasing stimulus frequency in addition to a displace-
ment saturation. On the normal subjects we performed
additional experiments in which we varied the gain of
the visual response by using a ‘virtual reality’ visual
stimulus or by applying small lateral platform tilts. This
did not affect the saturation characteristics of the visual
response to a considerable degree. We compared the
present results to previous psychophysical findings on
motion perception, noting similarities of the saturation
characteristics in (1) with leg proprioceptive detection
thresholds of approximately 0.1�/s and 0.1� and those in
(2) with vestibular detection thresholds of 1�/s and 1�,
respectively. From the psychophysical data one might
hypothesise that a proprioceptive postural mechanism
limits the visually evoked body excursions if these
excursions exceed 0.1�/s and 0.1� in condition (1) and
that a vestibular mechanism is doing so at 1�/s and 1� in
(2). To better understand this, we performed computer
simulations using a posture control model with multiple
sensory feedbacks. We had recently designed the model
to describe postural responses to body pull and platform
tilt stimuli. Here, we added a visual input and adjusted
its gain to fit the simulated data to the experimental
data. The saturation characteristics of the visual re-
sponses of the normals were well mimicked by the sim-
ulations. They were caused by central thresholds of
proprioceptive, vestibular and somatosensory signals in
the model, which, however, differed from the psycho-
physical thresholds. Yet, we demonstrate in a theoretical
approach that for condition (1) the model can be made
monomodal proprioceptive with the psychophysical
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0.1�/s and 0.1� thresholds, and for (2) monomodal ves-
tibular with the psychophysical 1�/s and 1� thresholds,
and still shows the corresponding saturation character-
istics (whereas our original model covers both condi-
tions without adjustments). The model simulations also
predicted the almost normal visual responses of patients
on a stationary platform and their clearly abnormal re-
sponses on a BSR platform.

Keywords Multi-sensory interaction Æ Visual
stimulation Æ Saturation Æ Vestibular loss Æ Postural
control Æ Detection threshold Æ Human

Introduction

Human upright stance is controlled with the help of
several senses. Important information is provided by
vision, which normally combines with cues from other
senses, i.e. mainly from the vestibular, proprioceptive
and somatosensory systems. Motion of the visual scene
has long been known to induce postural reactions in
human subjects (Lee and Lishman 1975; Lestienne et al.
1977; Dichgans and Brandt 1979; Paulus et al. 1984). A
wide variety of moving visual stimuli have been em-
ployed to study this phenomenon such as tilting or
swinging rooms (Lee and Lishman 1975; Bles et al.
1983) or projected displays simulating a moving visual
scene (Lestienne et al. 1977; van Asten et al. 1988), to
name a few. Furthermore, various procedures were
employed to enhance the effect of the visual stimulus, for
instance, by having subjects stand on an unstable base of
support (see below). Actually, in most situations of
everyday life the visual scene is not moving, but is sta-
tionary, and it then serves as a space reference. Yet, the
studies in which motion of a visual scene was used as a
stimulus yielded a number of interesting findings which
may help us better to understand how humans control
their upright stance. We also used this approach in the
present study and, therefore, briefly describe the most
relevant findings from the literature.

Previous researchers noted a pronounced saturation
of the visually evoked body excursion (visual response)
when increasing the stimulus amplitude (Bles et al. 1980,
1983; Lestienne et al. 1977; van Asten et al. 1988; Pet-
erka and Benolken 1995). During sinusoidal stimulation,
the higher the stimulus frequency, the earlier the occu-
rance of saturation (range, 0.1–0.5 Hz; Peterka and
Benolken 1995). Furthermore, already below the range
of pronounced saturation, the response was propor-
tional to the logarithm of stimulus amplitude (Lestienne
et al. 1977; Peterka and Benolken 1995). The response
characteristics are generally related to three factors. One
factor is the dynamics of the body’s biomechanics, which
show a low-pass filter behaviour (see Nashner 1972). But
this factor does not explain the saturation effects. The
second factor is the low-pass characteristics of the sen-
sory channel for visual motion and its tendency for

saturation, as one may infer them from the optokinetic
eye reflex with its low-pass behaviour and velocity sat-
uration (see Barnes 1993; Schweigart et al. 1999, 2003).
The third, and probably the most relevant, factor is an
interaction between the visual signal and the other sen-
sory cues. When the moving visual stimulus induces a
body excursion, non-visual cues (vestibular, proprio-
ceptive and somatosensory) are activated and tend to
counteract the excursion in an attempt to maintain pri-
mary body position, i.e. body uprightness.

The presumed intersensory interaction was addressed
in a number of previous studies which modified the vi-
sual response by manipulating the non-visual cues. Some
investigators weakened the effect of plantar somatosen-
sory cues on the visual response by having subjects stand
on a compliant support base in the form of foam rubber
and, thereby, enhanced the visual response (e.g. Amb-
lard et al. 1985; Norre 1993; Lord and Menz 2000).
Other studies showed that somatosensory loss of the feet
due to polyneuropathy tends to enhance the visual re-
sponse (e.g. Kotaka et al. 1986). Furthermore, an in-
crease of the visual response was observed after
functionally immobilising the ankle joints and, thereby,
largely reducing the feedback from ankle joint proprio-
ceptors (Peterka and Benolken 1995; Peterka 2002; this
was achieved by coupling the tilt angle of the support
base 1:1 to the body tilt angle, a manipulation which is
often referred to as a ‘body sway referencing’ of the
support base). Finally, loss of vestibular function has
also been shown to enhance the visual response (e.g. Bles
et al. 1983; Peterka and Benolken 1995; Peterka 2002).
Thus, there is clear evidence for the presumed interac-
tion.

However, the interaction per se does not explain the
saturation behaviour of the visual response. Given that
the signal processing in the postural control system was
linear, the presumed interactions would yield a lowered
gain of the visual response, but the gain would be con-
stant. A response with decreasing gain (saturation) upon
increasing stimulus amplitude indicates a non-linearity
in the signal processing. This can directly be due to a
saturation mechanism (limitation of signal magnitude)
or indirectly result from a detection threshold some-
where in the network or from interactions between sig-
nals which do not follow the superposition law (such as
a multiplication, for instance). One can draw from the
literature evidence for each of these non-linear mecha-
nisms. For instance, as mentioned before, the visual
signal for the optokinetic eye response is thought to
show a saturation (see Barnes 1993; Schweigart et al.
1999) and vestibular–visual interaction for self-motion
perception is thought to contain thresholds and a non-
linear suppression mechanism (Mergner et al. 2000a).
Furthermore, non-visual postural responses, i.e. re-
sponses to vestibular and somatosensory stimuli, show a
decreasing gain with increasing stimulus magnitude
(Peterka 2002; Mergner et al. 2003). This behaviour has
been mimicked in previous studies which used simula-
tions of dynamic postural control models that contained
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either central threshold elements (Mergner et al. 2003)
or non-linear inter-sensory interaction mechanisms (van
der Kooij et al. 2001).

We studied the saturation of the visual response for
three reasons. The first reason is that the study of the
non-linear properties of a sensorimotor system may
generally help to understand the system better. It is true
that the non-linearities are a nuisance when one tries to
describe the systems’ behaviour by means of explicit
mathematical formulas, but they do not represent a
hurdle for model simulation of the system. They may
even be helpful in the modelling process when it comes
to disambiguating the presumed internal structure of the
neural mechanism under investigation.1

The second reason for studying the saturation is that
the previous work suggested that it may be related to
detection thresholds known for self-motion perception
(Peterka and Benolken 1995). If tested in an experi-
mental situation where body stabilisation appears to
depend mainly on vestibular cues, the saturation occurs
when the visually evoked body excursion reaches a
velocity of approximately 1�/s, a value which corre-
sponds to the vestibular detection thresholds reported in
psychophysical studies (Benson et al. 1989; Mergner
et al. 1991; Fitzpatrick and McCloskey 1994). How to
explain this congruency between action (posture control)
and perception? Is it possible that detection thresholds
of this relatively high magnitude are involved in posture
control?

The third reason is that central threshold mechanisms
have been implemented in a recent sensory feedback
model of posture control (Mergner et al. 2003). With the
help of the thresholds, we were able to describe in model
simulations the non-linear responses we observed with
body pull and platform tilt stimuli. We, therefore, asked
here whether these thresholds can also explain the sat-
uration of the visual response. Interestingly, however,
the thresholds in the model are considerably smaller
than the psychophysical thresholds described earlier.
This could suggest that the psychophysical thresholds do
not lend themselves to a simple and straightforward
explanation of the postural data.

These considerations led us to investigate the postural
responses evoked by visual stimulation under various
experimental conditions and compare the saturation
characteristics of these responses to the known psycho-
physical threshold data and to simulations of our pos-
tural control model.

To this end, we studied the postural responses during
sinusoidal rotations of a ‘real world’ visual scene (sub-
jects were inside a pivotable cabin with optokinetic
patterns on its interior walls). The rotations were per-

formed in the anterior–posterior (a–p) plane with dif-
ferent stimulus frequencies and amplitudes. The stimuli
were applied under various experimental conditions. In
a series of experiments we varied the other sensory cues,
i.e. the visual response was evoked in the presence versus
the absence of vestibular cues and of ankle joint pro-
prioceptive cues. The role of the vestibular cues was
investigated by comparing the responses of normal
subjects with those of patients with loss of vestibular
function. The effect of the proprioceptive cues was
investigated by testing the subjects on a stationary
platform versus a ‘body sway referenced’ (BSR) plat-
form (see above). In other experiments, we aimed
selectively to modify the strength of the visual effect
without altering the other sensory cues. We did so in two
ways. In one subset of experiments we replaced the ‘real
world’ visual stimulus by a ‘virtual reality’ one, after
pilot experiments had suggested that the latter is less
effective in evoking postural responses. In the other
subset we superimposed on the a–p visual stimuli small
tilts of the platform, which were oriented laterally (thus
perpendicular to the visual stimulus). Pilot experiments
had indicated that this procedure leads to a gain
enhancement of the visual response that cannot be ex-
plained by a mechanical cross-talk.

In the data analysis, we assessed visual response gain
as a function not only of stimulus frequency, but also of
stimulus velocity and displacement, having in mind that
the saturation of the visual responses may be determined
by the velocity and/or displacement thresholds in the
postural control loop (see above). For the comparison
between model simulations and experimental data, we
had to extend our postural control model by a visual
system, which so far was not implemented. However, we
kept this addition simple, abandoning at present the
implementation of visual interactions with other cues at
sensory levels. Instead, we adjusted visual gain in the
simulations in an attempt to fit the simulated to the
experimental data. Details of the model and the simu-
lations are given in Appendix.

Methods

Subjects

Eight normal subjects and three patients with bilateral
loss of vestibular functions participated. The age of
normals was 34.4±9.9 years (mean ± 1SD; 3 women,
32.3±2.5 years; 5 men, 35.6±12.7 years) and that of
patients 36.0±1.4 years (all men). Vestibular dysfunc-
tion in the patients was assessed by clinical examina-
tion (e.g. balancing problems when standing on foam
rubber with eyes closed), electronystagmography (ab-
sence of caloric nystagmus and of rotation-evoked
vestibulo-ocular reflex) and case histories (meningitis
and ototoxic medication in childhood). Apart from
vestibular loss and hearing impairment, patients
showed no other health problems. The study was ap-

1When making inferences from the input–ouput behavior of a
neural system on its internal struture in order to model this, the
arrangement of the internal processing elements is arbitrary as long
as they behave linearly. Non-linear elements may help to disam-
biguate the problem, because their arrangement within the network
influences the output. This may be highly relevant when there are
limitations to the experimental disection of a system.
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proved by the local ethics committee and performed in
accordance with the ethical standards of the Declara-
tion of Helsinki (revised Edinburgh 2000). All subjects
gave their informed consent prior to their inclusion
into the study.

Set-up, platform conditions

Subjects stood upright on a custom-built motion plat-
form and were presented with a visual motion stimulus
in the sagittal plane (see next section). Subjects stood
with their feet shoulder-width apart from each other.
They held their hands up to the shoulder level, with each
hand holding a grip fixed to a rope that was loosely
hanging from the ceiling. Moving the hands down put
tension on the ropes and thereby allowed subjects to
stabilise themselves in case they felt their body equilib-
rium severely endangered (this occasionally happened
with the vestibular loss patients; the trials were finished
and taken as ‘falls’). In the hands-up position, subjects
did not obtain considerable somatosensory spatial ori-
entation cues from this safety set-up.

The motion platform rested on six ‘legs’, each
incorporating a motor capable of producing a change in
the length of the leg (hexapod with Stuart principle). The
motors were controlled by a computer which allowed to
generate platform motion in 6-D (3-D rotations, 3-D
translations). In some experiments of the present study,
the stimulus condition included platform tilt in the
sagittal plane (a–p direction, pitch) or frontal plane
(lateral direction, roll) with the axes at the level of the
subjects’ foot soles. Three different conditions of the
motion platform were used:

1. Platform stationary. The platform was kept hori-
zontal and stationary.

2. Platform ‘body sway referenced’, BSR. The platform
angular position was coupled 1:1 to subjects’ hip
angular position in the a–p plane (hip angle measured
optoelectronically, see below; delay time, <60 ms).
The condition started from a primary position in
which the motion platform was level and subjects’
bodies were approximately upright. By means of this
procedure, the angle of the ankle joint was continu-
ously kept at G90�. This essentially abolishes ankle
joint proprioceptive feedback (change of body-to-
foot angle, i.e. ankle joint angle, always was <5% of
that of body-in-space angle). Noticeably, postural
stabilisation in this condition is to be performed by
solely adjusting the ankle torque and not the ankle
angle while on a stationary support surface both
adjustments tend to be coupled.

3. Platform tilted laterally. In order to mimic an
‘‘unstable’’ body support (and by this to enhance the
visual effect; see Introduction), the platform was til-
ted in the roll plane, i.e. perpendicular to the visual
motion stimulus, with continuous sinusoidal tilts of
±0.2� at 0.25 Hz. In this condition, normal subjects

reported on request that they sensed the very small
platform tilts most of the time but intermittently
became unaware of it. The tilts led them to experience
the body support surface as ‘‘slightly unstable’’.

Visual stimulation

Two different visual stimuli were used in separate
experiments:

1. ‘Real world’ visual stimulus. While standing on the
platform, subjects viewed the inside of a cabin with a
full-field optokinetic pattern (‘real world’ visual
scene, ‘‘full field’’; Fig. 1). The cabin measured
100 cm · 80 cm · 190 cm (depth · width · height)
and consisted of a thin aluminium frame with styro-
foam walls. The interior of the walls were covered by
a wallpaper printed with horizontal stripes of differ-
ent colours, brightness, contrast and height (2–
15 cm), which were interspersed with patches and
other horizontal and vertical ornamental patterns.
During stimulation, the outside laboratory was
darkened and the visual scene on the inside was
illuminated by two electric bulbs attached to the ca-
bin ceiling. In the primary position, the subjects’ eye-
to-pattern distance was 60 cm. The light-weight cabin
could be rotated about an axis through the subjects’
ankle joints (thus producing the same relative motion
between the subjects and scene as during subjects’
own spontaneous a–p body sway about the ankle
joints). The movements were generated, under com-
puter control, independently of the motion platform,
with the help of two servo-controlled cable winches
with no perceivable noise or vibration and with an
accuracy error of <3% of stimulus amplitude. Sub-
jects were given the instructions to keep their gaze
near the centre of the scene and always to remain
upright.

2. ‘Virtual reality’ stimulus. In parts of the experiments,
subjects viewed instead of the ‘real world’ scene a 3-D
‘virtual reality’ scene (Mergner et al. 1997). It was
back-projected onto a semi-transparent screen with
the help of a video projection system (Barcographics
808; Barco N.V., Kortrijk, Belgium). The scene was
generated in an Onyx Reality Engine II computer
(Silicon Graphics, Mountain View, CA, USA) using
the software Realax, version 2 (MediaSystems, Kar-
lsruhe, Germany). The scene consisted of the interior
of a room with a shelf, furniture and a variety of
ornamental patterns. It was viewed by the subjects
through shutter glasses for 3-D vision (CrystalEYES
Model CE-PC; StereoGraphics, San Rafael, CA,
USA; alternating frequency, 120 Hz). In subjects’
primary body position, the distance from the eyes to
the projection screen was 80 cm. The subjects’ visual
field was restricted by the shutter glasses to 90�·66�
(w · h). The scene was tilted in the sagittal plane
about the same axis as the ‘real world’ stimulus.
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The ‘virtual reality’ stimulus was presented in two
different versions: (a) ‘Mental task’ version. The scene
contained in the centre region a virtual yellow disc
(diameter, 6�) which followed a pseudo-random trajec-
tory in the frontal plane at a virtual distance of 2.4 m. 2-
D movements of it were generated by superimposing two
sine wave stimuli (frequencies, 0.24 and 0.85 Hz) in up–
down and medio-lateral directions with varying phase
values. These movements of the disc were independent
of the a–p tilt movements of the virtual room. The disc
allowed us to present subjects with a simple mental task,
in addition to the task of always standing upright. They
were to read aloud black numbers from zero to nine
which appeared on the disc in random order at time
intervals of 2.5–3.0 s in one of eight possible frontal
orientations (e.g., upside down). By this task we tried to
bind the subjects’ attention and to control their gaze
direction so that they no longer directly viewed and at-
tended the moving scene. (b) ‘No mental task’ version.
The scene was presented without the moving disc and
numbers. Subjects were instructed to look into the vir-
tual room and to keep their gaze near the centre of the
scene, while keeping the body upright.

Both the real and the virtual visual scenes were si-
nusoidally tilted in the a–p plane at four different fre-
quencies (f= 0.05, 0.1, 0.2, 0.4 Hz) and with five
different peak angular excursions (Amax=±0.25�,
±0.5�, ±1�, ±2� and ±4�; total of 20 different stimuli),
which yielded peak velocities in the range of vmax=0.08
to 10�/s. The stimuli were presented in trials that lasted
80 s, with the number of sine wave cycles in each trial
depending on stimulus frequency.

Procedures and recordings

With each experiment, four experimental sessions were
performed, each testing one of the four frequencies.
Each session contained three different runs, one for each
of the three platform conditions. Each run contained
one trial for the five different stimulus amplitudes. Ses-
sions, runs and trials were presented in random order. In
each trial, onset and offset of the sinusoidal visual
stimuli were smoothed by starting from and ending at
the primary position with a cosine trajectory and by
presenting during the first and last half cycle, respec-
tively, only half of the desired amplitude/velocity (see
Fig. 2a–c; primary position: visual vertical of room,
corresponding to space vertical). Subjects were given
short breaks between trials (ca. 15 s) and longer breaks
between runs (1–3 min, with the possibility of sitting).
During the trials the subjects’ ears were plugged to
minimise auditory cues.

Recordings comprised the positions of the subjects’
hips and shoulders and of the platform and the ‘real
world’ visual scene with the help of an optoelectronic
device (Optotrak 3020, Waterloo, Canada; spatial reso-
lution, 0.2 mm). To this end, we used rigid plastic tri-
angles on which three active markers of the recording
system were fixed. The triangles were attached to the
subjects’ hips and shoulders, to a rigid bar on the plat-
form and to the cabin used for the ‘real world’ stimulus.
A PC calculated online 3-D translational and 3-D
angular positions of the triangles. The data were stored
on a hard disc for offline analysis (see below). The
computer, by which the ‘virtual reality’ visual stimulus

Fig. 1 Experimental set-up
showing the ‘real world’ visual
scene in a cabin which was
moved by two cable winches
about an axis through the
subjects’ ankle joints (one side
wall of the cabin was removed
in order to take the picture).
Subjects stood on a motion
platform which could be tilted
by a hexapod system

539



was created, delivered in addition an analogue signal
that reflected the angular position of the stimulus in
analogy to the ‘real world’ stimulus.

Data analysis

Hip, shoulder, platform and visual stimulus position
signals were transferred online to a computer system via
an analog–digital converter at a sampling rate of
100 Hz. The data were recorded with a software pro-

grammed in LabView (National Instruments, Austin,
TX, USA). Analyses were performed offline with cus-
tom-made software programmed in MATLAB (The
MathWorks Inc., Natick, MA, USA; this program was
also used for model simulations and optimising proce-
dures, see Appendix). From the data of the shoulder-to-
hip and hip-in-space angular displacements we calcu-
lated the a–p angular displacement in space of the centre
of mass (COM) of subjects’ bodies according to the
anthropometric data of Winter (1990). Because the
shoulder-to-hip angular displacements turned out to be
extremely small, the calculated COM excursions closely
resembled the measured hip excursions. We, therefore,
used the hip excursion to represent the COM excursions
and neglected the small movements in the hip joint. Also
the translatory vertical hip movements were very small
by which we could exclude that subjects performed
considerable knee bending.

The subjects’ responses in the sagittal plane to the
sinusoidal visual stimuli were quantified by calculating
the amplitude (peak angular displacement) and phase
values of the fundamental waves of the stimuli and the
responses (COM excursions) using Fast Fourier Trans-
formation (FFT; we ascertained that the power of the
response fundamental was larger than the first/second
harmonic by a factor of 3/6 across all stimulus ampli-
tudes and frequencies used). Phase was taken from the
temporal relationship between response and stimulus
fundamentals (in degrees; 0�, no phase shift; positive
values, lead; negative values, lag). Gain values were ta-
ken from the ratio of the amplitudes of the response and
the stimulus fundamentals. For example, with a COM
excursion in perfect alignment with the visual scene, gain
would amount to unity and phase to 0�. The first and the
last cycle of each trial were not evaluated. With the 80 s
trial duration 2 cycles were evaluated for the 0.05 Hz
trial, 6 for 0.1 Hz, 14 for 0.2 Hz and 30 for 0.4 Hz. The
data from these cycles in a trial were averaged (yielding
one response gain and phase value per subject and
stimulus condition). From these values we present in the
following ‘grand averages’ across subjects with the error
bars representing the inter-individual variability (1 SD).
Statistics was performed using the statistics program
StatView (SAS Inc., Cary, NC, USA). Statistical sig-
nificance was tested by analysis of variance (ANOVA).

Results

‘Real world’ visual stimulus

Normal subjects

Figure 2a–c shows typical examples of a normal sub-
ject’s visual response, i.e. the COM a–p angular excur-
sion during sinusoidal a–p rotations of the ‘real world’
visual scene (0.05 Hz, ±1�) for the three different plat-
form conditions used. In panel a, the platform was sta-

Fig. 2 Examples of a normal subject’s postural responses evoked
by the ‘real world’ visual stimulus for the three platform conditions
indicated (a–c). Time series of angular position of the visual
stimulus (sine-like curves with smoothed onset and offset, 0.05 Hz,
±1�), of subjects’ centre of mass (COM, thin full lines) and of
platform (dashed) in anterior–posterior plane (a–p). Platform was
either stationary (a), coupled 1:1 to body position (b; ‘body sway
referenced’, BSR platform; trace equals COM trace) or sinusoidally
tilted in lateral direction (frontal plane; c; 0.25 Hz, ±0.2�; small
dotted sine wave)
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tionary. Note that the visual response is relatively small
as compared to the subject’s spontaneous sway (there-
fore averaged data was used for analysis; see Methods).
The example in panel b is taken from the experiments
with ‘body sway referenced’ (BSR) platform. The visual
response is clearly larger than before and approximately
as large as the stimulus (and is slightly leading it). In
panel c, small lateral platform tilts were superimposed
on the a–p visual stimulus (‘laterally tilted’ platform;
±0.2�, 0.25 Hz, i.e. a frequency not tested with the vi-
sual stimulus). The visual response is slightly larger than
in the stationary platform condition.

In the following, we present the visual responses in
terms of mean gain and phase (grand averages across
subjects) as a function of stimulus frequency, velocity
and amplitude. It is true that these three stimulus
parameters are related to each other during sinusoidal
stimulation (velocity co-varies with both frequency and
amplitude). Yet, our aim was to discern the effects of
frequency (i.e. gain changes associated with corre-
sponding phase changes due to filter properties) from the
effects due to amplitude and/or velocity saturation (gain
changes without phase changes). We compare these ef-
fects across the three platform conditions where ankle
joint proprioception was either present (stationary
platform) or absent (BSR platform) or where a super-
position of lateral platform tilt increased the gain of the
visual response (see Introduction).
Gain and phase over stimulus frequency In Fig. 3a
(upper panel) gain of the visual response is plotted over
the four stimulus frequencies for the stationary platform
condition. The lower panel gives the corresponding
phase values. The five response curves in each panel give

Fig. 3 Gain and phase of postural response (visually evoked COM
excursion) plotted over stimulus frequency, separately for the five
different amplitudes of the visual stimulus (‘real world’). Mean
values (and 1SD) of normal subjects (a–c) and vestibular loss
patients (d–f) are given for the three different platform conditions
as indicated. Note different scales on ordinates. For clarity, phase
SD bars are given only for the ±2� stimulus
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the data for the five different stimulus amplitudes, as
indicated. Both gain and phase varied with stimulus
frequency. Gain decreased with increasing frequency
and phase developed a lag (starting from a slight lead at
0.05 Hz and reaching �61� at 0.4 Hz, compatible with
low-pass filter characteristics). This similarly applied to
the five gain and phase curves. However, gain, unlike
phase, also depended on stimulus amplitude. The gain
curve for the largest stimulus amplitude (4�) showed the
lowest values (0.03–0.08) and that for the smallest
amplitude (±0.25�) the highest values (range: 0.14–
0.65).

Qualitatively similar data were obtained in the other
two platform conditions. In the ‘BSR’ platform condi-
tion (Fig. 3b) gain was overall increased by a factor of 2–
5. It tended to decrease at high stimulus frequency with
the phase showing a lag (averages across all stimulus
amplitudes: 0.05 Hz: 39�; 0.1 Hz: 19�; 0.2 Hz: �18�;
0.4 Hz: �69�). The gain curves for the different stimulus
amplitudes showed a decrement with increasing ampli-
tude, while the corresponding phase curves remained
essentially the same, which is similar to the phase
behaviour on the stationary platform.

With a laterally tilted platform (Fig. 3c) gain was
slightly larger than with a stationary platform. The gain
increase applied to a considerable extent only to the
±0.25� and ±0.5� stimuli, where it reached 43% on an
average. (A possible explanation is that with the larger
visual stimuli the subjects tended to perceive the lateral

tilt no longer.) The phase curves were essentially similar
to those obtained on the stationary platform. The gain
increase was not directly related to the mechanical as-
pects of the lateral tilt. Gain of the a–p COM excursions
in relation to the lateral platform tilt was close to zero
(FFT response fundamental in relation to stimulus
fundamental at 0.25 Hz; not shown). Vice versa, the a–p
visual stimulus also affected the COM response to the
lateral platform tilt only in an indirect (non-mechanical)
way, a finding which will be published separately.

Taken together, the visual responses in the three
platform conditions showed a clear dependency on
stimulus frequency with a gain decrease and phase lag at
0.4 Hz. This frequency dependency is similar to that
previously observed with the tilt and pull stimuli in the
absence of vision (Peterka 2002; Mergner et al. 2003).
Therefore, it appears to reflect mainly the low-pass filter
dynamics of the postural system, here possibly in com-
bination with low-pass characteristics of the visual sig-
nal. The responses showed, in addition, a clear
saturation behaviour in relation to stimulus amplitude.
In the following, we try to discern to what extent this
effect is due to a velocity and/or a displacement non-
linearity.
Gain over stimulus velocity Gain over peak stimulus
velocity is shown in Fig. 4a for the stationary platform
condition. As before, we show five gain curves for each
of the five different stimulus amplitudes with the fre-
quency being increased in each curve (the phase curves

Fig. 4 Gain plots over peak
stimulus velocity of the visual
responses in normal subjects (a,
b) and in patients (c, d) (‘real
world’ stimulus). Mean values
(and 1SD) are given separately
for the five different stimulus
amplitudes.a, c Stationary
platform. b, d ‘Body sway
referenced’, BSR platform.
Note different ordinate scales.
Dashed and dotted curvesin each
panel show for comparison
theoretical curves of COM
excursions with peak velocity of
1�/s and 0.1�/s, respectively
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are no longer considered since they did not vary to a
considerable extent with stimulus magnitude). Note that
gain decreases within each curve as well as across curves
with increasing stimulus velocity, yielding the picture of
an essentially hyperbolic decay. When we calculated a
gain curve that would result if the COM excursion al-
ways had 0.1�/s peak velocity irrespective of stimulus
amplitude and added it to the graph (dotted curve in
Fig. 4a), the decay of this calculated curve coincided
rather well with that of the experimental data. The
findings, therefore, suggest that the visually evoked
COM excursions tend to saturate when they reach a
velocity of approximately 0.1�/s.

Qualitatively similar findings were obtained for the
other two platform conditions. With the BSR platform
(Fig. 4b), gain was considerably higher overall. Yet, the
gain curves showed similar saturation characteristics as
before, in that the gain curves start to decay along a
common limit trajectory once peak velocity has reached
the critical value defined by this limit. However, the
velocity limit is now larger by a factor of 10 as compared
to the stationary platform condition, i.e. it amounts to
about 1�/s (dashed curve in Fig. 4b). Thus, Fig. 4b
indicates that COM velocity in the ‘BSR’ platform
condition tends to saturate when it reaches approxi-
mately 1�/s. The corresponding gain curves for the lat-
erally tilted platform condition, in contrast, resembled
those with the stationary platform, although with
slightly enhanced gain values (not shown).

Thus, the visually evoked COM excursion showed a
pronounced velocity saturation in the form of a hyper-
bolic decay at 0.1�/s when ankle joint proprioceptive
feedback was present on the stationary platform. A
similar saturation, but an order of magnitude higher,
was found on the BSR platform where the propriocep-
tive feedback is disabled (hyperbolic decay at 1.0�/s). A
slight enhancement of the gain of the visual response,
which occurred with the laterally tilted platform, re-
mained without major effects on the saturation charac-
teristics.
Gain over stimulus amplitude Reconsider Fig. 4b and
note that the left-hand ends of the gain curves for the
±0.25� stimulus, the ±0.5� stimulus, and so forth, de-
crease with stimulus amplitude, although they are not
yet affected by the velocity saturation. This is similar in
Fig. 4a with the much lower gain values for the sta-
tionary platform condition. The findings suggest the
existence of a displacement saturation in addition to the
aforementioned velocity saturation. Indeed, when we
plotted gain over peak stimulus amplitude for those
trials in which the responses were not affected to a
considerable degree by the velocity saturation, the values
decreased in a roughly hyperbolic decay. Similar to the
velocity saturation, we superimposed calculated COM
displacement values on the experimental data for com-
parison (not shown). The comparison suggested that the
visually evoked COM excursion in the BSR platform
condition tends to saturate with COM displacements in
the range of about 0.5–1.0�, whereas the saturation

range was considerably smaller (about 0.1–0.2�) in the
conditions with both the stationary platform and the
laterally tilted platform.

Thus, the visual response appears to be shaped by
both a velocity and a displacement saturation (in addi-
tion to the frequency effect). The displacement satura-
tion is again smaller with the stationary platform or the
laterally tilted platform as compared to the BSR plat-
form condition by almost an order of magnitude.

Statistics

A comparison of response amplitude across the three
platform conditions showed that the aforementioned
differences were statistically significant (F=233.2,
P<0.0001; factorial ANOVA with the three factors,
namely, platform condition, stimulus amplitude and
stimulus frequency; the values for stimulus amplitude
were F=13.3, P<0.0001; frequency, F=35.6,
P<0.0001).

Vestibular loss patients

We were interested in how the absence of vestibular
input in the patients affects the frequency dependency of
the visual response and its velocity and amplitude sat-
uration in the three platform conditions.
Gain over stimulus frequency The average gain and
phase curves over frequency of the patients on stationary
platform are shown in Fig. 3d (missing data for the
±0.25� and ±0.5� stimuli at 0.4 Hz represent ‘falls’; see
Methods). Gain tended to decrease with increasing
stimulus frequency (the exception being the gain curve
for the ±1� stimulus). But this effect was less pro-
nounced than that in the normal subjects. Overall, gain
was more than double that of normals (232%, on
average), while the phase was similar. The gain curves in
the figure also show a decrement with increasing stim-
ulus amplitude, which was somewhat less pronounced
than in the normal subjects.

The corresponding plot for the BSR platform data are
shown in Fig. 3e (missing data because of ‘falls’: ±4�
stimulus at 0.2 Hz and 0.4 Hz, ±2� stimulus at 0.4 Hz).
Noticeably, unlike the earlier case with stationary plat-
form, the gain curves here increase with increasing fre-
quency. Yet, the phase is similar as before (showing a
slight lead at 0.05–0.2 Hz and a lag at 0.4 Hz) and there
is also a gain decrement with increasing stimulus
amplitude.

In the experiment with the laterally tilted platform
(Fig. 3f; note again the different scale on ordinate), the
main features of the gain curves were roughly similar to
the stationary platform condition (frequency and
amplitude dependency). But they showed an increase in
gain level by 50% for the ±0.25� and ±0.5� stimuli, on
average.

Thus, patients standing on the stationary platform or
the laterally tilted platform showed essentially normal
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frequency characteristics of their visual responses, this on
an enhanced gain level as compared to the normals. In
contrast, clearly abnormal responseswere obtained on the
BSR platform. The gain increased with increasing fre-
quency, while the phase remained approximately normal.
Gain over stimulus velocity Figure 4c shows the corre-
sponding replot of the patients’ data for the stationary
platform condition. The gain curves tend to decay with
increasing stimulus velocity. The abnormally high gain
of patients’ responses is reflected by the fact that the
curves remain mostly well above the 0.1�/s comparison
curve (0.1�/s COM curve). The decay differs from that of
the normals in that it is more flat and does not show the
hyperbolic form. Similar findings, although with still
higher gain and flatter decay, were obtained in the lat-
erally tilted platform condition (not shown).

With the BSR platform, the patients’ gain curves over
stimulus velocity (Fig. 4d) showed the opposite of a
saturation behaviour. The five curves for the five dif-
ferent stimulus amplitudes increased with increasing
stimulus velocity. On the other hand, the gain curve for
the smallest stimulus amplitude reached the highest
values and that for the largest stimulus amplitude the
lowest gain values, which again reflects a saturation re-
lated to stimulus amplitude. Because peak stimulus
velocity increases with peak displacement during sinu-
soidal stimulation, the aforedescribed increase in the
gain curves cannot be considered a velocity effect but
must mainly represent a frequency effect.
Gain over stimulus amplitude The analysis of gain over
stimulus amplitude did not add new aspects and is,
therefore, not shown. In the plots for the stationary
platform and the laterally tilted platform, the gain curves
showed a weak and relatively flat decay. With the BSR
platform, the gain curves showed abnormally high values
and decreased with increasing stimulus amplitude, but
the decay was flat and remained well above the 0.5–1.0�
saturation range of normals.

Thus, both with the stationary platform and the lat-
erally tilted platform, patients’ visual responses were
basically similar to those of the normal subjects, apart
from the higher gain values and less-pronounced satu-
ration effects. On the BSR platform, their responses
showed an abnormal increase in gain with increasing
frequency (and, as a secondary, concomitant effect of
this, with velocity) and a displacement saturation. In
contrast, the phase was essentially normal. We will
attribute the abnormal gain increase to a tendency of
patients’ postural system to show a resonance behaviour
in this condition (see Discussion).

Restriction of visual field size and presentation
of ‘virtual reality’ visual stimulus (normal subjects only)

In the pilot experiments we had learned that a ’virtual
reality’ visual scene is less powerful than the ‘real world’
stimulus in evoking a postural response (see Introduc-
tion). We were interested to use the less-effective stim-

ulus for comparison, because we wanted to learn how a
weakening of the visual effect affects the saturation
characteristics of the response. Since the use of the
‘virtual reality’ stimulus entails a restriction of the visual
field (90�·66�, w·h), we first repeated the above exper-
iments with the ‘real world’ stimulus using a comparable
field restriction. The result was that the gain and phase
curves in the three platform conditions showed essen-
tially the same frequency, velocity and amplitude char-
acteristics as before with the full visual field (not shown).
Overall, gain level was only slightly reduced: the average
values across all stimulus frequencies and amplitudes
amounted to 96% with the stationary platform, 88%
with the laterally tilted platform and 97% with the BSR
platform (respective values for full field: 100%). Statis-
tically, the differences between full versus restricted vi-
sual fields were significant (F= 61.2, P<0.001), as
ascertained by post hoc analysis (P<0.001; Scheffe test).

Before applying the experiment in its full length with
the ‘virtual reality’ stimulus, we tested a shortened ver-
sion of it with only one stimulus frequency (0.1 Hz). We
instructed subjects, as before, to keep their gaze near the
centre of the scene and we gave them no further tasks
(’no mental task’ condition). Gain of the visual response
decreased to clearly less than half: the average value
across all stimulus amplitudes amounted to 27% with
the stationary platform, 40% with the laterally tilted
platform and 31% with the BSR platform (referred to
‘real world’ stimulus with restricted field: 100%). Sta-
tistically, the differences between ‘virtual’ versus ‘real’
visual scene were significant (F=186.5, P<0.0001), as
ascertained by post hoc analysis (P< 0.0001; Scheffe
test). We considered the visual effect in this condition as
too weak for the intended comparison.

We, therefore, combined the virtual reality stimulus
in the final experiment with a mental task, having ob-
served in pilot experiments that this task enhances the
visual effect to some extent. Subjects were instructed to
focus visual attention on a moving disc in the ‘virtual
reality’ scene in front of them and to read aloud varying
sequences of numbers that were presented to them on
the disk (‘mental task’ condition; see Methods). With this
task, the complete sets of trials were repeated, using the
same stimulus amplitudes (0.25�–4�) and frequencies
(0.05–0.4 Hz) as before. Overall, gain of the visual re-
sponse (referred to the ‘real world’ stimulus with re-
stricted field: 100%) was reduced to approximately half:
the average values across all stimulus amplitudes and
frequencies amounted to 46% with the stationary plat-
form, 59% with the laterally tilted platform and 50%
with the BSR platform. Statistically, the differences be-
tween ‘virtual’ versus ‘real’ visual scenes were significant
(F=248.5, P<0.0001), as ascertained by post hoc ana-
lysis (P<0.0001; Scheffe test). Despite the gain reduc-
tion, the gain curves over stimulus frequency, velocity
and amplitude showed similar characteristics as before
with the ‘real world’ stimulus (not shown). This applied
to all three platform conditions (stationary, laterally
tilted, BSR).
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Thus, weakening the visual effect by presenting a
‘virtual reality’ instead of a ‘real world’ visual stimulus
had no considerable effect on the saturation (and fre-
quency) characteristics of the responses. As a reminder,
when subjects in the previous experiments were standing
on the laterally tilted platform the visual effect became
stronger (also with essentially unchanged saturation and
frequency characteristics). One would therefore expect
for the ‘virtual reality’ experiment that the gain reduc-
tion, seen with stationary platform, becomes partially
reversed with the laterally tilted platform. This predic-
tion was confirmed in the corresponding trials.

Perception of scene motion

Even the smallest visual stimulus in our experiments
(peak amplitude, 0.25�; peak velocity, 0.08�/s) evoked a
clear postural response, at least in the averaged data.
Yet, the majority of our subjects experienced the scene
always as stationary with the smallest stimulus, a finding
that might suggest a higher detection threshold for
conscious perception than for postural control. From
another view point, one could argue that the occurrence
of the postural response is related to subjects’ conjecture
that the scene is not moving, but represents a stationary
space reference for the orientation of the body. In this
view, one could also try to relate the observed velocity
and amplitude saturation of the visual response to the
detection of scene motion. These considerations led us to
obtain an estimate of our subjects’ detection threshold of
the visual motion stimulus for comparison with the
corresponding literature and the present postural data.
To this end, we asked the subjects after each trial to
judge the scene as ‘‘clearly moving’’ or ‘‘stationary’’
(being aware of the fact that the overall experimental
design without sham trials invoked a bias towards the
‘‘moving’’ judgement).

Percentage of perceiving the scene as moving varied
with stimulus frequency and amplitude. With the full
field ‘real world’ visual stimulus and the platform sta-
tionary, all subjects (100%) experienced the scene as
moving with all five stimulus amplitudes (±0.25, 0.5, 1,
2 and 4�) at 0.4 Hz, with the four largest stimuli at
0.2 Hz and with the three largest stimuli at 0.1 and
0.05 Hz (when plotted over stimulus velocity, the 100%
value applied to the range of 0.63–2.51�/s). Below these
ranges, the percentage decreased, reaching 37.5% with
the smallest and slowest stimulus (0.25� at 0.05 Hz). In
the plot over stimulus velocity, the >50% value
(>chance level) was reached with 0.31�/s, which we took
as the detection threshold. With the other two platform
conditions, the distributions of the percentage values
over frequency, amplitude and velocity were similar (and
the >50% value was again reached with 0.31�/s peak
stimulus velocity). In the experiments with the ‘virtual
reality’ scene with ‘mental task’, the percentage values
tended to be clearly lower. For instance, the 100% level
was reached with the 2� and 4� stimuli at 0.2 Hz and the

1�, 2� and 4� stimuli at 0.4 Hz. In terms of peak velocity,
the <50% value (presumed threshold) was reached with
the 1.3�/s stimulus.

The findings suggest that the detection threshold for
consciously perceiving the visual motion stimulus is
higher than that for posture control (the latter appears
to be almost inexistent). Furthermore, in the individual
case, the occurrence of the postural response was not
related to a conjecture by the subject that the scene is
stationary in space. On the other hand, in the averaged
data for the ‘real world’ stimulus and the stationary
platform, the presumed threshold for detecting the vi-
sual motion (0.31�/s) was in the order of magnitude of
the curtailment of COM excursion (0.1�/s). However,
such a correspondence did not hold in the BSR platform
condition, since the threshold was the same (0.31�/s),
whereas the curtailment of the COM excursion was one
order of magnitude higher (1�/s).

Discussion

The postural response to visual stimulation of our sub-
jects showed pronounced frequency and saturation ef-
fects, a finding that is in line with previous work in the
literature (see Introduction). The effects of frequency
could be discerned from those of saturation, in that the
frequency-induced gain changes are associated with
phase changes unlike the gain changes induced by sat-
uration. We attributed the frequency effects mainly to
the dynamics of the postural system as a whole (i.e.
including biomechanics and physics) rather than to
transfer characteristics of the visual system (see below).
As for the main focus of our study, the saturation, we
observed two effects, one related to stimulus velocity and
the other to displacement.

In the following discussion we proceed from the
aforementioned notion that saturation mainly stems
from the interaction between the visual response and
other sensory cues. In this view, the visually evoked
body excursion activates vestibular and proprioceptive
cues, which in their part try to maintain body upright-
ness and, thereby, would counteract the visual response.
The counteraction itself would only weaken the visual
responses, however. It must also show non-linear
properties (e.g., in terms of a vestibular or propriocep-
tive threshold) in order to lead to saturation. Since
detection thresholds of the vestibular and proprioceptive
systems are known in the psychophysical literature, we
asked whether the postural findings can be related
somehow to the perceptual thresholds. Furthermore, we
used vestibular and proprioceptive thresholds in a pre-
vious postural control model to explain non-linearities
of the responses to pull and tilt stimuli (Mergner et al.
2003; Fig. 5). We will therefore consider this model also.

We start our considerations with the four different
sensory conditions used (proprioceptive cues present/
absent, vestibular cues present/absent), before examin-
ing the effects of a gain modification of the visual signal
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(induced by the ‘virtual reality’ stimulus and the laterally
tilted platform). Therewith, we refer to our model but
explain only its most relevant features leaving a detailed
description of it to the Appendix. A major function of
the model is to create, by way of intersensory interac-
tions, internal representations of the external stimuli. A
consequence is that the model’s sensory feedback
changes ‘automatically’ when the stimuli in the envi-
ronment change (see also Mergner 2004). This allows us
to simplify the model for each of the two environmental
situations used (stationary/BSR platform) by removing
the inactive parts. Further simplified versions resulted
when we mimicked the loss of vestibular function by

removing the vestibular sensor from the model. This
yielded four simple models, one for each of the four
sensory conditions (Fig. 7a–d).

Visual response with both proprioceptive and vestibular
cues present (normal subjects, stationary platform)

The visual responses were smallest with normal subjects
on the stationary platform. As mentioned before, they
saturated in two ways. One was a saturation with
increasing stimulus velocity. In the corresponding gain
plots, the curves showed an essentially hyperbolic decay
with increasing stimulus velocity, reflecting a curtailment
of COM excursion when peak COM velocity exceeds a
‘threshold’ of 0.1–0.2�/s (compare 0.1�/s dotted curve in
Fig. 4a). The other was a saturation which we related to
COM displacement (at 0.1–0.2�). One tends to attribute
these saturation effects mainly to the ankle joint pro-
prioceptive feedback because they dramatically changed
when this feedback was disabled (BSR platform; see
below).

Interestingly, Fitzpatrick and McCloskey (1994) re-
ported in a psychophysical study that conscious self-
motion perception during stance of normal subjects on
stationary support is determined primarily by leg pro-
prioception. They came to this conclusion on the basis of
detection threshold measurements. They reported
velocity and displacement thresholds for leg proprio-
ception of approximately 0.1�/s and 0.1�, respectively,
which is in the same order of magnitude as the above
saturation values. We take this correspondence as indi-
cating a meaningful congruency between action (here,
posture control) and perception. But there appears to be
no simple and straightforward way to relate the two
phenomena to each other, as we will see in the following
with the model simulations.

When simulating (in a previous study) human pro-
prioception in a simple feed forward model of self-

Fig. 5 Multisensory model of posture control of Mergner et al.
(2003). Details are described in Appendix. Inset on top leftdefines
‘PHYSICS’ part: a one-segment body (including head, trunk and
legs) pivots in the sagittal plane as an inverted pendulum about the
ankle joint on a potentially tilting platform with a rotating visual
scene representing the external stimulus (all rotation axes through
ankle joint). FS foot-in-space angle (resulting from platform tilt);
FB foot-to-body angle (equal to -BF); BS body-in-space angle; VS/
VB angle of visual scene in space/to body. Open switch BSRP
mimics body sway referenced platform. Box BIOM (biomechanics)
transforms FB into ankle torque. The subjects’ anthropometric
parameters are contained in the boxes ‘BODY INERTIA’ and
‘GRAVITY’. Torque at the ankle joint leads to shift of the centre
of pressure (box COP). Dashed lines represent torque and solid lines
angles. ‘SUBJECT’ part of model (on the right): Boxes PROP,
VEST, SOMAT and VIS represent the proprioceptive, vestibular,
plantar pressure (somatosensory) and visual sensors, respectively
(SOMAT and VIS show low-pass filter properties, as indicated by
symbolsin these boxes). bf, bs, fs and bv are internal representations
of BF, BS, FS and -VB, respectively (bs’, a bs estimate derived from
SOMAT, is used instead of signal bs by patients as well as by
normals on BSR platform). Elements contained in the dark grey
box were omitted when simulating the patients. T1, T2 and T3,
detection thresholds; G1, G2 and G3, fixed gain values (see Fig. 7);
G4, gain of the visual signal, adjusted to fit simulated with
experimental data; S saturation element. All delays in the system
are represented as one dead time (Dt=100 ms). Box PDI represents
neural controller with proportional, differential and integrative
factors (normals: 12.2 Nm/�, 4.4 Nms/� and 1.6 Nm/s�; patients:
15.7 Nm/�, 5.2 Nms/� and 1.6 Nm/s�, respectively)
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motion perception, we could directly implement the
perceptual threshold; the model‘s output then reflected
the threshold effects which we had obtained experi-
mentally with monomodal stimulation and appropriate
instructions to the subjects (Mergner et al. 1991). The
situation with the postural control mechanism is more
complicated. It involves not only a motor system but
also a sensory feedback, and this from several sensors.
In fact, in our posture model (Fig. 7a), we assume
feedback from four sensory systems: the visual, leg
proprioceptive, vestibular and somatosensory systems
(boxes VIS, PROP, VEST and SOMAT, yielding
internal representations of the a–p angular excursions
between visual scene and body, body and foot support,
and body in space, and of the a–p shifts of plantar
sole reaction forces, respectively). Since here SOMAT
is not contributing to the feedback in this condition
(see Appendix), there remain inputs via the VIS,
PROP and VEST systems. These signals are combined
at an internal summing junction for the presumed
feedback control. Since the original model did not
include a VIS system, we added it here for the present
experiments (without yet assuming visual interactions
with the other cues at sensory levels; see below).

We found that our model is able to mimic the visual
responses obtained in the present study. In the model
simulations, we addressed the following four points:

Gain adjustment of visual signal

Application of the model to the present experiments
required that we adjusted the gain of the internal visual
signal in the model for each experimental condition
separately, thereby trying to fit the simulation data to
the experimental data. A successful fit would allow us to
obtain an estimate of how the internal visual signal is
modified within the postural control system.

In the simulations, the model‘s output (BS, body in
space) was compared to the visual stimulus (input VS,
visual scene in space) for different adjustments of VIS
gain (box G4). We found that the simulation data be-
came similar to the experimental data when the gain was
set to a very low value (0.05). The corresponding plot of
BS gain over stimulus velocity is shown in Fig. 6a (to-
gether with the calculated 0.1�/s dotted BS curve, to ease
comparison with the experimental data in Fig. 4a). Note
the hyperbolic decay in the simulated gain curves, which
mimics quite well the measured one in the experimental
data. Also, the decrement of the initial parts of the gain
curves with increasing stimulus amplitude, i.e. the
amplitude saturation, is mimicked. Using an automa-
tised optimisation of the visual path’s parameters, the fit
between simulated and experimental data became only
slightly better (see Appendix). The low visual gain
indicates that the visual signal is largely suppressed in

Fig. 6 Simulation results
obtained with the model in
Fig. 5. Presentation is
analogous to that in Fig. 4
(COM gain over stimulus
velocity). a, b Simulation results
for normal subjects. c, d
Vestibular loss patients. a, c
Stationary platform. b, d ‘Body
sway referenced’, BSR
platform. Note different scales
on ordinates
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this condition, compatible with earlier findings of Pet-
erka (2002). As will be discussed further later, we attri-
bute this suppression to a visual-vestibular interaction at
sensory levels.

Saturation of visual signal

To what extent can the saturation element in the visual
path, which we implemented in analogy to the known

Fig. 7 Simplified versions of
the model shown in Fig. 5,
which result when it is applied
to the four sensory conditions
used (a–d). For abbreviations,
see Fig. 5. a Normal subjects,
stationary platform. Sensory
feedback occurs via the sensors
PROP, VEST and VIS,
whereas the plantar pressure
cues are not used here (crossed
box SOMAT). Furthermore,
the internal representation of
FS, signal fs, is omitted,
because FS=0� (stationary
platform). Gain G4 of the
visual path was varied to fit
simulated to experimental data
(see Discussion). S velocity
saturation, 3.0�/s. b Normal
subjects, BSR platform.
Proprioceptive feedback is
disabled (crossed box PROP)
and motion of platform is
registered via vestibular path
that yields fs. The vestibular
signal bs is replaced by the bs’
signal from SOMAT. c
Vestibular loss patients,
stationary platform. With loss
of vestibular input (crossed box
VEST) signal bs’ from SOMAT
substitutes bs. Otherwise as in
a. d Patients, BSR platform. As
in c, but in addition to the
vestibular loss the
proprioceptive feedback is
disabled. Low-pass filters of
SOMAT and VIS are first order
with corner frequencies of 0.5
and 0.8 Hz, respectively.
Further details in Appendix.
List of gain and threshold
values: G1=0.7, T1=0.1�/s;
G2=0.9, T2=0.06�; G3=0.8,
T3=0.06�
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saturation in the optokinetic pathway (see Introduc-
tion), explain the saturation of the visual response? In
the simulations, we found that the velocity saturation in
the visual path (S) makes only a very small contribution
as compared to the threshold effects that we describe in
the following paragraph.

Thresholds of non-visual signals

How to explain the apparent correspondence between
the saturation characteristics in the postural data and
the psychophysical thresholds? Note that the PROP
pathway of the model contains no thresholds. We ex-
plored these issues in two ways:

1. When we removed the only threshold contained in
the model of Fig. 7a, i.e. a position threshold in the
vestibular path (T2=0.06�), both the velocity and
displacement saturation effects in the simulation re-
sponses were eliminated (apart from a small remnant
due to the saturation element S in the visual path, see
above). Noticeably, the velocity saturation effect in
the simulation resulted from a combination of the
position threshold and the frequency effects in the
model. Thus, our postural control model mimics the
saturation characteristics of the experimental data
without explicitly containing a 0.1�/s velocity
threshold and a 0.1� position threshold.

2. The model could be transformed into one with pro-
prioceptive feedback alone and with both a 0.1�/s and
a 0.1� threshold, while maintaining essentially the
same simulation results as before. Note that both the
vestibular signal and the proprioceptive signal in the
model register body motion with respect to the sta-
tionary support so that the vestibular feedback can be
substituted by proprioception. This could be done in
different ways, either by simply exchanging the sensor
and leaving the aforementioned position threshold in
the now proprioceptive path (no velocity threshold)
or by replacing this single threshold by an in-series
combination of the psychophysical 0.1�/s velocity
threshold and 0.1� position threshold (which required
a gain adjustment of the path), or by adding two
proprioceptive paths, one for each of the two
thresholds. Thus, it was possible to create, for com-
parison with the psychophysical studies in which
proprioception was tested selectively, a monomodal
proprioceptive posture model which contains the
psychophysical thresholds exactly and still shows the
above saturation characteristics.

Given that a control mechanism such as the propri-
oceptive model exists, what could be the functional
significance of parallel proprioceptive pathways? We
deem it possible that conscious proprioception at high
processing levels (cognitive levels), which carries the
perceptual thresholds, can help the proprioceptive path
at low levels, in substitution of vestibular feedback
during postural control on stationary platform. There

might even be separate proprioceptive channels for
velocity and position, a notion to be elaborated in a
future study. This view is rather speculative, admittedly.
The main point we want to make here is that the func-
tional equivalence between the original model and the
monomodal proprioceptive model lends support to the
assumption of an action-perception congruency. Yet, it
is to denote that the proprioceptive model would fail
when the environmental situation is changed into one
with moving platform (since it tries to stabilise the body
with respect to the platform and not in space), whereas
the model in its original form (Fig. 5) copes with such a
change.

Threshold of visual signal

How does the detection threshold for consciously per-
ceiving motion of the visual scene, which we obtained
from our normal subjects in the present experiment, fit
into this picture? The value obtained (0.3�/s) is well in
line with the literature (Fitzpatrick and McCloskey
1994; 0.1–0.3�/s). As already mentioned in Results, the
threshold value is only slightly higher than that of the
COM curtailment of the postural response (0.1�/s), so
that one may tend to assume a direct relationship be-
tween the two phenomena. However, this assumption
appears not to hold, since, in the BSR platform condi-
tion, the threshold was the same, whereas the COM
curtailment occured at a much higher value (1�/s).

When we implemented this psychophysical threshold
into the visual path of the posture model, its output BS
conceivably became zero with slow stimuli, which is
unlike in our experiments. However, such a threshold
must not necessarily represent a problem for the posture
control system. In the simulations, the problem could be
overcome by having, in addition, a visual path with no
considerable threshold (an approach analogous to the
one just described above with proprioception) or by
internally adding white noise at the sensory signals’
summing junction. Experimental evidence for a rela-
tionship between detection thresholds and internal noise
in the human spatial orientations system has been re-
ported in a recent psychophysical study (Mergner et al.
2001).

Proprioceptive cues absent and vestibular cues present
(normal subjects, BSR platform)

Our normal subjects showed much larger visual re-
sponses on the BSR platform than on the stationary
platform. Especially with small visual stimuli, the body
excursions could by far exceed the visual scene excur-
sions. Saturation occurred again in two ways, i.e. with
increasing stimulus velocity (hyperbolic decay in
Fig. 4b) and with increasing stimulus displacement
(decrement of the initial parts of the gain curves in
Fig. 4b). Also, similar to before, the saturation effects
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occurred when the visually evoked COM excursion
reached certain velocity and displacement values. But
these values were an order of magnitude higher (�1�/s
and 1�, respectively). Since ankle joint proprioceptive
feedback was disabled in this condition one would tend
to attribute these effects mainly to vestibular mecha-
nisms.

In the psychophysical study of Fitzpatrick and
McCloskey (1994), the values for the vestibular velocity
and position thresholds during stance were about a
magnitude higher than for the leg proprioceptive ones
(�1�/s and 1�, respectively). A 1�/s vestibular threshold
was also reported for the conscious self-motion percep-
tion in the horizontal rotational plane (Benson et al.
1989; Mergner et al. 1991). Thus, action-perception
congruency appears to apply here also.

Again we tried to mimic the postural data by the
model simulations. The model for this sensory condition
is shown in Fig. 7b (disabling the proprioceptive feed-
back refers to opening the switch BSRP in Fig. 7a).
Motion of the platform, resulting from its coupling to
the body excursion, is now thought to activate a VEST
system which is different from the one in Fig. 7a in that
is shows a velocity threshold (T1= 0.1�/s) and a differ-
ent gain (G1; see Appendix). Furthermore, the model
involves the SOMAT system. With the visual gain ad-
justed to 0.05 as before, the simulation data well mim-
icked the experimental data with both a velocity and a
displacement saturation (Fig. 6b). Optimisation of the
visual path slightly improved the data fit with a some-
what increased visual gain (0.33) under retention of the
saturation characteristics. When we removed the two
thresholds in the model (VEST, 0.06�/s; SOMAT, 0.06�),
the saturation effects of the visual responses were
essentially abolished. Thus, also in this condition, our
postural control model mimics the saturation charac-
teristics of the experimental data without explicitly
containing a vestibular 1�/s velocity threshold and 0.1�
position threshold.

How do the model simulations relate to the psycho-
physical findings of 1�/s and 1� vestibular thresholds?
Although there is no direct relationship between the
psychophysical thresholds and the thresholds in the
model, we could establish a bridge between the two. We
did so by creating a version of the model in which we
made the vestibular cues the only non-visual feedback
(an approach that we considered appropriate for com-
parison with a psychophysical condition in which ves-
tibular cues were tested selectively). This was achieved in
a way analogous to before by replacing the SOMAT
feedback with vestibular feedback. For the replacement
we used two vestibular paths, one with a 1�/s and the
other with a 1� threshold. The functional equivalence
between this monomodal vestibular model and the ori-
ginal one again lends support to the assumption of an
action-perception congruency.

A further question which we tried to answer with the
help of the model simulations is: how to explain the large
gain values in this condition? We inspected the single

response traces of the simulations and found that the
responses were characterised by large body oscillations
in the low-frequency range (0.1–0.3 Hz). Similar oscil-
lations also occurred intermittently in our experimental
data and have been documented in the study of Peterka
and Loughlin (2004) for this condition. They represent a
tendency of the feedback system to show a low-fre-
quency (0.1 Hz) resonance behaviour when the loop
gain is low (compare Peterka 2001). Why would the loop
gain here be low? Noting that the resonance behaviour
was prominent with small stimuli, we tend to relate the
low loop gain in this condition to the thresholds, at least
in part (the thresholds suppress part of the sensory
feedback and this is relatively more for small stimuli
than for large stimuli).

Vestibular cues absent and proprioceptive cues present
(patients, stationary platform)

The responses of the patients in this condition were
basically similar to those of the normal subjects. Obvi-
ously, patients noticed, although not necessarily con-
sciously, that it was the platform which was stationary
(and suitable for use as a space reference) and not the
visual scene. They likely did so because there were no
changes in the ground reaction force under their feet (no
SOMAT signals) that were directly related to the relative
motion between scene and body. Yet, the patients’ gain
of the visual responses was somewhat larger than that of
the normal subjects, while the phase was essentially
normal. Furthermore, the decay of gain with increasing
stimulus velocity and displacement was less steep than in
normals. Because we do not know of comparable psy-
chophysical threshold data from vestibular loss patients
in the literature, we restrict our further considerations to
a comparison with the simulated data.

The model for the patients on the stationary platform
(Fig. 7c) contains, in addition to the PROP system, a
SOMAT system (compare Appendix). When we ad-
justed, in a first step, the visual gain to a value of 0.2, the
simulation data including the saturation effects (Fig. 6c)
rather well mimicked the experimental data (compare
Fig. 4c). The automatic optimisation of the visual path
parameters improved the fit slightly with a visual gain of
0.4. In the simulations, the reduced slope of the velocity
saturation mainly stemmed from the increase in visual
gain. The saturation effects were primarily caused by the
position threshold in the SOMAT path (0.06�). Modifi-
cations of the model were not tested.

Vestibular and proprioceptive cues absent (patients,
BSR platform)

It may appear surprising that the patients were able to
stabilise their bodies on the almost continuously
moving platform (it was moving 1:1 with their body
sways). The first reason for surprise is that the patients
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were able to cope with the unusual way of balancing in
this condition. Intuitively, we tend to relate a ‘body
righting in space’ to a corresponding adjustment of
ankle joint angle (body-to-foot), given that we know
the foot support angle in space. In the BSR platform
condition, however, equilibrium control requires an
adjustment of ankle torque, without this producing a
concomitant change in ankle angle. Second, one may
wonder how the patients were able to cope with the
fact that not only was the scene moving, but also the
platform. The explanation would be that patients used
the scene as a space reference for their posture control
(and needed to do so, because when tested with eyes
closed, they always tended to fall). We deem it likely
that they could achieve body equilibrium because the
scene excursions used were rather small ( £ 4�). But it
turned out to be also important that these excursions
were rather slow, because patients fell with faster
excursions (>2.5�/s), and this even if they were rather
small (<1�; compare Fig. 4d).

The frequency characteristics of patients’ visual re-
sponse in this condition were quite abnormal. The phase
showed essentially a normal lag with increasing fre-
quency, but gain showed an increase. There was also a
gain increase with stimulus velocity, but this reflects
primarily the frequency effect. The reason for this
assumption is that the increase in stimulus amplitude,
which equally increases stimulus velocity with the sinu-
soidal stimulation, led to a decrease in gain. We tried to
understand better the effects with the help of our model
simulations.

The model for the BSR platform condition is shown
in Fig. 7d. It contains the SOMAT path with the 0.06�
threshold, as before, but no longer the PROP feedback.
A good fit between simulated and experimental data was
achieved when visual gain was adjusted to 0.7 (a value
‡0.4 was required for body stability; the procedure for
the optimal fit yielded a value of 0.53). Removal of the
threshold in the SOMAT path almost completely elim-
inated the amplitude saturation, while the gain still in-
creased with increasing frequency, albeit to clearly lower
values. Inspection of the individual simulation responses
revealed a tendency for body oscillations in the range of
0.5–1.0 Hz, which also could be found in the experi-
mental data. It is known that a tendency for high-fre-
quency resonance in the postural loop can occur with
high loop gain leading to abnormally large and fast body
excursions (Peterka 2000; Peterka and Loughlin 2004;
Maurer et al. 2004). In the situation considered here,
however, mainly other factors contribute to the oscilla-
tory behaviour (the presence of two mutually competing
references with similar gain, represented by the signal
from the SOMAT path for stabilisation in space versus
the signal of the visual path for stabilisation with respect
to the moving scene; low-pass filters in the two paths and
a threshold in the SOMAT path). Thus, the simulations
helped us to explain the abnormal postural responses
and the instability of the patients in the BSR platform
condition.

Previous studies of Peterka and Benolken (1995) and
Peterka (2002) reported visual postural responses with
frequency and saturation characteristics similar to the
ones described here. Also, the weighting factors of the
visual signal that Peterka (2002) calculated from his data
for the visual responses of normals and patients are
similar to the gain values we found in the present study.
But these earlier studies did not distinguish between
velocity and displacement saturation and they did not
aim to elucidate the mechanism underlying the satura-
tion. Furthermore, although the authors of the previous
studies noted some similarity between their postural
data and perceptual threshold data in the literature, they
did not elaborate on this point. Instead, they related the
saturation to a still-to-be-defined ‘sensory weighting’
mechanism. Finally, the previous studies did not find
considerable saturation in vestibular loss patients on the
BSR platform, which is different from the present find-
ings. We would tend to relate this difference to the fact
that their patients had lost vestibular function during
late adulthood, while the loss in our patients occurred in
childhood, so they may have adapted better.

Weighting of sensory cues, performed in an adaptive
way based on the noise in the sensory signals, is a key
feature of the posture control model of van der Kooij
et al. (2001). Interestingly, although no threshold
mechanisms were implemented in their model, the re-
sponses obtained during simulation showed threshold
and saturation characteristics. It remains to be shown to
what extent their model is functionally equivalent to our
model, but we would like to point out the following
difference: our model uses linear inter-sensory interac-
tions to yield a ‘‘sensory weighting’’ that depends on the
presence or absence of external stimuli, with the
threshold mechanisms which we presume contributing to
the weighting (see also Appendix).

As mentioned before, we have not yet implemented a
visual interaction with other sensory signals at the
internal sensory processing level of our model. The
estimates of the visual gain that we obtained in the
present study for the four sensory conditions which we
used will help us to design such an interaction mecha-
nism in the future. In the previous psychophysical work
we have already presented a model that describes the
visual-vestibular interaction for human self-motion
perception (Mergner et al. 2000a). In this psychophysi-
cal model, the visual cues dominate whenever the visual
scene is stationary (i.e. a stationary visual scene is taken
as space reference for self-motion perception), while they
become largely suppressed and the vestibular cues pre-
vail when the scene is moving. We conceive that a
functionally equivalent visual-vestibular interaction oc-
curs in the postural control system and is responsible for
the suppression of the visual signal when a moving vi-
sual scene is presented as stimulus.

Given our assumption that the thresholds in the
postural control mechanism are, at least in part, inde-
pendent of sensory weighting mechanisms, the question
arises as to their functional significance otherwise.
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Noticeably, these thresholds are thought to reside cen-
trally, i.e. they are distinct from the peripheral detection
thresholds of the sensors. In the previous work on per-
ception, we considered them as central mechanisms
which suppress internal signal noise with the aim of
perceptual stabilisation (Mergner et al. 1991, 2001; in
the same token, they may suppress signal drifts which
arise, for instance, if internally a position signal is de-
rived from a velocity signal that carries an offset). In the
postural control system, however, a ‘noisy’ output in
terms of spontaneous sway appears to be desirable for
many reasons. To give an intuitive example: attempting
to stand absolutely motionless soon becomes uncom-
fortable and even painful, but maintaining a relaxed
stance with ample sway remains comfortable. How is it
possible that the thresholds do not suppress the spon-
taneous postural sway?

One answer to this question would be that, conceiv-
ably, centrally arising noise downstream from the
thresholds represents a ‘set point signal’ for the con-
troller and thus affects the output. On the other hand,
noise arising in the periphery or in the sensory systems
tends to be suppressed by the envisaged thresholds. This
point, though, has two noteworthy aspects which may
compete with each other. First, the noise may help
sensory stimulus signals to surpass the thresholds (see
above). Second, external stimuli such as gravitational
acceleration are responded to by the system only to the
extent that they exceed the thresholds (thus, body
excursions in response to external forces are not coun-
tered by the control system unless they exceed the
threshold, by which a kind of ‘discrete’ feedback control
could result). Overall, the effects of the thresholds ap-
pear to be rather complex and their role for the occur-
rence of spontaneous sway still remains to be
determined. Experimentally, at least, the threshold ef-
fects can be assessed rather well, as we have shown here,
although their interpretation is more difficult than we
anticipated.

Modification of visual signal gain

As mentioned in the Introduction, pilot experiments
suggested that the strength of the visual effect depends
not only on frequency, amplitude and velocity of the
visual stimulus and on the intersensory interactions
above considered but also on factors that are yet to be
defined in the following. When we presented a ‘virtual
reality’ stimulus instead of the ‘real world’ stimulus,
the gain clearly decreased. On the other hand, it in-
creased when we superimposed small lateral platform
tilts on the a–p visual stimulus. These effects were
confirmed and quantified in our final study. Interest-
ingly, other changes of the stimulus presentation were
less effective. For instance, reduction of the size of the
visual field affected the gain only to a minor degree
(see Results). We would expect the same for a
reduction in contrast and/or luminance level of the

visual stimulus, a notion that we have not quantified
in this study, but which we have drawn from previous
work on self-motion perception (Mergner et al.
2000b).

The gain changes of the visual responses observed
with the ‘virtual reality’ scene and the laterally tilted
platform appear mainly due to a modulation of the vi-
sual signal at input levels. To test this hypothesis, we
performed model simulations comparing the effects of
such gain changes in the simulations with those obtained
experimentally. When we either decreased the gain of the
visual signal to 0.01 (from 0.05) or increased it to 0.1 in
the model of normal subjects on the stationary platform,
gain of the visual response was changed accordingly
without major effects on the saturation characteristics,
similar to the experimental data (analogous findings
were obtained for the BSR platform condition). How-
ever, when we increased the gain further up to 0.4, the
curves of response gain over stimulus velocity increased
and the decay became less steep. Consequently, the gain
curves resembled those of the patients on the stationary
platform (see above). We take these findings as further
support for the descriptive and predictive power of our
model.

We assume that the gain changes of the visual signal
were caused mainly by cognitive mechanisms. In the
condition with superimposed lateral platform tilts, we
assume that the tilts interfered with subjects’ notion of a
stationary body support. Although not destabilising
their body posture to a considerable degree, the tilts
likely increased the subjects’ tendency to rely their pos-
ture control on the visual scene as a space reference. We
assume that this increased the gain of the visual signal.
With the ‘virtual reality’ scene, on the other hand, we
explain the gain decrease of the visual signal by assum-
ing that the subjects experienced the stimulus as less
‘convincing’ than the ‘real world’ stimulus. We expect
that the cognitive effects take place at those sensory
processing levels where the visual-vestibular interaction
takes place.

The findings obtained with the ‘virtual reality’ stim-
ulus are of general relevance, because this sort of stim-
ulus is being used more and more, not only in research
of posture control (e.g., Kuno et al. 1999; Keshner and
Kenyon 2000; Akiduki et al. 2003; Tossavainen et al.
2003), but also in video games, motion simulations, etc.
As mentioned before, restriction of the visual field size
(e.g., by a ‘virtual reality’ set up), reduces the visual
response only to a minor degree. The cognitive effects
appear to be more relevant. They can likely be related to
a number of technical factors that betray the unrealistic
character of the stimulus (pixel size, lines of display,
unrealistic motion parallax depending on distance of eye
fixation point, etc.) and to the a priori knowledge of its
illusory character. However, we would also like to point
out the advantage of this technology. It allowed us to
modify the visual stimulus with little effort such that we
could add a mental task (‘mental task’ condition) and
thereby bind the subjects’ gaze and visual attention.
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Conclusions

In our experiments, we used the motion of a visual
scene to evoke postural responses. These visual re-
sponses are characterised by saturation. In normal
subjects, the saturation occurs with both increasing
stimulus velocity and displacement. It shows up rather
abruptly when the visually evoked body excursions
reach certain velocity and displacement values. These
body excursion limits are low with stance on a sta-
tionary platform (0.1�/s and 0.1�, respectively). Very
similar values are reported in the psychophysical lit-
erature for the velocity and displacement detection
thresholds of leg proprioceptive perception. On the
other hand, with stance on a BSR platform, a situa-
tion where proprioceptive feedback is disabled and
vestibular cues are thought to play the major role,
analogous saturation characteristics of the visual pos-
tural responses are found, but they are one order of
magnitude higher (1�/s and 1�). Again, there appears
to be a correspondence with the psychophysical liter-
ature which reports very similar values for the vestib-
ular perception thresholds. How can the postural
findings be explained and how can they be related to
the psychophysical data?

To answer these questions, we performed simulations
of the experiments with the help of a posture control
model. The model had previously been designed to de-
scribe non-linear responses to body pull and support
surface tilt stimuli with the help of threshold mecha-
nisms. A visual path was added to the model and the
internal visual gain was adjusted for the best fits between
simulated and experimental data. The fits were obtained
when the visual gain was set at low values (true for
normals on the stationary platform and the BSR plat-
form; thus, normals appear largely to suppress the visual
input in these experimental situations). The simulation
data then showed saturation characteristics which were
very similar to those in the experimental data. This ap-
plied although the thresholds in the model were much
lower than the psychophysical ones and the sensory
feedback was not unimodal (the model version for the
stationary platform condition contained in addition to
proprioceptive cues vestibular cues, and for the BSR
platform condition it contained in addition to vestibular
cues plantar pressure cues).

We were able to transform the model into a func-
tionally equivalent version with monomodal proprio-
ceptive feedback and the psychophysical thresholds
(0.1�/s and 0.1�) for the stationary platform condition as
well as with monomodal vestibular feedback and 1�/s
and 1� thresholds for the BSR platform conditions. We
speculate that such mechanisms may be invoked in
certain situations of the posture control repertoire, when
one has to involve higher perceptual levels of sensory
processing and cognition. We take the model versions to
represent bridges between the postural data and the
psychophysical thresholds data, which justify the
assumption of an action-perception congruency.

The corresponding experiments with vestibular loss
patients suggest to us that plantar pressure cues can
largely substitute the vestibular cues while standing on
stationary support. On a BSR platform where proprio-
ceptive feedback is disabled and the platform is moving,
in contrast, patients show clearly abnormal responses
with extremely high gain. Model simulations helped us
to relate the latter responses to an abnormal tendency
for resonance of the control loop.

The results show that complex sensorimotor mecha-
nisms such as postural control can be better understood
when the experiment is formalised into a dynamic model
and simulated. This applies especially when non-linear-
ities such as thresholds are involved. With simulation the
problem of a mathematical treatment of the non-lin-
earities does not arise (see Introduction).
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Appendix

The postural control model used for simulation of the
present experiments is shown in Fig. 5. It represents a
version of the model we used earlier to describe the re-
sponses of normal subjects and vestibular loss patients
to pull and tilt stimuli (Mergner et al. 2003). In this
study we assessed whether it is able to describe, in
addition, the responses to visual stimuli and explain the
saturation behaviour of the visual responses by thresh-
olds in the processing of the vestibular and somatosen-
sory signal (the proprioceptive signal was originally
without threshold).

The model in Fig. 5 considers exclusively motion in
the sagittal plane. It comprises a PHYSICS part and a
SUBJECT part. The PHYSICS part (see also inset) in-
cludes two mutually coupled pendulums, one being the
body segment (‘inverted pendulum’), which consists of
head, trunk and legs and is located above the other
pendulum which is the foot-platform segment (primary
orientations, upright and level, respectively). Both seg-
ments are interconnected by a joint (ankle joint), and
only rotations around this joint are considered. As long
as the body shows only small angular excursions about
the upright position, gravity presses the foot firmly on
the support.

With the platform level and held stationary in space,
i.e. the stationary platform condition in our experiment
(foot-in-space angle, FS=0�), the body-to-foot angle
(BF; i.e. the reverse of the foot-to-body angle, FB; FB
= -BF) is coupled 1:1 to the body-in-space angle (BS).
However, if FS is made to exactly match BS, the cou-
pling is eliminated and the foot-to-body angle becomes
‘‘frozen’’ (FB = -BF = 0�; this is mimicked in the
figure simply by making FS=0� and opening the switch
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BSRP, which corresponds to the BSR platform condi-
tion).

The angle FB is transformed by the box BIOM (for
biomechanics) into a torque at the ankle joint via
elastic and viscous elements of the muscles and liga-
ments of this joint (assumed to be low, see below). This
torque combines with the active MUSCLE TORQUE
at the joint (the summing junction of the two torques
represents here the ankle joint, assuming an ideal
actuator; the minus sign of the MUSCLE TORQUE
signal represents the negative effect of the sensory
feedback loop to be described below). The ankle joint
torque acts on the box BODY INERTIA where it is
transformed into the angular displacement BS (T/
J = d2BS/dt; T, torque; J, body inertia, calculated
from our subjects mean values for COM and COM
height above the joint; BS resulting from double inte-
gration). BS increases the torque via the box GRAV-
ITY by the gravitational acceleration of the COM
(mgh sin(BS); m, COM mass; h, COM height). The
torque also leads to an a–p shift of the centre of
pressure (box COP).

The perturbing stimulus applied to the system stems
from an angular displacement of a visual scene in space
(VS). The effect of VS on the body (visual scene with
respect to body, VB) depends on BS, VB = VS � BS.
The visual stimulus VB and its physiological effects were
not contained in our original model (Mergner et al.
2003) and has been added here. On the other hand, the
original model contained a contact force (pull) stimulus,
which was not used in the present experiments and
therefore is omitted here.

The afferent interface between the PHYSICS part
and the SUBJECT part of the model is given by the four
sensors. We assume that BF is sensed by ankle propri-
oception (PROP), BS by the vestibular system (VEST),
the shift of COP by plantar somatosensory receptors
(SOMAT) and the visual stimulus VB by the visual
system (VIS). The hypotheses for the first three sensors
were presented before (Mergner et al. 2003; Mergner
2004). In short, PROP is taken to stem mainly from
spindle receptors in the ankle joint muscles and to in-
form the brain about the angle BF (internal represen-
tation, bf) with broad band-pass frequency
characteristics (1 in box PROP, ideal transfer charac-
teristics; sign reversal, �1, changes FB = �BF into
BF). VEST is thought to provide an internal estimate of
BS, i.e. signal bs, which for the present purpose is taken
to show broad band-pass characteristics (box VEST
with ideal transfer characteristics, 1). SOMAT is repre-
sented by plantar somatosensory receptors which pro-
vide a low-pass filtered estimate of COP shift at the foot
soles (note low-pass filter symbol in box SOMAT; fur-
ther details in Maurer et al. 2000, 2001; Mergner 2004;
in the box the COP signal is multiplied with the fac-
tor—[mg]). The newly implemented sensor VIS is
thought to yield an internal estimate of body motion
with respect to the visual scene (bv), which is sign re-
versed with respect to VB (�1 in box VIS) and shows

low-pass filter characteristics (see Introduction and leg-
end of Fig. 7).

The efferent interface between the two parts of the
model is given by the box PDI, which represents a
‘‘neural controller’’ with proportional, differential and
integrative properties (values of factors KP, KD and KI,
respectively, are given in the legend of Fig. 5; the above
mentioned elastic and viscous elements in box BIOM
were taken to be 10% of KP and KD, respectively, as
suggested in the study of Peterka 2002). The box PDI
transforms a neural command signal into torque at the
ankle joint. The neural command signal carries a single
delay time (box Dt; 100 ms). This reflects our assump-
tion that the brain has found ways to deal in a simplified
way with the many different time delays in the system.

The SUBJECT part of the model contains a summing
junction at which five signals are combined. The first
would be the proprioceptive bf signal which we consider
to form, together with the system’s efferene, a ‘local
feedback loop’ that stabilises the joint and, with the
values used for KP and KD, takes into account body
inertia. The other signals represent internal estimates of
the external stimuli. One stimulus would be the gravity
effect on the body, which internally is represented by the
vestibular bs signal. It carries a gain factor (G2) and
position threshold (T2). Another external stimulus
would be FS when it is made to follow BS in the BSR
platform condition (with stationary platform, in con-
trast, it need not be represented here internally, since
then FS=0�). The internal representation of FS is
internally derived from a vestibular-proprioceptive sig-
nal fusion in the form of fs = bs � bf (fs signal). The
fusion is thought to originate from vestibular and pro-
prioceptive velocity signals and fs therefore carries a
velocity threshold (T1; furthermore the gain factor G1).
The signals bs and fs are thought to be missing in ves-
tibular loss patients (inactivation of dark grey box in the
model of Fig. 5).

The bv signal, i.e. the sign-reversed estimate of the
visual stimulus VB (third external stimulus), is thought
to carry a velocity saturation, in analogy to what is
known about the optokinetic reflex (see Introduction).
As mentioned in the Discussion, we assume that the
visual signal interacts with the vestibular signal, yielding
a ‘sensory weighting’ of the two signals. At the present
stage of our work, however, we refrained from imple-
menting such a mechanism here and adjusted, instead,
the gain of the bv signal (G4) to fit the simulated data to
the experimental data for each experimental condition.

The bs’ signal is derived from the SOMAT sensor. In
the original model, this signal was used for two functions
(see Mergner et al. 2003). One function applied to the
stationary platform condition and consisted of interac-
tions with the vestibular signal (not shown here). By way
of these interactions, gravity is counteracted by a fused
vestibular and somatosensory signal (here represented
by the vestibular bs signal alone, for simplification) and,
furthermore, an internal estimate of those body excur-
sions is created, which are produced by external contact
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forces such as a pull stimulus (not applicable here). In
the situation with BSR platform, these functions become
replaced by another function which consists of a bal-
ancing in direct relation to the COP shifts (recall that
ankle torque rather than ankle angle adjustments are to
be used for balancing in this platform condition; the
presumed change in ‘postural strategy’ helped us to de-
scribe in the previous study pronounced phase shifts of
the centre of pressure, COP, at low stimulus frequen-
cies). Thus, in the present model normals use the SO-
MAT signal only in the BSR platform condition. In the
model of Fig. 5, the switching from a vestibular (bs)
graviceptive compensation on stationary platform to a
somatosensory one (bs’) on the BSR platform was
achieved by setting the thresholds T2 from 0.06� to ¥�
and, vice versa, the thresholds T3 from ¥� to 0.06�.

We have redrawn the model of Fig. 5 in the four
panels of Fig. 7 (a–d) for the four experimental condi-
tions used (platform stationary or BSR; vestibular sys-
tem present or absent), removing those parts which are
inactive in a given condition. Furthermore, for simpli-
fication we omitted the biomechanical part and fused the
boxes BODY INERTIA and GRAVITY to one box.
Panel a shows the model of normal subjects on the
stationary platform. The signal fs, i.e. the internal rep-
resentation of FS, is omitted since FS=0�. Furthermore,
the SOMAT sensor signal is not used (SOMAT box
crossed out; compare above, bs’ signal). Panel b shows
the model of normal subjects on the BSR platform. As
described before, proprioceptive feedback is disabled in
this condition (crossed box PROP). By this, subjects can
use only the vestibular feedback for the fs signal in order
to cope with the platform motion. Furthermore, the
gravitational body acceleration is counteracted with the
help of the bs’ signal from the SOMAT sensor, rather
than with the vestibular bs signal (which therefore is
omitted).

Panel c shows the model of patients on the stationary
platform. Since patients have no vestibular bs signal to
counteract the gravitational body acceleration (VEST
sensor crossed) they use the bs’ signal from the SOMAT
sensor instead (in terms of an adaptation). Panel d shows
the model of patients on the BSR platform. The situa-
tion is as in panel c, but proprioceptive feedback is
disabled (PROP sensor crossed) and patients have no fs
signal to cope with the platform motion.

As described in the Discussion, we performed simu-
lations of our model for the four experimental condi-
tions and adjusted in it the gain of the visual signal (G4)
in order to fit the simulated data to the experimental
data and successfully achieved this for all four condi-
tions. In particular, the saturation characteristics of the
visual responses were also well mimicked and the sim-
ulations helped us to understand better how these
characteristics are brought about (see Discussion).
Furthermore, we found the gain of the visual signal to be
low, a finding which suggests that subjects suppressed
the signal to a large extent (exception: patients on BSR
platform, where they obviously used the visual scene as a

space reference for their posture control although it was
moving).

In addition, we applied an automatised parameter
identification procedure to the visual path in the model.
The procedure varied the values of the corner frequency
of the first order low-pass filter, of the velocity satura-
tion and of the gain in the path, using the Matlab
Optimization toolbox function ‘fminsearch’ (which is
based on the so-called simplex search method of Nelder-
Mead; see Lagarias et al. 1998). Using the filter, satu-
ration and gain values given in the Discussion as initial
estimates, the procedure searched the minimum devia-
tion of the simulated visual responses from the corre-
sponding experimental data (in polar coordinates). Each
iteration of the procedure was applied to the 20 re-
sponses (one response for each of the five stimulus
amplitudes and the four frequencies) and a scalar error
function was evaluated. Then, the procedure changed
the filter, saturation and gain values and the error
function was re-evaluated. This sequence was repeated
until the error functions of the three parameters were
minimized.

Changing, during the procedure, the corner fre-
quency of the low-pass filter yielded no considerable
effect on the fits. In contrast, changing the velocity sat-
uration yielded clear effects; lowering of the initial esti-
mate of 3�/s to approximately 1�/s improved the fit
slightly, and this occured similarly in the four experi-
mental conditions. Also changing the visual gain values
improved the fit with the final estimates being clearly
different across the experimental conditions (values were
given in Discussion).

When repeating the procedure separately for the five
different stimulus amplitudes used, we noted that the
value of the calculated gain estimate showed no consis-
tent dependency on stimulus amplitude. In contrast, the
error remaining after the fit decreased with increasing
stimulus amplitude (it amounted to 0.56, 0.24, 0.13, 0.07
and 0.04 for the ±0.25�, ±0.5�, ±1�, ±2� and ±4�
stimuli, respectively). The error was defined here as the
mean distance between the experimental and the simu-
lated data points (Fourier transformed, in polar coor-
dinates, across all amplitudes and frequencies) after
normalisation to the corresponding stimulus. The error
in absolute values, however, was similar across the five
stimuli. This suggests that it was mainly determined by
spontaneous sway.
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