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Control of standing posture requires fusion of multiple inputs includ-
ing visual, vestibular, somatosensory, and other sensors, each having
distinct dynamics. The semicircular canals, for example, have a
unique high-pass filter response to angular velocity, quickly sensing a
step change in head rotational velocity followed by a decay. To
stabilize gaze direction despite this decay, the central nervous system
supplies a neural “velocity storage” integrator, a filter that extends the
angular velocity signal. Similar filtering might contribute temporal
dynamics to posture control, as suggested by some state estimation
models. However, such filtering has not been tested explicitly. We
propose that posture control indeed entails a neural integrator for
sensory inputs, and we test its behavior with classic sensory pertur-
bations: a rotating optokinetic stimulus to the visual system and a
galvanic vestibular stimulus to the vestibular system. A simple model
illustrates how these two inputs and body tilt sensors might produce a
postural tilt response in the frontal plane. The model integrates these
signals through a direct weighted sum of inputs, with or without an
indirect pathway containing a neural integrator. Comparison with
experimental data from healthy adult subjects (N � 16) reveals that
the direct weighting model alone is insufficient to explain resulting
postural transients, as measured by lateral tilt of the trunk. In contrast,
the neural integrator, shared by sensory signals, produces the dynam-
ics of both optokinetic and galvanic vestibular responses. These
results suggest that posture control may involve both direct and
indirect pathways, which filter sensory signals and make them com-
patible for sensory fusion.

NEW & NOTEWORTHY Control of standing posture requires
fusion of multiple inputs including visual, vestibular, somatosensory,
and other sensors, each having distinct dynamics. We propose that
postural control also entails a shared neural integrator. To test this
theory, we perturbed standing subjects with classic sensory stimuli
(optokinetic and galvanic vestibular stimulation) and found that our
proposed shared filter reproduces the dynamics of subjects’ postural
responses.

postural control; neural integrator; optokinetic; galvanic vestibular
stimulus

HUMAN POSTURE CONTROL relies on a combination of visual,
vestibular, somatosensory, and other sensory information
(Young 1984). The combination of multiple inputs makes
posture relatively robust to sensory and physical perturbations.
For example, when a standing person is presented with a visual

field (optokinetic stimulus) that rotates about the roll (naso-
occipital) axis, he/she will usually begin to lean in the direction
of rotation but stop short of falling over (Keshner and Kenyon
2000; Tanahashi et al. 2007). Other sensors provide additional
references for body tilt that fuse with, and in part contradict,
the visual input, so that the steady-state tilt appears to be a
compromise between the various inputs. Another feature of the
response is that it is gradual rather than immediate. A step
change in the angular velocity of visual input initiates a change
in body pose, which only reaches steady state after 10 or more
seconds (Dichgans and Brandt 1978). This resembles a low-
pass filter response, suggesting that the central nervous system
(CNS) may filter incoming sensory signals. It is unknown,
however, what form this filter might take, and whether it is
even necessary to explain the behavior. Perhaps the dynamics
of the sensors themselves are sufficient to explain the behavior
without invoking a higher-order process. To resolve this ques-
tion, we propose two models of sensory integration, with and
without a filter. We compare model predictions to experimental
data to determine whether filtering can explain how humans
combine sensory information.

Evidence of CNS filtering is also observed in postural
responses to a vestibular stimulus. Galvanic vestibular stimu-
lation refers to a direct current applied to the mastoid processes
that affects the vestibular nerve (e.g., Fitzpatrick and Day
2004; Nashner and Wolfson 1974). A step change in current
produces a postural response somewhat complementary to that
of optokinetic stimulus, such that the body immediately tilts to
the side. If the step is prolonged, this is followed by a gradual
return to upright stance (Fig. 1), again taking some tens of
seconds (e.g., Fransson et al. 2003; Séverac Cauquil et al.
1998), reminiscent of the optokinetic response. This cannot be
explained by the step stimulus, which is immediate, nor by the
dynamics of vision and the somatosensors, which also have
relatively faster dynamics and time delays (Young 1981,
1984). The semicircular canals do have slower, high-pass filter
characteristics, where a step change in angular velocity causes
a sudden response that decays with a time constant of ~7 s
(Cohen et al. 1981; Robinson 1981). However, galvanic ves-
tibular stimulation appears to act on the vestibular nerve rather
than the canals (Goldberg et al. 1984), suggesting that the slow
return here is attributable to the CNS rather than the dynamics
of the semicircular canals.

Similar concepts of CNS filtering have long been applied to
the stabilization of gaze (Fig. 1, visual-vestibular responses).
Head rotations normally produce feedback from both visual
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and vestibular systems, which then drive compensatory eye
movements. A step in rotational velocity of the visual field
alone (optokinetic stimulus without head rotation) produces
eye movements that only gradually match the stimulus veloc-
ity, similar to a low-pass filter with a time constant of ~20 s
(Robinson 1981). A complementary behavior occurs in re-
sponse to a step change in angular velocity of the head, without
visual input (e.g., vestibular stimulus alone). The compensa-
tory eye movements resemble a decaying exponential, similar
to a high-pass filter with the same time constant as the opto-
kinetic response (Raphan et al. 1979). Both responses are
explained by a single model, where the eye velocity command
is produced by visual and vestibular signals feeding through a
direct pathway, which directly sums the signals, as well as an
indirect pathway into a shared neural integrator, or velocity
storage unit (Cohen et al. 1981). Both pathways converge to act
as a filter (Robinson 1981), such that vestibular signals, espe-
cially sensitive to high-frequency information, are high-pass
filtered, whereas visual signals are low-pass filtered. In the
veridical case where both inputs are present, the two comple-
mentary responses sum to an almost immediate, steplike com-
pensatory eye movement.

A number of theoretical frameworks predict such neural
integration by the CNS. Velocity storage for gaze stabilization
is predicted by optimal state estimation models, where an
internal model of head and sensor dynamics is used to estimate
head tilt and rotation with minimum error (Ormsby and Young
1977; Borah et al. 1988; Merfeld et al. 1999), subject to
assumed noise distributions. These have since been extended to
broader approaches such as Bayesian estimation (Green and

Angelaki 2010), as well as computational approaches such as
particle filters (Karmali and Merfeld 2012; Laurens and
Droulez 2007; Paulin 2005) for arbitrary probability distribu-
tions. These may be considered generalizations of state esti-
mation theory that can predict an even greater variety of
behaviors.

It is conceivable that posture control could incorporate
neural integration similar to visual-vestibular responses (Fig. 1,
postural responses). Similar models of control and estimation
(Goodworth and Peterka 2012; Kiemel et al. 2011; Kuo 1995,
2005) have long been applied to posture, and the associated
CNS filtering suggests a need for neural integration analogous
to the velocity storage integrator. However, postural responses
have not typically been characterized in terms of simple time
constants, and the models have yet to be tested in terms of such
simple perturbations and responses. For posture control, only
visual input is directly amenable to experimental perturbations
(Keshner and Kenyon 2000; Nashner et al. 1989; Tarr and
Warren 2002). Vestibular inputs may be perturbed with gal-
vanic vestibular stimulation (Goldberg et al. 1984), and so-
matosensory inputs with vibration (Kavounoudias et al. 2001;
Lee et al. 2012, 2013a, 2013b), but the physiological interpre-
tation of such inputs is less certain. Further insight may require
more complex inputs (e.g., a combination of inputs with
sway-referencing). As a result, there is little evidence of neural
integration in posture, in contrast to the well-documented
velocity storage phenomenon observed in eye movements
(Cannon and Robinson 1987; McFarland and Fuchs 1992;
Yokota et al. 1992).

The present study examines the fusion of sensory informa-
tion for posture control, with and without a hypothesized
neural integrator circuit. The simplest means of fusion would
be to form a direct weighted sum of the inputs from the sensory
systems to produce a body tilt response without filtering. This
is contrasted with an indirect pathway through a shared inte-
grator, which affords the ability to perform low- and high-pass
filtering, not unlike the integrator for gaze stabilization. Here
we compare these alternatives, using simple models of the
sensory system dynamics, including vision, the semicircular
canals, and combined tilt information from somatosensors,
otoliths, and other modalities. To test the model, we perform an
experiment where stimuli are applied to the visual and vestib-
ular systems, and the resulting body tilt responses are exam-
ined. We thus seek to test whether posture control shows
evidence for shared neural integration analogous to that long
observed in visual-vestibular responses.

MODEL

We propose two alternative models for CNS processing of
sensory information (Fig. 2): a neural integrator (NI) model
and a direct weighting (DW) model. The first feeds the afferent
signals through two pathways, termed direct and indirect, each
forming a weighted sum (linear combination) of inputs, but
with the latter also passing through a neural integrator. Both
pathways converge and add together to produce the tilt esti-
mate. The DW is a simpler alternative, dispensing with the
indirect pathway and integrator. Both models receive input
from three sensory modalities—vision, semicircular canals,
and body tilt sensors—each modeled with very simple dynam-
ics (Fig. 2), so that sensor and CNS processing together
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Fig. 1. Conceptual comparison of visual-vestibular and postural responses to
two types of sensory perturbations: optokinetic and vestibular perturbations
(top and bottom of each pair, respectively). Visual-vestibular stimulus is a step
in angular velocity about the yaw (vertical) axis, applied optokinetically (Opto)
with a rotating visual field, or physically with a rotating (Rot) chair without
vision. Response is angular velocity of compensatory eye movements (Eye vel)
vs. time t, indicating gaze stabilization. Posture stimulus is a step in angular
velocity of an optokinetic field about the roll axis, and a step in direct current
of galvanic vestibular (Vest) stimulus without vision. Response is trunk tilt vs.
time, here interpreted in terms of exponential time constants similar to
visual-vestibular responses. Stimulus on and off times are denoted by vertical
arrows.
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determine the overall behavior. We examine these behaviors in
the context of two types of stimuli, optokinetic and galvanic
vestibular stimulation. The two models are used to determine
the simplest possible system that can explain the observed
postural behaviors.

We model the sensors with linearized dynamics. We treat
vision as having proportional sensitivity to the angular velocity
of the visual field (Cohen et al. 1981; Dichgans et al. 1972;
Young 1984) and the semicircular canals as having first-order
high-pass filter characteristics with an approximate time con-
stant Tc � 7 s (Cohen et al. 1981; Robinson 1981). Tilt refers
to sensors such as somatosensors and otoliths, which contribute
sensitivity to the vertical through reference to ground or gravity
(e.g., Burgess and Perl 1973; Peterka and Benolken 1995). We
treat the dynamics of such sensors as much faster than the
observed postural response (Agarwal and Gottlieb 1984;
Young and Meiry 1968) and therefore lump them into a
composite tilt sensor with constant gain.

The sensory outputs feed into the CNS processing model to
produce a tilt estimate. This refers to a hypothesized internal

CNS representation �̂ of the body’s tilt, which is not directly
measurable but rather indirectly revealed by the body’s actual
tilt �, in an attempt to align the body with vertical. The actual
body motion results from CNS control (not modeled explicitly;
see Fig. 2, bottom shaded area), acting on the internal tilt
estimate. For simplicity, we ignore the closed-loop control
dynamics, with the reasoning that the body can be controlled at
much higher bandwidth than the postural responses resulting
from the relatively slow dynamics of the semicircular canals
and sensory processing. This is analogous to the approach for
eye movements, which often treat the control and eye dynam-
ics as fast, relative to these same sensory/processing dynamics
(e.g., Raphan et al. 1979; Robinson 1981). [As a simple
indication of body bandwidth, we asked subjects to actively
sway their bodies quickly from side to side, and we observed

a closed-loop natural frequency of 0.85 � 0.38 Hz
(mean � SD, N � 16), at least 20 times faster than the sensory
processing bandwidth examined here.] We also presume that
control actions feed an efference copy into the sensory pro-
cessing system, so that self-generated movements do not them-
selves cause self-opposing postural responses. Another simpli-
fication is that we define a sign convention such that the
angular motion of the visual field (e.g., clockwise direction),
the internal estimate of body tilt (e.g., counterclockwise direc-
tion), and the actual body tilt (e.g., clockwise direction) all
have positive signs during the optokinetic response.

We next consider the tilt estimates that arise from the two
models. For each model, there are four stimuli of interest:
optokinetic step input (Opto-Step), galvanic vestibular stimu-
lation with a step change in current (Vest-Step), galvanic
vestibular with an exponential decay (Vest-Decay), and verid-
ical tilt shift. Stimulus Opto-Step refers to a step change in the
visual field angular velocity, which results in a gradual (low-
pass filter) shift in tilt. Stimulus Vest-Step (Fig. 3) refers to a
step change in direct current applied to the vestibular nerve,
which appears to act on the primary afferents, bypassing the
canal dynamics (Goldberg et al. 1984). Stimulus Vest-Decay is
a variation on the traditional step waveform, where the stim-
ulus is applied with an exponential decay with time constant
Tc. The rationale is that the standard constant-current galvanic
stimulus might be considered nonphysiological, because it
corresponds to a physical stimulus of sustained angular accel-
eration, rarely encountered on earth. Thus Vest-Decay is in-
tended to crudely model the equivalent of a step change in
angular velocity (Cohen et al. 1981), for which the canal
afferents would normally produce an exponentially decaying
response. Finally, veridical shift refers to a step change in body
tilt that affects all three sensory systems together, as might
occur with a physical rather than purely sensory perturbation.
The present experiment does not apply such a perturbation, but
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Fig. 2. Simple model of sensors and sensory
processing for posture control. Angular ve-

locity �̇ of the body is transduced by vision,
body tilt sensors (comprising somatosensors,
otoliths, and other graviceptors), and semi-
circular (semic.) canals, each with linear dy-
namics. These afferents pass through CNS
processing to estimate self-tilt, to be used for
control of balance (dark shaded area at bot-
tom; treated as fast relative to semicircular
canal dynamics). Sensory processing is mod-
eled with two pathways, denoted Direct and
Indirect paths. The Direct path is a weighted
sum of the sensory data, whereas the Indirect
path (shaded area) augments a weighted sum
with a neural integrator (NI) using negative
feedback to retain only the recent past. The

tilt estimate �̂NI is produced from the sum of
both direct and indirect paths. A simpler
alternative direct weighting (DW) model
uses only the Direct path to yield its tilt

estimate �̂DW. Vision and canals are subject
to external perturbations, Opto and Vest,
respectively.
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it is expected that humans should rapidly and correctly sense
self-tilt in the absence of any sensory conflict.

Application of these stimuli to the models reveals several
key features (Table 1). The Neural Integrator (NI) model only
requires indirect pathways for vision and canal inputs to
produce tilt responses that roughly approximate the expected
experimental responses: an exponentially decaying shape for
Opto-Step and Vest-Step inputs (which can each increase or
decrease depending on separate weights), an additional expo-
nential (with the time constant Tc) for Vest-Decay, and a faster,
steplike shift for veridical shift. The corresponding direct
weights (wDV and wDC) are therefore treated as zero in the NI
model henceforth as they only serve to offset responses. In
contrast, the DW model cannot reproduce the observed opto-

kinetic response dynamics. In response to an Opto-Step stim-
ulus the DW model yields a step change in tilt and cannot
possibly reproduce the low-pass filter response of humans. In
addition, the veridical stimulus produces a shift in tilt in the
model, but with a relatively slow exponential decay due to the
canal time constant, whereas the human veridical response is
expected to be quite fast. The direct pathways for semicircular
canals and visual input are particularly problematic, because
nonzero weightings imply an unrealistically impulsive shift.
Both models, particularly the NI model, produce the expected
high-pass filter response for galvanic stimulus. These observa-
tions are independent of parameter values, which are deter-
mined from experimental data to further test the models.

EXPERIMENTAL METHODS

To test the models, we measured human postural tilt responses in
the frontal plane evoked by three types of experimental stimuli. These
included an optokinetic stimulus with a step change in visual field roll
velocity (Opto-Step), galvanic stimulus with a step change in current
(Vest-Step), as well as galvanic stimulus with an exponential decay in
current (Vest-Decay) that was meant to mimic the dynamics of the
canals (with an assumed time constant Tc � 7 s; see MODEL section for
details). The postural responses were quantified in terms of the
angular tilt of the trunk laterally from undisturbed quiet stance, as
measured by motion capture markers at the base of the neck (near C7
vertebra) and at the pelvis (near L5). As an additional comparison
measure, we also recorded lateral excursion of the center of pressure
(COP). The time trajectories of trunk tilt were then used to determine
best-fit parameter values for the models, with the resulting model
trajectories compared against human responses.

Sixteen healthy young adults (22.8 � 2.8 yr old, 4 men, 12 women)
were recruited for this study. The protocol was approved by the
University of Michigan Institutional Review Board, and subjects
provided written, informed consent. Subjects were excluded if they
reported difficulty with standing, walking or balance, vision problems
despite correction, or a diagnosed neurological disorder, or if they had
used medication or drugs that might impair balance. Subjects stood
without shoes with their feet together (Romberg stance) and arms
crossed. Kinematic data were recorded at 100 Hz using a passive
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Fig. 3. Hypothetical comparison of two galvanic vestibular stimuli. A: step in
direct current (DC) (denoted Vest-Step) and decaying exponential (Vest-
Decay). Galvanic vestibular stimulus acts on vestibular afferents (B), with
effect similar to a rotary acceleration on the semicircular canals. Due to canal
dynamics, the equivalent to a step in rotational angular velocity should be
induced by a decaying exponential stimulus. C: postural responses produced by
the two stimuli are expected to differ in time course, with Vest-Decay more
similar to a step in angular velocity. Stimulus on and off times are denoted by
vertical arrows.

Table 1. Predicted tilt responses from neural integrator and direct weighting models

Stimulus Input Tilt Response

Neural Integrator
Opto-Step �̇OK � 1 wDV � wIVTNI�1 � e�t⁄TNI�
Vest-Step �̇GV � 1 wDC � wICTNI�1 � e�t⁄TNI�
Vest-Decay �̇GV � 1e�t⁄Tc

wDCe�t⁄Tc �
wICTNITc

TNI�Tc

�e�t⁄TNI � e�t⁄Tc�
Veridical shift � � 1

�wDC � wDV���t� � �wDT � wITTNI� �
wICTNI

TNI�Tc

e�t⁄Tc �

��wIC � TNIwIT� �
wIVTc

TNI�Tc
�e�t⁄TNI

Direct Weighting
Opto-Step �̇OK � 1 wDV

Vest-Step �̇GV � 1 wDC

Vest-Decay �̇GV � 1e�t⁄Tc wDCe�t⁄Tc

Veridical shift � � 1 �wDC � wDV���t� � wDT �
wDC

Tc

e�t⁄Tc

Responses are for four possible stimuli: a step in angular velocity of optokinetic field (Opto-Step), a step in galvanic vestibular input (Vest-Step), as well as
a decaying galvanic waveform (Vest-Decay) that models a step in angular velocity applied to the semicircular canals. The final stimulus is equivalent to a veridical
positional shift in the body, detected by all sensors. All stimuli are applied with the body initially at rest in an upright position (� � 0) at stimulus onset t � 0.
The ideal impulse function is denoted by �(t). NI, neural integrator model; DW, direct weighting model.
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motion tracking system (Vicon Motion Systems). For comparison
with body tilt, center of pressure of ground reaction forces was
recorded at 1,000 Hz from an in-ground force plate (OR6–7, Ad-
vanced Mechanical Technology), with signals low-pass filtered with a
5-Hz cutoff frequency.

The optokinetic stimulus consisted of a computer-generated field of
random dots displayed on a large projection screen in an otherwise
dark room. The screen was curved to wrap around the subjects
(O’Connor and Kuo 2009), who stood ~0.6 m from its front, so that
the field of view extended nearly 180° in the horizontal plane, with the
intention of reducing visual cues regarding vertical. Step changes in
angular velocity were applied at speeds of 15 and 30°/s and in
clockwise or counterclockwise directions (all randomly selected).
Each trial was 80 s long: 20 s prestimulus (no rotation, baseline) and
60 s per-stimulus (rotation). Each subject performed three repetitions
of each trial type as well as three separate control trials with no
stimulus.

Bilateral bipolar galvanic vestibular stimulation was applied to
subjects standing with eyes closed in the dark room. Electrodes were
placed on the mastoid processes to apply a direct current stimulus
(Johansson et al. 1995; St George et al. 2011; Wardman et al. 2003).
Four trial types were defined based on the amplitude (0.25, 0.5, or 1.0
mA) and waveform (Vest-Step and Vest-Decay) of the current.
However, only two current amplitudes were used for each subject.
Default values were 1.0 and 0.5 mA, which were briefly applied as a
pretest. If a subject reported discomfort with 1 mA, then 0.5 and 0.25
mA were applied instead (for 6 of the 16 subjects). Each subject
performed three repetitions of each trial type (12 experimental trials)
as well as three control trials with no stimulus, for a total of 15 trials.
The order of trial presentation and the direction of current (positive or
negative) were randomized. These trials were 60 s long: 20 s pre-
stimulus (no current), and 40 s per-stimulus (current).

The three repetitions for each trial type were averaged together and
fit with exponential curves for comparison with the models. The trunk
tilt trajectory of each trial was first normalized for stimulus direction,
by negating the data of the negative-stimulus trials. The mean of the
prestimulus trunk tilt was also subtracted from the trial data as a
baseline.

All model predictions were tested by least squares fitting to generic
equations resembling the predicted waveforms (t) (Table 1) according
to one or more terms of a sum of exponentials

�(t) � A1e�(t��d) ⁄�1 � A2e�(t��d) ⁄�2 � c (1)

with fitting parameters A1, A2, �1, �2, c, and time delay �d relative to
stimulus onset at t � 0 and upright position � � 0 [please note, (t) � 0
for t � �d]. Only the terms relevant to a particular combination of
model and stimulus were included. For example, only a constant term
c was predicted for the DW model’s Opto-Step response. A single
exponential (one time constant and a constant term) was predicted for
NI Opto-Step and Vest-Step, and DW Vest-Decay. Only the NI
Vest-Decay response included all of the terms above. Some fits
yielded much longer time constants than the trials themselves, and
those exceeding 100 s were considered extraneous and excluded from
further statistical tests; 13 of the 192 fits performed (16 subjects � 6
trial types � 2 models) were removed for this reason. In addition, we
also observed some cases (9 trials) of a resetting behavior for Opto-
Step, similar to a periodic resetting reported previously for long
stimulation durations (Dichgans and Brandt 1978), but too small to
warrant modeling its effect. These trials were not removed. The
minimum mean-square error and residual sum-squared error were
determined by nonlinear optimization (MATLAB “fmincon,” Math-
Works, Natick, MA), and the Bayesian Information Criterion (BIC)
was used to quantitatively compare the two models, with a difference
of at least 10 considered strong evidence for a superior fit (Schwarz
1978).

RESULTS

Subjects responded to the stimuli with postural responses
that generally met expectations (Fig. 4). Specifically, the Opto-
Step response was a slow tilt of the trunk to a steady-state
angle, like a low-pass filter. The Vest-Step response was a fast
shift (toward the anode) followed by an exponential decay
returning toward upright. The Vest-Decay response was simi-
lar, except with a somewhat faster decay. Individual curve fits
were also performed for each subject’s data, summarized in
Table 2. As another indicator, we found the COP trajectories,
expressed as lateral shift divided by leg length, to correlate
well with trunk tilt �; the correlation coefficient averaged 0.76
across all visual inputs, and 0.74 across all galvanic vestibular
inputs. The COP data were not used to test any hypotheses, and
therefore subsequent analyses concern only trunk tilt �.

The models differed considerably from each other in their
ability to reproduce the observed responses (Table 2). For
optokinetic inputs, the NI model’s slow time constant of
several seconds was necessary to capture the gradual postural
shift exhibited by subjects (compare exponential decaying
terms of subject data and NI model for Opto-Step in Fig. 4A;
see also estimated values of �1 for Opto-Step in Table 2, top).
In contrast, the DW model only includes an instantaneous tilt
(compare subject data to DW model’s step change in tilt in Fig.
4A; see also offset c with no exponential terms, Table 2,
bottom), and therefore could not reproduce the transient dy-
namics at all. The NI model also yielded considerably lower
BIC values than DW (e.g., �8,131 vs. �6772 for 15°/s visual
stimuli), signifying a better fit while accounting for model
parameters.

For galvanic vestibular inputs, the NI model also better
reproduced observed responses. In particular, its Vest�Step
response exhibited an immediate tilt followed by a gradual
return to upright with a relatively slow time constant, similar to
the experimental findings (Vest-Step exponential decay for
both human and NI model, Fig. 4B; see also �1 for Vest-Step in
Table 2, top). This response is not reproducible by the DW
model, which again only produces an instantaneous step
change in tilt (DW model in Fig. 4B; offset c in Table 2,
bottom). The Vest-Step input also caused some subjects to
exhibit a lingering trunk tilt for the duration of the stimulus
(see offset c in Table 2), as also expected by the NI model
(constant wDC for Vest-Step in Table 1, top). For the Vest-
Decay input similarly reproduced the experimental response,
because both models include at least one exponential, which
was the gross feature dominating the observed human behav-
ior. Some subjects also appeared to exhibit a lingering tilt in
the opposite direction (offset c in Table 2, NI and DW Vest-
Decay), which was not expected for either model (Table 1, DW
and NI Vest-Decay). As with visual stimuli, the NI model
yielded considerably lower BIC values than DW, for five of the
six cases (e.g., �5,156 vs. �4,512 for 0.5 mA Vest-Step).

Our model proposes that a single integrator could explain the
responses to both visual and vestibular inputs. To illustrate the
consequences of a shared neural integrator and to further test
our hypothesis that Vest-Decay would complement Opto-Step,
we also conducted an additional fit to the data, where both
visual and vestibular responses (Opto-Step and Vest-Decay)
were constrained to a single time constant (Fig. 5). The fit
included the same mathematical structure as above, but with
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the restriction that a single time constant �1 was shared across
conditions. A single fit to the mean data—averaged across all
subjects and trials for each condition (30°/s Opto-Step and 0.5
mA Vest-Decay)—yielded a shared time constant of 5.2 s
(mean-square error 0.0082, residual sum-squared error 32.8).
We also compared the fitted �1 time constants from all subjects
for the same Opto-Step and Vest-Decay conditions and found
no significant difference (P � 0.13, paired t-test). We chose to
fit only a single stimulus amplitude for each condition to
include all subjects in the analysis (as mentioned previously,
all subjects performed both amplitudes of the optokinetic
stimulus but the only galvanic vestibular stimulus amplitude
used for all subjects was 0.5 mA).

DISCUSSION

The goal of this study was to test how the CNS combines
sensory information during standing balance. We characterized
human responses to optokinetic and galvanic vestibular stim-
uli, specifically the exponential rise during Opto-Step stimulus
and the exponential decay during both Vest-Step and Vest-
Decay stimuli. We found that the NI could reproduce all
responses (Fig. 4), as well as the fast hypothetical response
expected for a veridical position shift. In contrast, the DW

model was unable to reproduce the time course of the Opto-
Step and Vest-Step responses, as evidenced by substantially
poorer fits (differences in BIC greater than 10; Table 2).
Moreover, there was no significant difference between the
separate time constants determined from visual or vestibular
stimuli, and forcing the fitted responses to share a single time
constant yielded a reasonable match to mean data (Fig. 5). We
interpret our findings to suggest that a neural integrator may
play an important role in posture stabilization.

The neural integrator concept was inspired by the velocity
storage integrator (Cohen et al. 1981; Robinson 1981) govern-
ing many eye movements. Although long linked to the semi-
circular canal dynamics, such integration has not similarly
been applied to posture control, despite the need to integrate
similar sensory information. In our model, the integrator’s role
is not to store velocity, but instead to filter disparate sensory
inputs to estimate the body’s angular tilt. Here, gravity con-
tributes to estimation of self-motion, unlike the classic yaw-
rotations of visual-vestibular interactions, where gravitational
cues do not conflict with the induced sensation. In contrast, roll
rotation entails a changing gravitational vector that must be
reconciled with graviceptor input such as from the otoliths and
somatosensors (Dichgans and Brandt 1978; Merfeld et al.
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Fig. 4. Experimental responses and model fits for three stimuli: optokinetic step (Opto-Step; A), galvanic vestibular step (Vest-Step; B) in current, and galvanic
decaying exponential (Vest-Decay; C). Experimental trajectories are trunk tilt in the lateral direction vs. time (initiation of stimulus at time zero), averaged across
all subjects (“Mean data,” darker gray); also shown are each individual’s responses averaged across trials (“Individual data,” lighter gray). Model fits for NI (solid
lines) and DW (dashed lines) are also shown, fitted to mean data. Positive direction for tilt is defined along optokinetic stimulus direction or anode side for
galvanic stimulus. Quantitative fits were also computed for each individual, based on each subject’s mean response across trials, for each condition (Table 2).
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1999). The additional input from these sensors inhibits circular
vection and instead produces a sensation of tilt, as well as a
rotation of subjective visual vertical (Dichgans et al. 1972).
The neural integrator for posture could thus be thought of as a
position storage integrator.

Accordingly, the neural integrator is important to the general
processing of sensory signals for perception and motor control.
The dynamics of any sensor would be expected to require some
degree of filtering, which implies temporal dynamics within
the CNS. Such filtering can be predicted by state estimation
theory, which has long been applied to both visual-vestibular
interactions (Borah et al. 1988; Merfeld et al. 1999; Green and

Angelaki 2010) and posture control (Kuo 1995, 2005). A state
estimator uses an internal model of body and sensory dynamics
that predicts sensory signals, which are then corrected by
comparison with actual afferent information to yield an esti-
mate of spatial orientation. In fact, previously proposed esti-
mators would be expected to generate the responses examined
here (Borah et al. 1988; Goodworth and Peterka 2012; Klein et
al. 2011; Kuo 2005). Such models are able to reproduce a
variety of responses as well as explain why the observed
filtering behavior might be optimal, as a consequence of the
high-pass filter dynamics of the semicircular canals. Our intent
was to perform an extreme simplification of a filtering behav-
ior, to focus on basic characteristics that could potentially be
tied to a neural substrate, analogous to the velocity storage
integrator for gaze stabilization. We demonstrate how the same
type of integrator may be applied to posture, and by extension
how estimator and sensory reweighting dynamics proposed by
others might be physiologically realized.

A secondary aim of this study was to examine the effect of
galvanic vestibular stimuli. If it is equivalent to direct stimu-
lation of the vestibular afferents (Goldberg et al. 1984; St
George et al. 2011), then the NI model predicts that a step in
galvanic current should resemble the canal response to angular
acceleration, and thus produce an exponentially decaying re-
sponse, plus a nonzero steady-state offset (Table 1). The
subjects here appeared to respond with a relatively strong
exponential decay and a weaker offset. This model also pre-
dicted that the Vest-Decay stimulus would be more similar to
a step in head angular velocity and thus produce a fully
decaying exponential, dominated by the relatively slow neural
integrator time constant. Some subjects appeared to exhibit a
negative steady-state offset not predicted by our model, which
was perhaps indicative of yet another, still-slower time con-
stant in the sensory processing dynamics, or even a nonlinear

Table 2. Curve fit parameters for experimental data, for neural integrator and direct weighting models with three stimuli: Opto-Step,
Vest-Step, Vest-Decay

Stimulus Amplitude

�1, s A1,° �2, s A2,° td, s c,° MSE

mean SD mean SD mean SD mean SD mean SD mean SD ( � 103) BIC

Neural Integrator
Opto-Step 15°/s 6.79 5.65 �0.99 0.83 2.52 1.85 0.99 0.83 80.78 �8,131

30°/s 9.70 9.01 �2.09 1.58 2.99 1.90 2.09 1.58 185.06 �6,965
Vest-Step 0.25 mA 9.63 7.28 1.10 0.55 1.62 1.85 �0.12 0.31 58.72 �5,152

0.50 mA 6.13 6.64 0.73 0.69 0.99 0.65 0.11 0.46 65.49 �5,156
1.00 mA 7.85 7.17 1.51 1.60 2.55 1.63 �0.06 0.34 137.46 �4,798

Vest-Decay 0.25 mA 5.78 4.50 1.91 1.14 1.76 2.26 �1.49 1.32 0.51 0.42 �0.34 0.21 36.94 �5,773
0.50 mA 3.75 3.16 2.55 2.07 0.77 0.40 �2.33 2.11 0.59 0.33 �0.10 0.26 36.17 �5,960
1.00 mA 3.55 2.79 3.53 2.20 1.30 1.11 �3.03 2.02 0.67 0.24 �0.26 0.40 85.76 �5,403

Direct Weighting
Opto-Step 15°/s 4.32 0.99 0.79 0.65 120.77 �6772

30°/s 4.84 0.45 1.76 1.20 296.50 �4,290
Vest-Step 0.25 mA 0.38 0.33 0.40 0.33 173.41 �3,888

0.50 mA 0.70 0.34 0.35 0.32 115.57 �4,512
1.00 mA 0.67 0.31 0.38 0.49 282.43 �3,435

Vest-Decay 0.25 mA 5.80 5.44 1.02 0.43 1.07 0.81 �0.29 0.13 38.86 �5,687
0.50 mA 3.38 1.56 1.20 0.58 1.37 0.71 �0.10 0.27 48.99 �5,629
1.00 mA 5.36 3.58 1.09 0.71 0.94 0.84 �0.18 0.22 65.95 �5,429

Parameters were fit with nonlinear least squares to reveal time constants (�1 and �2), amplitudes (A1 and A2), offset (c), and time delay (td). One fit was
performed for each subject’s data per condition, with mean (SD) reported, as well as overall mean-square error (MSE) and Bayesian information criterion (BIC;
more negative is better). Six of 16 subjects performed trials with the 0.25 and 0.5 mA stimulus amplitudes, while the others performed trials with the 0.5 and
1.00 mA stimulus amplitudes.

Opto-Step response

Vest-Decay response
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Time (sec)

1

0

1
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Ti
lt

Ti
lt

Mean data
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Fig. 5. Illustration of NI fit with a shared time constant, compared with mean
experimental data. Experimental responses to optokinetic and galvanic vestib-
ular decaying exponential inputs (Opto-Step and Vest-Decay) are fit with the
proposed neural integrator (Neural Integ) response, constrained with a single
time constant (�1 � 5.2 s). Tilt data were normalized to unit amplitude;
stimulus initiated at time zero.
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adaptation (discussed below). It is unclear whether subjects
produced similar offsets to the model (nonzero for Vest-Step,
and zero for Vest-Decay), but both of the galvanic vestibular
responses did exhibit evidence of a neural integrator with time
constants of several seconds. We also found that the amplitude
of the response to the 0.25 mA stimulus was larger than the
response to the 0.5 mA stimulus. However, the observed
decrease in amplitude associated with the larger stimulus level
may have been a small sample size effect (six of the 16 subjects
performed trials with the 0.25 mA stimulus, while all 16
performed trials with the 0.5 mA stimulus).

Current practice often treats galvanic vestibular stimulus as
a general means to stimulate the vestibular system, but without
a specific real-world interpretation. This differs from the rota-
tional (i.e., vestibular) stimuli that are often applied in a
controlled manner for assessment and diagnosis of oculomotor
and vestibular dysfunction (Dix and Hallpike 1952; Suzuki and
Komatsuzaki 1962; Zee et al. 1976). It may therefore be
helpful for posture assessments to apply interpretable vestibu-
lar signals, similar to the visual and support surface perturba-
tions already available (Nashner and Peters 1990; Woollacott
et al. 1986). We posited that the stimulus should ideally be a
decaying exponential (Vest-Decay) to model a step in angular
velocity of the body (Fitzpatrick et al. 2002, 2006). Although
we did not prove that possibility, development of vestibular
prostheses reveals that a high-pass filter of angular velocity,
with a relatively long time constant, yields a galvanic stimulus
that partially restores the normal velocity storage behavior
(Merfeld et al. 2007). This suggests that head movements
might indeed be emulated with a galvanic stimulus that models
the dynamics of the semicircular canals, as was intended by our
Vest-Decay input. In contrast, the Vest-Step stimulus hypo-
thetically produces an unnatural afferent response of sustained
angular acceleration (see Fig. 3). In the Vest-Step response, we
also anecdotally observed that some subjects retained different
steady offsets for head and trunk tilts. It is possible that this is
due to different sensory information available to distinct body
segments (Peterka and Benolken 1995; Kiemel et al. 2011;
Goodworth and Peterka 2012), not considered here. Neverthe-
less, if galvanic stimulus acts on the vestibular afferents, we
would expect a decaying stimulus to better mimic the effects of
a physical rotation.

There have been other observations of slow dynamics in
posture control. Unperturbed sway exhibits a very slow fluc-
tuation in COP, which could be interpreted as a fluctuation of
a reference signal (Dijkstra 2000; Zatsiorsky and Duarte 2000).
Others have argued that the fluctuation is within the feedback
loop, perhaps as a consequence of state estimation noise
(Kiemel et al. 2002, 2006). Although we do not preclude the
possibility of a fluctuating reference signal, the present results
demonstrate slow dynamics specifically associated with sen-
sory processing. We do not explore the origin of the slow time
constant here, but we expect that a state estimator would
introduce dynamics that are at least qualitatively similar to our
observations, although that connection remains to be examined
more closely.

There are a number of limitations to this study. We proposed
a very simple model with a single neural integrator, whereas
more complex models might better reproduce the empirical
observations. We also measured trunk tilt as an indicator of the
body, and did not consider the multisegmental kinematics of

the entire body, and particularly its interaction with closed-
loop, CNS feedback control (Hettich et al. 2014; Kuo 1995,
2005). Much of this control appears to be relatively fast, as
exemplified by the fast rise in tilt at onset of galvanic vestibular
stimulus (Fig. 4; �2 in Table 2, top), far faster than the decaying
exponential modeled here. We therefore presume feedback
control dynamics to be considerably faster than the neural
integrator time constant, which we consider indicative of state
estimation. However, even considering state estimation alone,
more sophisticated models typically entail more complex fil-
tering (Goodworth and Peterka 2012; Kiemel et al. 2011; Kuo
2005), and therefore multiple, and in some cases, adaptable,
neural integrators (Assländer and Peterka 2014; Borah et al.
1988; Klein et al. 2011). We also regard most of these as
relatively fast, as the slowness of the position storage integrator
is a consequence of the uniquely slow dynamics of the semi-
circular canals.

Our experiment also used extremely simple input functions
for both visual and vestibular disturbances. An alternative to
step functions and exponentially decaying inputs is to apply
broadband input (e.g., Assländer and Peterka 2014) and per-
form system identification (e.g., Johansson et al. 1995, 2001).
Such approaches are particularly apt for multiple inputs and
outputs, and complex models with more degrees of freedom
and states. However, our main purpose was to explicitly test a
simple model to explain long-recognized responses to step
stimuli, analogous to the classic experiments of visual-vestib-
ular interactions (Robinson 1981). Despite being less sophis-
ticated, simple yet specific models can be more appropriate for
hypothesis testing.

Other limitations include our model’s ability to characterize
longer�term behaviors. The galvanic vestibular responses at
times appeared to exhibit a steady-state offset that was more
negative than expected, for both the step and decaying expo-
nential stimuli. This could potentially be an indicator of long-
term habituation or adaptation to tonic stimuli, included in
some models as a very long time constant (e.g., Borah et al.
1988; Guedry and Lauver 1961; St George et al. 2011). It
might also be reminiscent of a nonlinear, long-term adaptation
reported by Johansson et al. (1995) resulting from broadband
stimulus. Unfortunately, the present data are insufficient to
confirm whether the lingering effect we observed is either
linear or nonlinear; however, they at least superficially agree
with the previous reports. For some of our subjects, the
optokinetic responses also appeared to exhibit a very slow
resetting behavior on the order of tens of seconds, resulting in
wide variance in the steady-state offset. This might be inter-
preted as similar to long-reported periodic resetting of subjec-
tive vertical (Mauritz et al. 1977), or to periodic nystagmus of
eye movements (Robinson 1981). We did not model or char-
acterize this behavior, which might be separable as a basic
behavior similar to the fast phase of eye movement nystagmus
or might be due to conscious compensations performed by
subjects.

Some of these issues might be resolved using more complete
kinematic measurements and more sophisticated models. How-
ever, despite the simplicity of the present study, there does
appear to be evidence in favor of a neural integrator for posture
as opposed to direct weighting of sensory inputs. This could
potentially inform how these sensory inputs might be tested in
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the clinic as well as how their functions might be restored using
prosthetic devices (e.g., Merfeld et al. 2007).
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