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Abstract. With galvanic vestibular stimulation (GVS),
electrical current is delivered transcutaneously to the
vestibular afferents through electrodes placed over the
mastoid bones. This serves to modulate the continuous
firing levels of the vestibular afferents, and causes a
standing subject to lean in different directions depending
on the polarity of the current. Our objective in this study
was to test the hypothesis that the sway response elicited
by GVS can be used to reduce the postural sway resulting
from a mechanical perturbation. Nine subjects were
tested for their postural responses to both galvanic
stimuli and support-surface translations. Transfer-func-
tion models were fit to these responses and used to
calculate a galvanic stimulus that would act to counteract
sway induced by a support-surface translation. The
subjects’ responses to support-surface translations, with-
out and with the stabilizing galvanic stimulus, were then
measured. With the stabilizing galvanic stimulus, all
subjects showed significant reductions in both sway
amplitude and sway latency. Thus, with GVS, subjects
maintained a more erect stance and followed the support-
surface displacement more closely. These findings suggest
that GVS could possibly form the basis for a vestibular
prosthesis by providing a means through which an
individual’s posture can be systematically controlled.

1 Introduction

The maintenance of upright stance in humans involves a
number of sensory systems, including the vestibular
system. With galvanic vestibular stimulation (GVS),
electrical current is delivered transcutaneously to the
vestibular afferents through electrodes placed over the
mastoid bones. This serves to modulate the continuous
firing level of the vestibular afferents (Goldberg et al.
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1984), and causes a standing subject to lean in different
directions depending on the polarity of the current
(Coats and Stoltz 1969; Coats 1972a,b, 1973; Honjo
et al. 1976; Hlavacka and Njiokiktjien 1985, 1986;
Johansson and Magnusson 1991; Iles and Pisini 1992;
Fitzpatrick et al. 1994, 1996; Peterson et al. 1994, 1995;
Inglis et al. 1995; Johansson et al. 1995; Cass et al. 1996;
Day et al. 1997; Hlavacka et al. 1999; Pavlik et al.
1999). Specifically, anodal and cathodal currents de-
crease and increase, respectively, the firing rates of
vestibular afferents, and standing subjects tend to sway
toward the anodal stimulus and/or away from the
cathodal stimulus (Coats 1972b).

It has been shown that in subjects who are facing
forward, bipolar binaural stochastic GVS leads to co-
herent stochastic mediolateral postural sway (Pavlik
et al. 1999). This result indicates that subjects can act as
‘responders’ to GVS. Motivated by this finding, we
speculated that the sway response elicited by GVS can be
used to reduce the postural sway resulting from a me-
chanical perturbation. Accordingly, our objective in this
study was to test the hypothesis that in subjects who are
facing forward, bipolar binaural GVS can be used to
eliminate or reduce mechanically-induced mediolateral
postural sway.

2 Methods

Nine healthy young subjects (six females and three
males; age: 18-24 years, mean 22 years; height: 1.59—
1.88 m, mean 1.72 m; weight: 49.9-99.8 kg, mean
64.2 kg) were included in the study. Informed consent
was obtained from each subject prior to participation.
This study was approved by the Boston University
Charles River Campus Institutional Review Board.
During the tests, subjects stood barefoot with their
eyes closed and head facing forward, on a motorized
platform (Fig. 1). Galvanic stimuli were applied to each
subject using a bipolar binaural configuration with the
anodal electrode on the subject’s left mastoid and the
cathodal electrode on the subject’s right mastoid, so that
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Fig. 1. A schematic representation of the experimental setup. During
the tests, subjects stood on a New England Affiliated Technologies
motorized x-y platform (Lawrence, Mass.). The galvanic stimuli were
applied with a pair of 9 cm? carbon-rubber electrodes, cut to fit
behind the subject’s ears. Spectra 360 electrode gel (Parker Labora-
tories, Fairfield, N.J.) was applied to each electrode so that a complete
electrical contact could be maintained between the electrodes and the
skin. The electrodes were held in place by a tight headband. The
electrodes were connected to an A-M Systems 2200 analog stimulus
isolator (Carlsberg, Wash.) by way of a current limiter (limited to
2 mA, for subject comfort and safety). The galvanic stimulus was sent
to the isolator by way of a Microstar D/A system (Bellevue, Wash.)
installed on a personal computer. The mechanical stimulus was sent to
the motorized platform using the same D/A system. The Vicon
motion analysis system recorded the displacements of the reflective
markers that were attached to the subject and the platform. The Vicon
system controller also recorded the applied stimuli

positive input currents produced sway towards the left
side of the subject’s body. Reflective markers were at-
tached to the subject’s body: one on the forehead, one
on the sternum, and one on the pelvis (Fig. 1). Two
reference markers were also attached to the motorized
platform. A Vicon motion analysis system (Oxford
Metrics, Oxford) was used to collect lateral displacement
data from these markers.

A series of 40 trials — 20 galvanic trials with a 3-s
galvanic pulse of varying amplitude and polarity, and
20 perturbation trials with a 40-mm lateral platform
displacement of varying direction (left or right) — was
conducted at the outset of a session to estimate the
subject’s responses to galvanic and mechanical stimuli,
respectively. In order to synchronize the inputs and the
responses, the applied stimuli were recorded along with
the marker displacements.

The response data were then used to find model pa-
rameters that best fit the subject’s response to galvanic
and mechanical stimuli, respectively. For the galvanic
trials, we used the following third-order galvanic trans-
fer-function model (Nashner and Wolfson 1974):
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where s is a complex variable, 0(s) is the Laplace
transform of the body angle relative to vertical, /(s) is
the Laplace transform of the current input stimulus, Ty
is the lead time constant, Tp is the lag time constant, Kg
is the gain, g is the natural frequency of the body, ¢ is
the damping ratio of the body, and T is the delay. For
the mechanical perturbation trials, we used the following
third-order mechanical transfer-function model (Nash-
ner and Wolfson 1974):
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where V' (s) is the Laplace transform of the induced sway
rate, 0(s), TN, and Tp are as described above for (1), and
Kwm, oum, and gy are as described above, but for
mechanical stimuli. In both models (Egs. 1 and 2), the
values of Ty and Tp are 0.3 s and 1 s, respectively, as
reported in a previous modeling study (Nashner and
Wolfson 1974). With GVS, there is a slight delay
between the application of the current stimulus and
the sway response, which gives rise to the delay term 7 in
the galvanic model. For mechanical stimuli, the sway
response occurs at the onset of the stimulus; therefore,
there is no delay term in the mechanical model.

The head-marker and platform displacement time
series were used to determine the body angle relative to
vertical and the sway rate induced by the platform
movement. In order to calculate these quantities, the
body was assumed to act as an inverted pendulum with
one degree of freedom at its base. Body angle was cal-
culated as the angle formed between the head marker
and one of the reference markers (on the platform) in the
coronal plane. Induced sway rate was calculated as
the angular velocity achieved by displacing the base of
the pendulum.

A nonlinear, least-squared fit was performed to find
the unknown model parameters for the respective trials.
Note that there are four parameters — Kg, og, 0, and
T — that must be determined for the galvanic transfer-
function model, and three parameters — Ky, wy, and
om — that must be determined for the mechanical
transfer-function model. The parameters for the gal-
vanic and mechanical transfer-function models were
averaged across the trials for each subject to obtain a
subject-specific set of parameters for each model. (Any
asymmetry in the subject’s sway responses to the left and
right was assumed to be negligible.) These parameters
were then used in the control scheme depicted in Fig. 2
to calculate the galvanic stimulus needed to counteract a
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Fig. 2. A schematic representation of the procedure used to calculate
a galvanic stimulus that would act to counteract sway induced by a
support-surface translation. Here m(¢) represents the mechanical
stimulus, v(¢) represents the induced sway rate, g(¢) represents the
stabilizing galvanic stimulus, 6(¢) represents the predicted body angle,
P(s) represents the platform model which converts the mechanical
stimulus into induced sway rate, Ty(s) represents the mechanical
transfer-function model (see Eq. 2), TG(s) represents the galvanic
transfer-function model (see Eq. 1) with zero delay, and Kp, Ky, and
Kp represent gain coefficients corresponding to proportional-integral-
derivative (PID) feedback control. The stabilizing galvanic stimulus is
found by using the mechanical transfer-function model to predict a
sway pattern. This sway pattern is then input to the inverse of the
galvanic transfer-function model, and the polarity of the resulting
signal is reversed. The output of this procedure is a first-order estimate
of the stabilizing galvanic stimulus. A PID feedback loop was used to
increase the efficacy of the stabilizing galvanic stimulus. This feedback
loop was introduced because the imposed 2-mA limit (see Fig. 1
caption) on the amplitude of the galvanic stimulus reduced the
effectiveness of the stimulus. Note that in the subject trials, the delay
in the galvanic transfer-function model was taken into account by
advancing the stabilizing galvanic stimulus in time with respect to the
platform displacement by an amount equal to the delay term 7' from
the galvanic transfer-function model (see Eq. 1)

given mechanical stimulus. For these analyses and the
posture tests described below, the mechanical perturba-
tion (see top panel of Fig. 3) was the same as that used
for the aforementioned parameter-estimation trials.

Subjects were then tested under two conditions: me-
chanical perturbation only, and mechanical perturba-
tion plus the stabilizing galvanic stimulus. Ten trials
were conducted for each condition: five trials with
platform translations to the right and five trials with
platform translations to the left. The presentation order
of the 20 trials was randomized for each subject.

The two test conditions were also simulated for each
subject by using the averaged model parameters in the
mechanical and galvanic models. The mechanical re-
sponse was computed as the output of the mechanical
model (2) driven by the induced sway rate (determined as
described above), and the galvanic response was com-
puted as the output of the galvanic model (1) driven by
the stabilizing galvanic stimulus. For these analyses, the
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Fig. 3. Normalized platform and head-marker displacement time
series (fop panel) and body angle data (bottom panel) for a
representative subject. The marker displacement time series was
shifted so that the initial position of the respective marker at the
beginning of a trial (+ = 0) was equal to 0. Data are shown for trials
without (dotted lines) and with (dashed lines) the stabilizing galvanic
stimulus. For the GVS trial, the stabilizing galvanic stimulus was
applied from ¢ = 1.0 s onwards

mechanical response served as a simulation for the con-
dition of mechanical perturbation only, while the sum of
the mechanical response and the galvanic response
served as a simulation for the condition of mechanical
perturbation plus the stabilizing galvanic stimulus.
Three parameters were extracted from the posture data
to characterize a subject’s sway response quantitatively.
The first parameter, the magnitude of the first peak in the
body angle, is the extent of the initial sway of the subject’s
body in the direction opposite to that of the platform
displacement. The second parameter is the average body
angle during the platform displacement. The third pa-
rameter is the latency between the platform displacement
and the motion of the respective body markers in the same
direction as the platform, which was determined as the lag
time corresponding to the peak in the cross-correlation
function formed between the platform displacement and
the respective body-marker displacement time series.
(Note that although the sway response occurs at the onset
of the mechanical stimulus, the initial body sway is in the
direction opposite to that of the platform, e.g., see Fig. 3.)
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For each subject, a two-tailed, paired z-test was used to
compare the parameters from the trials with and without
the stabilizing galvanic stimulus.

3 Results

Head-marker and platform displacement data and body
angle data for a representative subject are shown in
Fig. 3. It can be seen that with the stabilizing galvanic
stimulus, the subject’s body swayed substantially less
and followed the movement of the platform more
closely. Also, during the platform displacement, the
subject’s head movement was correlated with that of the
platform for the trial with GVS, in contrast to the clearly
anti-correlated movement of the head for the trial
without GVS. The data in Fig. 3 also demonstrate a
reduction in the three parameters mentioned above. The
magnitude of the first peak in body angle for the trial
with GVS is less than half that for the trial without GVS,
and the average body angle during the platform
displacement is also clearly less for the trial with GVS
than that for the trial without GVS. In addition, the
head marker moved in the same direction as the
platform much sooner for the trial with GVS than for
the trial without GVS, indicating a decrease in our
latency measure with GVS.

The model predictions for a representative subject are
compared to measured data in Fig. 4. It can be seen that
the model predictions fit the observed data quite well,
but there are two discrepancies worth noting. Firstly, in
the top panel of Fig. 4 it appears that the subject did not
return to his or her original orientation after the plat-
form displacement, as was predicted by the model. One
possible explanation for this effect is that subjects can
maintain several different stable positions during quiet
standing. Since the platform displacement alters quiet-
standing posture, it is possible for subjects to return to a
different stable orientation following a perturbation.
Among all subjects, this behavior was observed in ap-
proximately one-third of the trials without GVS and in
half of the trials with GVS. Secondly, in the bottom
panel of Fig. 4 it can be seen that after the platform
displacement, the subject returned to vertical while the
model prediction oscillated and overshot the vertical
orientation. This prediction error could be due to the
fact that there is no postural response to galvanic stimuli
that are below a subject-specific threshold (Pavlik et al.
1999). In the trial shown in Fig. 4, the galvanic stimulus
became sub-threshold for the subject near the time that
the subject returned to vertical. The galvanic model,
however, does not account for this threshold phenome-
non, and therefore predicts a postural response for even
the weakest of galvanic currents.

Experimental results for the first peak, average angle,
and latency for the nine subjects are shown in Fig. 5.
With the stabilizing galvanic stimulus, all subjects ex-
hibited statistically significant decreases in the magni-
tude of the first peak in body angle and the latency
between the platform displacement and the displacement
of the respective body markers in the same direction as
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Fig. 4. Body angle data (solid lines) and model predictions (dashed
lines) for the representative subject of Fig. 3. Data are shown for trials
without (top panel) and with (bottom panel) the stabilizing galvanic
stimulus. These trials are the same as those included in Fig. 3

the platform. (Latency results similar to those shown in
Fig. 5 for the head marker were obtained for both the
sternum marker and the pelvis marker.) In addition,
with the stabilizing galvanic stimulus eight of the nine
subjects exhibited statistically significant decreases in
average body angle during the platform displacement.
The ninth subject exhibited a marginally significant
reduction (p = 0.053).

An analysis of the model predictions confirmed that
the aforementioned sway parameters should decrease
with the stabilizing galvanic stimulus. A two-tailed,
paired t-test confirmed that there were no significant
differences between the model predictions and the sub-
ject means for the first peak, average angle, and latency
(averaged over the trials for each subject). Across all
subjects, the model slightly overestimated the decreases
in the magnitude of the first peak and average angle.
Specifically, a 35% decrease in the magnitude of the first
peak was observed, while the model predicted a 54%
decrease. For average angle a 35% decrease was ob-
served, while a 44% decrease was predicted. In contrast,
the model slightly underestimated the decrease in
latency: a 58% decrease was observed while a 48%
decrease was predicted.
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Fig. 5. Means and standard deviations of the first peak in the body
angle (ftop panel), the average body angle during the platform
displacement (middle panel), and the latency between the platform
displacement and the displacement of the head marker in the same
direction as the platform (bottom panel), for each of the nine subjects.
Results are shown for perturbation trials without (open squares) and
with (solid circles) the stabilizing galvanic stimulus. The symbols * and
* denote statistically significant differences at p < 0.05 and p < 0.005
levels, respectively

4 Discussion

These findings demonstrate that the sway response
elicited by GVS can be used to significantly reduce
postural sway resulting from a mechanical perturbation.
Specifically, we showed that with the application of an
appropriately determined galvanic stimulus, mechanical-
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ly-perturbed subjects maintained a more erect stance and
followed the movements of the perturbing platform more
closely. The decrease in the magnitude of the first peak
indicated that immediately following the introduction of
the perturbation, subjects remained in a more upright
orientation. The decrease in average angle indicated that
subjects did not sway as much while the platform was
moving. Finally, the decrease in the latency between the
platform displacement and movement of the body-
markers in the same direction as the platform indicated
that the stabilizing galvanic stimulus caused the subjects
to move more closely with the platform.

In spite of the simplicity of the models we used for
calculating the stabilizing galvanic stimulus, we were
able to achieve the desired effect of reducing postural
sway caused by a mechanical perturbation. Further de-
velopment of the modeling techniques could, however,
lead to a greater reduction in postural sway than is re-
ported here. For example, the galvanic model could be
expanded to incorporate the threshold phenomenon
discussed earlier. In addition, the use of a real-time
proportional-integral-derivative (PID) feedback loop
could serve to further reduce the aforementioned sway
parameters. Our current system (see Fig. 2) used PID
feedback during simulations to calculate the stabilizing
galvanic stimulus. Such an approach, however, cannot
account for unpredictable components of the experiment
that change from trial to trial. As an example, consider
the situation we discussed earlier in which subjects have
a tendency to shift between stable orientations during a
trial. Using real-time control would customize the sta-
bilizing galvanic stimulus for each trial, and could help
reduce this effect and possibly other unanticipated ef-
fects. These issues will be considered in a future study.

The present work focused on mediolateral sway. It
has been shown, however, that in subjects who are fac-
ing forward, monopolar binaural GVS can be used to
induce a sway response in the anteroposterior direction
(Magnusson et al. 1990; Severac Cauquil et al. 1998).
Thus, it is possible that the present GVS techniques
could be extended to monopolar stimulus protocols and
used to reduce or eliminate anteroposterior sway. Simi-
larly, it is likely that combinations of monopolar and
bipolar stimulus protocols could be used to counteract
sway in arbitrary directions.

Our results suggest that GVS could possibly form the
basis for a vestibular prosthesis for balance control by
providing the means through which a subject’s posture
can be systematically controlled. A GVS-based control
system could consist of accelerometers or rate sensors that
would monitor an individual’s postural sway and provide
feedback for calculating an appropriate galvanic stimulus
in real-time. Since support-surface translation during
quiet standing represents only a small portion of possible
situations that could occur during normal daily activity,
the system would need to be able to calculate appropriate
galvanic stimuli for a number of different situations and
body positions. Further work needs to be done in order to
determine how these different situations would impact the
efficacy of using GVS in such a system. Another compli-
cation is the delay between the application of the galvanic
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stimulus and the elicited sway response. In the present
study, the perturbation was known ahead of time, and the
galvanic stimulus was shifted in time appropriately. If this
delay cannot be diminished or eliminated, a GVS-based
control system will need a predictive component to deal
with the dynamics of normal daily activity.
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