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Abstract Although imaging studies suggest activation of
cortical areas by vestibular input, there is little evidence of
an adverse effect of non-veridical vestibular input on cog-
nitive function. To test the hypothesis that degraded ves-
tibular afferent input adversely affects cognition, we
compared performance on a cognitive test battery in a group
undergoing suprathreshold bilateral bipolar Galvanic ves-
tibular stimulation (GVS) with a control group receiving no
GVS or subthreshold stimulation. The battery consisted of
six cognitive tests as follows: reaction time, dual tasking,
Stroop, mental rotation, perspective-taking and matching-
to-sample, as well as a simple visuomotor (manual tracking)
task. Subjects performed the test battery before, during and
after suprathreshold GVS exposure or subthreshold stimu-
lation. Suprathreshold GVS significantly increased error
rate for the match-to-sample and perspective-taking tasks
relative to the subthreshold group, demonstrating a negative
effect of non-veridical vestibular input in these specific
cognitive tasks. Reaction time, dual tasking, mental rotation
and manual tracking were unaffected by GVS exposure.
The adverse effect of suprathreshold GVS on perspective
taking but not mental rotation is consistent with imaging
studies, which have demonstrated that egocentric mental
transformations (perspective taking) occur primarily in
cortical areas that receive vestibular input (the parietal—
temporal junction and superior parietal lobule), whereas
object-based transformations (mental rotation) occur in the
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frontoparietal region. The increased error rate during the
match-to-sample task is likely due to interference with
hippocampal processing related to spatial memory, as
suggested by imaging studies on vestibular patients.
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Introduction

There is little direct evidence of an adverse effect of non-
veridical vestibular input on cognitive function. Patients
with vestibular impairment have demonstrated difficulty in
counting backwards by twos (Risey and Briner 1990) and
sevens (Andersson et al. 2002; Andersson et al. 2003) and
exhibit deficits in short-term and working memory on
standard psychological tests such as the Digit Span and
Mini Mental State Exam (Hanes and McCollum 2006).
Imaging studies have provided more substantial (albeit
indirect) evidence for a role of vestibular input in cognition
by demonstrating cerebral cortex activation by afferent
vestibular signals. Application of Galvanic vestibular
stimulation (GVS) during fMRI induced activity in the
intraparietal sulcus (Lobel et al. 1998; Lobel et al. 1999;
Fink et al. 2003), the parietal-temporal junction and central
sulcus (Lobel et al. 1998; Lobel et al. 1999), the superior
temporal gyrus and insula (Fink et al. 2003), ventral pre-
motor areas (Fink et al. 2003) and the cingulate gyrus
(Lobel et al. 1998). Similar activation has been observed in
fMRI (Suzuki et al. 2001) and PET (Bottini et al. 2001;
Deutschlander et al. 2002) studies during caloric vestibular
stimulation; the intraparietal sulcus (Suzuki et al. 2001),
superior temporal gyrus and insula (Bottini et al. 2001;
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Suzuki et al. 2001; Deutschlander et al. 2002), parietal—
temporal junction (Bottini et al. 2001), cingulate gyrus
(Bottini et al. 2001; Suzuki et al. 2001) and the superior
parietal lobule and basal ganglia (Deutschlander et al.
2002). Activation of the hippocampus by vestibular input is
well established in humans (Vitte et al. 1996; Smith et al.
2010). Significant atrophy in hippocampal volume (with
concomitant spatial memory deficit) has been observed in
patients with chronic bilateral vestibular loss (Brandt et al.
2005).

Bilateral bipolar GVS, in which a small current is passed
between surface electrodes placed on the mastoid pro-
cesses, is a potential tool to elucidate the effects of ves-
tibular input on cognitive function [see (Fitzpatrick and
Day 2004) for review]. Animal studies have established the
site of action of Galvanic current at the spike trigger zone
of primary vestibular afferents, using electrodes in direct
contact with perilymph (Goldberg et al. 1984). Perilym-
phatic cathodal currents depolarize the trigger site and lead
to excitation, whereas anodal currents hyperpolarize
resulting in inhibition (Goldberg et al. 1984). Application
of suprathreshold stochastic Galvanic current (above the
human sensory threshold of ~1 mA) induces behavioral
effects analogous to mild vestibular deficit, such as postural
instability (MacDougall et al. 2006) and reduced dynamic
visual acuity (Moore et al. 2006). In contrast, subthreshold
(<1 mA) noisy Galvanic stimulation can improve motor
performance (Yamamoto et al. 2005; Pal et al. 2009) and
cognition (Wilkinson et al. 2008), most likely via the
phenomenon of stochastic resonance.

We have leveraged the destabilizing effect of supra-
threshold GVS on sensorimotor function to replicate in
healthy subjects the decrements in postural (MacDougall
et al. 2006), locomotor (Moore et al. 2006), oculomotor
(Moore et al. 2006) and fine motor (Moore et al. 2011)
performance observed in astronauts after spaceflight. We
propose that the GVS analog superposes the pseudorandom
current waveform on the veridical vestibular afferent signal
at the spike trigger zone, and this experiment was designed
to test the hypothesis that degraded vestibular input
adversely affects cognitive function. We selected a range
of attentional (reaction time, dual tasking, Stroop), spatial

(mental rotation, perspective taking), memory (matching to
sample) and visuomotor coordination (manual tracking)
tasks, to be performed with and without GVS. These tests
were based on the Spaceflight Cognitive Assessment Test
for Windows (WinSCAT), a subset of the ANAM (Auto-
mated Neuropsychological Assessment Metrics) (Kane
et al. 2005) used by the US military. An ancillary aim was
to compare cognitive effects of the GVS analog to the
results from studies on cognition in astronauts during and
immediately after spaceflight.

Methods
Subjects

A total of 120 healthy subjects were randomly assigned
into 4 groups: 0, 1, 3.5 and 5 mA peak GVS current
(Table 1). Participants had no prior experience with GVS.
Mount Sinai School of Medicine’s Institutional Review
Board approved the experiments, and subjects gave their
informed consent and were free to withdraw at any time.

Experimental paradigm and apparatus

A battery of cognitive tests was administered to each par-
ticipant under three conditions: pre-GVS baseline, during
intermittent GVS and 15 min after GVS exposure. The
pseudorandom bilateral-bipolar Galvanic stimulus con-
sisted of a sum of sines (0.16, 0.33, 0.43, 0.61 Hz) with
peak amplitude of either O, 1, 3.5 or 5 mA (MacDougall
et al. 2006; Moore et al. 2006). The 0- and 1-mA groups
were considered subthreshold controls, with stimuli of no
GVS current (0 mA) or at an amplitude below the thresh-
old of vestibular-mediated behavioral effects (1 mA peak).
The latter group was intended to control for cutaneous
tingling or itching experienced at the electrode sites at
suprathreshold (3.5 and 5 mA) current amplitudes, without
generating significant behavioral effects or perception of
motion. Although direct current GVS of 0.5 mA has been
found to generate small (<0.5°) torsional eye movements in
a pilot study (N = 6) (Severac Cauquil et al. 2003), these

Table 1 Subject demographics

for 120 starting subjects and 115 Current (mA)  Started Completed
subjegts who completed the Number  Age Gender (M/F) Number Age Gender (M/F)
experiment

0.0 30 27.0 (C12.3) 14/16 30 27.0 (C1 2.3) 14/16

1.0 30 26.8 (CI 1.3) 15/15 30 26.8 (CI 1.3)  15/15

3.5 30 30.3 (CI 3.2) 17/13 28 299 (CI 3.1) 16/12

5.0 30 28.7 (CI12.5) 15/15 27 28.5 (CI 2.8) 15/12

Total 120 61/59 115 60/55
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movements are considerably smaller than the low-fre-
quency drift in cycloversion (over 2° peak-to-peak)
observed in the resting state (Ott et al. 1992; Van Rijn et al.
1994) and likely to be negligible in a behavioral sense. To
support this conclusion, we recently compared perfor-
mance in 10 subjects on computerized dynamic posturog-
raphy during 1- and 0-mA GVS in an ongoing study. There
was no difference in the composite equilibrium score
(1 mA 84.3 [CI 3.3]; 0 mA 83.0 [CI 3.3]; P = 0.52) or in
the vestibular score (1 mA 69.4 [CI 11.5]; 0 mA 70.6 [CI
10.8]; P = 0.89) from the sensory organization test
(Nashner 1993), demonstrating that 1-mA GVS did not
affect postural performance (in contrast to 3.5- and 5-mA
GVS, which significantly lowered the composite and ves-
tibular scores (MacDougall et al. 2006; Wood et al. 2009)).
In addition, none of the 30 subjects exposed to 1-mA GVS
reported a sensation of movement induced by Galvanic
current.

An optically isolated constant current generator deliv-
ered the current to the surface of the subject’s skin via leads
and large electrodes placed over the mastoid processes, cut
from electrosurgical split grounding plate electrodes (7180,
3 M Health Care, St. Paul, MN). The electrodes were
coated with an additional layer of EMG electrode gel and
then applied to the surface of the subject’s skin using the
electrode’s adhesive surround, and a piece of insulated tape
was added to the skin underneath the bare metal tag. A soft
pad was placed over each electrode and held firmly in place
by an elasticized strap. The electrodes and strap did not
produce discomfort or restrict head movement. Prior to
testing, subjects were briefly exposed to the Galvanic
stimulus to ensure that there was no adverse cutaneous
effects, such as a sensation of burning at the electrode site.
We have previously demonstrated that the GVS analog is
well tolerated in the vast majority of subjects during
extended exposure (up to 20 min) at amplitudes of 3.5 and
5 mA (Dilda et al. 2011).

The cognitive test battery, written in Matlab (Math-
works, Natick, MA), was presented on a computer screen
1 m distant from the subject. Each subject sat at a desk
with the head unrestrained and practiced the test battery
once after receiving verbal instructions. The order of
cognitive tests was randomized within each stimulation
condition (pre, per, post). During the GVS task, the stim-
ulus was turned on at the beginning of each cognitive test
and off at task completion (for current amplitudes of 1, 3.5
and 5 mA). Duration of each GVS exposure was dependent
on the time taken to perform the particular cognitive test,
averaging 89 s (CI 1.3) per task and 641 s (CI 9.3) total for
subjects completing the test battery. The experiment was
terminated if severe nausea was reported (a feeling that
vomiting was imminent) or at any time at the subject’s
request.

Cognitive test battery
Reaction time

A solid black dot was presented on a white background
after a randomized delay of 1-3 s. Subjects were required
to respond by pressing the left mouse button as soon as
they saw the stimulus. Forty trials were performed.

Dual tasking

Subjects performed the reaction time task described above
while counting backwards by three from a randomly gen-
erated number ranging between 160 and 200.

Stroop

A series of colored words appeared on the screen. The
color of the font was either congruent (e.g., the word “red”
written in red color) or incongruent (e.g., “red” written in
yellow). Subjects were asked to indicate whether the word
stimulus was congruent or incongruent by pressing the
appropriate key on the keyboard (right arrow for incon-
gruent and left arrow for congruent). Eighty words were
presented.

Mental rotation

A computerized version of the Shepard and Metzler mental
rotation task (Shepard and Metzler 1971) was developed
using 3D cube images from the Peters and Battista stimulus
library (Peters and Battista 2008) (Fig. 1a). Subjects were
presented with an image of two identical objects. The
object on the right was either a matching or mirror image
of the left-hand object, rotated to one of four orientations,
445° and £135°, in roll, pitch and yaw (24 trials, repeated
for a total of 48 trials). Subjects were asked to imagine
turning of the image on the right (an object-based mental
transformation) to determine whether it was a rotated
version of the object on the left or its mirror image and
press the appropriate key (left arrow for “same” and right
arrow for “mirror”).

Perspective taking

A computerized perspective-taking task was developed
(Fig. 1b) based on the Directional Orientation Test from
the Test of Basic Aviation Skills (TBAS) used by the US
Air Force to assess potential pilot recruits (Carretta 2005).
A topographical map was shown on the left of the screen
with an aircraft icon at the center (Fig. 1b). The aircraft
was heading in one of four cardinal directions (north,
south, east or west). On the right side of the screen was an
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a Mental Rotation

Example Same

Example Mirror

Perspective Taking

CE BAR to continue ®

Match to Sample

Fig. 1 Example slides from a the mental rotation task showing rotated and mirror image object pairs; b the perspective-taking task; ¢ the match-

to-sample task

image looking forward out of a cockpit window, and sub-
jects were instructed to imagine they were piloting the
aircraft. They were asked to indicate a cardinal direction
(e.g., “Which direction is East?”) relative to the cockpit
window using one of four arrow keys. Participants per-
formed 32 trials.

Matching to sample
Subjects were instructed to memorize a single 3 x 3
array of blue and red squares presented for 2 s. After a

2-second delay, two 3 x 3 patterns appeared on the
screen, one of which matched the previously viewed

@ Springer

array (Fig. 1c). Subjects were instructed to identify the
matching pattern by pressing the corresponding right or
left arrow key on the computer keyboard. The task
consisted of 20 trials.

Manual tracking

In addition to the cognitive tests, we also assessed visuo-
motor coordination. Subjects were required to use the
computer mouse to maintain a cross-hair target inside a
15-mm-diameter circle moving randomly on the computer
screen. The circle moved at two speeds: slow (10 mm/s)
for 30 s and then fast (20 mm/s) for another 30 s.
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Data analysis

Data were analyzed using SPSS 19.0 software. Mean error
rate (percentage of incorrect responses) and mean response
time (time to complete each trial) were computed for each
task (error rate and reaction time for matching to sample,
Stroop, mental rotation and perspective taking, response
time only for reaction time and dual tasking), current (0, 1,
3.5 and 5 mA) and condition (pre, during sub- or supra-
threshold GVS, and post). For manual tracking, the error
rate was calculated as the percentage of time the cross-hair
was outside the target circle. Response times greater than
2.5 times the standard deviation from the mean were dis-
carded as outliers.

The first analysis step was to demonstrate that there
were no significant differences in error rates between 0-
and 1-mA groups using a mixed design ANOVA (3 con-
ditions [pre, per, post] x 2 current amplitudes [0, 1 mA])
with current as a between-subject factor; thus, results from
these subjects could be pooled into a subthreshold GVS
group. A similar analysis was performed for subjects
receiving 3.5- and 5-mA GVS to form a suprathreshold
group. Error rate and response times were subsequently
analyzed for each task using 3 condition (pre, per,
post) x 2 current amplitude (subthreshold or suprathresh-
old GVS) mixed design ANOVA with current as a
between-subject factor. In both cases, post hoc paired
t tests were utilized to further analyze any significant
effects of GVS current and condition on error rates or
response times; results were considered significant for
P < 0.05. Variance is stated as 95% confidence interval
(CI) of the mean.

Results

Five subjects requested termination of the Galvanic stim-
ulus due to nausea and withdrew from the experiment; two
subjects (one man and one woman) in the 3.5 mA group
and three (all women) in the 5-mA group (Table 1). The
demographics of 115 subjects who completed the experi-
ment (age, gender balance) were not significantly different
(P > 0.5) to the starting sample of 120 (Table 1).

Subthreshold GVS error rate

A 3 condition (pre, per, post) x 2 current (0 and 1 mA)
mixed design ANOVA with current as a between-subject
factor demonstrated no significant condition by current
interaction between 0- and 1-mA groups (mental rotation
P = 0.25; match to sample P = 0.81; perspective taking
P = 0.68; Stroop P = 0.86). Error rates were substantially
higher across all three conditions for the mental rotation

task in the O0-mA group when compared to subjects
receiving 1-mA GVS (pre P = 0.0001; per P = 0.006;
post P = 0.003) (Fig. 2a, b). Performance on the mental
rotation, match to sample, perspective taking and Stroop
tests improved during subthreshold GVS relative to base-
line for both 0- and 1-mA groups; error rate decreased
across all four tasks by an average of —12 to —29% sug-
gesting a practice effect (Fig. 2¢), with no significant dif-
ference between 0- and 1-mA groups.

Suprathreshold GVS error rate

A 3 condition (pre, per, post) x 2 current (3.5 and 5 mA)
mixed design ANOVA with current as the between-subject
factor demonstrated no significant condition by current
interaction between 3.5- and 5-mA groups (match to
sample P = 0.38, mental rotation P = 0.07; Stroop
P = 0.87; perspective taking P = 0.86) (Fig. 3a, b). The
mean percent change in error rate between baseline and
application of suprathreshold GVS tended to increase for
match to sample, perspective taking and Stroop by +4-
+31%, indicative of an adverse effect of Galvanic stimu-
lation on performance, with no significant differences
between 3.5- or 5-mA groups (Fig. 3c). Mental rotation
exhibited a similar pattern to the subthreshold (0 and
1 mA) groups, with mean error decreasing by —17% in the
3.5-mA group and by —1% at 5-mA GVS (NS).

Subthreshold versus suprathreshold error rate

On the basis of the statistical analyses above, 0- and 1-mA
data were pooled into a subthreshold GVS group (N = 60)
and the 3.5- and 5-mA data were combined to form a su-
prathreshold GVS group (N = 55) for subsequent analysis
(Table 2; Fig. 4). A 3 condition (pre, per, post) x 2 current
(subthreshold, suprathreshold) mixed design ANOVA with
current as a between-subject factor suggested a current by
condition interaction for mental rotation [F(2, 226) = 3.04,
P = 0.05], matching to sample [F(2, 226) = 3.3, P < 0.05]
and perspective taking [F(2, 226) =2.96, P = 0.05].
There was no significant difference in error rate in the
baseline condition between subthreshold and suprathresh-
old groups on any task; similarly, no difference was found
in error rate for the post-stimulation condition (Fig. 4a, b;
Table 2). Error rates during suprathreshold GVS exposure
were significantly higher than during subthreshold stimu-
lation for the match-to-sample (P = 0.005), perspective-
taking (P = 0.022) and Stroop (P = 0.009) tasks (Fig. 4b;
Table 2).

For the match-to-sample task, the mean error rate
decreased by 13% during subthreshold GVS relative to
baseline, whereas error rate increased by 26% relative to
baseline during suprathreshold GVS; this difference in
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Fig. 2 Error rates (mean and
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relative error rate between subthreshold and suprathreshold
groups was significant (Fig. 4c; P = 0.01). For the per-
spective-taking task, error rate decreased by 26% during
subthreshold GVS and increased by 18% during supra-
threshold GVS (both relative to baseline), and again, this
difference was significant (Fig. 4c; P = 0.01). A similar
pattern was observed in the Stroop task, with a 22%
reduction in error rate during subthreshold GVS and a 10%
increase in error rate during suprathreshold GVS, which
did not reach significance (Fig. 4c; P = 0.06). These
results suggest that performance improved with practice on
these three tasks in the subthreshold group but was
adversely affected by suprathreshold GVS exposure. Per-
formance on the mental rotation task improved during both
sub (25%) and suprathreshold (10%) GVS relative to
baseline (Fig. 4c; P = 0.05). There was no significant
difference in error during the manual tracking task across
three conditions (pre, per, post) for both subthreshold and
suprathreshold GVS groups (Table 2).

@ Springer

NS; p=0.202

Time to respond

A 3 condition (pre, per, post) x 2 current (subthreshold,
suprathreshold) mixed design ANOVA with current as a
between-subject factor demonstrated no significant condi-
tion by current interaction between subthreshold and su-
prathreshold GVS groups for match to sample P = 0.82,
mental rotation P = 0.07, perspective taking P = 0.13,
dual tasking P = 0.96 and reaction time P = 0.36
(Fig. 5a, b). There was a significant condition by current
effect on the Stroop task [F(2, 226) = 6.92, P = 0.001].
There was a tendency for the time to respond to decrease
during GVS stimulation relative to baseline, which was
unrelated to the level of current for mental rotation, match
to sample, perspective tasking and dual tasking (NS;
Fig. 5¢). Response time decreased by 6% for the Stroop
task during subthreshold GVS relative to baseline but was
unchanged during suprathreshold GVS (P = 0.0008)
(Fig. 5c¢).
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Fig. 3 Error rates (mean and a
95% CI) at baseline (pre),
during suprathreshold (3.5 or

5 mA) GVS and 15-min post-
stimulation for mental rotation,
match-to-sample, perspective-
taking and Stroop tasks at

a 3.5 mA and b 5 mA GVS
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Discussion

The results of this study demonstrate that application of
suprathreshold pseudorandom bilateral bipolar GVS sig-
nificantly degraded performance on short-term spatial
memory (match to sample) and egocentric mental rotation
(perspective taking), which demonstrates a negative effect
of non-veridical vestibular input in these specific cognitive
tasks. There was also some evidence of a small adverse
effect of GVS on the Stroop test. Reaction time, dual
tasking, mental rotation and manual tracking were unaf-
fected by GVS exposure. The adverse effects of supra-
threshold pseudorandom GVS on cognition are consistent
with neuro-anatomical findings. It is clearly established
that the hippocampus receives afferent input from the
vestibular cortex and plays a prominent role in spatial
memory (Vitte et al. 1996; Brandt et al. 2005). This may
underlie the increase in error rate during GVS in the match-
to-sample task, which required the subject to retain a 2D
shape in short-term memory. Perspective taking requires an
egocentric mental transformation, which has been shown to
rely on activation of the parietal-temporal junction and

superior parietal lobule (Zacks and Michelon 2005). These
areas receive vestibular input (Lobel et al. 1998; Lobel
et al. 1999; Bottini et al. 2001; Deutschlander et al. 2002),
thus it is reasonable to expect that GVS would adversely
affect perspective taking. Object-based transformations
utilized during the mental rotation task occur primarily in
the frontoparietal lobe (although activation of some pari-
etal-temporal areas may be common to both tasks) (Zacks
and Michelon 2005), which was not activated by GVS in
functional imaging studies (Lobel et al. 1998; Fink et al.
2003). This may explain why GVS negatively impacted
one spatial task (perspective taking) but not another
(mental rotation). Our results are consistent with a previous
study (Lenggenhager et al. 2008) in which an interfering
effect of right-anode GVS was observed in 5 subjects
employing an egocentric mental transformation when
making right/left judgments of pictures of a human body,
relative to 6 subjects utilizing an object-based mental
transformation.

There are several alternative explanations for the
observed effects of suprathreshold GVS on cognitive

function. Galvanic stimulation produces reflex eye
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Table 2 Error rates and time to respond (mean and 95% CI) from cognitive testing at baseline (pre), during subthreshold (0, 1 mA) or

suprathreshold (3.5, 5 mA) GVS (per) and post-stimulation

Subthreshold GVS (N = 60)

Suprathreshold GVS (N = 55)

Pre Per Post Pre Per Post
Mean CI Mean CI Mean CI Mean CI Mean CI Mean CI
Error rate (%)
Match to sample 8.08 1.82 7.00%! 1.65 6.00 1.63 8.55 1.85 10.73%! 2.32 6.82 1.84
Perspective 5.68 2.15 4.20%2 1.57 3.44 1.23 6.48 2.45 7.61%2 2.96 5.34 2.56
taking
Mental rotation 13.08 2.82 9.87 2.99 8.41 2.88 12.52 3.00 11.33 2.61 10.56 2.59
Stroop 2.46 0.64 1.92%3 0.50 2.25 0.56 2.59 0.73 2.84%3 0.57 2.25 0.55
Manual tracking®
Fast 23.29 1.85 21.18 1.75 20.14 1.57 27.20 2.52 25.60 227 25.65 2.21
Slow 6.38 0.70 6.34 0.74 7.12 0.88 8.50 1.27 8.91 1.10 9.09 1.18
Time to respond (ms)
Match to sample 1,653.5 108.5  1,538.8 103.2 14729 945 1,722.1 1179 1,593.5 89.7 11,5583 95.5
Perspective 2,540.2 3505 2,117.5 261.4 1,848.2 206.6 2,5304 402.8 2,046.2 2404  1,999.0 2654
taking
Mental rotation ~ 3,027.2  277.0 2425.7 250.6  2,1142 2256 2,979.6 3319 22652 2107 2,211.2  206.0
Stroop 914.2 41.0 858.6 38.1 822.8 33.7 874.7 37.3 871.0 38.7 820.5 314
Dual tasking 622.6 85.1 593.1 72.8 557.0 61.1 678.6 80.3 652.7 68.6 621.8 60.2
Reaction time 297.9 8.4 300.7+4 9.0 299.3 8.7 308.1 10.3 316.1%* 11.1 307.1 9.7

Numbered asterisk pairs indicate significant differences between subthreshold and suprathreshold groups for a particular task and condition

 Error rate defined as percentage of time cursor is outside of target circle

movements, which may have degraded vision during the
match-to-sample and perspective-taking tasks. However,
bilateral bipolar GVS induces a primarily torsional eye
response (MacDougall et al. 2002) and was therefore
unlikely to have significantly affected visual acuity (foveal
acuity is relatively independent of rotation about the line of
sight (Leigh and Zee 1999)). Moreover, all seven cognitive
tasks required vision but only two were significantly
affected by GVS. There was no relationship between GVS-
induced autonomic symptoms and increased error rate;
only 5 of 85 subjects who completed the cognitive test
battery while experiencing transmastoidal current reported
more than mild nausea (Dilda et al. 2011). It is also pos-
sible that non-vestibular effects of Galvanic stimulation,
such as cutaneous tingling or itching sensations at the
electrode site and dysgeusia (a metallic taste in the mouth
due to activation of taste buds by GVS), may have had a
distracting effect that decreased performance. This expla-
nation is unlikely; if this was the case, it would be rea-
sonable to expect GVS to have degraded performance on
other complex tasks such as mental rotation. The 1-mA
group also experienced these electrophysiological effects
(albeit at a lower intensity than the suprathreshold group)
with no change in performance during Galvanic stimula-
tion relative to the 0-mA (no GVS) group. Moreover,
habituation to these cutaneous sensations is rapid. Subjects

@ Springer

could not differentiate between long-duration (20-min)
1.5 mA direct current GVS and a sham stimulation in
which the current was ramped down to zero after 10 s (Utz
et al. 2011). Similarly, patients could not distinguish a
20-min 1 mA transcranial direct current stimulation from a
sham stimulation ramped down to zero within 30 s
(Gandiga et al. 2006). There was also no evidence that
subjects “rushed” to complete the cognitive test battery
when exposed to suprathreshold GVS; the pattern of time
to respond across conditions was similar for both sub and
suprathreshold current amplitudes.

There were significant differences in baseline perfor-
mance on the mental rotation task between 0- and 1-mA
groups. We propose that this discrepancy in error rate
during mental rotation reflects the difficult nature of the
task and high inter-subject variability in the population at
large, resulting in significant differences when sampling
small groups. This is supported by the finding that the
relative change in performance from the first (baseline) to
second (no or subthreshold GVS) condition did not differ
between 0- and 1-mA groups (each group’s performance
was internally consistent) and that when group size was
doubled by combining 0- and 1-mA (subthreshold) and 3.5-
and 5-mA (suprathreshold) groups the discrepancy in
baseline mental rotation performance was resolved. We
have described a similar phenomenon during another
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Fig. 4 Error rates (mean and 95% CI) at baseline (pre), during
subthreshold or suprathreshold GVS stimulation and 15-min post-
stimulation for mental rotation, match-to-sample, perspective-taking
and Stroop tasks for a the subthreshold group (combined 0 and 1 mA
GVS peak current) and b the suprathreshold group (combined 3.5 and
5 mA GVS peak current). Error rates for match-to-sample, perspec-
tive-taking and Stroop tasks were significantly greater during
suprathreshold stimulation than during subthreshold GVS (indicated
by numbered asterisk pairs). ¢ Mean percent change in error rate

complex task: the subjective visual vertical (SVV) test
(Moore et al. 2010). Analogous to baseline mental rotation
performance in the current study, significant differences in
error rates were observed between two groups that were
internally consistent across repeated SVV test sessions;
similar inter-group discrepancies in mean baseline SVV
error rates were observed by Yakovleva et al. (1976).

We developed the GVS analog to replicate the senso-
rimotor effects of neuro-vestibular readaptation to terres-
trial gravity after an extended period in microgravity
(MacDougall et al. 2006; Moore et al. 2006; Moore et al.
2011); thus, it is of interest to compare the cognitive effects
of GVS with the studies on cognition during and after
spaceflight. Mental rotation was unaffected by micrograv-
ity exposure in eight cosmonaut subjects (Leone et al.
1995). A single-subject study found no change during or
after flight in reaction time and Stroop task performance

¥ p=0.012
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U

between baseline and subthreshold and baseline and suprathreshold
GVS conditions, for mental rotation, match-to-sample, perspective-
taking and Stroop tasks. Error rate decreased (improved performance)
on all tasks in the subthreshold group. In contrast, error rate increased
in the suprathreshold GVS group for match-to-sample, perspective-
taking and Stroop tasks. This relative change in performance between
suprathreshold (degraded performance) and subthreshold (improved
performance) groups was significant for match to sample and
perspective taking

(Benke et al. 1993). Dual tasking (N = 4) was also unaf-
fected by spaceflight on the Neurolab shuttle mission (STS-
90) (Bock et al. 2001). Performance on the match-to-
sample task was not significantly affected by spaceflight;
however, considerable variance was observed in the per-
formance of four shuttle astronaut subjects (Eddy et al.
1998).

Although there is a general agreement in the lack of an
effect of microgravity and GVS exposure on attention and
mental rotation, it is not feasible to draw conclusions about
the effects of spaceflight on cognitive function due to the
limited amount of data currently available. The results
from this study suggest that when vestibular input is
degraded, cognitive functions relevant to mission critical
operations such as piloting (spatial memory and perspec-
tive taking) may be adversely affected. Whether this holds
true for long-duration spaceflight is worthy of further
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Fig. 5 Time to respond to each a Subthreshold GVS (N=60) b Suprathreshold GVS (N=55)

trial (mean and 95% CI) during Mental Rotation
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decreased response time

study. In particular, there has been no formal investigation
of egocentric mental transformation on orbit. Indirect evi-
dence for impaired perspective taking is found in the col-
lision of the unmanned Progress 234 spacecraft with the
Mir space station in 1997. The commander was tasked to
remotely pilot the Progress from a distance of 6,000 m to
dock with Mir using hand controllers and a video display
from the point of view of the approaching Progress. The
primary cognitive issue was the difficulty in estimating the
relative velocity of Progress from the video display (Ellis
2004), which required an egocentric mental transformation.

Acknowledgments This project was supported by a grant from the
National Space Biomedical Research Institute through NASA con-
tract NCC 9-58 (Dr. Steven Moore) and the Garnett Passe and Rodney
Williams Memorial Foundation (Dr. MacDougall). Dr. Bandar Hakim
(Human Aerospace Laboratory) implemented the cognitive tests in
Matlab, and John Holden (School of Psychology, University of
Sydney) developed the GVS equipment.

References

Andersson G, Hagman J, Talianzadeh R, Svedberg A, Larsen HC
(2002) Effect of cognitive load on postural control. Brain Res
Bull 58:135-139

Andersson G, Hagman J, Talianzadeh R, Svedberg A, Larsen HC
(2003) Dual-task study of cognitive and postural interference in
patients with vestibular disorders. Otol Neurotol 24:289-293

Benke T, Koserenko O, Watson NV, Gerstenbrand F (1993) Space
and cognition: the measurement of behavioral functions during a
6-day space mission. Aviat Space Environ Med 64:376-379

@ Springer

¢ Mean Percent Change in Response Time Between Baseline (Pre) and Stimulation (Per) Trials

OG
cH
@£ 6 NS; p=0.17
A ()
o % 1
% >
P!
%
J o %
NS; p=0.54 % 2\
* ~
p=0.0008 %
S'S S S S S
Uuu U u U u
B P B P B P
R R R
A A A

NS; p=0.18

Bock O, Fowler B, Comfort D (2001) Human sensorimotor coordi-
nation during spaceflight: an analysis of pointing and tracking
responses during the “Neurolab” space shuttle mission. Aviat
Space Environ Med 72:877-883

Bottini G, Karnath HO, Vallar G, Sterzi R, Frith CD, Frackowiak RS,
Paulesu E (2001) Cerebral representations for egocentric space:
functional-anatomical evidence from caloric vestibular stimula-
tion and neck vibration. Brain 124:1182-1196

Brandt T, Schautzer F, Hamilton DA, Bruning R, Markowitsch HJ,
Kalla R, Darlington C, Smith P, Strupp M (2005) Vestibular loss
causes hippocampal atrophy and impaired spatial memory in
humans. Brain 128:2732-2741

Carretta TR (2005) Development and Validation of the Test of Basic
Aviation Skills (TBAS). United States Air Force, Wright-Patterson
AFB. AFRL-HE-WP-TR-2005-0172. Retrieved September 2011
from http://www.dtic.mil/cgi-bin/GetTRDoc?Location=U2&doc=
GetTRDoc.pdf&AD=ADA442563

Deutschlander A, Bense S, Stephan T, Schwaiger M, Brandt T,
Dieterich M (2002) Sensory system interactions during simul-
taneous vestibular and visual stimulation in PET. Hum Brain
Mapp 16:92-103

Dilda V, MacDougall HG, Moore ST (2011) Tolerance to extended
galvanic vestibular stimulation: optimal exposure for astronaut
training. Aviat Space Environ Med 82:770-774

Eddy DR, Schiflett SG, Schlegel RE, Shehab RL (1998) Cognitive
performance aboard the life and microgravity spacelab. Acta
Astronaut 43:193-210

Ellis SR (2000) Collision in space: human factors elements of the Mir
Progress 234 collision. Ergon Des 8(1):4-9

Fink GR, Marshall JC, Weiss PH, Stephan T, Grefkes C, Shah NJ, Zilles
K, Dieterich M (2003) Performing allocentric visuospatial judg-
ments with induced distortion of the egocentric reference frame: an
fMRI study with clinical implications. Neuroimage 20:1505-1517

Fitzpatrick RC, Day BL (2004) Probing the human vestibular system
with galvanic stimulation. J Appl Physiol 96:2301-2316


http://www.dtic.mil/cgi-bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA442563
http://www.dtic.mil/cgi-bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA442563

Exp Brain Res (2012) 216:275-285

285

Gandiga PC, Hummel FC, Cohen LG (2006) Transcranial DC
stimulation (tDCS): a tool for double-blind sham-controlled
clinical studies in brain stimulation. Clin Neurophysiol
117:845-850

Goldberg JM, Smith CE, Fernandez C (1984) Relation between
discharge regularity and responses to externally applied galvanic
currents in vestibular nerve afferents of the squirrel monkey.
J Neurophysiol 51:1236-1256

Hanes DA, McCollum G (2006) Cognitive-vestibular interactions: a
review of patient difficulties and possible mechanisms. J Vestib
Res 16:75-91

Kane RL, Short P, Sipes W, Flynn CF (2005) Development and
validation of the spaceflight cognitive assessment tool for
windows (WinSCAT). Aviat Space Environ Med 76:B183-B191

Leigh JR, Zee D (1999) The neurology of eye movements. Oxford
University Press, New York

Lenggenhager B, Lopez C, Blanke O (2008) Influence of galvanic
vestibular stimulation on egocentric and object-based mental
transformations. Exp Brain Res 184:211-221

Leone G, Lipshits M, Gurfinkel V, Berthoz A (1995) Is there an effect
of weightlessness on mental rotation of three-dimensional
objects? Brain Res Cogn Brain Res 2:255-267

Lobel E, Kleine JF, Bihan DL, Leroy-Willig A, Berthoz A (1998)
Functional MRI of galvanic vestibular stimulation. J Neurophys-
iol 80:2699-2709

Lobel E, Kleine JF, Leroy-Willig A, Van de Moortele PF, Le Bihan
D, Grusser OJ, Berthoz A (1999) Cortical areas activated by
bilateral galvanic vestibular stimulation. Ann NY Acad Sci
871:313-323

MacDougall HG, Brizuela AE, Burgess AM, Curthoys IS (2002)
Between-subject variability and within-subject reliability of the
human eye-movement response to bilateral galvanic (DC)
vestibular stimulation. Exp Brain Res 144:69-78

MacDougall H, Moore ST, Curthoys IS, Black FO (2006) Modeling
postural instability with galvanic vestibular stimulation. Exp
Brain Res 172:208-220

Moore ST, MacDougall H, Peters BT, Bloomberg JJ, Curthoys IS,
Cohen H (2006) Modeling locomotor dysfunction following
spaceflight with galvanic vestibular stimulation. Exp Brain Res
174:647-659

Moore ST, MacDougall HG, Paloski W (2010) Effects of head-down
bed rest and artificial gravity on spatial orientation. Exp Brain
Res 204:617-622

Moore ST, Dilda V, MacDougall HG (2011) Galvanic vestibular
stimulation as an analogue of spatial disorientation after
spaceflight. Aviat Space Environ Med 82:535-542

Nashner LM (1993) Computerized dynamic posturography. In:
Jacobson GP, Newman CW, Kartush JM (eds) Handbook of
balance function testing. Mosby Year Book, St Louis,
pp 298-301

Ott D, Seidman SH, Leigh RJ (1992) The stability of human eye
orientation during visual fixation. Neurosci Lett 142:183-186

Pal S, Rosengren SM, Colebatch JG (2009) Stochastic galvanic
vestibular stimulation produces a small reduction in sway in
Parkinson’s disease. J Vestib Res 19:137-142

Peters M, Battista C (2008) Applications of mental rotation figures of
the Shepard and Metzler type and description of a mental
rotation stimulus library. Brain Cogn 66:260-264

Risey J, Briner W (1990) Dyscalculia in patients with vertigo.
J Vestib Res 1:31-37

Severac Cauquil A, Faldon M, Popov K, Day BL, Bronstein AM
(2003) Short-latency eye movements evoked by near-threshold
galvanic vestibular stimulation. Exp Brain Res 148:414-418

Shepard RN, Metzler J (1971) Mental rotation of three-dimensional
objects. Science 171:701-703

Smith PF, Darlington CL, Zheng Y (2010) Move it or lose it—is
stimulation of the vestibular system necessary for normal spatial
memory? Hippocampus 20:36—43

Suzuki M, Kitano H, Ito R, Kitanishi T, Yazawa Y, Ogawa T, Shiino
A, Kitajima K (2001) Cortical and subcortical vestibular
response to caloric stimulation detected by functional magnetic
resonance imaging. Cogn Brain Res 12:441-449

Utz KS, Keller I, Kardinal M, Kerkhoff G (2011) Galvanic vestibular
stimulation reduces the pathological rightward line bisection
error in neglect-a sham stimulation-controlled study. Neuro-
psychologia 49:1219-1225

Van Rijn LJ, Van der Steen J, Collewijn H (1994) Instability of ocular
torsion during fixation: cyclovergence is more stable than
cycloversion. Vision Res 34:1077-1087

Vitte E, Derosier C, Caritu Y, Berthoz A, Hasboun D, Soulie D
(1996) Activation of the hippocampal formation by vestibular
stimulation: a functional magnetic resonance imaging study. Exp
Brain Res 112:523-526

Wilkinson D, Nicholls S, Pattenden C, Kilduff P, Milberg W (2008)
Galvanic vestibular stimulation speeds visual memory recall.
Exp Brain Res 189:243-248

Wood S, Black FO, MacDougall HG, Moore ST (2009) Electrotactile
feedback of sway position improves postural performance during
galvanic vestibular stimulation. Ann NY Acad Sci 1164:492-498

Yakovleva I, Bokhov B, Kornilova L (1976) Study of space
perception functioning during simulation of certain space flight
factors. Life Sci Space Res 14:295-300

Yamamoto Y, Struzik ZR, Soma R, Ohashi K, Kwak S (2005) Noisy
vestibular stimulation improves autonomic and motor respon-
siveness in central neurodegenerative disorders. Ann Neurol
58:175-181

Zacks JM, Michelon P (2005) Transformations of visuospatial
images. Behav Cogn Neurosci Rev 4:96-118

@ Springer



	Effects of Galvanic vestibular stimulation on cognitive function
	Abstract
	Introduction
	Methods
	Subjects
	Experimental paradigm and apparatus
	Cognitive test battery
	Reaction time
	Dual tasking
	Stroop
	Mental rotation
	Perspective taking
	Matching to sample
	Manual tracking

	Data analysis

	Results
	Subthreshold GVS error rate
	Suprathreshold GVS error rate
	Subthreshold versus suprathreshold error rate
	Time to respond

	Discussion
	Acknowledgments
	References


