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Abstract

Recent studies have investigated the potential use of Galvanic Vestibular Stimulation (GVS) as an alternative display
modality. Such a GVS display could allow for parallel processing of information under increasing demands on other
modalities (e.g., visual, auditory, or tactile), and perhaps be preferrable to other displays in certain circumstances (e.g.,
covert night operations). Prior studies quantified how precisely humans distinguish GVS cues modulated in the frequency,
amplitude, or polarity of the sinusoidal burst of current, found cues to be robust to various environments, and have limited
degradations in maintaining posture. Questions still arise though as to: (1) whether those receiving GVS cues respond
primarily to vestibular or potentially cutaneous sensations, and (2) if multiple cues can be associated with different
responses and if that capability can be maintained, which we addressed through two experiments. In the first, a topical
anesthetic was not found to affect frequency and amplitude modulated GVS thresholds; however, polarity modulated GVS
thresholds were elevated when cutaneous sensation was diminished. The second experiment revealed subjects distinguish
among six different GVS cues composed of frequency (two conditions) and polarity (three conditions) modulations, and
they maintained their association of these six cues three hours later. Collectively our results suggest that individuals are
primarily responding to vestibular sensations when utilizing a GVS display and that quick association of at least six GVS
cues to different responses can occur and be maintained at least three hours later. These findings continue to support the
use of GVS as a viable display modality.
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Introduction of information can be processed at once. However, often

when multiple sensory modalities are utilized, the brain is

People obtain information about their environment through
multiple senses, and the visual and auditory modalities are
the most common means by which to display information
to individuals. Oftentimes when a single display channel
is overloaded with information, a “bottleneck” in human
processing capabilities occurs where only a limited amount
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capable of parallel processing, where it can integrate and
analyze information from different senses at the same time
(Wickens 1981, 2002, 2021; Meyer and Kieras 1997). This
multisensory integration can allow for more efficient and
effective information transfer, especially under demand-
ing attentional tasks. For example, pilots are required to
visually monitor a substantial number of instruments and
displays during flight, an attentional task that is aided by
auditory cues (e.g., various sounding alarms) if a system
deviates from nominal.

Although common, visual and auditory display modali-
ties are not the only means by which to relay information.
Haptic displays, such as vibrating tactile vests, have been
investigated as a means of improving navigation capabili-
ties and situational awareness of soldiers in the field (Elliott
et al. 2006, 2011, 2015; Hancock et al. 2015). Vestibular
inputs (i.e., the inner ear organs that signal head motion),
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critical for self-orientation, balance, and stability, provide
another potential modality with which to relay information.
We have previously explored the potential to utilize the
inner ear as a display modality through the use of Galvanic
Vestibular Stimulation (GVS) (Smith et al. 2024; Temple et
al. 2024) and have further tested its use presently.

There are certain scenarios where GVS may be prefer-
ential over other display types. For example, haptic dis-
plays could prove less effective in moving vehicles if users
are unable to distinguish specific haptic cues from vehicle
vibrations. Unlike certain tactile, auditory, or visual dis-
plays, vestibular stimulation can be provided without emit-
ting any external sound or light or masking one’s field of
view or hearing capabilities (e.g., attributes which could
be beneficial for soldiers during covert, night operations).
Furthermore, GVS devices have low power, mass, and vol-
ume requirements, making them easy to pack and utilize for
extended durations. Despite the potential benefits of a GVS
display modality, the idea is still rather new and warrants
further investigation to determine effectiveness and under-
stand the mechanisms by which GVS cues are sensed.

We previously found people are capable of distinguish-
ing between cues of GVS “bursts” (i.e., | second in dura-
tion, 10-90 Hz sinusoidal current waveforms) varying in
a number of current characteristics (frequency, amplitude,
and polarity), under various conditions (e.g., seated, stand-
ing, walking, passively moving, under quiet or loud con-
ditions), and in different environmental conditions (room
temperature, hot, cold, and windy). Overall, we found indi-
vidual performance on our thresholding tasks distinguish-
ing between different GVS cues to be rather consistent and
robust to the various testing conditions we imposed (Smith
et al. 2024; Temple et al. 2024).

As GVS is known to impact postural control and gener-
ate postural reflexes, such as body sway towards the anode
electrode (Coats and Stoltz 1969; Day et al. 1997; Séverac
Cauquil et al. 2000; Fitzpatrick and Day 2004; St George
and Fitzpatrick 2011), a concern for its use as a display
modality is the potential for it to disorient or perturb balance
during use. We have noted that sinusoidal, fast frequency
(>10 Hz), bipolar GVS cues (i.e., waveforms oscillating
between current traveling in the left and right directions)
did not disrupt postural control during a tandem walk task
(Smith et al. 2024), which is consistent with prior research
noting insignificant coherence between GVS currents and
COP data beyond 3 Hz (Dakin et al. 2007). However, as
muscles responsible for postural control are likewise known
to exhibit significant coherence with GVS current frequen-
cies of up to 20 Hz (Dakin et al. 2007), to limit GV'S cue pos-
tural interference, it is likely advisable to utilize sinusoidal,
bipolar current frequencies faster than 20 Hz. This argument
can be further supported by recent research conducted by
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Wauehr, where subthreshold (i.e., amplitudes below sensory
detection thresholds) noisy GVS frequencies ranging from 0
to 30 Hz (mostly within the range of <20 Hz, that we would
not advise for potential postural disruption at suprathresh-
old amplitudes) seemingly improved postural performance
in the form of reduced center of pressure velocity (presum-
ably via the stochastic resonance phenomenon). However,
at higher amplitudes (e.g., 0.6 and 0.7 mA), several sub-
jects appear to show masking effects, where these slower
frequencies (i.e., < 20 Hz) at amplitudes likely detectable
by the subjects (e.g., amplitudes one might choose to uti-
lize as a GVS display) increased center of pressure veloc-
ity (Wuehr et al. 2024). Additionally, we previously found
unipolar currents (i.e., those traveling in only one direction)
to interfere with postural control, particularly in the absence
of vision (Temple et al. 2024), consistent with numerous
studies noting specific postural responses to GVS current
directionality (Coats and Stoltz 1969; Day et al. 1997;
Séverac Cauquil et al. 2000; Fitzpatrick and Day 2004; St
George and Fitzpatrick 2011). Thus, if postural stability
is of utmost importance for the task at hand, unipolar cur-
rents may be inadvisable. However, unipolar currents can
produce rather salient directional cues associated with their
postural responses (St George and Fitzpatrick 2011; Brunyé
et al. 2024). Therefore, if relaying directional information is
crucial (e.g., “turn left” or “turn right”), scenarios may exist
where unipolar currents are appropriate (e.g., steering an
individual towards a target). Ultimately, context is impor-
tant when developing GVS cues and considering potential
balance disruption, as is with any type of display. In fact,
most modalities commonly utilized as displays also have
the potential to induce body sway and disrupt postural con-
trol, including vision (Lee and Aronson 1974; Lee and Lish-
man 1975; Freeman et al. 2023), auditory sounds (Lubetzky
et al. 2020; Jouira et al. 2025), and tactile belts (Lee et al.
2012, 2013). The vestibular system is another such modality
likewise with that potential. Further research is warranted to
develop GVS cues least likely to disrupt balance and inter-
individual differences should be considered.

Although it is well established that current amplitudes
(e.g., 0.6 mA peaks) we have utilized previously (Smith et
al. 2024; Temple et al. 2024) do modulate vestibular affer-
ents (Goldberg et al. 1984; Abe et al. 2008; Kwan et al. 2019;
Manca et al. 2019; Steinhardt and Fridman 2021; Forbes et
al. 2023), as the current must likewise travel through the
skin (Truong et al. 2024), cutaneous sensations can also be
produced (e.g., prickling sensations) (Stone et al. 2025).
Thus, it is still an open question as to whether individuals
receiving GVS cues are responding primarily to vestibu-
lar sensations or potentially cutaneous sensations. Such a
distinction matters if the goal of a GVS display is to relay
information via a new modality (i.e., the vestibular system)
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as opposed to modalities which have been previously uti-
lized (i.e., tactile/cutaneous inputs). For example, if those
using a GVS display are primarily responding to cutaneous
sensations, it is possible they may not see benefits of parallel
processing capability when simultaneously utilizing a hap-
tic display (e.g., a vibrating tactile vest). Although employ-
ing two separate displays, if both utilize the same modality,
bottlenecking from limited processing capacity could still
occur. This motivates research designed to probe the exact
sensory modality that a GVS display utilizes.

To explore questions of parallel processing with a GVS
display, we did investigate utilizing a dual-task paradigm
(Temple et al. 2024). Subjects performed frequency and
polarity thresholding tasks alone (baseline) and under con-
ditions when a visual search task was concurrently per-
formed. The visual search task did show some interference
while performing the polarity thresholding task; however,
the GVS thresholding tasks themselves were not impacted
by dual-tasking. These findings provide some support of a
GVS display’s potential use for expanding processing capa-
bilities, though more research is warranted. Further, the
exact modality (i.e., vestibular or tactile) that is primarily
utilized with a GVS display should be explored.

Another area in need of further research involves the
extent to which different GVS cues can be associated with
various tasks and how well those associations are main-
tained (Temple et al. 2024). Our previous thresholding task
investigations only required subjects to make a forced-
choice distinction between two different types of stimuli at
atime (i.e., frequency: faster or slower; amplitude: higher or
lower; polarity: left or right) (Smith et al. 2024; Temple et al.
2024). GVS polarity cues have been found highly effective
at relaying directions during a complex virtual navigation
task, but the stimuli only relayed three specific directions
(i.e., right, left, or straight) (Bruny¢ et al. 2024). As mul-
tiple aspects of GVS stimuli can be manipulated (e.g., fre-
quencies, polarities, amplitudes, durations, etc.), there is the
potential to relay a rich amount of information to individu-
als. How many various cues individuals can associate with
specific responses deserves further investigation though.

Presently, we conducted two experiments to investigate
GVS cue thresholding capabilities under conditions with
diminished tactile sensitivity (Experiment 1) and investigate
the capability of individuals to distinguish among and main-
tain associations of six different GVS cues (Experiment 2).
In Experiment 1, we hypothesized that a topical anesthetic
would significantly diminish tactile sensitivity compared to
a placebo. Further, we hypothesized that GVS thresholding
tasks (Frequency, Amplitude, and Polarity) would not be
impacted by the topical anesthetic as compared to the pla-
cebo. For Experiment 2, we hypothesized that performance

on a six, GVS cue association task would not differ three
hours after an initial training session.

Methods

Fourteen human test subjects between the ages of 19 and 32
years were recruited for the two experiments, with a total
of 10 subjects in each experiment. As we did not have an
estimated effect size for each of our hypotheses, a formal
power analysis was not performed, but the sample size was
defined prior to the start of data collected based upon other
similar experiments (Smith et al. 2024; Temple et al. 2024).
As was done in our previous study (Temple et al. 2024),
inclusion criteria involved individuals that had no known
paraben allergy (to mitigate allergic reaction risk from gels
or creams), could stand and walk for several minutes and
were not on any medication that could impact such abili-
ties, had not recently consumed alcohol (within the last six
hours), were not pregnant or breastfeeding, and had not
fallen within the past year. Adherence to these criteria was
self-reported beforehand with a questionnaire. Six subjects
completed both experiments while four only completed
Experiment 1 (4 M/6F) and another four only completed
Experiment 2 (4 M/6F). Subjects were not permitted to par-
ticipate in Experiment 2 on the same days as Experiment
1 sessions though. Experiment 1 measured thresholds at
which subjects could distinguish between GVS stimuli with
three parameter manipulations (i.e., Frequency, Amplitude,
and Polarity), as we had done in a previous study (Temple
et al. 2024). Subjects performed these thresholding tests
two times each (i.e., first time=Dbaseline, second time=post
topical anesthetic/placebo), in one session where an over-
the-counter, 5% lidocaine topical anesthetic cream (Numb
Master, Clinical Resolution Laboratory, Inc, Brea CA,
USA) was applied to the electrode sites to reduce cutaneous
sensation, and another session where a placebo petroleum
jelly (Vaseline®, Unilever, Englewood Cliffs, NJ, USA)
was applied which would not reduce cutaneous sensations.
Experiment 2 tested subject maintenance of six different
GVS cue associations. Subjects first performed a training
session, followed by a maintenance test session three hours
later on the same day. GVS stimulators for these experi-
ments were provided by Soterix Medical Inc. (Woodbridge,
NJ, USA).

Informed consent was obtained for each subject prior to
their enrollment in the study. All experiments described in
this study were approved by the Institutional Review Board
of the University of Colorado Boulder (protocol #22-0110),
complying fully with the tenets of the Declaration of
Helsinki.
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Procedure

All testing was performed with the subjects seated in a
chair. We began subject preparations for each experiment
by disinfecting the skin behind the ears (over the mastoid
processes) using alcohol wipes. This area was then exfoli-
ated using NuPrep Skin Prep Gel (Weaver and Company,
Aurora, CO, USA). Alcohol wipes were used once more to
remove remaining residue from the area. Study staff then
proceeded with experiment-specific preparation.

Experiment 1

For Experiment 1, subjects participated in two sessions,
separated by 22—48 h. At the start of each visit, test admin-
istrators performed a series of baseline monofilament tests
on the subject’s freshly cleaned mastoid processes (referred
to as Pre-Lidocaine or Pre-Placebo). These tests were modi-
fied from standard procedures utilized for foot and hand
tactile sensitivity tests (Bell-Krotoski and Tomancik 1987;
Holewski et al. 1988; Bell-Krotoski et al. 1995). This con-
sisted of applying five presses to the mastoids using mono-
filaments of 4 g, 2 g, 0.4 g, 0.07 g, 0.04 g, and 0.02 g each,
in decreasing order of weights. Subjects were instructed to
verbally report each press they felt immediately as they per-
ceived it on their skin, while study staff recorded the number
of correctly detected perceptions out of five. Subjects were
not informed of their performance during these monofila-
ment tests. If subjects hesitated or did not respond imme-
diately after a press, this was considered a miss. This was
performed on both the left and right mastoids at each mono-
filament weight. From the proportion of correctly detected
monofilament tests, as a function of monofilament weight
(on a log-transformed axis), we fit a cumulative Gaussian
psychometric curve. The p value of the cumulative Gauss-
ian corresponds to 50% likelihood of correctly detecting the
monofilament press, which we took as the tactile sensitiv-
ity threshold, reported in units of monofilament weight. A
threshold was computed for each subject, in each condition
(placebo and lidocaine), at each time point (before appli-
cation or Pre-Lidocaine/Pre-Placebo, immediately after
application or Lidocaine/Placebo, and after GVS testing or
Post-Lidocaine/Post-Placebo, in Fig. 1), with data pooled
across the left and right mastoid following visualization that
there were not any noticeable differences.

After completing this baseline tactile measurement (Pre-
Lidocaine or Pre-Placebo), study staff then prepared the
mastoids with either the topical anesthetic (i.e. 5% lidocaine
cream) or placebo (i.e., Vaseline®). The order of applica-
tion was counterbalanced between the two visits. Subjects
were blinded to which cream they received on either day.
A cotton bud was used to liberally (<) tsp per mastoid)
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apply the selected cream to the area in which the electrodes
were to be placed. The cream was rubbed into the skin for
approximately 30s, and then a clear bandage was placed to
cover the entire area. The subjects were fitted for the elec-
trode headband and plastic gel cups, and a 30-minute timer
was set to allow for the cream to activate. This timer was
utilized whether it was the placebo or the lidocaine condi-
tions. At the end of the 30 min, the headband and bandages
were removed, and the cream was cleaned from the skin
using alcohol wipes. A stopwatch was set after the cream
removal, to keep track of time since the lidocaine/placebo
had been removed.

At this point, another round of monofilament testing
was recorded on each mastoid (called Lidocaine or Pla-
cebo, depending upon which had been applied), following
the same procedure detailed above to quantify any reduced
cutaneous sensation. Upon completion of the monofilament
test, the already-fitted GVS headband was donned, with
cups filled with electrolyte gel (HD-GEL, Soterix Medical
Inc., Woodbridge, NJ, USA) placed over the mastoids hold-
ing the electrodes. Impedance was checked and ranged from
0.6 to 11 kQ across subjects.

Subjects then performed a series of three GVS threshold-
ing tests; the order was counterbalanced between subjects but
was repeated between session day one and day two. These
were referred to as the Frequency, Polarity, and Amplitude
thresholding tests. Methods for these tests were the same
as detailed in our previously published works (Smith et al.
2024; Temple et al. 2024). Subjects performed 50 trials for
each (Frequency, Polarity, and Amplitude) thresholding test,
after first being given a few example stimuli with feedback
to familiarize subjects to each of the tests and confirm they
understood the task.

Frequency thresholding aimed to measure the just-notice-
able difference (JND) frequency threshold value which sub-
jects could reliably differentiate between currents faster or
slower than 50 Hz. All cues were bipolar sinusoidal waves
+/-0.6 mA, one second in duration. Subjects were given a
pedestal “Stimulus A” of 50 Hz, followed by a “Stimulus
B” of 50 +/-40 Hz, and subjects indicated if Stimulus B felt
“faster” or “slower” than the pedestal (Stimulus A). This
two-alternative forced-choice (2AFC) test utilized a three-
down, one-up (3D1U) staircase algorithm requiring three
correct responses in a row before narrowing the stimuli
window (a A closer to the 50 Hz pedestal), and one incorrect
response increased (a A further from the 50 Hz pedestal) the
stimuli window.

The Amplitude thresholding test aimed to measure the
JND amplitude threshold value which a subject could reli-
ably distinguish between currents stronger or weaker than
0.6 mA. All Amplitude thresholding cues were bipolar, sinu-
soidal waves at 50 Hz, and one second in duration. Subjects
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Fig. 1 Violin plots representing subject distributions of the monofila-
ment tactile thresholds. Each subject is indicated with a symbol and
connected by dashed lines. The vertical axis is natural log scaled in
order to help better distinguish individual data. Vertical rectangular

were given a pedestal Stimulus A of 0.6 mA, followed by a
Stimulus B of 0.6 mA +/- 0.5 mA, and indicated if Stimulus
B was “stronger” or “weaker” than the pedestal (Stimulus
A). Amplitude thresholding similarly used a 2AFC test with
a 3D1U algorithm to narrow (a A closer to the 0.6 mA ped-
estal) or widen (a A further from the 0.6 mA pedestal) the
amplitude stimuli window of Stimulus B.

The Polarity thresholding test aimed to measure the low-
est peak current amplitude that subjects could reliably dif-
ferentiate the localized direction of current flow (i.e., from
electrode on left mastoid to right or vice versa). Subjects
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boxes indicate the +1 standard deviation range. Asterisks denote sig-
nificant comparisons without (*»<0.05) and with (¥**p<0.01) Bonfer-
roni adjustments for multiple comparisons

were presented with a single, one second duration stimulus
of 50 Hz, varying in amplitude and polarity (current either
traveling to the left or right). The 3D1U staircase adjusted
the stimulus amplitude (beginning at 1 mA), while polarity
was randomized for each trial. Subjects reported if they felt
the stimulus on the “left” or “right” side, and a direction
recognition threshold computed the Polarity threshold as the
peak current amplitude subjects could reliably distinguish
between left and right polarity cues. Stimuli delivered to
subjects in this test were capped at a maximum amplitude of
1 mA, and could be delivered as small as 0.1 mA.
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At the end of the three thresholding tests, the GVS head-
band was removed, and any remaining gel was wiped away
using alcohol wipes and paper towels. A final monofilament
test was performed (called Post-Lidocaine or Post-Placebo
in Fig. 1), and the time from the initial removal of the cream
was noted. The time from removal of the placebo/lidocaine
cream to completion of the final monofilament test ranged
from 35 to 108 min (median=54); however, only two of the
subjects completed GVS thresholding tests during the lido-
caine session that took longer than the product’s claimed
effective numbing time of one hour.

Experiment 2

Experiment 2 took place across two sessions, separated by
three hours, with each session lasting approximately one
hour. At the start of the first session, the subjects’ skin was
prepared as detailed above and the electrolyte gel was again
used to fill the electrode cups positioned on the mastoid pro-
cesses. Subjects were then introduced to the components of
the GVS cues they would be receiving during the experi-
ment. The GVS cues were one second in duration, 0.8 mA
in amplitude, and consisted of a frequency (either a fast,
65 Hz or slow, 35 Hz sinusoidal frequency) and polarity
component (unipolar left, unipolar right, or bipolar), yield-
ing a total of six different GVS cues (two frequencies X
three polarities) to associate with specific responses. Each
component (e.g., slow, fast, left, right, center/bipolar) was
introduced to the subject first, then training on how to report
each of the six potential cues was performed. A graphical
user interface (GUI) developed in MATLAB (MathWorks,
Natick, MA, USA) displaying a button for each of the six
cue choices (i.c., fast left, fast center, fast right, slow left,
slow center, or slow right) was utilized to record subject
responses, as well as provide subjects feedback during the
training. The GUI response button turned green when the
correct response was given, and if an incorrect response was
chosen, the answer that should have been chosen turned red.
Subjects were instructed how to utilize the GUI, then 48
training trials were performed, with each of the six possi-
ble GVS cues being presented eight times in a randomized
order.

After training, an initial cuing test was performed with
another 48 GVS cue trials (each of the six GVS cues again
presented eight times in a different randomized order) uti-
lizing the GUI, but with no feedback provided (buttons did
not change colors to indicate correct or incorrect responses).
Once the initial cuing test was complete (Session 1), the
electrodes were removed, and any remaining gel was wiped
away. Subjects were then free to leave for three hours before
coming back for the second session.
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When subjects arrived back on the same day for the sec-
ond session, they were again prepped behind the ears for
electrode placement. Alcohol wipes were used once more
to clean the mastoid processes, and the electrode cups hold-
ing the electrodes were again filled with the electrolyte gel
and placed over the mastoids. NuPrep Skin Prep Gel was
not used to prep subject skin on the return session, as it
was only three hours later, and we did not want to irritate
the skin from too much exfoliation. A second, maintenance
cuing test (Session 2) was then performed with 48 GVS cue
trials (each of the six GVS cues presented eight times in
another randomized order) utilizing the GUI, again with no
feedback provided. Once the Session 2 GVS cuing test was
complete, the electrodes were removed, any remaining gel
was wiped away, and the subjects were free to leave.

Statistical analysis

For monofilament tactile thresholds in Experiment 1, we
found (see Fig. 1) that a few subjects had very low or very
high tactile thresholds that exceeded the ranges of the mono-
filament weights we tested. These were in the direction that
we would have expected; specifically, one subject immedi-
ately after having lidocaine applied had a tactile threshold
computed as 1153 g (well above the maximum monofila-
ment weight of 4 g, corresponding to not being able sense
any of the monofilaments), and another subject in a pla-
cebo condition had a computed tactile threshold of 0.003 g
(below the minimum monofilament weight of 0.02 g, corre-
sponding to being able to sense all monofilament presenta-
tions). While these tactile thresholds should be interpreted
as reliably being very large and very small, respectively,
because there were no monofilament presentations above
(and below, respectively) to bound the threshold, we did
not employ statistical analysis which relied upon the exact
computed threshold. Instead, we used a non-parametric test,
which simply assessed if the tactile thresholds were higher
or lower within subjects across the conditions/time points
(before application or Pre-Lidocaine/Pre-Placebo, imme-
diately after application or Lidocaine/Placebo, and after
GVS testing or Post-Lidocaine/Post-Placebo). Specifically,
we used a Friedman test (equivalent to a one-way repeated
measures ANOVA) with six levels (Pre-Placebo, Placebo,
Post-Placebo, Pre-Lidocaine, Lidocaine, Post-Lidocaine).
This was followed by non-parametric Wilcoxon signed rank
tests between a subset of the relevant pairings: each lido-
caine test and the corresponding placebo test, and between
lidocaine tests at different timepoints (pre vs. during, and
during vs. post), reported prior to and with Bonferroni cor-
rections for these five relevant comparisons. Reporting of
both Bonferroni adjusted and unadjusted corrections was
done for transparency, such that readers may distinguish
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whether the lack of significance (e.g., Pre-Placebo vs. Pre-
Lidocaine) was due to applying a highly conservative Bon-
ferroni multiple-comparison correction or would have been
non-significant even without any correction.

For the GVS thresholding tests in Experiment 1, sig-
nificant Shapiro-Wilk tests (p<0.05) indicated that the
GVS thresholds (Frequency, Amplitude, and Polarity) from
Experiment 1 were not normally distributed. Therefore, a
natural log transformation was applied to the GVS thresh-
olding data, which allowed the Frequency and Amplitude
thresholds to meet the assumption of normality (Shapiro-
Wilk tests; p>0.05). Two-tailed, paired ¢-tests were then
used to assess significant differences between the Lido-
caine and Placebo sessions for transformed Frequency and
Amplitude GVS thresholds. For Polarity thresholds, log
transformation still did not conform to a normal distribution
(Shapiro-Wilk test; p=0.002), so a nonparametric Wilcoxon
signed rank test was utilized to assess significant differences
between the Lidocaine and Placebo sessions for Polarity
thresholds. As we assessed only one comparison (Lido-
caine vs. Placebo) for the three separate dependent variable
metrics (Frequency, Amplitude, and Polarity thresholds),
p-value corrections for multiple comparisons were not per-
formed. Further, any correction would have made significant

Fig. 2 Violin plots representing
subject distributions of correct
response percentages during tests
of the six GVS cues. Symbols
are the same as in Fig. 1. No
significant differences were noted 90 |
between Session 1 and Session 2

100

comparisons less likely to occur and increase the likelihood
of confirming our expectations. Thus, to be transparent and
avoid reporting insignificant findings potentially due to
p-value corrections, such corrections were not applied.

For Experiment 2, correct response percentages were cal-
culated for each subject during the Session 1 cue identifica-
tion test and the three-hour-later Session 2 maintenance test.
A two-tailed, paired #-test compared differences between
Sessions 1 and 2 to determine if there was any significant
loss of association among the six GVS cues and their corre-
sponding responses. In addition to comparing whether sub-
jects’ full response was correct (Percentage Correct Overall,
Fig. 2), we also performed analyses comparing whether sub-
jects got part of the response correct (either the frequency
or polarity aspect of a cue). As with the GVS thresholding
data from Experiment 1, we did not expect significant dif-
ferences in percentage correct between Session 1 and Ses-
sion 2. Thus, p-value corrections were not performed, to
avoid reporting insignificant findings potentially due to such
corrections.
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Results

Experiment 1: quantifying thresholds with
Lidocaine

As seen in Fig. 1, the monofilament tactile thresholds were
dramatically increased after having applied the Lidocaine,
as expected. A non-parametric Friedman test of differ-
ences among the 6 repeated measures presentations (Pre-
Placebo, Placebo, Post-Placebo, Pre-Lidocaine, Lidocaine,
Post-Lidocaine) was conducted and revealed significant
differences across conditions (}*(5)=18.46, p=0.0024).
Non-parametric Wilcoxon signed rank tests found signifi-
cantly elevated monofilament tactile thresholds following
Lidocaine application (Mdn=0.4, n=10) vs. Placebo appli-
cation (Mdn=0.06, n=10), W+=0, p=0.002, Pag = 0.01
(with Bonferroni for five follow-up comparisons reported
on monofilaments), » = -1, as expected. The effect was
similar following Lidocaine application (Mdn=0.4, n=10)
compared to Pre-Lidocaine (Mdn=0.06, n=10), W+=6,
p=0.027, p,4; = 0.14, r = -0.7. Thus, the application of lido-
caine increased the tactile threshold by over 6x. However,
the Post-Lidocaine (Mdn=0.07, n=10) tactile threshold
(performed following the GVS threshold testing, a median
of 54 min after lidocaine was removed) was significantly
lower than immediately following Lidocaine application
(Mdn=0.4, n=10), W+ =54, p=0.004, p,,;; = 0.02, r=0.9,
and not different than Pre-Lidocaine (Mdrn=0.06, n=10),
W+=20, p=0.49, p,;; = 1, r = -0.2, or the Post-Placebo
threshold (Mdn=0.06, n=10), W+=11, p=0.11, p,; =
0.53, r=-0.5. This suggests that while lidocaine effectively
increased tactile thresholds, the effect did not last through-
out the testing session, returning to the baseline value (i.e.,
Pre-Placebo or Pre-Lidocaine). As expected, there were no
differences between tactile thresholds from before, during,
or after placebo application.

In terms of distinguishing between GVS cues, paired
t-tests did not indicate any significant differences between
the Lidocaine (M=2.4, SD=0.9) and Placebo (M=2.8,
SD=1.2) sessions for the transformed Frequency thresh-
olds, #9)=1.0, p=0.33 (Fig. 3a). Transformed Amplitude
thresholds likewise did not indicate significant differences
between the Lidocaine (M = -3.3, SD=1.1) and Placebo
sessions (M = -3.6, SD=0.7), t(9)=1.1, p=0.28 (Fig. 3b).
These findings indicate subjects generally did not perform
worse on these GVS thresholding tasks, despite reduced tac-
tile sensation. However, Polarity GVS thresholds were sig-
nificantly higher during the Lidocaine session (Mdn=0.6,
n=10) compared to the Placebo session (Mdn=0.4, n=10),
W+=0, p=0.002, r = -1, via a Wilcoxon signed rank test
(Fig. 3c), indicating these thresholds were elevated when
tactile sensation was diminished.

@ Springer

Experiment 2: GVS cue-response association
maintenance

Figure 2 shows performance in identifying 6 GVS cues
(modulated in sinusoidal frequency at either 35-65 Hz and
polarity (unipolar left, unipolar right, or bipolar), follow-
ing a brief training (Session 1) and then after three hours
and a new electrode application (Session 2). A paired #-test
did not indicate any significant differences between Session
1 (M=74, SD=15.8) and Session 2 (M=79, SD=16.2),
t(9)=1.7, p=0.12, with all subjects performing much bet-
ter than would be expected by chance during both sessions.
In fact, median percentages were slightly better in Session
2 than Session 1. These findings indicate a strong mainte-
nance of GVS cue associations after three hours, and the
ability of all participants to reliably distinguish among the
six GVS cues.

In addition to considering the Percentage Correct Over-
all (i.e., correctly identifying both the frequency and polar-
ity components of a cue), we also computed (not shown
graphically) the percentage of correct responses for just
frequency (independent of whether the polarity component
was correctly identified or not) and the percentage of correct
responses for just polarity (ignoring whether frequency was
properly identified as fast vs. slow). Neither the percentage
of correct frequency nor polarity responses showed a signif-
icant difference between Session 1 and Session 2. Further-
more, in each case, every subject performed above chance
(median percentage correct across subjects and sessions for
frequency =84.4%, compared to 50% by chance; median for
polarity=97.9%, compared to 33% by chance), showing a
strong maintenance of GVS cue response associations, for
both frequency and polarity manipulations.

Dicussion

Experiment 1: using Lidocaine to investigate
sensing modalities of GVS cues

In our first experiment, we investigated whether GVS dis-
play cues were predominantly sensed by the vestibular
system or potentially by cutaneous tactile cues, by manipu-
lating tactile sensitivity through the application of a topical
anesthetic (Lidocaine) to the electrode site. We found GVS
Frequency and Amplitude thresholds were not significantly
different under diminished cutaneous sensation (after Lido-
caine application, as compared to Placebo). This suggests
distinguishing Frequency and Amplitude GV'S cues are pre-
dominantly done via vestibular sensing.

On the other hand, GVS Polarity thresholds were signifi-
cantly elevated following Lidocaine application compared
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Fig. 3 Violin plots representing subject distributions of (a) Frequency,
(b) Amplitude, and (¢) Polarity GVS thresholds, following Placebo or
Lidocaine applications. Vertical axes are natural log scaled, and sym-
bols are the same as in Fig. 1. Horizontal lines represent the median of
GVS thresholds. No significant differences in Frequency or Amplitude

to Placebo. This suggests that GVS cues utilizing Polarity
manipulations (unipolar leftward vs. unipolar rightward
waveforms) are distinguished, at least partially, using tactile
cutaneous cues. While all 10 subjects had higher Polarity
GVS thresholds with Lidocaine vs. Placebo, we note that
the increase was relatively slight (median of 0.42 mA with
Placebo vs. 0.65 mA with Lidocaine corresponding to an
increase of a 55%). This is in contrast with the 6x increase
in monofilament tactile threshold immediately following
Lidocaine application (median of 0.064 g with Placebo

Lidocaine

GVS thresholds were noted between the Placebo and Lidocaine ses-
sions, but asterisks denote significantly larger Polarity GVS thresh-
olds in sessions when Lidocaine was applied, compared to the Placebo
(**p<0.01)

to 0.40 g with Lidocaine). While the tactile threshold and
GVS Polarity threshold should not be formally compared
(different units and definitions of “threshold”), the dramatic
reduction in tactile sensitivity from Lidocaine application
yielding only a correspondingly slight increase in Polarity
threshold suggests even GVS Polarity cues are sensed more
so by the vestibular system than through tactile stimulation.

In general, our results for Frequency, Amplitude, and
Polarity GVS thresholds suggest that distinguishing differ-
ences in GVS cues is largely done via vestibular sensing,

@ Springer



97 Page 10 of 13

Experimental Brain Research (2025) 243:97

rather than tactile cutaneous sensations. While this has
previously been suggested (Brunyé et al. 2024), to our
knowledge, this is the first systematic assessment of GVS
thresholds when manipulating cutaneous tactile sensitiv-
ity. Our finding that GVS cue distinction primarily involves
vestibular sensing, suggests that such a display could allow
for parallel processing of information if utilized in combi-
nation with other cutaneous/tactile displays, such as tactile
belts or vests (Elliott et al. 2006, 2011, 2015; Hancock et
al. 2015). Future research should be done to confirm this
suggestion though and determine with what other types of
displays GVS is effective at reducing bottlenecking and
improving information transfer.

Experiment 2: association maintenance of multiple
GVS cues

Previously, literature has quantified the precision in dis-
tinguishing GVS cues when presented in two, sequential
intervals, differing in frequency (average of just noticeable
difference of +/- 12 Hz relatively to a pedestal of 50 Hz)
(Smith et al. 2024) or amplitude (median just noticeable
difference of +/-0.03 mA relative to a pedestal of 0.6 mA)
(Temple et al. 2024). Further, identifying the direction (left
vs. right) unipolar currents travel has also been quantified
at a median amplitude of 0.55 mA (Temple et al. 2024).
However, all of these forced-choice tasks involved only two
alternatives and a single manipulation. For GVS displays to
encode rich information, it is important to assess whether
several cues can be associated with particular responses,
following a brief training session with feedback.

Presently, we found that six cues (each a combination of
frequency: 35-65 Hz and polarity: unipolar left, unipolar
right, or bipolar) could be reliably distinguished and associ-
ated following a brief training (roughly 10 min). While all
10 subjects performed well above chance (median of 74%
in Session 1, compared to chance with six options being
16.67%), some individuals were much better at properly
associating cues (ranging from 52 to 98% correct out of 48
presentations). This may suggest that our standardized pre-
sentation of GVS cues (1 s in duration, 0.8 mA, for either
35 Hz vs. 65 Hz, and unipolar left vs. unipolar right vs. bipo-
lar) was insufficient for some subjects to reliably perceive.

We selected the 0.8 mA as the standard current ampli-
tude for Experiment 2 based upon prior quantification
of the median amplitude threshold of 0.55 mA for distin-
guishing between left and right unipolar currents (Temple
et al. 2024). However, in this separate cohort of subjects,
these Polarity thresholds ranged from 0.32 to 0.83 mA, so
0.8 mA may have been an insufficient current amplitude for
some individuals to distinguish among the current polarity
options in Experiment 2. Further, distinguishing between

@ Springer

bipolar, as well as left and right unipolar may have been
more challenging. Similarly, we selected 35 Hz vs. 65 Hz
frequencies based upon just notice difference thresholds
ranging from 5.4 to 19.6 Hz (median = +/-12 Hz) relative
to a pedestal of 50 Hz, though this used exclusively bipo-
lar waveforms (Smith et al. 2024), rather than the unipolar
also presented here. Future work should consider higher
amplitudes (and/or larger frequency differences) if present-
ing standard GVS cues or personalizing the amplitude or
frequency difference to each individual’s sensitivity when
encoding information. This is feasible with GVS cues, such
as in Bruny¢ et al. (2024) where GVS amplitudes were cus-
tomized to each individual when providing directional guid-
ance associations (left, right, or straight). It is also possible
that performance could improve with additional practice or
longer training durations, which could likewise be explored
in future studies.

Remarkably, following three hours (and the reapplication
of electrodes) in a second session, correct associations of the
six cues were maintained, with no difference in performance
from the first session. This indicates that associations of the
GVS cues to the desired responses were maintained well.
In fact, there was a slight increase in the median percentage
correct from 74% in Session 1 up to 83% in Session 2, which
suggests associations were further engrained (although dif-
ferences were not significant between sessions). Critically,
the removal and reapplication of GVS electrodes between
sessions, without any retraining with the second application
suggests that a GVS display can be robust to miscellaneous
variations in electrode placement and application.

Limitations, considerations, and future work

Regarding Experiment 1, it is important to note that the
anesthetic’s effectiveness at numbing cutaneous sensation
did diminish with time, and two subjects continued with
GVS threshold tests past the expected efficacy of the lido-
caine (i.e., past one hour). However, the majority (8/10
subjects) did perform all GVS thresholds within the manu-
facturer’s suggested one-hour effectiveness period, thus we
believe the majority of GVS thresholds were performed with
diminished cutaneous sensation. Lidocaine works as a volt-
age-gated sodium channel inhibitor (Wehrfritz et al. 2011,
Derry and Moore 2014), with the potential to nonselectively
impede all primary cutaneous sensory receptor types (i.c.,
tactile corpuscles, mechanoreceptors, nociceptors, and ther-
moreceptors) and their afferent pathways within the skin.
However, as vestibular induced afferents originate from the
inner ear, within the temporal bone of the skull, we would
not expect any such sensation loss caused by the lidocaine.
Although our over-the-counter lidocaine cream was unable
to ensure complete cutaneous sensation loss (i.e., subjects
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being unable to feel any monofilaments with lidocaine) such
that GVS would be unable to stimulate any type of cutane-
ous sensation, we assumed if subjects primarily relied on
cutaneous sensations to distinguish between cues that the
GVS thresholds would have been increased by the dimin-
ished cutaneous sensation induced by the lidocaine, which
was not the case for Frequency and Amplitude tests.

We note that one participant had an extremely high GVS
Frequency threshold with Placebo (Fig. 3a). At 173 Hz for
a just noticeable difference threshold relative to the 50 Hz
pedestal, this is not representative of any other subjects
tested in this study and others (Smith et al. 2024; Temple
et al. 2024), and it is likely due to extraneous factors (mis-
understanding the task, fatigue, boredom, apathy, etc.).
However, their threshold with Lidocaine was more typical
of other subjects. With the log transformation, this elevated
threshold was not considered an outlier and was conserva-
tively included in data analysis. Additionally, repeating our
statistical analysis with this subject excluded did not change
the conclusion that GVS Frequency thresholds were similar
with Lidocaine as with Placebo.

It is also worth noting that although we made attempts to
“blind” subjects as to whether they were receiving the Lido-
caine or Placebo in Experiment 1, as the Lidocaine has a
numbing effect that we then tested for with monofilaments,
it was not possible with our design to truly “blind” subjects
as to whether they received the Lidocaine or Placebo. With
subjects in which the numbing effect was particularly effec-
tive, it is likely that they could have noticed more difficulty
perceiving monofilaments and been aware of which they
received. We do believe though that any effects of the Lido-
caine on the tested GVS thresholds were primarily induced
by the intended numbing effect the cream produced, rather
than any extraneous variable.

Regarding Experiment 2, while this initial evalua-
tion demonstrated the feasibility of rapidly associating
six unique GVS cues to specific responses, future work
should explore the limits of conveying richer information
by encoding additional cues. We originally attempted pilot
testing with twelve cues (two frequencies x three polarities
x two amplitudes e.g., with a low: 0.8 vs. high: 1 mA ampli-
tude), but found that stimuli>1 mA could be uncomfortable
for some pilot subjects. Furthermore, during lower ampli-
tude stimuli (<0.8 mA), pilot subjects had more difficulty
reliably distinguishing between the slow (35 Hz) vs. fast
(65 Hz) frequencies. These findings caused us to reduce our
present study design to six unique GVS cues (at one ampli-
tude of 0.8 mA) for our full Experiment 2, but future work
should continue to explore variations in GVS cue encod-
ing, as more unique associations are likely feasible. Like-
wise, we found excellent cue association maintenance at up

to three hours; however, future work could also investigate
extended periods of time.

Finally, although we have evaluated short, GVS “bursts”
presently, just as prior research has done (Smith et al. 2024;
Temple et al. 2024), this is only one means of conveying
information via GVS, and there are many other options that
could be explored. As GVS has the potential to disorient and
perturb capabilities such as postural control and locomotion
(Bent et al. 2000; MacDougall et al. 2006; Moore et al. 2006;
St George and Fitzpatrick 2011) though, the design of cues
for such a display modality is important. As we alluded to
in the introduction, there may be a tradeoff in some reduced
postural stability when utilizing binaural, unipolar currents
(Temple et al. 2024) or slower frequency bipolar currents
below 20 Hz that fall within the range of typical vestibular
evoked postural reflexes (Dakin et al. 2007). However, the
typical postural responses induced by such GVS currents
with those characteristics can also induce salient directional
cues (St George and Fitzpatrick 2011), which may be appro-
priate for some navigational tasks (Brunyé et al. 2024). Ulti-
mately though, the tasks being performed and how specific
current aspects can affect those tasks must be considered
when designing cues for a GVS display.

Conclusions

Our present findings continue to support GVS as a possible
display modality with low power, mass, and volume require-
ments, that can provide an effective way to relay informa-
tion. We provide evidence that suggests those distinguishing
among various GVS cues are primarily responding to ves-
tibular, rather than cutaneous sensations. This finding infers
that a new modality (i.e., the vestibular system) is being
utilized in the processing of the cues and thus lends sup-
port to parallel processing capabilities with a GVS display,
which could reduce bottleneck occurrence under demanding
attentional tasks via multisensory integration. Furthermore,
our study indicates people can quickly distinguish among
six separate GVS cues and maintain that capability for at
least three hours. Together this foundational work helps to
pave the way for more operational implementation studies
(Bruny¢ et al. 2024), which are needed to employ viable
GVS displays.
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