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Abstract
Background  The vestibular system plays a crucial role in spatial orientation and hippocampal-dependent memory. 
While bilateral vestibular loss is known to impair spatial cognition, recent evidence highlights that even unilateral 
vestibular deficits—commonly seen in vestibular neuritis—can disrupt visuospatial memory. Galvanic vestibular 
stimulation (GVS), a non-invasive neuromodulatory technique, has shown promise in enhancing neural plasticity and 
spatial cognition in preclinical models.

Objective  To evaluate the therapeutic effects of near-threshold GVS on visuospatial cognition in patients with acute 
unilateral peripheral vestibulopathy (AUPV) and to investigate its neuromodulatory potential beyond natural recovery.

Methods  In a single-blind, randomized, sham-controlled trial, 83 AUPV patients were assigned to receive either 10 
daily sessions of GVS (cathode on lesion side) or sham stimulation in the acute phase. Cognitive assessments included 
the Visual Object and Space Perception (VOSP) battery, Corsi Block-Tapping Test (CBTT), Block Design Test (BDT), and 
a virtual Morris Water Maze (vMWM). Intervention and time-dependent effects were analyzed using generalized 
estimating equations.

Results  GVS significantly improved visuospatial memory performance, with enhanced CBTT block span and total 
scores and superior spatial retention in the vMWM trial. Significant interaction effects between intervention and time 
suggested that GVS accelerated cognitive recovery beyond spontaneous compensation. No adverse effects were 
reported.

Conclusion  These findings support GVS as a neuromodulatory intervention to enhance spatial memory and facilitate 
cognitive recovery in AUPV. By modulating vestibulo-hippocampal circuits, GVS may offer a promising therapeutic 
avenue for cognitive rehabilitation in unilateral vestibular dysfunction.

Trial registration  This study was registered with the Clinical Research Information Service (CRIS), Republic of Korea, 
under the identifier KCT0007058, registered on May 25, 2022.
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Introduction
The vestibular system, beyond its established roles in bal-
ance and gaze stabilization, is increasingly recognized as 
a key modulator of spatial cognition and memory [1, 2]. 
Neural pathways linking vestibular afferents to the hip-
pocampus, retrosplenial cortex, and entorhinal regions 
support the integration of self-motion cues essential for 
navigation and memory encoding [3, 4]. Disruption of 
these pathways, such as through bilateral vestibular loss, 
has been shown to impair hippocampal-dependent spa-
tial memory and even induce hippocampal atrophy in 
both animals and humans. However, unilateral periph-
eral vestibulopathy (UVP)—a more prevalent and clini-
cally manageable condition—can also lead to measurable 
deficits in spatial orientation and visuospatial memory 
[5]. Emerging evidence suggests that asymmetrical ves-
tibular input in UVP disrupts interhemispheric integra-
tion within spatial networks, with lesion side and degree 
of deafferentation influencing the extent of cognitive dys-
function. [6–11]

Galvanic vestibular stimulation (GVS), a non-invasive 
neuromodulation technique, delivers direct current 
across the mastoids to stimulate vestibular afferents and 
downstream neural circuits [12–14]. Preclinical studies 
have demonstrated that GVS modulates hippocampal 
theta rhythms, activates place cells, and enhances neu-
roplasticity, particularly when applied asymmetrically to 
restore lateralized vestibular tone [9, 15]. Clinical stud-
ies have begun to explore GVS as a means to improve 
postural control and cognitive function in vestibular and 
neurodegenerative disorders.

In this randomized controlled trial, we investigated 
whether individualized near-threshold GVS, applied dur-
ing the acute phase of UVP, could enhance visuospatial 
cognitive recovery. We hypothesized that GVS would 
improve spatial memory and navigation by modulating 
vestibulo-hippocampal pathways and accelerating neural 
compensation processes beyond natural recovery.

Method
Participants and study design
This parallel-group, randomized controlled trial included 
83 patients (aged 34–80  years; 51.8% male) with acute 
UVP (vestibular neuritis) at Jeonbuk National University 
Hospital from March 2022 to August 2024. The sample 
size was determined using a medium effect size (d = 0.6), 
a significance level of 0.05, and a power of 80%. Using 
these parameters, the required sample size was calculated 
to be 40 participants per group (80 total participants) for 
a two-sample t-test. Patients were randomly assigned in 

a 1:1 ratio to either the GVS intervention group or the 
sham control group. A computer-based randomization 
program was used to generate the allocation sequence, 
ensuring unbiased group assignment. The randomiza-
tion list was securely stored and was accessible only to 
the investigator responsible for patient enrollment. This 
study was single-blinded, with patients unaware of their 
group allocation. Patients diagnosed with acute UVP 
(vestibular neuritis) during the acute phase (within seven 
days of symptom onset) were eligible for recruitment. 
Exclusion criteria included patients presenting beyond 
the acute phase (more than seven days after symptom 
onset), those with significant visual or hearing impair-
ments (pure tone audiometry > 30 dB), central neurologi-
cal signs (e.g., bilateral gaze-evoked nystagmus or skew 
deviation), abnormal MRI findings, or a diagnosis of 
dementia. Cognitive status was evaluated using the Mini-
Mental State Examination (MMSE), and handedness 
was assessed with the Edinburgh Handedness Inventory 
(Table 1). Vestibular and spatial cognitive functions were 
assessed during the acute phase and at a follow-up four 
weeks later in the post-recovery phase (Fig. 1).

Vestibular function tests
Patients underwent neurological and comprehensive 
neurotological evaluations, including video-oculography, 
vHIT, caloric testing, ocular and cervical vestibular-
evoked myogenic potentials (VEMPs), and pure-tone 
audiometry. Assessments were performed during the 
acute phase between day 1 and day 7 (mean day 6), with 
vHIT repeated during the recovery phase. The vHIT was 
conducted more than 20 times, utilizing head rotations of 
15° to 20°, duration of 150 to 200 ms, and peak velocities 
exceeding 150°/sec across all planes bilaterally (SLMED, 
Seoul, Korea). Caloric response was measured by induced 
nystagmus, with analysis of slow-phase velocity to assess 
unilateral deficits using the Jongkees formula. Cervical 
and ocular VEMP results were evaluated based on the 
asymmetry ratio (AR) of the amplitude, calculated as the 
difference in amplitudes between the ears divided by the 
sum of the amplitudes in both ears.

Visuospatial perception testing
The  Visual  Object  and  Space  Perception  (VOSP)  bat-
tery was used to assess visual and spatial processing abil-
ities.  Participants  first  completed  the  Shape  Detec-
tion  Screening  Test  to  confirm  adequate  visual  capac-
ity.  Subtests  included  Position  Discrimination,  Num-
ber  Location,  and  Cube  Analysis.  In  Position  Dis-
crimination,  participants  identified  the  cen-
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tered  dot  on  20  boards  (normal: ≥ 18).  In  Num-
ber  Location,  participants  matched  a  number  to  its-
  corresponding  dot  position  on  10  boards  (nor-
mal: ≥ 7).  In  Cube  Analysis,  participants  counted  vis-
ible and hidden cubes on 10 boards (normal: ≥ 6).

Visuospatial memory testing
Visuospatial memory was evaluated using the Block 
Design Test (BDT), the Corsi Block-Tapping Test (CBTT) 
and the virtual Morris Water Maze test (vMWM). In the 
BDT, participants used nine colored blocks to reconstruct 

Table 1  Demographic characteristics and vestibular function tests in AUVP patients with and without GVS intervention
GVS (n = 41) Sham (n = 42) p-value

Demographics
Sex, male, n (%) 20 (47.62) 23 (54.76) 0.154
Age, years, median (IQR) 58 (53–65.25) 61.5 (57.25–66.75) 0.479
Education, years, median (IQR) 12 (9–16) 12 (9–16) 0.732
MMSE (30 points), median (IQR) 28.5 (27.25–30) 28.0 (26.8–30) 0.289
Lesion side, right, n (%) 23 (61.9) 18 (42.86) 0.593
Handedness, right, n (%) 41 (100) 42 (100)
Application initiation day from symptom onset (mean ± SD, days) 5.1 ± 2.3 3.9 ± 1.9 0.510
Audio-vestibular function tests
Acute phase
Spontaneous nystagmus, mean (º/sec) 6.2 ± 5.2 6.5 ± 5.7 0.868
vHIT
hVOR gain, ipsilesional, median (IQR) 0.52 (0.38–0.74) 0.73 (0.54–0.84) 0.113
hVOR gain, contralesional, median (IQR) 0.95 (0.87–1.03) 0.96 (0.92–1.03) 0.498
Presence of corrective saccades, n (%) 19 (90.48) 34 (80.95) 0.329
Caloric paresis, %, median (IQR) 98.01 (36.37–196.25) 74.71 (34.93–125.55) 0.475
Caloric paresis ≥ 35%, n (%) 15 (71.43) 30 (71.43) 0.739
Cervical and ocular VEMP
cVEMP p13 latency
Ipsilateral (ms), median (IQR) 13.9 (13.25–16.8) 13.9 (13.2–15.1) 0.614
Contralateral (ms), median (IQR) 13.2 (12.9–14.9) 14 (13.2–14.4) 0.364
cVEMP amplitude AR, %, median (IQR) 18 (10–28) 24 (9.75–40.5) 0.371
cVEMP amplitude AR ≥ 40%, n (%) 1 (4.8) 9 (21.43) 0.064
oVEMP n10 latency
Ipsilateral (ms), median (IQR) 11.1 (10.9–12.6) 11 (10.7–12.25) 0.581
Contralateral (ms), median (IQR) 10.7 (10.08–11) 10.6 (10.18–11) 0.915
oVEMP amplitude AR, %, median (IQR) 17 (6.5–43.2) 30.5 (17–46) 0.086
oVEMP amplitude AR ≥ 40%, n (%) 5 (23.81) 14 (33.33) 0.264
PTA, dB, median (IQR) 18 (15.1–24.5) 19.5 (12–30.5) 0.81
Completion day of audio-vestibular function tests (mean ± SD, days) 6.1 ± 3.8 8.9 ± 2.2 0.222
Mean cutaneous threshold of GVS (mean ± SD, mA) 0.9 ± 0.05 0.9 ± 0.05
Recovery phase
vHIT
hVOR gain, ipsilesional, median (IQR) 0.87 (0.55–1.07) 0.66 (0.35–1.01) 0.194
hVOR gain, contralesional, median (IQR) 1 (0.92–1.06) 0.94 (0.91–1.03) 0.456
Presence of corrective saccades, n (%) 9 (42.86) 12 (28.57) 0.535
Visuospatial cognitive performances during the acute phase
Position Discrimination (mean ± SD) 19.57 ± 0.81 19.17 ± 2.13 0.405*
Number Location (mean ± SD) 8.05 ± 2.54 8.43 ± 2.43 0.566*
Cube Analysis (mean ± SD) 8.57 ± 1.47 8.74 ± 1.75 0.709*
Block Design Test (BDT) (mean ± SD) 32.95 ± 7.26 32 ± 7.39 0.639*
BDT Plus (mean ± SD) 36 ± 10.44 34.24 ± 9.63 0.508*
Corsi Block-Tapping Test (CBTT) Block Span (mean ± SD) 6.3 ± 1.42 5.29 ± 3.2 0.182*
CBTT Total Score (mean ± SD) 35.2 ± 13.2 32.98 ± 11.64 0.101*
Data are presented as median [IQR, 25th–75th percentile] or n (%), unless otherwise indicated. P‑values were calculated with the Mann–Whitney U test; values 
marked with an asterisk were analysed with an independent‑samples t‑test.*

vHIT‑ipsi video head‑impulse test (ipsilesional gain), UW unilateral weakness (caloric paresis), VEMP vestibular‑evoked myogenic potential, AR asymmetry ratio, MMSE 
Mini‑Mental State Examination, PTA pure‑tone audiometry, dB decibel, ms millisecond
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progressively complex 2D patterns, with scores ranging 
from 0 to 66 based on accuracy and speed. The CBTT 
involved replicating sequences of tapped blocks, measur-
ing block span (the length of the last correctly repeated 
sequence) and total score (span × correct sequences) to 
evaluate visuospatial working memory and attention. 
The total score provided a more accurate assessment of 
visuospatial working memory and spatial attention. The 
vMWM assessed spatial learning by recording latency to 
find a hidden platform in five trials, followed by a probe 
trial to measure memory retention. Time spent in the 
target quadrant was the primary metric, and movement 
velocity was tracked to ensure results weren’t influenced 
by differences in activity level.

GVS and sham stimulation
Patients were randomized into two groups: a GVS group 
and a sham group (Fig. 1). A CE-certified battery-driven 
constant current stimulator (neuroConn DC-Stimulator 
Plus; neuroConn, Ilmenau, Germany) was used for both 
GVS and sham stimulation sessions. Each session was 
conducted in a quiet, dedicated room within our out-
patient clinic, minimizing external stimuli and potential 
distractions. A trained clinician, experienced in vestibu-
lar therapies, supervised all sessions to monitor patient 
responses and manage any adverse effects promptly. Par-
ticipants were seated upright in a chair, and stimulation 
was delivered through a pair of 35 cm [2] (5 × 7 cm) rect-
angular conductive rubber electrodes coated with elec-
trode gel. These electrodes were placed binaurally over 

both mastoids and secured with a rubber head strap to 
ensure stability. To optimize conductivity and minimize 
skin impedance, a conductive gel was applied to the elec-
trode sites before testing.

In the GVS group, direct current (DC) stimulation 
was individualized, with the cathode on the lesion side 
and the anode on the healthy side. Sensory threshold 
amplitudes ranged from 0.8 to 1.0 mA, determined using 
established protocols, to activate the vestibular path-
ways while minimizing discomfort. Each session lasted 
30  min and was administered daily for 10 consecutive 
days during the acute phase of vestibular neuritis. The 
sham group used the same setup and equipment, but the 
stimulator delivered only a brief initial current to mimic 
stimulation, with no ongoing current for the remainder 
of the session. This approach maintained participant 
blinding and preserved study integrity by controlling for 
placebo effects. The primary outcome was the differen-
tial improvement in visuospatial perception and memory 
function, assessed using the VOSP battery, CBTT, and 
vMWM tests after the interventions.

Standard protocol approvals, registrations, and patient 
consents
The study design, illustrated in Fig. 1, followed the Dec-
laration of Helsinki and received approval from the Insti-
tutional Review Boards of Jeonbuk National University 
Hospital (IRB no. 20220404500), and from the Clinical 
Research Information Service (CRIS) (KCT0007058). All 
participants provided written informed consent.

Fig. 1  CONSORT diagram for study flow. Flowchart depicting the enrollment, randomization, and follow-up of acute unilateral peripheral vestibulopathy 
(AUPV) patients (N = 83). Patients were assessed in the acute phase (within 1 week of symptom onset) and the recovery phase (4 weeks post-onset). Fol-
lowing random allocation to either the galvanic vestibular stimulation (GVS, n = 41) or sham stimulation group (n = 42), participants underwent a series of 
tests including vestibular function tests, spatial cognition tests including the virtual Morris Water Maze. Testing was conducted over 10 consecutive days 
in both phases to evaluate the impact of interventions on vestibular and cognitive recovery
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Data sharing statement
All individual participant data that support the results in 
this study will be shared after de-identification (manu-
script, tables, and figures).

Statistical analysis
All analyses were performed with SPSS Statistics v 23.0 
(IBM Corp., Armonk, NY) under a prespecified plan 
(eSAP 1–2). Continuous variables were inspected for 
normality with the Shapiro‑Wilk test. Non‑Gaussian 
variables are reported as median (IQR), whereas Gauss-
ian variables appear as mean ± SD (baseline) or mean ± SE 
(model‑adjusted end‑points). Group differences in base-
line demographics and vestibular test results were evalu-
ated with the Mann‑Whitney U test (continuous data) or 
χ2/Fisher’s exact test (categorical data).

Longitudinal outcomes—visuospatial test scores and 
vMWM latencies—were modelled with generalised 
estimating equations (GEE) to accommodate repeated 
measures. The working correlation structure was set to 
exchangeable after comparison of quasi‑likelihood under 
the independence model criterion (QIC). Fixed fac-
tors were intervention (GVS vs sham), temporal phase 
(acute vs 4‑week recovery) and, where appropriate, trial 
number (vMWM Trials 1–5 + probe); gender and lesion 
side were retained as covariates, whereas age and edu-
cation were excluded because their inclusion did not 
improve QIC or alter any parameter estimate by > 5%. A 
linear distribution with identity link was used for all con-
tinuous outcomes, and robust (sandwich) standard errors 
were requested. Significance of main and interaction 
effects was determined with Wald χ2 statistics.

To control for multiple testing across GEE contrasts, 
a Bonferroni correction was applied within each fam-
ily of related hypotheses; two‑sided, adjusted p < 0.05 
was considered statistically significant. Effect sizes are 
reported as β ± SE for GEE coefficients and Cramer’s V 
or rank‑biserial r for χ2 and Mann‑Whitney tests, respec-
tively. No imputation was required because the data set 
was complete.

Results
Clinical characteristics
A total of 83 AUVP patients were randomized into the 
GVS group (n = 41) or the sham group (n = 42) using 
a computer-generated sequence with equal allocation 
(Fig. 1). Table 1 summarizes the demographics and ves-
tibular function test results of patients with AUVP who 
underwent either GVS or a sham intervention. Baseline 
demographics, cognitive status and audio‑vestibular 
metrics were closely matched between groups: sex dis-
tribution (48% vs 55% male), age (median 58 vs 61.5 y), 
years of education (median 12 in both arms), MMSE 
(median 28.5 vs 28.0) and lesion laterality (62% vs 43% 

right‑sided) all yielded non‑significant Mann‑Whitney/χ2 
tests (p ≥ 0.15). Stimulation commenced a median 5 days 
(GVS) and 4  days (sham) after symptom onset, again 
without statistical difference, and the near‑threshold 
current (0.9 ± 0.05  mA) was well tolerated—no adverse 
events or withdrawals occurred.  Measures of spontane-
ous nystagmus, video head‑impulse test gains, caloric 
paresis, cervical/ocular VEMP asymmetry and pure‑tone 
thresholds were likewise comparable, confirming equiva-
lent vestibular deficits at enrolment (Table 1).

Visuospatial cognitive performance
Generalised estimating equations (GEE) were fitted with 
intervention (GVS vs sham), temporal phase (acute vs 
4‑week), sex and lesion side as fixed factors (Table 2 and 
Fig.  2). Age and education were explored as covariates 
but were excluded from the final model because they did 
not improve model fit (QIC) or alter any point estimates 
by > 5%.

 	• Intervention effect: Across acute and four‑week 
assessments the GVS cohort achieved larger gains 
on the CBTT than sham (adjusted + 1.2 blocks in 
span; + 8.8 points in total score; both p < 0.001).

 	• Lesion‑side effect: Participants with left‑sided 
vestibular neuritis out‑performed those with 
right‑sided lesions on CBTT span (p = 0.008) and 
total score (p = 0.014).

 	• Temporal effect: Irrespective of treatment, position 
discrimination, cube analysis and BDT scores 
increased significantly from the acute to the 
four‑week recovery phase (all p ≤ 0.014).

 	• Intervention × time interaction: Crucially, 
intervention‑by‑time interactions reached 
significance for position discrimination, cube 
analysis, BDT and both CBTT metrics (interaction 
p = 0.029– < 0.001), indicating that GVS accelerated 
the trajectory of cognitive recovery rather than 
merely shifting group means.

No other main or interaction effects were detected, 
and the equivalence of intervention initiation times 
(5.1 ± 2.3 days for GVS versus 3.9 ± 1.9 days for sham, 
p = 0.510) rules out confounding by treatment delay.

Virtual morris water maze (vMWM) outcomes
The vMWM data were modelled with a three‑factor 
GEE that included intervention (GVS vs sham), study 
phase (acute vs 4‑week recovery) and trial (1‑5 + probe) 
(Table 3). Latency curves were parallel during the acute 
phase, confirming equivalent baseline navigation, but 
in the recovery phase they diverged after Trial 3. From 
Trial 4 onward the GVS group located the hidden plat-
form markedly faster than controls, yielding a significant 
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intervention × trial × phase interaction (Wald χ2, p < 0.01) 
(Fig. 3).

During the platform‑free probe trial, GVS participants 
spent more time in the target quadrant (p = 0.023) while 
motor velocity remained identical (p = 0.704), indicat-
ing superior spatial‑memory retention unconfounded 
by motor speed.  These findings show that near‑thresh-
old GVS accelerates both the acquisition and the per-
sistence of spatial information beyond spontaneous 
compensation.

Discussion
Recent research has expanded our understanding of the 
vestibular system beyond its traditional roles in gaze sta-
bilization and balance maintenance, revealing its critical 
involvement in spatial cognitive functions—essential for 
perceiving, processing, and navigating spatial environ-
ments in daily life [16–18]. The hippocampus, entorhinal 

cortex, and retrosplenial cortex with its highly special-
ized cell ensembles (place cells, grid cells, and head direc-
tion cells), which are pivotal in spatial processing, have 
emerged as key neural substrates in studies of vestibu-
lar hypofunction [19, 20]. While bilateral vestibulopathy 
(BVP) is well known to cause spatial cognitive deficits 
and hippocampal atrophy [4], increasing attention has 
focused on the effects of unilateral vestibulopathy (UVP), 
a more common and treatable condition, on visuospa-
tial abilities related to orientation and navigation [9]. 
Previous studies, including those using rodent models 
with unilateral vestibular loss induced by chemical laby-
rinthectomy, have demonstrated acute deficits in both 
short- and long-term visuospatial memory and navi-
gation [6]. These impairments were more pronounced 
in those with lesions on the vestibular dominant side 
compared to those with lesions on the non-dominant 
side, highlighting the influence of lesion location on the 

Table 2  Comparative analysis of visuospatial cognitive performance in AUVP patients: Generalized estimating equations (GEE) applied 
to groups with and without GVS intervention (multi-factorial approach)

Main effects Interaction

Intervention Temporal course Gender Lesion side Interven-
tion x 
Temporal

GVS Sham Acute Recovery Male Female Right Left

Posi-
tion 
dis-
crimi-
nation

Mean ± SE 19.8 ± 0.08 19.85 ± 0.043 19.71 ± 0.07 19.93 ± 0.047 19.87 ± 0.063 19.78 ± 0.059 19.79 ± 0.065 19.86 ± 0.052 10.223
Coeffi-
cient

− 0.045 Ref − 0.221 Ref 0.085 Ref -0.068 Ref

p value 0.625 0.005 0.302 0.365 0.006

Num-
ber 
loca-
tion

Mean ± SE 8.77 ± 0.258 9.14 ± 0.134 8.88 ± 0.206 9.03 ± 0.163 8.95 ± 0.205 8.96 ± 0.161 8.72 ± 0.204 9.19 ± 0.173 3.098
Coeffi-
cient

− 0.376 Ref − 0.147 Ref − 0.01 Ref -0.471 Ref

p value 0.208 0.543 0.966 0.06 0.212
Cube 
analysis

Mean ± SE 9.08 ± 0.178 9.37 ± 0.095 8.99 ± 0.16 9.45 ± 0.102 9.28 ± 0.136 9.16 ± 0.135 9.2 ± 0.145 9.24 ± 0.124 7.097
Coeffi-
cient

− 0.291 Ref − 0.46 Ref − 0.114 Ref -0.04 Ref

p value 0.142 0.008 0.52 0.817 0.029
BDT Mean ± SE 33.71 ± 0.912 33.04 ± 0.818 31.86 ± 0.774 34.9 ± 0.931 33.24 ± 0.963 33.51 ± 0.754 32.42 ± 0.824 34.33 ± 0.93 6.154

Coeffi-
cient

0.666 Ref − 3.04 Ref − 0.271 Ref -1.911 Ref

p value 0.598 0.014 0.829 0.14 0.046
BDT 
Plus

Mean ± SE 34.04 ± 0.852 35.11 ± 1.008 32.62 ± 0.899 36.54 ± 1.082 33.89 ± 1.081 35.27 ± 0.915 33.74 ± 0.934 35.41 ± 1.075 6.928
Coeffi-
cient

− 1.072 Ref − 3.917 Ref − 1.383 Ref -1.669 Ref

p value 0.417 0.009 0.359 0.276 0.031
CBTT-
block 
span

Mean ± SE 6.29 ± 0.181 5.14 ± 0.143 5.5 ± 0.17 5.93 ± 0.153 5.79 ± 0.163 5.64 ± 0.16 5.41 ± 0.152 6.02 ± 0.173 23.21
Coeffi-
cient

1.157 Ref − 0.424 Ref 0.144 Ref -0.612 Ref

p value  < 0.001 0.061 0.524 0.008  < 0.001
CBTT-
total 
score

Mean ± SE 33.81 ± 1.928 24.97 ± 1.165 27.49 ± 1.527 31.29 ± 1.47 29.92 ± 1.494 28.86 ± 1.508 26.85 ± 1.24 31.93 ± 1.763 12.913
Coeffi-
cient

8.844 Ref − 3.8 Ref 1.066 Ref -5.073 Ref

p value  < 0.001 0.56 0.593 0.014 0.002
Data are presented as mean ± standard error. P-values were derived from Wald χ2 tests using generalized estimating equations (GEE) with a linear distribution and 
identity link. Main effects were tested for intervention, temporal phase, gender and lesion side; the intervention × temporal phase interaction was also assessed. 
Values in bold denote statistical significance
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Table 3  Analysis of virtual Morris Water Maze (vMWM) outcomes in patients with AUVP/vestibular neuritis: Generalized estimating 
equations (GEE) for groups with and without GVS intervention (two-factorial approach)

Acute phase Recovery phase Main effects Interaction
GVS (n = 41) Sham (n = 42) GVS (n = 41) Sham (n = 42) Intervention Temporal 

course
Trial Interven-

tion × 
Temporal

Latency in Invisible platform task
Trial 1 (ms) 55.51 ± 2.12 55.27 ± 4.59 54.50 ± 3.29 54.26 ± 4.75 0.879 0.211  < 0.001 0.445
Trial 2 (ms) 53.62 ± 3.63 52.89 ± 5.29 52.23 ± 4.85 53.37 ± 3.57 0.905 0.591  < 0.001 0.842
Trial 3 (ms) 48.89 ± 6.68 49.53 ± 3.71 46.10 ± 5.96 49.78 ± 4.81 0.19 0.24  < 0.001 0.086
Trial 4 (ms) 44.84 ± 4.13 46.19 ± 3.25 37.11 ± 4.19 43.67 ± 6.08 0.001  < 0.001  < 0.001  < 0.001
Trial 5 (ms) 40.87 ± 4.1 40.70 ± 5.67 33.10 ± 6.94 39.23 ± 4.62 0.041 0.004 Ref 0.003
Probe trial
Time spent in the 
target quadrant (%)

40.45 ± 0.68 39.36 ± 7.57 49.72 ± 13.40 40.26 ± 10.33 0.023 0.65 0.038

Velocity (m/s) 0.05 ± 0.017 0.05 ± 0.02 0.05 ± 0.02 0.05 ± 0.02 0.704 0.721 0.855
Data are presented as mean ± standard deviation. P-values were obtained from Wald χ2 tests via generalized estimating equations (GEE) using a linear distribution 
and identity link. Main effects were assessed for intervention, temporal phase and trial; interaction effects were evaluated for intervention × temporal phase and 
intervention × trial. Values in bold denote statistical significance

Fig. 2  Visuospatial cognitive outcomes after near-threshold galvanic vestibular stimulation (GVS) in acute unilateral vestibular paresis (AUVP). A Inter-
vention main effect:  Adjusted means ± 95% CI for Corsi Block‑Tapping Test (CBTT) block span and total score pooled across the acute and 4‑week as-
sessments (GVS n = 41; sham n = 42). GVS produced significantly larger gains (***p < 0.001, generalised estimating equations [GEE]). B Lesion‑side main 
effect:  Same CBTT end‑points contrasted between left‑ (n = 39) and right‑sided (n = 44) AUVP. Left‑sided lesions were associated with better performance 
(**p < 0.01 for span; p < 0.05 for total score). C Temporal main effect:  Mean scores (± SEM) for position discrimination, cube analysis, Block Design Test 
(BDT) and BDT‑Plus during the acute phase and at 4‑week recovery, collapsed across interventions. All four tasks improved over time (*p ≤ 0.014; one‑way 
GEE). (D) Intervention × time interaction: Regression coefficients (β ± SE) from the GEE model depicting the additional 4‑week improvement attributable 
to GVS (relative to sham) for each visuospatial measure. Positive values favour GVS; ***p < 0.001, **p < 0.01, *p < 0.05. Asterisks reflect two‑tailed Wald χ2 
tests with Bonferroni adjustment. No adverse events occurred and motor speed did not differ between groups (see Tables 2–3 for full statistics)
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Fig. 3  Trial‑by‑trial learning in the virtual Morris Water Maze. Mean escape latencies ± 95% CI are plotted for GVS (blue) and sham (orange) groups dur-
ing the acute phase (upper panel) and the recovery phase (lower panel). Curves overlap in early trials, diverge from Trial 4 during recovery (***p < 0.001; 
**p < 0.01; *p < 0.05), and plus signs mark a significant intervention‑by‑trial interaction. Identical y‑axis limits permit direct visual comparison of learning 
rates

 



Page 9 of 11Oh et al. Journal of Translational Medicine          (2025) 23:991 

extent of cognitive deficits [21]. Neuronal imaging stud-
ies in rodents following unilateral vestibular damage by 
labyrinthectomy showed decreased glucose metabolism 
in the ipsilesional hippocampus and entorhinal cortex, 
alongside increased activity in the contralesional anterior 
hippocampus and entorhinal cortex [22, 23]. In animal 
models, such effects are prominent in cases of com-
plete lesions, similar to bilateral vestibulopathy (BVP), 
where the extent of the lesion influences the severity of 
the outcomes [8, 24–26]. However, in the current study’s 
patients with incomplete lesions, the effects may be more 
subtle [9]. Additionally, recent studies indicated that UVP 
affects multiple domains of spatial memory, including 
working memory, reference memory, and object-in-place 
recognition, likely due to disrupted long-term plasticity 
mechanisms in the ipsilesional hippocampus [10]. The 
pronounced ipsilateral effects on hippocampal neurobi-
ology suggest a functional lateralization of vestibulo-hip-
pocampal projections, akin to the ipsilateral dominance 
observed in vestibular projections to the parieto-insular 
cortex. [27] [28].

Patients with both acute and chronic UVP also expe-
rience persistent challenges in spatial memory and 
navigation, with the severity of deficits often depend-
ing on the side of the lesion [19, 29]. Differences in spa-
tial strategies, such as allocentric versus egocentric 
navigation, and attentional deficits reported across stud-
ies may be attributed to variations in assessment meth-
ods and patient-specific factors [16]. Structural changes 
in motion-sensitive areas such as MT/V5 bilaterally and 
in parietal-temporal regions ipsilateral to the vestibu-
lar lesion, have been observed, linking structural and 
functional deficits [29]. The extent of vestibular dam-
age, whether partial or complete, impacts the process-
ing of spatial information, especially in tasks involving 
navigation and memory retention [8, 25]. These find-
ings highlight the critical role of symmetrical vestibular 
input in maintaining spatial memory and underscore the 
cognitive impairments associated with vestibular hypo-
function. While compensatory mechanisms—such as 
landmark-based strategies, residual head direction sys-
tem function, or stimulus–response strategies—may help 
mitigate deficits, patients with incomplete vestibular loss 
rarely report significant spatial orientation problems in 
daily life [16, 30, 31]. However, vestibular deafferenta-
tion may diminish the functional reserve of hippocam-
pal, insular, and parietal networks with aging, potentially 
increasing vulnerability to cognitive decline. The same 
could be true in additional deficits such as, e.g., car-
diovascular disease or white matter brain or cerebellar 
lesions in microangiopathy.

In this study, AUVP patients receiving early GVS out-
performed the sham group on the CBTT, showing signifi-
cant improvements in both block span and total scores 

(Table  2 and Fig.  2). Patients with right-sided lesions 
demonstrated greater deficits in visuospatial memory, 
indicated by lower CBTT block span and total scores, 
suggesting lateralization effects on cognitive outcomes 
in vestibular disorders [9, 32]. Additionally, GVS-treated 
patients had reduced latency in locating the invisible 
platform and spent more time in the target quadrant 
during the probe trial of the vMWM task, indicating 
enhanced spatial learning and memory retention (Table 3 
and Fig. 3).

What is the mechanism underlying the effects of GVS 
on spatial cognition? Given the critical role of vestibu-
lar input, including gravity-induced linear acceleration, 
in the development of normal spatial memory, it was 
hypothesized that enhanced vestibular stimulation may 
improve or augment spatial memory [33, 34]. Recent evi-
dence suggests that vestibular physical therapy may alle-
viate disorientation and cognitive decline in patients with 
cognitive impairment [35, 36], and that bilateral bipolar 
GVS could serve as a tool to investigate the effects of ves-
tibular input on cognitive function [37]. Animal studies 
have demonstrated that galvanic current acts at the spike 
trigger zone of primary vestibular afferents, with cathodal 
currents depolarizing and causing excitation, and anodal 
currents hyperpolarizing, leading to inhibition [38]. By 
positioning the cathode on the lesion side and the anode 
on the intact side, our approach aims to rebalance firing 
rates by enhancing reduced activity on the affected side 
and attenuating the intact side. One of the key effects of 
GVS is its ability to restore symmetry in vestibular input 
by facilitating activity on the lesioned side while inhibit-
ing the intact side [39–42]. This rebalancing may enhance 
the ability of the brain to process spatial information 
by restoring bilateral vestibular input, which is crucial 
for accurate spatial perception and memory [15]. Func-
tional imaging studies corroborate these mechanisms, 
with microPET scans showing that excitatory GVS on 
the right side activates the left hippocampus, entorhinal 
cortex, and cingulate cortex [23]. Furthermore, electrical 
stimulation has been shown to excite the medial vestibu-
lar nucleus and increase firing rates in hippocampal CA1 
place cells [43], and GVS applied to the ampulla of the 
semicircular canal has been shown to initiate theta activ-
ity in the hippocampal formation [44], a rhythm crucial 
for spatial information processing and the modulation 
of self-motion signals [45]. Moreover, increases in c-Fos 
expression, an indicator of neuronal activation, have 
been observed in the hippocampus following repeated 
GVS application [46]. Although the precise mechanisms 
underlying the effects of GVS on spatial cognition remain 
unclear, it is hypothesized that in sum GVS modulates 
vestibular input, activates key brain regions such as the 
hippocampus, promotes neural plasticity, restores theta 
rhythms, and thus rebalances vestibular input. In the 
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acute phase of UVP/vestibular neuritis, visuospatial 
deficits may result from oscillopsia, nystagmus-induced 
blurred vision, VOR deficits, or VSR dysfunction. How-
ever, improved cognitive performance in the GVS group 
during recovery suggests that GVS offers benefits beyond 
natural recovery of VOR or VSR function. The sham-con-
trolled design enabled comparison of natural recovery 
with intervention effects. Notably, trial-by-trial analysis 
of the vMWM task showed significant improvements in 
the GVS group in later trials, indicating enhanced spa-
tial learning (Table  3 and Fig.  3). GEE analysis further 
revealed significant interaction effects, supporting GVS’s 
role in cognitive recovery.

This study has several limitations. First, the sample 
size of 83 patients may be insufficient to generalize the 
findings. Second, the four-week follow-up period limits 
the evaluation of long-term effects and sustained ben-
efits of GVS on visuospatial cognitive functions. Third, 
while participant blinding was implemented using a 
sham intervention, the lack of blinding procedures for 
researchers may introduce bias. Lastly, the use of stan-
dard cognitive tests, such as the VOSP and CBTT, do not 
fully capture the whole spectrum of cognitive impair-
ments associated with vestibular dysfunction. However, 
cognitive tests must be feasible for the patients in the 
acute phase in terms of time in order not to falsify the 
results. Thus, the long-term impact of GVS still remains 
uncertain.

In conclusion, these findings suggest that GVS may 
enhance spatial memory and navigation in acute unilat-
eral vestibular disorders. However, lesion side effects and 
variability across cognitive tasks underscore the need for 
further research to optimize GVS parameters and target 
specific populations. Long-term studies are also nec-
essary to assess sustained effects, optimal timing, and 
underlying neural mechanisms. These results highlight 
GVS's potential role in promoting neural plasticity and 
cognitive function beyond natural recovery what is par-
ticularly important for older patients and those with cog-
nitive deficits.
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