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Virtual reality head-mounted displays (VR-HMDs) can induce cybersickness
symptoms, including nausea, dizziness, and disorientation, due to sensory
conflicts between visual and vestibular inputs. This study investigated the
effects of cathodal transcranial direct current stimulation (tDCS) on
cybersickness symptoms and cortical activity during VR experiences. Twenty
healthy adults were randomly assigned to either the cathodal tDCS group (n = 10)
or the sham stimulation group (n = 10). Participants underwent VR rollercoaster
exposure while cortical activity was measured using functional near-infrared
spectroscopy (fNIRS) before and after 20min of 2mA cathodal tDCS applied over
the right temporoparietal junction (TPJ). Cybersickness symptoms were assessed
using the Simulator Sickness Questionnaire (SSQ). Results showed that cathodal
tDCS significantly reduced nausea-related cybersickness symptoms compared to
sham stimulation (p < 0.05). fNIRS analysis revealed decreased oxyhemoglobin
concentrations in the bilateral superior parietal lobule and angular gyrus following
cathodal tDCS, indicating reduced cortical activity in these regions. Between-
group comparisons confirmed greater reductions in cortical activity in the right
TPJ regions for the cathodal group than for the sham group. These findings
suggest that cathodal tDCS over the right TPJ can effectively mitigate
cybersickness by modulating cortical activity in brain regions associated with
multisensory integration and vestibular processing.
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Introduction

A virtual reality (VR) head-mounted display (HMD) is a form of immersive VR that
positions two small screens in front of each eye, completely blocking the physical world,
including the user’s body, and allows the user to turn their head to examine their
surroundings (Bailey and Bailenson, 2017). Because VR-HMD aims to achieve
immersive effects simply and inexpensively, immersion and presence play a crucial role
(Diemer et al., 2015). However, immersive VR can cause symptoms similar to general
motion sickness (MS), such as nausea, dizziness, and headaches, known as cybersickness
(Schmäl, 2013; Sugiura et al., 2017). In this context, dizziness refers to a general sense of
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unsteadiness, lightheadedness, or spatial disorientation rather than
true rotational vertigo, which is characterized by a specific illusion of
spinning or movement (Bisdorff, 2014; LaViola et al., 2000).
Cybersickness is explained by the sensory conflict theory, where
discrepancies between visual and vestibular inputs in VR
environments cause dysfunction in the “vestibular network.” This
network, encompassing autonomic, sensorimotor, and cognitive
regions, receives conflicting signals during VR exposure, leading
to symptoms such as nausea and disorientation. Generally,
cybersickness is assessed using self-report measures after VR
experiences. However, this method can be affected by temporal
dynamics and recall bias, so the results should be interpreted with
caution (Young et al., 2007).

Neuroimaging studies have identified several brain regions
that are critical to the integration of vestibular and visual inputs
during sensorimotor conflicts. These include the parieto-insular
vestibular cortex (PIVC), supramarginal gyrus (SMG), superior
temporal gyrus (STG), temporoparietal junction (TPJ), and
angular gyrus (AG) (Arshad et al., 2015). The TPJ plays a
crucial role in multimodal sensory integration, spatial
cognition, and self-body consciousness. It is involved not only
in maintaining balance during sensory conflicts but also in
continuously processing and integrating vestibular, visual, and
proprioceptive information to create a coherent representation of
the body in space. This region is particularly important in VR
environments where sensory inputs may be incongruent (Arshad
et al., 2015; Jöbsis, 1977). Functional near-infrared spectroscopy
(fNIRS) has been reported to offer several advantages over other
neuroimaging techniques for studying cybersickness. Compared
to functional magnetic resonance imaging (fMRI), fNIRS has
advantages such as portability, cost-effectiveness, better temporal
resolution, and higher spatial resolution than
electroencephalography (EEG). It is, therefore, ideal for
detecting rapid changes in cortical activity associated with the
onset of cybersickness (Ayaz et al., 2019). fNIRS studies have
reported that experiencing cybersickness increases
oxyhemoglobin (HbO) concentrations in parietotemporal
regions, and HbO concentrations are positively correlated with
nausea and motion sickness symptoms. Moreover, fNIRS has
shown promise in detecting cognitive demands and emotional
arousal, making it particularly suitable for investigating the
complex neural processes underlying cybersickness (Jöbsis,
1977; Yamamura et al., 2020).

Transcranial direct current stimulation (tDCS) represents a
non-invasive approach to modulate neuronal activity within
specific brain areas through the application of a low-intensity
direct current (Filmer et al., 2014; Flöel, 2014). The tDCS applied
over the TPJ has shown positive effects in alleviating
cybersickness and improving postural stability. tDCS could be
applied in two primary modes: anodal and cathodal. Anodal
tDCS typically increases cortical excitability, while cathodal
tDCS tends to decrease it. The efficacy and duration of tDCS
effects depend critically on stimulation parameters, particularly
current intensity and duration. Although some preliminary
studies have used lower intensities (e.g., 1.5 mA) for shorter
durations (e.g., 15 min) (Li et al., 2020), evidence-based
guidelines recommend 2 mA for 20 min as the standard
protocol for cathodal tDCS to achieve robust cortical

modulation with sustained aftereffects (Lefaucheur et al.,
2017; Nitsche et al., 2008). This protocol produces consistent
neurophysiological effects and induces cortical excitability
changes lasting 60–90 min post-stimulation (Nitsche and
Paulus, 2001). Given that our study aimed to detect cortical
activity changes using fNIRS during VR exposure, we opted for
this established protocol to maximize the likelihood of observing
significant cortical modulation and therapeutic effects on
cybersickness. However, there is a lack of research on
cathodal tDCS for dizziness and vestibular dysfunction.
Therefore, modulating cortical excitability in the TPJ
associated with multisensory and vestibular processing may
prove beneficial in alleviating cybersickness symptoms. In
their studies, Takeuchi et al. (2018) investigated the effects of
anodal tDCS on cybersickness induced by a VR rollercoaster. As
the results show, cybersickness, including oculomotor
dysfunction after VR exposure, was related to anodal tDCS.

Therefore, the purpose of this study is to investigate the effects of
applying cathodal tDCS on changes in cortical activation and to
determine its effectiveness in reducing actual cybersickness.

Materials and methods

Participants

A total of 20 healthy adults with no musculoskeletal,
neurological, or psychiatric disorders were recruited for this
study. Participants who had prior exposure to externally
stimulated experiments of the tDCS or transcranial magnetic
stimulation (TMS) were excluded. The experiments were
conducted in accordance with the principles outlined in the
Declaration of Helsinki. The study protocol was approved by the
Institutional Review Board of Dankook University (DKU 2023-01-
016-001).

Transcranial direct current stimulation

tDCS was delivered using a direct current stimulator
(ActivaDose, ActivaTek Inc., Salt Lake City, United States), with
a pair of saline-soaked surface sponge electrodes (25 cm2). The
electrodes were positioned according to the international
10–20 system and secured using a strap (Caputron, New York,
United States). In the cathodal group, the cathodal electrode was
attached to CP6, corresponding to the right TPJ. The anodal
electrode was placed over Cz, a common reference position in
tDCS studies that minimizes confounding effects on the target
stimulation site while maintaining a stable current flow (Cesari
et al., 2024). This midline vertex position has been widely used in
previous tDCS studies targeting the TPJ to ensure that the primary
neuromodulatory effects occur at the cathodal electrode site.
Current was provided for 20 min at an intensity of 2 mA and
ramped up or down over the first and last 30 s of stimulation. In the
sham group, electrodes were placed in the same positions as the
cathodal group; however, the current was delivered only for the
initial and last 30 s (Lefaucheur et al., 2017). Electrode impedance
was maintained below 10 kΩ throughout the stimulation session
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by ensuring proper saline saturation of the sponge electrodes
(Llorens et al., 2021).

Functional near-infrared spectroscopy

fNIRS data were measured using continuous wave NIRSport2
(NIRx Medical Technologies LLC, Berlin, Germany). The sampling
rate was set to 12.52 Hz. Optodes were attached to the cap in
accordance with the international 10–20 system using NIRSite
software (NIRx Medical Technologies, LLC, LA, United States)
and the fNIRS Optodes’ Location Decider toolbox. A total of
15 emitters and 12 detectors were used to measure optical light
intensity at two different wavelengths (760 m and 850 m), resulting
in a total of 38 channels. The regions of interest (ROIs) were bilateral
superior temporal gyrus, middle temporal gyrus, superior parietal
lobule, supramarginal gyrus, and angular gyrus because the
temporoparietal junction was associated with vestibular and
proprioception processing and multisensory integration (Frank
and Greenlee, 2018; Dieterich and Brandt, 2008) (Figure 1).

Simulator Sickness Questionnaire

Cybersickness symptoms were assessed using the Simulator
Sickness Questionnaire (SSQ). The SSQ is a self-report
instrument designed to measure symptoms associated with
simulator sickness (Kennedy et al., 1993). It comprises 16 items
related to cybersickness symptoms, namely, general discomfort,
fatigue, headache, eyestrain, difficulty focusing, increased
salivation, sweating, nausea, difficulty concentrating, fullness of
head, blurred vision, dizziness with eyes open, dizziness with eyes
closed, vertigo, stomach awareness, and burping. Each item is rated
on a four-point Likert scale (0 = none, 1 = mild, 2 = moderate, and
3 = severe). A total SSQ score and three subscale scores are
calculated as follows: nausea (reflecting symptoms such as
stomach discomfort, increased salivation, and nausea),
oculomotor discomfort (reflecting visual strain symptoms
including eyestrain, difficulty focusing, blurred vision, and
headache), and disorientation (reflecting dizziness and vertigo).
The SSQ has demonstrated high internal consistency with a
Cronbach’s alpha of 0.868 (Bouchard et al., 2007).

FIGURE 1
fNIRS optode layout and channel configuration. (A)Optode placement for fNIRS measurement. The 15 red and 13 blue circles indicate the positions
of light sources and detectors, respectively. (B)Channel configuration and regions of interest (ROIs). STG, superior temporal gyrus; MTG,middle temporal
gyrus; SPL, superior parietal lobule; SMG, supramarginal gyrus; AG, angular gyrus.
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Procedure

This study implemented a randomized, single-blind, and sham-
controlled design to investigate the effects of tDCS on cybersickness
symptoms and cortical activity. All participants were randomly
allocated to either the cathodal group (n = 10) or the sham group
(n = 10). In the pre-tDCS test, participants were equippedwith anHMD
VR system (OculusQuest 2,Meta, United States) and fNIRS devices. All
trials were conducted in a quiet, controlled laboratory environment to
minimize external distractions. Participants performed the VR task in a
standing position. Before starting the experiment, participants were
informed that the VR scene could cause temporary symptoms such as
dizziness or nausea and that they could stop the experiment at any time
if necessary. The experimental session consisted of a three-block
paradigm. Each block included a 30-s rest phase, a 120-s task phase,
and a 30-s recovery phase, resulting in a total fNIRS recording duration
of 450 s (7.5 min). Although our three-block experimental design was
relatively short compared to that in some neuroimaging studies, we
adopted this design due to the burden of cybersickness on participants.
There is currently no gold standard for the number of blocks required to
reduce the variability of hemodynamic responses. Nevertheless,
previous studies have demonstrated that using at least three blocks
enables adequate averaging of hemodynamic changes and reduces
anticipatory contributions (Herold et al., 2017). Moreover, a
previous fNIRS study investigating hemodynamic responses during
autonomous driving used a 120-s task block, with a 30-s rest period
(Hidalgo-Muñoz et al., 2019). During the resting phase, participants
were instructed to fixate on a cross in the center of a black screen.

During the task phase, participants observed the same virtual
rollercoaster scene three times, each lasting 120 s. The duration of
the VR exposure was determined based on previous studies
investigating cybersickness. The virtual rollercoaster scene was
selected to induce cybersickness through sensory mismatch between
visual motion cues (rapid movements and rotations in the virtual
environment) and vestibular/proprioceptive inputs, rather than solely
through high-speed visual motion. This discrepancy between the visual
perception of self-motion and the absence of corresponding physical
movement creates the sensory conflict that is central to cybersickness.
The severity of cybersickness symptoms was assessed using the SSQ
after the experiment. Then, cathodal and sham groups received real
tDCS and sham tDCS, respectively, for 20 min. The post-tDCS test was
conducted in the same way as the pre-tDCS test.

Data analysis

NIRS-Lab ver 2019.04 (NIRx Medical Technologies LLC, Berlin,
Germany) was used to analyze fNIRS data. The coefficient of variation
(CV = standard deviation/mean) with a level of 15% or less was
regarded as adequate for the quality of each channel. During data
pre-processing, discontinuities and spike artifacts were removed (Zhang
et al., 2018; Pfeifer et al., 2018). Then, the data were filtered using a
0.001–0.20 Hz bandpass filter with a 15% roll width to eliminate the
effects of heartbeat and respiration (Zhang et al., 2018; Azhari et al.,
2021). The modified Beer–Lambert law was used to convert optical
density to HbO and deoxy-hemoglobin (HbR) concentrations (Cope

TABLE 1 Comparison of SSQ scores within/between groups.

Cathodal Sham p-value

Total SSQ

Pre 70.69 ± 60.16 69.40 ± 65.27 0.010*

Post 55.35 ± 64.77 86.02 ± 61.31

Difference −23.19 ± 31.33 16.62 ± 22.45

p-value 0.089 0.057

Nausea

Pre 41.02 ± 59.50 56.18 ± 58.51 <0.001*
Post 33.39 ± 60.21 75.26 ± 61.91

Difference −10.49 ± 12.27 19.08 ± 14.31

p-value 0.022* 0.004

Oculomotor

Pre 54.58 ± 45.48 47.16 ± 43.67 0.059

Post 45.48 ± 41.82 59.80 ± 36.83

Difference −15.92 ± 28.24 12.63 ± 19.33

p-value 0.305 0.086

Disorientation

Pre 100.22 ± 77.31 89.71 ± 85.27 0.085

Post 73.77 ± 81.18 100.53 ± 78.37

Difference −41.76 ± 53.31 10.83 ± 42.78

p-value 0.100 0.469

Values represent mean (± standard deviation); SSQ, Simulator Sickness Questionnaire.

*p < 0.05.
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and Delpy, 1988; Baker et al., 2014). We focused on HbO for further
analysis because it has a higher signal-to-noise ratio and greater
reliability than HbR.

For topographical analysis, we used the Statistical Parameter
Mapping NIRS-SPM (SPM 8) tool executed in the NIRS-lab
(version 2019.4). The general linear model (GLM), with a canonical
hemodynamic response curve, was used to analyze the significant task-
related cortical activation, separately for HbO, for each individual. At
the individual level, an SPM-1 within-subject analysis was performed to
estimate the degree of activation in each channel with respect to the
resting condition. In SPM-1 analysis, a hemodynamic response function
(HRF) was considered, and pre-whitening was omitted. HRF was
plotted against a time axis using a convolution design matrix, where
each point of the matrix was checked. This was followed by the
application of a discrete cosine transform (DCT) temporal
parameter with a high-pass period cut-off of 128 s. A Gaussian Full
Width at Half Maximum (FWHM) 4 model was applied, and for each
participant, GLMs were obtained based on the HbO signals. The beta
coefficient derived from the GLM represents the amplitude of the
hemodynamic response and quantifies the intensity of cortical

activation (Perpetuini et al., 2022). Each channel contrast between
the task and the resting condition was evaluated using a 1-sample t-test.
For group analysis of the cortical activity, SPM-2 between-subject
analysis was performed (statistical significance level was <0.01).

The beta coefficient and SSQ scores were analyzed using SPSS
software (version 24.0; SPSS, Chicago, IL, United States). A paired
t-test was performed to determine the differences in the beta
coefficient of HbO and SSQ scores between the pre- and post-
test in the cathodal and sham groups. The independent t-test was
conducted to analyze the differences in the beta coefficient of HbO
and SSQ scores between groups. Null hypotheses of no difference
were rejected if p-values were <0.05.

Results

Simulator Sickness Questionnaire

Table 1 shows the SSQ scores in the cathodal and sham groups.
There was no significant difference in the total SSQ, nausea,

TABLE 2 Significant channels of HbO in the group analysis (p < 0.01).

Channel t-value p-value

Cathodal pre

Left superior parietal lobule 9 3.01 0.007

10 3.39 0.004

Right superior parietal lobule 13 4.50 <0.001
Right middle temporal gyrus 8 4.28 0.001

Right angular gyrus 5 3.05 0.007

18 3.91 <0.001

19 3.12 0.006

6 3.35 0.004

29 3.44 0.004

30 3.08 0.007

Cathodal post

Left angular gyrus 15 −3.47 0.004

16 −3.58 0.003

17 −3.39 0.004

Right superior parietal lobule 14 −4.41 <0.001
Right angular gyrus 19 −3.11 0.006

Sham pre

Left superior parietal lobule 10 3.84 0.002

Left middle temporal gyrus 22 3.16 0.007

32 3.04 0.008

Right middle temporal gyrus 25 3.31 0.005

26 4.09 0.002

Sham post

Left angular gyrus 3 −3.20 0.006

Values represent mean (± standard deviation); HbO, oxyhemoglobin.

*p < 0.01.
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oculomotor, and disorientation scores in the pre-test between groups
(p > 0.05). In the within-group comparison, the nausea score in the
cathodal group was significantly decreased after cathodal tDCS (p <
0.05). The total SSQ, oculomotor, and disorientation scores in the
cathodal group were not significantly different between the pre- and
post-tests (p > 0.05). In the sham group, there were no significant
differences in the total SSQ, nausea, oculomotor, and disorientation
scores between the pre- and post-tests.

In the between-group comparison, the nausea score in the cathodal
group significantly decreased compared to that in the sham group (p <
0.05). Differences in the total SSQ, oculomotor, and disorientation
scores were not significant between groups (p > 0.05).

Group analysis of HbO values

In the pre-test, the HbO values in the cathodal group showed
significant activation in the bilateral superior parietal lobule, right
middle temporal gyrus, and angular gyrus (p < 0.01). There was a
significant activation in the bilateral middle temporal gyrus and left
superior parietal lobule in the sham group (p < 0.01)
(Table 2; Figure 2).

In the post-test, the HbO values in the cathodal group revealed
significant deactivation in the bilateral angular gyrus, right superior
parietal lobule, and middle temporal gyrus (p < 0.01). There was a
significant deactivation in the left angular gyrus (p < 0.01)
(Table 2; Figure 2).

Beta coefficient of HbO

In the pre-test, there were no significant differences in the beta
coefficient of HbO in all regions of interest between groups (p >

0.05). In the within-group comparison, the beta coefficient of HbO
in the bilateral superior parietal lobule and angular gyrus in the
cathodal group was significantly decreased after cathodal tDCS (p <
0.05). In the sham group, there were no significant differences in the
beta coefficient of HbO in all regions of interest between the pre- and
post-tests (p > 0.05) (Table 3; Figure 3).

In the between-group comparison, the beta coefficient of HbO in
the right superior parietal lobule and angular gyrus in the cathodal
group significantly decreased compared to that in the sham group
(p < 0.05) (Table 3; Figure 3).

Discussion

The primary objective of this study was to examine the impact of
cathodal tDCS on cybersickness symptoms and cortical activity
during VR rollercoaster experiences in healthy adults. Cortical
activity was assessed through hemodynamic response
measurements using fNIRS. Our investigation yielded three
principal findings: (1) participants in the cathodal tDCS group
exhibited a significant reduction in nausea-related cybersickness
symptoms compared to those in the sham group. This suggests that
cathodal tDCS may have a mitigating effect on the nausea
component of cybersickness. (2) Following cathodal tDCS
administration, we observed a significant decrease in the beta
coefficients of the bilateral superior parietal lobule and angular
gyrus. This reduction in beta coefficients, which represent the
relationship between the predictor variables and the response
variable in our statistical model, indicates a decrease in cortical
activity in these regions, as reflected by changes in HbO and
deoxygenated hemoglobin concentrations. (3) The cathodal group
demonstrated significantly greater changes in beta coefficients
within the right superior parietal lobule and angular gyrus than

FIGURE 2
Group-average t-statistic maps of oxyhemoglobin (HbO) using NIRS-Lab software (p < 0.01).
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TABLE 3 Comparison of the beta coefficients of HbO within/between groups.

Cathodal Sham p-value

Left superior temporal gyrus

Pre −0.00005 ± 0.00076 −0.00013 ± 0.00104 0.509

Post −0.00021 ± 0.00054 0.00009 ± 0.00072

Difference −0.00016 ± 0.00062 0.00023 ± 0.00167

p-value 0.451 0.695

Left middle temporal gyrus

Pre 0.00014 ± 0.00042 0.00028 ± 0.00041 0.147

Post 0.00014 ± 0.00041 −0.00004 ± 0.00034

Difference 0.00000 ± 0.00043 −0.00032 ± 0.00050

p-value 0.974 0.092

Left superior parietal lobule

Pre 0.00028 ± 0.00034 0.00023 ± 0.00035 0.096

Post −0.00017 ± 0.00047 0.00009 ± 0.00038

Difference −0.00045 ± 0.00039 −0.00013 ± 0.00039

p-value 0.005* 0.332

Left supramarginal gyrus

Pre 0.00012 ± 0.00044 0.00026 ± 0.00048 0.221

Post 0.00010 ± 0.00057 −0.00006 ± 0.00032

Difference −0.00028 ± 0.00041 −0.00032 ± 0.00060

p-value 0.836 0.143

Left angular gyrus

Pre 0.00016 ± 0.00040 0.00006 ± 0.00033 0.097

Post −0.00023 ± 0.00036 −0.00011 ± 0.00032

Difference −0.00040 ± 0.00027 −0.00016 ± 0.00031

p-value 0.001* 0.157

Right superior temporal gyrus

Pre 0.00006 ± 0.00066 0.00006 ± 0.00077 0.765

Post −0.00009 ± 0.00040 0.00010 ± 0.00059

Difference −0.00010 ± 0.00078 0.00003 ± 0.00112

p-value 0.692 0.932

Right middle temporal gyrus

Pre 0.00023 ± 0.00044 0.00028 ± 0.00046 0.460

Post 0.00005 ± 0.00053 0.00032 ± 0.00043

Difference −0.00018 ± 0.00057 0.00004 ± 0.00066

p-value 0.348 0.876

Right superior parietal lobule

Pre 0.00037 ± 0.00045 0.00018 ± 0.00034 0.039*

Post −0.00010 ± 0.00039 0.00012 ± 0.00044

Difference −0.00047 ± 0.00033 −0.00007 ± 0.00046

p-value 0.001* 0.677

Right supramarginal gyrus

Pre 0.00042 ± 0.00049 0.00019 ± 0.00051 0.613

Post 0.00009 ± 0.00050 −0.00001 ± 0.00043

Difference −0.00033 ± 0.00049 −0.00021 ± 0.00057

p-value 0.060 0.307

(Continued on following page)
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the sham group. This finding highlights the specific impact of
cathodal tDCS on these cortical areas.

Importantly, negative coefficients for oxygenated and
deoxygenated hemoglobin were interpreted as decreases in cortical
activity. Collectively, these results suggest that cathodal tDCS may
alleviate cybersickness symptoms by attenuating cortical activity in the
temporoparietal junction, a region encompassing the superior parietal
lobule and angular gyrus. As the target cortical region for tDCS, we
selected the TPJ, implicated in self-motion perception and
visual–vestibular integration (Pfeiffer et al., 2014). Our findings
demonstrate that cathode placement over the right TPJ in the
experimental group effectively modulated cortical activity, as
evidenced by the observed differences in cybersickness symptoms
and hemodynamic responses compared to those in the sham
group. This modulation of TPJ activity through external brain
stimulation directly affected the cybersickness experience in VR,
supporting our initial hypothesis (Kheradmand and Winnick,
2017). Moreover, while tDCS targeting the TPJ modulates cortical-
level multisensory integration, galvanic vestibular stimulation (GVS)
acts peripherally by stimulating the vestibular afferents. GVS induces
artificial vestibular signals that influence vestibulo-autonomic
pathways associated with motion sickness (Quinn et al., 2015),
whereas cathodal tDCS over the TPJ likely exerts a top–down
modulatory effect on higher-order vestibular–insular–parietal
networks involved in sensory conflict resolution and interoceptive
awareness. Although both approaches affect overlapping vestibular-
related circuits, GVS primarily alters vestibular input at the peripheral
level, while tDCS modulates cortical processing of multisensory
information, which may explain the selective reduction in nausea
observed in the present study. Previous tDCS studies have found
delayed onset and more rapid recovery of cybersickness symptoms
after 15 min of 1.5 mA cathodal tDCS compared to anodal tDCS
(Gandiga et al., 2006; Li et al., 2020). Furthermore, our results align
with previous findings demonstrating that cathodal tDCS applied to
the parietal cortex can mitigate motion sickness induced by rotating
chairs. Given that cathodal tDCS is known to inhibit neuronal activity
in targeted brain regions, our observations support the hypothesis that
direct cortical inhibition may be a key mechanism in reducing
cybersickness symptoms (Arshad et al., 2015; Paule et al., 2004). In
contrast, anodal tDCS enhances cortical excitability and facilitates
adaptive sensory integration processes. It is important to clarify
how our study differs from Takeuchi et al.’s work. Takeuchi et al.
(2018) applied anodal tDCS before VR exposure and assessed
symptoms after VR immersion, demonstrating that anodal tDCS
delayed the onset of cybersickness and accelerated recovery,
particularly improving oculomotor symptoms. Oculomotor

symptoms in cybersickness include eye strain, difficulty focusing,
and blurred vision, reflecting the challenge of maintaining stable
gaze, vergence, and accommodation when processing rapidly
changing visual stimuli in VR environments. Takeuchi et al. (2018)
suggested that anodal tDCS enhanced cortical excitability in the TPJ,
thereby facilitating the brain’s adaptive capacity to integrate conflicting
visual–vestibular information and promoting faster recovery of
oculomotor function after VR-induced stress. In contrast, our study
applied cathodal tDCS before VR exposure and assessed symptoms
immediately after VR immersion. Our findings show that cathodal
tDCS directly reduced nausea-related symptoms during sensory
conflict processing. These differences suggest complementary
mechanisms and clinical applications: anodal tDCS may enhance
adaptive mechanisms that facilitate recovery after VR exposure,
particularly for oculomotor symptoms, while cathodal tDCS directly
reduces cortical responses to sensory conflicts, providing immediate
relief of nausea symptoms during or immediately after VR exposure.
Nevertheless, disorientation and oculomotor symptoms were not
significantly improved by cathodal tDCS in our study. This
selective effect on nausea warrants a mechanistic explanation.
Different cybersickness symptoms are mediated by distinct neural
pathways. Nausea is primarily driven by vestibular–autonomic
pathways projecting from the TPJ to brainstem emetic centers,
including the area postrema and nucleus tractus solitarius. Cathodal
tDCS over the TPJ likely reduced cortical excitability in these
vestibular–autonomic projections, thereby attenuating nausea. In
contrast, disorientation symptoms arise from spatial orientation
processing involving broader networks, including the posterior
parietal cortex, retrosplenial cortex, and hippocampus, which
extend beyond the TPJ stimulation field. Similarly, oculomotor
discomfort reflects eye strain and accommodation demands
mediated by frontal eye fields and occipital visual areas, which were
not targeted by our stimulation. The insufficient stimulation power to
modulate these distributed networks may also have contributed to the
lack of effect on disorientation and oculomotor symptoms (Takeuchi
et al., 2018). These findings suggest that nausea-related pathways are
more focally organized within the TPJ, making them more susceptible
to localized neuromodulation than the distributed networks
underlying other cybersickness symptoms. Although the sensory
conflict theory provides a partial explanation for cybersickness, it
does not fully account for all aspects of its occurrence.

In the cathodal tDCS group, our analysis of hemodynamic
responses revealed decreased activity in the TPJ, particularly in the
superior parietal lobule and angular gyrus. This reduction in activity,
indicated by decreased HbO levels, was accompanied by a decrease in
cybersickness symptoms. These findings suggest an inhibitory effect of

TABLE 3 (Continued) Comparison of the beta coefficients of HbO within/between groups.

Cathodal Sham p-value

Right angular gyrus

Pre 0.00022 ± 0.00040 0.00010 ± 0.00039 0.040*

Post −0.00010 ± 0.00039 0.00006 ± 0.00031

Difference −0.00033 ± 0.00026 −0.00004 ± 0.00031

p-value 0.003* 0.709

Values represent mean (± standard deviation); HbO, oxyhemoglobin.

*p < 0.05.
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cathodal tDCS on the targeted brain regions. The TPJ is a large region
that includes the superior temporal gyrus, middle temporal gyrus,
superior parietal lobule, supramarginal gyrus, angular gyrus, and
parietal operculum. This anatomical complexity raises questions
about how cathodal tDCS targeting this broad region produces
specific effects on cybersickness. However, the TPJ should be
understood not as isolated subregions but as an interconnected
network for vestibular processing and multisensory integration
(Frank and Greenlee, 2018; Dieterich and Brandt, 2008). Previous
studies have shown that the TPJ exhibits coordinated activation
patterns during sensory conflict conditions, particularly when visual

and vestibular inputs are incongruent (Nguyen et al., 2020). Our
findings of decreased activity in both the superior parietal lobule
and angular gyrus following cathodal tDCS support this network-
level modulation. The observed reduction in cybersickness
symptoms likely reflects cumulative effects across multiple TPJ
subregions involved in processing conflicting sensory information.
This modulation of sensory integration processes may explain the
observed reduction in cybersickness symptoms (Dalong et al., 2021).
EEG studies during VR immersion have demonstrated that alpha
suppression in the temporoparietal lobe is a key indicator of
multisensory vestibular cortex activation. This alpha suppression is

FIGURE 3
Beta coefficient of oxyhemoglobin (HbO) *Significant within-group difference in HbO beta coefficients between pre- and post-tDCS (p < 0.05).
**Significant between-group difference in HbO beta coefficients (post–pre) (p < 0.05).
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typically associated with increased cortical processing of vestibular
information. However, our findings suggest that cathodal tDCS may
modulate this activity. By potentially reducing alpha suppression,
cathodal tDCS could disrupt the normal functioning of the
vestibular region. This disruption, in turn, may lead to a reduction
in MS symptoms and postural sway as the brain’s processing of
conflicting sensory information is altered (Gale et al., 2016).
Consequently, it was determined that the application of cathodal
tDCS showed a decreased effect on cybersickness by inducing
changes in the activity of the cerebral cortex related to body and
spatial orientation.

The present study demonstrates that cathodal tDCS applied to
the right TPJ in healthy adults effectively reduces both cybersickness
symptoms and cortical activity induced by VR exposure. In contrast,
sham tDCS showed no significant improvements in motion sickness
symptoms or changes in cerebral cortical activity following VR
exposure. Our between-group analysis corroborates these findings,
revealing a significant decrease in cybersickness symptoms
associated with the inhibitory effect of cathodal tDCS.

In addition to cortical modulation of visual–vestibular integration,
alternative physiological and emotional mechanisms may also
contribute to the observed reduction in nausea. tDCS modulates
vagal tone and cardiac autonomic activity (Montenegro et al., 2011)
and influence interoceptive regions such as the insula that are involved
in nausea perception (Napadow et al., 2013). Moreover, limbic system
activity related to stress and anxiety may also affect cybersickness
severity as emotional arousal and anticipatory stress can amplify
symptom perception during VR exposure (Dennison et al., 2016).
Although our findings primarily support cortical sensory integration as
the main mechanism, partial involvement of autonomic–emetic and
limbic–emotional pathways cannot be excluded.

Despite these promising results, several limitations warrant
consideration: first, our study did not include follow-up
measurements to determine the duration of tDCS aftereffects on
cortical activity and cybersickness symptoms. fNIRS and SSQ
assessments were performed only immediately after the 20-min
stimulation; therefore, the persistence of these effects remains
unclear. Second, our sample size was relatively small (N = 10 per
group), which limits statistical power and may increase the risk of type
II error. The study may have been underpowered to detect smaller but
potentially meaningful effects on disorientation and oculomotor
symptoms. Future studies with larger sample sizes are needed to
confirm our findings and detect more subtle effects. Third, the
population consisted of healthy adults in their 20s, potentially
limiting the applicability of our findings to other age groups. Fourth,
due to methodological issues, we used a discrete cosine transform
temporal parameter with a high-pass period cut-off of 128 s, which is
comparable to the 120-s task block duration. We acknowledge that this
filter setting, with a cut-off period longer than the task duration, may
have attenuated or eliminated a portion of the task-related
hemodynamic response. This poses a risk of confounding the signal
with the noise that the filter was intended to eliminate. Despite this
limitation, we were able to detect significant cortical activation patterns
and between-group differences, suggesting that meaningful task-related
signals were preserved. However, future studies should optimize high-
pass filter parameters (e.g., using a cut-off period substantially longer
than the task duration, such as 200–300 s) to minimize signal
attenuation while effectively removing slow drift artifacts. Fifth, in

this study, the fNIRS recording regions were limited to the bilateral
temporoparietal regions. Further studies investigating the role of the
frontal and parietal cortices in sensory conflict are needed. Finally, tDCS
delivery regions and stimulation were limited. We suggest that these
relationships and differences should be studied using anodal tDCS
delivery to the left TPJ region in the future.

Conclusion

We demonstrated that cathodal tDCS over the right TPJ induces a
more synchronized brain state, potentially suppressing neural networks
associated with cybersickness-induced nausea. These findings
underscore the critical role of the TPJ in cybersickness and offer
new insights into its neural underpinnings. The ability to modulate
cybersickness through external brain stimulation has significant
implications for both theoretical understanding and practical
applications of VR technology. By potentially reducing cybersickness
through tDCS-inducedmodulation of TPJ activity, wemay enhance the
effectiveness of VR-based treatments and training programs in clinical
contexts. As VR technology evolves, neuromodulation techniques,
including tDCS, could prove invaluable in maximizing the benefits
of this immersive technology across various fields, ultimately improving
user experience and expanding VR applications.
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