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PIT	� Pitch rotation
RAN	� Random motion
SSQ	� Simulator sickness questionnaires
SVM	� Support vector machine
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Abstract
Visually induced motion sickness (VIMS) is a prevalent discomfort experienced in virtual environments, and individual 
susceptibility to VIMS can change with training or experience. Currently, the neurological activities that respond to sus-
ceptibility changes remain unclear. This study identified dynamic brain connectivity that consistently responded to inter-
group susceptibility differences as well as individual susceptibility changes. Participants with varying susceptibility to 
VIMS underwent adaptation training, which involved repeated exposure to roll rotation stimulation for 7–10 days. VIMS 
susceptibility and Theta-band EEG phase synchronization were measured before and after the adaptation training. The 
results revealed that the inter-hemispheric connectivity in temporal-parietal regions not only significantly differed between 
the susceptible and resistant groups, but also increased with individual resistance enhancement. The strength of this con-
nectivity was negatively correlated to individual level of VIMS symptoms. Machine learning models based on whole brain 
connection patterns effectively identified susceptible individuals and tracked changes in susceptibility following training. 
All effects were also observed in untrained stimulus type, indicating the robustness of the connectivity indicators. These 
findings underscore the importance of inter-hemispheric coordination in VIMS and highlight the potential of EEG phase 
synchronization as a tool for testing and monitoring individual susceptibility to VIMS.

Keywords  Visually induced motion sickness · Inter-hemispheric connectivity · Adaptation training · EEG phase 
synchronization
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VIMS	� Visually induced motion sickness
VIMSres	� VIMS-resistant
VIMSsus	� VIMS-susceptible
VIMSSQ	� Visually induced motion sickness suscepti-

bility questionnaire
VIP	� Ventral intraparietal area

Introduction

Visually induced motion sickness (VIMS), also known as 
cybersickness, is a common discomfort experienced by 
stationary viewers when exposed to visual motion (Gold-
ing et al. 2012; Keshavarz et al. 2015), with symptoms 
including disorientation, oculomotor disturbance, and nau-
sea (Bruck and Watters 2011; Griffin 1990; Kennedy et al. 
1993; Wang et al. 2021). VIMS poses a significant challenge 
to user experiences in virtual reality (VR) and large-screen 
movies (Hoshino 2012; Riecke 2011; Stanney et al. 1998). 
With the advancement and widespread use of VR technol-
ogy, identifying and monitoring an individual’s vulner-
ability to VIMS and customizing suitable user programs 
have become increasingly important (Bratosin et al. 2022; 
Kamińska et al. 2019; Rebenitsch and Owen 2021; Riecke 
2011). However, current research has only focused on iden-
tifying neurological correlates that differ between groups. It 
is crucial to further investigate the neurological responses to 
individual susceptibility changes. Electroencephalography 
(EEG), with its portability, temporal and spatial resolution, 
is a promising tool for studying VIMS susceptibility (Kes-
havarz et al. 2015; Wei et al. 2023), which can also enable 
early prediction and intervention in various applications (Li 
et al. 2023).

The susceptibility to VIMS can vary greatly among 
individuals (Golding 2006; Golding et al. 2021; Guo et al. 
2017; So et al. 1999; Wei et al. 2019), and adaptation train-
ing through repeated exposures is one of the most effective 
methods to reduce VIMS susceptibility (Besnard et al. 2021; 
Keshavarz and Golding 2022; Reason 1978). However, this 
process is time-consuming, and the effectiveness may not 
transfer to untrained stimuli. Currently, the underlying brain 
dynamics associated with VIMS susceptibility and its adap-
tation remain unclear. Understanding these brain dynam-
ics should enable us to design and implement protocols to 
overcome both problems, thereby ensuring all viewers have 
positive experiences in VR situations.

The human brain integrates multisensory information, 
primarily visual and vestibular cues, to perceive self-motion 
(Fetsch et al. 2009; Zhao et al. 2023). Previous studies 
have identified several key brain regions (e.g. MT+, VIP) 
in the temporal and parietal regions of both hemispheres, 
which are responsible for integrating visual and vestibular 

self-motion information (Chen et al. 2011b; DeAngelis et 
al. 2017). According to the widely accepted sensory con-
flict theory (Reason 1978), VIMS can be triggered when the 
visual system receives information about self-motion while 
the individual is actually stationary, resulting in a conflict 
with information from vestibular systems (Keshavarz et al. 
2015).

While previous studies have mainly focused on analyz-
ing the correlation between local activity in specific brain 
regions and VIMS (Chang et al. 2013; Chelen et al. 1993; 
Chuang et al. 2016; Farmer et al. 2015; Li et al. 2023; Napa-
dow et al. 2013; Sheehan et al. 2009; Wei et al. 2023), recent 
evidence suggests that dynamic connectivity between brain 
regions is more closely related to VIMS. As supported by 
new biologically realistic neural network models (Zhang et 
al. 2016, 2019), strong dynamic connectivity between key 
multisensory integration brain regions is critical for the inte-
gration of conflicting visual-vestibular information. More-
over, it has been revealed that strong connectivity to the 
temporal and parietal regions is associated with resistance 
to motion sickness (Sakai et al. 2022; Wei et al. 2019). And 
connectivity-based indicators can predict VIMS susceptibil-
ity better than local activities (Wei et al. 2019). Conversely, 
VIMS-susceptible individuals exhibit decreased inter-hemi-
spheric synchronization between the bilateral temporal-
parietal regions (Miyazaki et al. 2015).

However, the existing research has only explored neu-
ral correlates that differ between groups with varying levels 
of susceptibility to VIMS (Miyazaki et al. 2015; Wei et al. 
2019, 2023). This problem encompasses several limitations. 
First, between-subject susceptibility differences may be 
confounded by various other individual difference factors, 
such as the intensity of experienced vection and previous 
visual experience (Keshavarz et al. 2015). Secondly, to fur-
ther reveal the association between dynamic brain connec-
tivity and VIMS, evidence is lacking regarding changes in 
the dynamic connectivity strength following manipulations 
of individual susceptibility. Hence, further investigating the 
neurological responses to individual susceptibility changes 
holds crucial theoretical and practical value. To address this 
gap, this study aims to examine changes in brain dynam-
ics before and after individual susceptibility is enhanced 
through adaptation training.

A third limitation in previous studies is the use of only 
one visual stimulus (Miyazaki et al. 2015; Wei et al. 2019, 
2023); it is possible that the identified EEG correlates may 
be specific to that particular stimulus. Identifying EEG 
correlates of VIMS that can generalize to different visual 
stimuli is crucial for gaining further insights into the mecha-
nisms of adaptation training transfer and enhancing their 
practical applications. In this study, we designed two types 
of experimental stimuli involving different axis rotations, 
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specifically roll and pitch, which are known to frequently 
provoke VIMS (Lackner 2014; Lackner and DiZio 2006). 
One type of stimulus (roll) was used for adaptation train-
ing, while both types of stimuli (roll and pitch) were used to 
examine the association between brain dynamic connectiv-
ity and VIMS susceptibility. Participants with different sus-
ceptibilities were recruited. Based on their VIMS levels in 
response to VIMS-provoking stimuli, the participants were 
divided into two groups: the VIMS-susceptible (VIMSsus) 
group underwent training to manipulate their susceptibility 
and explore changes in EEG phase synchronization. The 
VIMS-resistant (VIMSres) group, serving as a control, also 
participated in the training. As EEG phase synchronization 
reflect brain dynamic connectivity associated with mul-
timodal integration (Murray and Wallace 2011; Wei et al. 
2019), this study accessed the degree of EEG phase syn-
chronization to investigate pre- and post-training changes 
in the strength of inter-hemispheric connectivity between 
bilateral temporal-parietal regions. We tested three hypoth-
eses, as follows.

(H1) Based on previous research (Miyazaki et al. 2015; 
Wei et al. 2019) and theoretical models (Zhang et al. 2019), 
we predict that the VIMSres group would exhibit stronger 
inter-hemispheric EEG phase synchronization between 
bilateral temporal-parietal regions compared to the VIMSsus 
group. (H2) We expected that changes in inter-hemispheric 
EEG phase synchronization would match VIMS suscepti-
bility. Specifically: (H2a) For VIMSsus participants, we 
expected that, after adaptation training had reduced their 
VIMS susceptibility, inter-hemispheric EEG phase synchro-
nization would increase. (H2b) For those in the VIMSres 
group who did not experience any changes in susceptibility, 
we anticipated that inter-hemispheric EEG phase synchro-
nization would remain unchanged. (H3) Lastly, if neural 
correlates of individual VIMS susceptibility are insensitive 
to the type of visual stimulus, then inter-hemispheric EEG 
phase synchronization should be observed under both types 
of stimuli.

Methods

Participants

A total of 34 right-handed participants (age: 23.6 ± 3.3; male/
females: 17/17) were recruited for the study after provid-
ing complete informed consent. All participants had 20/20 
visual acuity or wore corrective lenses as necessary (Vision 
Tester: Stereo Optical CO. Inc. U.S.A., Model 2000). Prior 
to the experiment, participants completed the Motion Sick-
ness Susceptibility Questionnaire (MSSQ, Golding, 1998) 
and the Visually Induced Motion Sickness Susceptibility 

Questionnaire – Short Version (VIMSSQ-short, Golding, 
2019). They were instructed to abstain from alcohol and 
caffeine beverages for 10 h prior to the experiment. None 
of the participants had a history of heart disease, neuro-
logical diseases, or vestibular injury. Their participation 
was compensated with 50 HKD/hour. The study adhered 
to the ethical requirements set by the University Research 
Ethics Committee, in accordance with the Declaration of 
Helsinki. It received approval from the Human Participants 
Research Panel of the Hong Kong University of Science and 
Technology.

 VIMS measures and grouping

To assess the VIMS response of participants to visual stimu-
lations, participants were asked to score their nausea using 
a 7-point scale (ranging from 1= “no symptoms” to 7= 
“moderate nausea, want to stop”; see Online Appendix I.1, 
adopted from Golding and Kerguelen, 1992) at 5-minute 
intervals. The maximum nausea score recorded during each 
exposure was used as an indicator of the severity of nausea 
symptoms, referred to as MaxNausea. Additionally, partici-
pants completed Simulator Sickness Questionnaires (SSQ) 
before and after the visual motion exposure (pre-SSQ and 
post-SSQ), following the methodology proposed by Ken-
nedy (1993).

The experiment comprised three stages: (1) pre-train-
ing, (2) training, and (3) post-training. All 34 participants 
completed the pre-training stage. Based on their reported 
MaxNausea levels during the exposure to two types of 
VIMS-provoking stimuli in the pre-training stage, par-
ticipants were classified into two groups. Those report-
ing MaxNausea of 2 or less for both roll and pitch visual 
stimulations (indicating “no symptoms” or “slight unpleas-
ant symptoms”) were classified as VIMSres group (n = 15), 
while the remaining participants were classified as VIMS-
sus group (n = 19).

Due to personal scheduling conflicts, three participants 
from the VIMS-resistant group and two participants from 
the VIMS-susceptible group did not participate in the sub-
sequent training stage. The training stage and the post-train-
ing stage was completed by the remaining 29 participants 
(age: 23.8 ± 3.3; male/female: 14/15). Both VIMS groups 
comprised a mixture of genders. There were no significant 
group differences in age. Table 1 summarizes information 
on VIMS susceptibility and demographic characteristics of 
participants in the two groups.
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sessions to assess VIMS susceptibility of participants with 
longer exposures (Fig. 1A).

To prevent fatigue and adaptation, EEG recordings were 
collected in separate sessions, with a 7-day interval between 
them (see Fig. 1A). The EEG sessions consisted of 14 blocks, 
with rest periods between blocks to minimize the impact of 
motion sickness symptoms on neurological responses (Wei 
et al. 2019; Wilkins 2016). Half of the blocks adopted ROL 
stimulation, while the other half adopted PIT stimulation. 
The order of ROL and PIT blocks was randomly assigned.

Each block comprised 12 trials. The block and trial pro-
cedure were the same as in previous EEG work on VIMS 
(Wei et al. 2019). Each trial started with a 3-second black 
screen, followed by a randomly moving random-dot pattern 
(RAN), another 3-second black screen, and a short exposure 
(up to 1 min) to coherent rotation stimulation (ROL or PIT) 
in a sequential order. Participants were trained to press a 
button when they perceived self-motion during the coherent 
rotation stimulation, following the protocol from previous 
studies (Wei et al. 2018, 2019, 2023). Upon button press, 
the coherent rotation stimulation continued for an additional 
3 s (refer to Fig. 2B for illustration of EEG trial procedure).

Seven days after the EEG sessions, baseline VIMS lev-
els for ROL and PIT stimulation were measured in two 
separate BEH sessions. The order of ROL and PIT sessions 
was randomly assigned for participants. Two BEH sessions 
were spaced in a 10-day interval to avoid adaptation (see 
Fig. 1A). In the BEH sessions, the actual VIMS susceptibil-
ity of participants was assessed through extended continu-
ous exposures to VIMS-provoking stimulation, lasting up 
to 20 min. Participants had the option to end the exposure 
early if they experienced moderate nausea (MaxNausea = 7) 
and were unable to continue watching. During the exposure, 
participants were instructed to report their nausea scores 
every 5  min. Additionally, they filled out the SSQ before 
and after each exposure.

Training stage

Previous research has shown that adaptation training 
through repeated daily exposures to a VIMS-provoking 
stimulation can effectively reduce the subsequent VIMS 
response to that specific stimulation in susceptible individu-
als (Howarth and Hodder 2008a; Kennedy et al. 2000). In 
this research, adaptation training was conducted by subject-
ing participants to repeated BEH sessions of ROL stimula-
tion over consecutive days. Similar to the pre-training stage, 
participants completed pre- and post-session SSQ, and their 
nausea scores were recorded every 5 min during each ses-
sion. Participants were permitted to request a stop if they 
experienced moderate nausea, which was indicated by a 
MaxNausea score of 7.

Experiment procedure

Pre-training stage

In the pre-training stage, the baseline EEG phase synchro-
nization and VIMS susceptibility were measured under two 
types of VIMS-provoking stimulation: roll rotation (ROL) 
and pitch rotation (PIT). This stage consisted of two EEG 
test sessions, which included short visual motion exposures 
with breaks to prevent VIMS, and two behavioral test (BEH) 

Table 1  Summary of the group information on VIMS susceptibility, 
demographic characteristics, and EEG data quality

VIMSres group VIMSsus 
group

P

Pre-training stage
Number of 
participants

15 19

Age (years) 23.33 ± 3.26 23.73 ± 3.43 0.404
Gender (male%) 60% 42.1%
MSSQ 12.68 ± 12.32 26.23 ± 11.09 0.004**
BEH(ROL) 
MaxNausea

1.27 ± 0.46 4.11 ± 1.99 < 0.001***

BEH(PIT) 
MaxNausea

1.20 ± 0.41 3.32 ± 1.83 < 0.001***

EEG(ROL) valid 
epochs

119.93 ± 23.11 117.21 ± 25.11 0.747

EEG(PIT) valid 
epochs

107.80 ± 23.04 116.47 ± 25.81 0.316

Training stage
Number of 
participants

12 17

Trained participants 12 13
Untrained 
participants

0 4

Post-training stage
Number of trained 
participants

12 13

Age (years) 23.23 ± 3.63 23.83 ± 3.38 0.672
Gender (male%) 38.5% 58.3%
BEH(ROL) 
MaxNausea

1.00 ± 0.00 1.62 ± 0.51 0.008**

BEH(PIT) 
MaxNausea

1.00 ± 0.00 1.12 ± 1.12 0.022*

EEG(ROL) valid 
epochs

117.25 ± 22.86 104.46 ± 19.95 0.149

EEG(PIT) valid 
epochs

114.25 ± 34.28 127.54 ± 33.72 0.339

*p < 0.05, **p < 0.01, ***p < 0.001. VIMSres: VIMS-resistant; VIMS-
sus: VIMS-susceptible; BEH: behavioral test; ROL: roll rotation 
stimulation; PIT: pitch rotation stimulation; MSSQ: Motion Sick-
ness Susceptibility Questionnaire; MaxNausea: maximum nausea 
score recorded during each exposure. Unpaired Student’s t-tests were 
applied to compare between groups; as for non-normal distributed 
rating scores, unpaired Wilcoxon signed-rank tests were employed. 
Noted that there were no differences between the VIMSsus and VIM-
Sres groups in terms of age and the quality of EEG data, except for 
the significant difference in VIMS susceptibility
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one-day interval between them. Similar to the pre-training 
stage, the order of ROL and PIT sessions was randomly 
assigned to participants. The SSQ and nausea scores were 
collected following the same procedure as in the pre-train-
ing stage.

After the BEH sessions, a follow-up experiment to ana-
lyze changes in EEG phase synchronization was conducted 
with a one-day interval. EEG recordings were obtained in 
separate sessions, with a one-day interval between them to 
avoid fatigue. Similar to the pre-training stage, the EEG ses-
sion consisted of 14 blocks, with an equal number of ROL 
and PIT blocks. The order of ROL and PIT blocks was ran-
domly assigned to participants. The EEG trial procedure 
was implemented in the same manner as in the pre-training 
stage.

The completion criteria for the adaptation training stage 
were as follows: (1) the MaxNausea scores reported by a 
participant in two consecutive sessions were both lower 
than 2, and (2) the participant had completed a minimum 
of 7 behavioral (BEH) sessions. Participants were allowed 
a maximum of 10 BEH sessions for training. If a partici-
pant’s MaxNausea scores remained above 2 even after 10 
sessions, they were considered to have failed to complete 
the adaptation training. These participants were placed in 
the “Untrained” group, while those who successfully com-
pleted the training were classified in the “Trained” group.

Post-training stage

In the post-training stage, the VIMS susceptibility and EEG 
phase synchronization were re-evaluated under two types 
of VIMS-provoking stimulation: ROL and PIT (see Fig. 1A 
for illustration). Two BEH sessions were conducted with a 

Fig. 1  Illustration of experimental procedures. A Stages of the experi-
ment. B Trial procedure in a typical EEG session. C Procedures in 
BEH session. D Three types of visual motion stimuli used in the exper-
iments. Arrows are added here to indicate the movement of dots but 

were not present in the experiments. BEH: behavioral test; ROL: roll 
visual stimulation; PIT: pitch rotation stimulation. Note that the order 
of ROL/PIT was randomly selected for each subject
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directions at the same tangential velocities as their counter-
parts in the ROL/PIT conditions (Brandt et al. 1998; Wei et 
al. 2019; Zhao 2017).

Apparatus and setups

The stimulations and EEG synchronization triggers used 
in the experiment were generated using Psychtoolbox-3 
(Brainard 1997; Pelli 1997) with Matlab (version R2015b, 
academic license). The stimuli were displayed on a 65-inch 
OLED screen at a viewing distance of 50 cm, with a refresh 
rate of 60 Hz. The screen had a size of 1448 mm × 836 mm, 
providing a field of view of 114.17° × 79.79°. During the 
visual presentations, a black round disk area with a diameter 
of 10.84 cm (equivalent to 12.42°) and a red fixation point 
with a diameter of 5.42 mm (equivalent to 0.62°) were dis-
played at the center of the screen to ensure a stable fixation 
point for the participants. During the EEG sessions, partici-
pants were seated in front of the screen and were instructed 
to focus their gaze on the fixation point. A chin-rest was used 
to limit head and body movement in EEG sessions. In BEH 
sessions, participants also focused on the fixation point of 
the visual stimulation while standing. The screen was posi-
tioned at eye level in all sessions to ensure consistency.

The experiment was conducted inside an acoustic booth 
(a 1400-A-CT chamber custom-built by the Industrial 
Acoustics Company Limited). The metal wireframe of the 
booth provided electromagnetic shielding for the EEG elec-
trodes, protecting them from background noise. The booth 
consisted of an inner and an outer compartment, with all 
computers placed in the outer compartment to minimize 
electrical interference. The OLED display was shielded 
with grounded wire mesh to further reduce potential inter-
ference. To eliminate visual distractions, we turned off all 
the lights and covered the TV and the participants with a 
large black curtain. This setup was consistent with previous 
studies conducted by Wei et al. (2018, 2019, 2023).

EEG collection and processing

During the experiment, EEG signals were collected using 
a DC-coupled NuAmps amplifier (Compumedics Neu-
roscan, 22 bits, monopolar). The amplifier was connected 
to 32-channel Ag/AgCl electrodes (Quik-Cap, Compumed-
ics Neuroscan) that were placed on the participant’s scalp 
according to the international 10–10 system referenced to 
linked mastoid electrodes. The impedance between each 
channel and the ground channel (AFz) was maintained 
below 10 kΩ. The raw EEG data were digitized at a sam-
pling rate of 1000 Hz and with a bandwidth of DC-260 Hz.

Visual motion stimuli

In this study, the visual stimuli consisted of grey dots with 
diameters ranging from 3.87 to 10.84 mm, which were dis-
played in random positions on a black background. There 
were three types of motion stimuli: coherent roll rotation 
(ROL), coherent pitch rotation (PIT), and random motion 
(RAN) (see Fig.  1D). In all motion conditions, approxi-
mately 1400 grey dots were visible on the screen. In the 
ROL condition, all grey dots rotated coherently in an anti-
clockwise direction around the center of the screen at an 
angular velocity of 32°/s, following the same approach as 
in previous work by Wei et al. (2019). In the PIT condition, 
all grey dots rotated around the pitch axis at the same veloc-
ity as in the ROL condition. In the RAN condition, similar 
randomly-positioned dots were used, but instead of rotat-
ing in a coherent manner, they moved linearly in random 

Fig. 2  Nausea and SSQ scores in pre-training stage of two VIMS 
groups under ROL and PIT condition. VIMSsus: VIMS-susceptible 
group (indicated by red color; n = 15); VIMSres: VIMS-resistant group 
(indicated by blue color, n = 19). Nausea score: nausea reported using a 
7-point scale every 5 min. SSQ = post-SSQ – pre-SSQ (simulator sick-
ness questionnaires rated after exposure, with the scores subtracted 
from those rated before exposure. Detail results of pre-/post-expo-
sure SSQ are in Online Appendix I.2). ns: not significant; *p < 0.05; 
**p < 0.01; ***p < 0.001. Wilcoxon signed-rank test was employed. A 
Reported nausea and SSQ scores of two groups under ROL (roll rota-
tion stimulation) condition. B Reported nausea and SSQ scores of two 
groups under PIT (pitch rotation stimulation) condition
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PLV j,k(f, t) = N−1|
∑

ei[φ j(t)− φ k(t)]|

Theta-band synchronization is commonly implicated in 
sensory conflict processing (Aitake et al., 2011a; Araújo et 
al., 2002; Jo et al., 2017; White et al., 2012) and has also 
been linked to the development of motion sickness (Chelen 
et al. 1993; Wei et al. 2019). Therefore, the present study 
also focused on theta-band phase synchronization, follow-
ing previous experimental paradigms (Wei et al. 2019).

The dynamic time window representing the sensory con-
flict processing were determined following the methods 
described in previous work (Wei et al. 2019). Firstly, the 
node strength of each electrode was calculated by averag-
ing all the PLV z  value of links connected to it. Then, the 
cluster-based permutation test (Maris and Oostenveld 2007) 
was adopted for both visual stimulations (ROL/PIT) to test 
the time points and electrodes demonstrating statistically 
significant difference with RAN conditions. Finally, the 
time period that was significantly higher than the RAN con-
dition for both the ROL and PIT stimulus conditions was 
identified as the critical time window. The final PLV z  for 
each visual condition (ROL/PIT) was calculated by averag-
ing the PLV z  across the identified critical time period.

Validations

The validation tests were performed to ensure the robustness 
and reliability of the results, accounting for small variations 
in epoch numbers. The Phase Locking Value (PLV) was 
transformed using Rayleigh’s Z value to correct for the bias 
associated with the number of epochs (Totah et al. 2013). 
All analyses were repeated based on the Z-transformed PLV.

Machine learning models

To explore whether whole-brain EEG phase synchroniza-
tion could help identify individuals susceptible to motion 
sickness and track changes in individual susceptibility. We 
trained two different machine learning models, Support 
Vector Machine (SVM) and logistic regression (LR), using 
the data from all 34 participants during the pre-training 
stage, across all visual stimuli. Because leave-one-out cross 
validation (LOOCV) is particularly useful for estimating the 
generalizability of classifiers, especially when the sample 
size is small (Pereira et al. 2009), this method was utilized 
to evaluate the performance of classifiers.

Since there are a total of 30 electrodes spaced over the 
whole head, forming 435 connection pairs, we employed 
forward feature selection, starting with the best-perform-
ing feature and gradually adding the most optimal feature 
at each step (the feature selection process is illustrated in 
Online Appendix I.3). The permutation test was used to 

EEG signal preprocessing

Prior to data analysis, a bandpass finite impulse response 
filter with a frequency range of 1.6–47 Hz was applied to 
remove unwanted frequencies and enhance the signal qual-
ity. Epochs corresponding to the different experimental con-
ditions (ROL, PIT, RAN) were extracted from 2  s before 
the onsets to 3  s after the onsets. Then, epochs contain-
ing artifacts were excluded from further analysis. Artifact 
rejection was performed using the ERPLAB plugin within 
the EEGLAB toolbox. The moving-window peak-to-peak 
method was applied twice with different parameters (win-
dow size: 200 ms, step: 50 ms, threshold: ±100 µV; window 
size: 20 ms, step: 50 ms, threshold: ±50 µV). Epochs with 
extreme amplitudes exceeding ± 150 µV were also rejected. 
Table 1 is a summary of numbers of remaining valid EEG 
epochs. To further improve data quality, independent com-
ponents analysis was applied to these remaining epochs. 
Artifactual components associated with blinking and eye 
movements were identified and removed by using an ICA-
based procedure with the ADJUST plugin within EEGLAB 
(Mognon et al. 2011).To mitigate the effects of volume con-
duction, current source density analysis was performed at 
each electrode position on the cleaned epochs. This involved 
applying a spline interpolation with an order of 4 and a pre-
cision of 1.0e-5, following the method proposed in previous 
work (Kayser and Tenke 2006a, b).

Phase synchronization calculation

Wavelet analyses were performed to extract the instan-
taneous phase at each millisecond and at 1-Hz intervals 
with the central frequency ranging from 2 to 46  Hz, fol-
lowing previous works (Kawasaki et al. 2014; Lachaux, 
Jean-Philippe Rodriguez et al., 2000; Wei et al. 2019). The 
parameters used for the wavelet analysis were set as follows: 
f/σ f = 6, where σ f = 1/ (2π σ t), and σ t represents 
the standard deviation of the Gaussian window. To quantify 
the phase synchronization between the bilateral temporal 
and parietal regions, the phase locking value (PLV) was 
computed. In this work, the PLV analysis focused on the 
connections between inter-hemispheric pairs of electrodes 
placed over the temporal and parietal regions. Specifically, 
for the left hemisphere, we chose electrodes located in 
the temporal-parietal region, namely P3, P7, and TP7. In 
the right hemisphere, we selected symmetrical electrodes, 
namely P4, P8, and TP8 (see Fig. 4a). The PLV analysis was 
performed at each time point within the epoch between each 
pair of electrodes, following previous work. For a condition 
with N epochs, the PLV between electrode j and k, at time 
point t and frequency f was calculated as (Lachaux et al. 
1999; Totah et al. 2013):

1 3

Page 7 of 17  173



Cognitive Neurodynamics (2025) 19:173

3 VIMS-susceptible participants required additional expo-
sure and satisfied the accomplishment criteria (one needed 
9 training sessions training; another two needed 10 train-
ing sessions). In addition to the trained participants, there 
were 4 VIMS-susceptible participants who did not meet 
the criteria even after 10 training sessions. These untrained 
participants still experienced VIMS symptoms and nausea 
when exposed to ROL stimulation for 20 min after training 
(Untrained = 4). Figure 3a illustrates the change in MaxNau-
sea scores of the trained participants over the course of 7 
regular training sessions. The training profile and MaxNau-
sea scores of all types of participants are in Online Appen-
dix I.2.

All trained participants completed the post-training stage. 
Figure 3b and c present the MaxNausea scores for the pre-
training and post-training stages, respectively, for the two 
trained VIMS groups (VIMSres and VIMSsus). In the ROL 
condition, both the MaxNausea scores [related samples 
Wilcoxon signed rank test, p = 0.003] and SSQ (SSQ = post-
SSQ – pre-SSQ) scores [related samples Wilcoxon signed 
rank test, p = 0.023] of the VIMSsus group showed a signifi-
cant reduction after training.

For the untrained visual stimuli, the results revealed that 
the training effects successfully transferred to the PIT con-
dition in terms of nausea. The MaxNausea scores of the 
VIMSsus group showed a significant reduction after train-
ing [related samples Wilcoxon signed rank test, p = 0.016]. 
For the overall symptoms measured by SSQ, although a 
decreasing trend was observed, the effects were not statisti-
cally significant (p = 0.151). As for VIMSres group, no sig-
nificant difference was found in MaxNausea and SSQ scores 
between the pre-training and post-training stages. The results 
confirmed that the VIMS susceptibility of trained VIMSsus 
participants was reduced after the training, while the VIMS 
susceptibility of the VIMSres group remained unchanged.

EEG phase synchronization results

Firstly, to identify the critical time window related to self-
motion perception (Wei et al. 2019), we compared the 
averaged global PLV node strength between the random 
(RAN) condition and each rotation condition (ROL, PIT). 
A cluster-based permutation test was applied on the EEG 
datasets collected in the pre-training stage for each visual 
condition (n = 34). For the ROL condition, a positive cluster 
was identified in the time window of 157-466ms [p < 0.001] 
(Fig. 4B). For the PIT condition, a positive cluster was found 
in the time window of 181-341ms [p = 0.003] (Fig. 4C). To 
enable a comparative analysis for different visual condi-
tions, a critical time window of 181-341ms that overlapped 
with both the ROL and PIT conditions was selected. The 
PLV values within the critical time window were averaged 

assess whether the accuracy values obtained were signifi-
cantly higher than what would be expected by chance. The 
class labels (VIMSsus or VIMSres group) were randomly 
shuffled across the entire sample, and the classification pro-
cedure was repeated 5,000 times. The p-value for accuracy 
was determined by calculating the proportion of permuta-
tions that resulted in a higher value than the actual observed 
value in the real sample, divided by the total number of per-
mutations (Cui et al. 2016).

Results

Baseline VIMS level in pre-training stage

In pre-training stage, the baseline VIMS level exhibited a 
similar pattern under both ROL and PIT conditions. Fig-
ure  2 provides an overview of the baseline VIMS levels 
for the VIMSsus and VIMSres groups, assessed during the 
long exposure (20-min) to VIMS provoking stimulation 
in BEH sessions. With increasing exposure to VIMS pro-
voking stimulation, only the VIMSsus group demonstrated 
a significant increase in nausea score (Fig.  2). Moreover, 
the post-SSQ score of the VIMSsus group was significantly 
higher than their pre-SSQ score, indicating a significant 
post-exposure increase in MS symptom severity [Wilcoxon 
signed rank test, p < 0.001]. In contrast, the VIMSres group 
maintained a consistently low level of nausea throughout 
the study, with no significant differences observed between 
their nausea scores (Fig.  2). Additionally, the SSQ score 
(post-SSQ – pre-SSQ) of VIMSsus group was found to be 
significantly higher than that of the VIMSres group [Wil-
coxon signed rank test, p < 0.001].

Table 1 presents the detailed mean and standard devia-
tion values for MSSQ and MaxNausea scores in the BEH 
sessions for each group (VIMSsus/VIMSres) and visual 
condition (ROL/PIT). The MSSQ and MaxNausea scores 
of the VIMSsus group were significantly higher than those 
of the VIMSres group (see Table 1). These findings provide 
further support for the differential susceptibility to VIMS 
between the VIMSsus and VIMSres groups. Furthermore, 
the results confirmed that both visual stimulations (ROL, 
PIT) were capable of provoking VIMS in the susceptible 
group.

Adaptation training results

The training results are summarized in Table 1. In the train-
ing stage, a total of 25 participants, including 13 participants 
in the VIMSsus group, successfully completed the training 
and adapted to ROL stimulation (Trained = 25). Most trained 
participants completed the training within 7 sessions; while 
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Fig. 4  Electrodes and critical time window for PLV indicator. A Posi-
tions of six selected electrodes on the scalp, located over the bilateral 
temporal-parietal regions. Nine inter-hemispheric connections formed 
by pairing these electrodes are indicated by dark blue lines. PLV was 
calculated for each of those connections. B Line graph showing differ-
ence of the averaged overall PLV of between ROL (roll rotation) and 

RAN conditions. The topography displays node strength distribution 
(averaged across window 154-466ms of the significant cluster). C Line 
graph showing difference of the averaged overall PLV of between PIT 
(pitch rotation) and RAN conditions. The topography displays node 
strength distribution (averaged across the window 181-341ms of the 
significant cluster)

 

Fig. 3  Adaptation training results for trained participants. VIMSsus: 
VIMS-susceptible group (indicated by red color; n = 13); VIMSres: 
VIMS-resistant group (indicated by blue color, n = 12). MaxNausea: 
maximum nausea score recorded during each exposure. ns, not signifi-
cant; ** p < 0.01; * p < 0.05. A Changes in MaxNausea scores reported 
by the two groups (showed with mean and std) of trained participants 
over the training sessions. Note that Session 0 corresponds to the 
results of the pre-training stage. B Box plot represents the MaxNausea 

scores for the trained participants from VIMSres and VIMSsus groups 
in the pre-training and post-training stages under the ROL (roll rota-
tion) condition. C Box plot represents MaxNausea scores for the same 
two groups in the pre-training and post-training stages under the PIT 
(pitch rotation) condition. Note that the untrained participants, who 
were not the focus of this study, were not included in this figure but are 
shown in Online Appendix I.2 for clarity
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stage. Similarly, for the PIT condition in the trained VIMS-
sus group, the PLV value also significantly increased after 
training [t(12) = 3.087, p = 0.009, Cohen’s d = 0.86]. No sig-
nificant difference was observed before and after training in 
the VIMSres group. These results suggested that inter-hemi-
spheric PLV values were enhanced when the susceptibility 
was reduced, supporting H2a. Additionally, this identified 
inter-hemispheric PLV value remained unchanged in VIM-
Sres participants whose susceptibility was not affected by 
training, indicating that the effect was not caused by the 
training procedure itself (supporting H2b). Furthermore, 
these effects were observed for both types of visual stimuli 
(ROL and PIT), suggesting that this inter-hemispheric EEG 
phase synchronization was associated with general VIMS 
susceptibility rather than specific types of visual stimuli 
(supporting H3).

Predicting VIMS using EEG phase synchronization

To further explore the association between the identified 
PLV indicators and actual motion sickness symptoms, we 
calculated Spearman’s rank correlation coefficients between 
PLV values and VIMS measures (MaxNausea and SSQ 
scores). Additionally, we included MSSQ and VIMSSQ-
short for comparison with traditional scales. We found that 
during the pre-training stage, regardless of the ROL or PIT 
condition, the PLV values of the connection pair P4-P7 were 

for all connections of interest (see Fig. 4A) in each condi-
tion and for each participant for further analysis.

To examine the difference in inter-hemispheric EEG 
phase synchronization between the VIMSsus group and 
VIMSres group, independent sample t-tests were conducted 
for all connections of interest in each condition during the 
pre-training stage. For the ROL condition, the inter-hemi-
spheric pair P4-P7 showed a significant difference after 
applying Bonferroni correction [t(32) = 3.673, p = 0.001, 
Cohen’s d = 1.27], with the VIMSres group exhibiting 
higher PLV values than the VIMSsus group. Similarly, for 
the PIT condition, the pair P4-P7 also showed a significant 
difference [t(32) = 2.866, p = 0.007, Cohen’s d = 0.99] in the 
same direction. No other connection of interest reached sig-
nificance. These results indicated that the VIMSres group 
displayed stronger inter-hemispheric PLV values compared 
to the VIMSsus group, supporting H1.

To investigate the changes in this identified inter-hemi-
spheric EEG phase synchronization after reducing VIMS 
susceptibility, paired-sample t-tests were conducted on the 
P4-P7 pair between the pre-training and post-training stages 
in each condition. Figure 5 depicts the averaged PLV values 
in the pre-training and post-training stages for the trained 
participants. For the ROL condition in the trained VIMSsus 
group, the PLV value significantly increased after training 
[t(12) = 3.217, p = 0.007, Cohen’s d = 0.89], with the post-
training stage showing higher values than the pre-training 

Fig. 5  Effects of training on 
inter-hemispheric EEG phase 
synchronization. VIMSsus: VIMS-
susceptible group (indicated by red 
color; n = 13); VIMSres: VIMS-
resistant group (indicated by blue 
color, n = 12). *** p < 0.001, ** 
p < 0.01, * p < 0.05. A Under the 
ROL (roll rotation) condition, the 
PLV (Phase locking value) of the 
connection pair P4-P7 in the pre-
training and post-training stages for 
the trained VIMS groups. B Under 
the PIT (pitch rotation) condition, 
the PLV values of the connection 
pair P4-P7 in the pre-training and 
post-training stages for the trained 
VIMS groups. C Illustration for 
the location of electrodes based 
on 10–10 system. The connection 
pair linking electrode P4 and P7 is 
highlighted by blue
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the significance level of permutation tests under each condi-
tion with the optimal feature size. Figure 6C displays the 
positions on the scalp of the top 5 selected features of elec-
trode pairs chosen by the forward feature selection. Among 
these features, the top two ranked electrode pairs were 
P4-Cpz and P4-P7. Additionally, all top 5 connections are 
linked to electrode P4 (Fig. 6C), indicating the importance 
of the right parietal region.

.

Validation results

To account for potential effects of epoch size variation, all 
data processing was re-analyzed using Z-transformed PLV 
data. These re-analyses confirmed that all results remained 
robust and consistent with the main findings (see Online 
Appendix I.4 for details).

To validate the statistical power of current study, we 
conducted a post-hoc power analysis using the G*Power 
software(Faul et al. 2007) to obtain the power ( 1 − β ) 
of the tests supporting our hypotheses. Regarding H1, the 
results were supported by the significant independent sam-
ple t-tests between VIMSsus group and VIMSres group for 
ROL[t(32) = 3.673, p = 0.001, Cohen’s d = 1.27] and PIT 
[t(32) = 2.866, p = 0.007, Cohen’s d = 0.99] condition, the 
achieved power (1-β) calculated are 0.97 (ROL) and 0.88 
(PIT). Regarding H2/H3, the results were paired-sample 
t-tests between the pre-training and post-training stages 
in trained participants for ROL [t(12) = 3.217, p = 0.007, 
Cohen’s d = 0 0.89] and PIT [t (12) = 3.087, p = 0.009, 
Cohen’s d = 0.86] condition, the achieved statistical power 
( 1 − β ) calculated are 0.92 and 0.90.

Discussion

This study utilized a combined cross-sectional and longi-
tudinal experimental design. By manipulating adaptation 
training to reduce VIMS susceptibility in participants and 
comparing their EEG phase synchronization with that of 
the control counterparts, we aimed to thoroughly examine 
the association between inter-hemispheric connectivity of 
the bilateral temporal-parietal region and VIMS suscepti-
bility. In this section we elaborate on three major topics: 
(a) cross-sectional evidence, (b) longitudinal evidence, and 
(c) the use of EEG phase synchronization for identifying 
susceptible individuals. Finally, some limitations and future 
directions are discussed.

significantly correlated with VIMS measures (see Table 2). 
In general, these coefficients were higher compared to tradi-
tional subjective VIMS susceptibility rating scales (MSSQ 
and VIMSSQ-short). No significant correlation was found 
in the post-training stage, possibly due to the reduced VIMS 
and limited symptoms reported by most participants in that 
stage.

Then, we further analyzed whether machine learning 
models (SVM, LR) can differentiate VIMSsus individuals 
based on PLV connections calculated across all electrode 
pairs placed over the entire brain. As the susceptibility of 
participants were modified through adaptation training, we 
also conducted additional tests to determine whether these 
models had the ability to recognize changes in susceptibility 
categories during the post-training stage. The participants 
were re-labeled using the same classification criteria as in 
the pre-training stage. Specifically, the 25 participants who 
were successfully trained were relabeled as the VIMSres 
group, while the untrained participants remained labeled as 
the VIMSsus group. Machine learning models were trained 
using additional data from one type of visual stimuli and 
evaluated using a different type of visual stimuli. Therefore, 
each model was tested using visual stimuli data in the post-
training stage that it had not encountered before.

The results showed that the SVM and LR models 
achieved an accuracy of over 75% on both pre-training and 
post-training data. For the pre-training stage, the optimal 
feature size was approximately 40 for all models, while for 
the post-training stage, the optimal feature size was around 
20 (see Online Appendix I.3). Overall, a smaller feature 
size was found to benefit the generalization of the models 
to post-training stage. Permutation tests revealed that the 
accuracy of all models was significantly higher than chance. 
Figure 6A displays the accuracy for the different models and 

Table 2  Correlation between PLV values, traditional VIMS suscepti-
bility scales and VIMS symptom levels in pre-training stage

SSQ
(ROL)

SSQ
(PIT)

MaxNau-
sea (ROL)

MaxNau-
sea (PIT)

P LV P 4−P 7 (ROL) −0.606**
(p = 0.001)

−0.494**
(p = 0.012)

−0.609**
(p = 0.001)

−0.399*
(p = 0.048)

P LV P 4−P 7(PIT)
−0.546**
(p = 0.005)

−0.422*
(p = 0.035)

−0.589**
(p = 0.002)

−0.243
(p = 0.242)

MSSQ 0.328
(p = 0.110)

0.552**
(p = 0.004)

0.282
(p = 0.172)

0.395
(p = 0.051)

VIMSSQ-short 0.060
(p = 0.775)

0.184
(p = 0.378)

0.177
(p = 0.398)

0.303
(p = 0.141)

*p < 0.05, **p < 0.01, ***p < 0.001. P LV P 4−P 7: the averaged PLV 
value of electrode pair P4 and P7 across critical time window; ROL: 
roll rotation stimulation; PIT: pitch rotation stimulation; SSQ = post-
SSQ – pre-SSQ. MaxNausea: maximum nausea score recorded 
during each exposure; MSSQ: Motion Sickness Susceptibility Ques-
tionnaire; VIMSSQ-short: Visually Induced Motion Sickness Sus-
ceptibility Questionnaire; Note that the table displays the Spearman’s 
rank correlation coefficients (ρ) and the statistical significance (p-val-
ues) of the coefficients
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motion sickness susceptibility (Sakai et al. 2022). Another 
fMRI study found desynchronization in the bilateral tem-
poral-parietal region of a VIMS-susceptible group during 
VIMS-provoking stimuli (Miyazaki et al. 2015). Over-
all, these findings suggest that VIMSsus individuals have 
weaker functional connectivity involving the temporal-pari-
etal regions, indicating reduced dynamic coordination in 
processing VIMS-provoking stimuli compared to VIMSres 
individuals.

Longitudinal results: Co-variation of VIMS 
susceptibility and functional connectivity

Importantly, this study further longitudinally compared 
changes in EEG phase synchronization levels in the trained 

Cross-sectional results: vimssus group exhibited 
weaker functional connectivity

Results from the pre-training stage indicated that the VIMS-
sus group showed weaker dynamic functional connectivity 
in the bilateral temporal-parietal region when exposed to 
VIMS-provoking stimuli compared to the VIMSres group. 
These findings are consistent with previous research com-
paring susceptible and resistant individuals. For example, 
Wei et al. (2019) found impaired EEG theta-band phase 
synchronization to the temporal and parietal region in 
VIMS-susceptible individuals under similar visual motion 
stimulation. Previous MRI studies have found that both 
resting-state functional connectivity and structural con-
nectivity strength in the parietal region are associated with 

Fig. 6  Machine learning model performance and top features for iden-
tifying VIMS susceptibility. A Performance of the machine learning 
models (SVM and LR) evaluated on different tasks. All reported results 
were obtained using the optimal feature size for each specific model, 
which varied for different conditions (detailed in Online Appendix 
I.3). *** p < 0.001 for comparison with chance. The pre-training stage 
involved training the models in two visual conditions and evaluat-
ing them using LOOCV. In the post-training stage, the models were 
trained on additional data from one visual stimulus type and evalu-

ated on another type. B Histogram of the permutation distribution 
of accuracy. The arrow indicates the accuracy value that achieved a 
significant p-value of 0.001. C The diagram displays the top five con-
nection pair features selected through forward feature selection using 
pre-training stage data. The thickness of the connecting lines indicates 
feature importance, with thicker lines representing earlier selection. 
All important features are connected to P4, highlighted by a yellow 
circle
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between two multisensory integration centers—the right 
VIP and the left MT+. According to the decentralized mul-
tisensory integration model (Zhang et al. 2016, 2019), such 
centers are not functionally redundant but serve as distrib-
uted nodes that collectively support optimal information 
integration. Stronger dynamic connectivity between these 
regions may promote the resolution of conflicting sensory 
cues by supporting consistent and coherent multisensory 
representations (Zhang et al. 2019). In contrast, weaker 
connectivity may lead to the segregation of sensory signals 
and inconsistent responses between the processing centers 
of visual and vestibular modalities (e.g., VIP and MT+), 
contributing to unresolved sensory conflicts and increased 
susceptibility to motion sickness.

Potential of EEG phase synchronization for 
identifying susceptible individuals

In this study, participants were trained using roll rota-
tion stimuli, and the results showed that the effectiveness 
of enhancing VIMS resistance successfully transferred to 
untrained pitch rotation stimuli. Following the training, par-
ticipants reported a significant decrease in the severity of 
nausea specifically in response to the untrained pitch stim-
uli. Importantly, despite not being involved in the training, 
EEG phase synchronization obtained under the pitch condi-
tion showed enhancement after the training. This not only 
confirms that this study identified PLV indicators that are 
insensitive to stimulus type but also rules out the possibil-
ity that these connectivity changes are simply due to visual 
habituation.

In addition, the strengths of identified PLV indicators 
under both types of stimuli were closely related to the sever-
ity of individual motion sickness symptoms. This further 
supports the association between the strength of dynamic 
inter-hemispheric connections and VIMS susceptibility, 
confirming that PLV indicators derived from EEG data 
could serve as objective measures for screening individuals 
prone to motion sickness.

Indeed, EEG data can be used to train VIMS-predict-
ing models. Specifically, machine learning models trained 
with whole-brain EEG phase synchronization connectiv-
ity strength can effectively identify susceptible individuals, 
even track their susceptibility changes. By incorporating 
data from a specific type of visual stimuli, these models can 
effectively identify the susceptibility to VIMS in individu-
als during the post-training stage, using data from novel 
visual stimuli. Interestingly, the EEG phase synchronization 
connection features selected by the classifier (Fig.  6) are 
consistent with our hypotheses regarding inter-hemispheric 
connections. The feature selection results also underscore 
the importance of the identified inter-hemispheric PLV 

VIMSres group before and after adaptation training. This 
comparison aims to provide stronger novel evidence of the 
association between VIMS susceptibility and brain functional 
connectivity strength. Given our focus on inter-hemispheric 
connectivity, we examined the long-range connectivity link 
(electrode pair P4-P7) identified in the pre-training stage. 
We found that the dynamic connectivity between electrodes 
P4-P7 was not only weaker in the VIMS-susceptible popu-
lation but also significantly enhanced after they exhibited 
improved resistance to VIMS through adaptation training. 
Furthermore, for the VIMSres group, whose susceptibility 
did not significantly change, connectivity remained stable. 
These findings provide dual support for the notion that the 
dynamic connectivity strength between electrodes P4-P7 is 
associated with VIMS susceptibility rather than the training 
process or inherent differences among specific groups.

Functional substrates underlying P4–P7 
connectivity in MS

The response of the P4 channel to visual motion stimula-
tion likely reflects neural activity in the right VIP and right 
temporoparietal junction (TPJ). Both VIP and TPJ are con-
sidered key nodes in the vestibular processing network and 
also receive input from visual motion signals (Chen et al. 
2011b; DeAngelis et al. 2017; Smith et al. 2017; Wall and 
Smith 2008). This is supported by previous human EEG 
and fNIRS studies, which have shown that channels around 
P4 respond to both vestibular (Zhao et al. 2023) and visual 
motion stimuli (Dowsett et al. 2020; Keshavarz and Berti 
2014; Vilhelmsen et al. 2015; Yeo et al. 2024). Although 
multiple cortical regions are involved in visuo-vestibular 
multisensory integration, the right parietal cortex appears 
to also play a particularly central role in processing self-
motion conflicts (Sakai et al. 2022). Its activation strength 
has been closely associated with motion sickness severity 
(Yeo et al. 2024).

As for P7, based on prior research, the activity at this elec-
trode likely reflects neural responses from the left MT + area 
(Scrivener and Reader 2022), which is a key region within 
the visual motion processing network that also receives ves-
tibular inputs (Britten 2008; Chen et al. 2011a; DeAngelis 
et al. 2017; Gu et al. 2008). While the activation strength 
of MT + itself may not be directly associated with motion 
sickness (MS), previous studies have shown that functional 
connectivity involving MT+, particularly long-range inter-
hemispheric connections (Miyazaki et al. 2015), is nega-
tively associated with MS susceptibility—i.e., weaker or 
fewer such connections are linked to higher susceptibility 
(Wei et al. 2019).

Therefore, the dynamic P4–P7 connectivity identified 
in this study may reflect interhemispheric communication 
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training protocol. Given the limited sample size, further 
studies with larger cohorts are needed to clarify these differ-
ences and potentially uncover distinct neural mechanisms.

Although the calculated statistical power for the main 
analyses exceeded 0.8, suggesting acceptable robustness, 
we acknowledge that the current results were based on a 
limited sample of university students. This may restrict the 
statistical power and generalizability of the findings, and 
further validation with a larger and more diverse sample is 
desirable. Moreover, it is important to note that non-visual 
factors, such as vestibular sensitivity and proprioceptive 
integration, may also contribute to individual differences in 
VIMS susceptibility. These factors were not systematically 
measured in the current study, which may limit the speci-
ficity of our conclusions. Future research should consider 
assessing vestibular function through tests like caloric or 
rotary chair stimulation, and proprioceptive integration via 
balance or joint position sense tasks. Controlling for these 
variables will help more precisely isolate the neural mecha-
nisms underlying VIMS.

Conclusion

This study is the first investigation to utilize adaptation 
training and discover that functional brain connectivity 
strengthens as susceptibility to VIMS decreases. The find-
ings emphasize the significant association between VIMS 
susceptibility and inter-hemispheric connectivity strength in 
the temporal and parietal regions. Of great importance, the 
study demonstrates that EEG phase synchronization indica-
tors can be used to identify VIMS susceptibility. The con-
nectivity strength patterns of EEG phase synchronization 
not only enable identification of individuals susceptible to 
VIMS but also facilitate tracking of individual susceptibility 
changes. Future work could explore real-time monitoring of 
individual susceptibility changes in motion sickness using 
EEG, potentially through portable or wearable systems. 
Such approaches could contribute to the prevention, detec-
tion, and mitigation of VIMS.
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indicator (P4-P7). Furthermore, the results highlight the 
strong association between EEG phase connections involv-
ing the right parietal region and vulnerability to VIMS. 
This aligns with previous research, which discovered that 
the global connectivity to the right temporal-parietal region 
under VIMS-proving stimulation has the ability to predict 
an individual’s MSSQ scores (Wei et al. 2019). Recent MRI 
research has also confirmed a strong correlation between 
VIMS and the global functional during resting state and 
structural connectivity to the parietal region (Sakai et al. 
2022).

In summary, these findings emphasize the value of EEG 
in objectively identifying susceptibility to VIMS. The 
advantage lies in the shorter trial time required for analyz-
ing PLV indicators, without the need for participants to 
experience motion sickness symptoms. This approach can 
be particularly useful for early identification of susceptible 
individuals and monitoring the occurrence of VIMS in spe-
cialized tasks (e.g., operating unmanned devices) before 
symptoms arise. It is worth mentioning that this study has 
confirmed that when the training effect successfully transfers 
to untrained novel stimuli, the EEG phase synchronization 
detected using the new stimuli also significantly enhances. 
This provides valuable neural evidence and a theoretical 
basis for designing better training processes in the future, 
monitoring training, and validating the transfer effects.

Limitations and future directions

This study primarily focused on the inter-hemispheric con-
nections between the temporal and parietal regions. In the 
analysis, we discovered that other EEG phase connections 
involving the right parietal region are also closely related 
to VIMS susceptibility. These findings, together with pre-
vious results (Wei et al. 2019; Sakai et al. 2022), suggest 
a potential hub role of the right parietal region in resolv-
ing VIMS-related conflicts. Future work incorporating 
graph-theoretical approaches and evaluating global network 
properties would be valuable for further elucidating the net-
work-level implications of these findings.

This work primarily examined participants who were 
trainable through repeated exposure to VIMS-provoking 
stimulation. Interestingly, we noticed that some participants 
did not show a decrease in susceptibility during the train-
ing, which is consistent with findings from previous studies 
where a minority of susceptible individuals did not respond 
to adaptation training (Howarth and Hodder 2008b; Regan 
1995). In follow-up analysis, non-trainable participants 
showed a non-significant trend toward higher baseline PLV 
under PIT stimuli (p = 0.085), and no significant change 
after training (p = 0.668). This may suggest that their VIMS 
susceptibility involves factors not addressed by the current 
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