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A B S T R A C T

Visually induced motion sickness (VIMS) can occur via prolonged exposure to visual stimulation that generates
the illusion of self-motion (vection). Not everyone is susceptible to VIMS and the neural mechanism underlying
susceptibility is unclear. This study explored the differences of electroencephalographic (EEG) signatures between
VIMS-susceptible and VIMS-resistant groups. Thirty-two-channel EEG data were recorded from 12 VIMS-
susceptible and 15 VIMS-resistant university students while they were watching two patterns of moving dots:
(1) a coherent rotation pattern (vection-inducing and potentially VIMS-provoking pattern), and (2) a random
movement pattern (non-VIMS-provoking control). The VIMS-susceptible group exhibited a significantly larger
increase in the parietal N2 response when exposed to the coherent rotating pattern than when exposed to control
patterns. In members of the VIMS-resistant group, before vection onset, global connectivity from all other EEG
electrodes to the right-temporal-parietal and to the right-central areas increased, whereas after vection onset the
global connectivity to the right-frontal area reduced. Such changes were not observed in the susceptible group.
Further, the increases in N2 amplitude and the identified phase synchronization index were significantly corre-
lated with individual motion sickness susceptibility. Results suggest that VIMS susceptibility is associated with
systematic impairment of dynamic cortical coordination as captured by the phase synchronization of cortical
activities. Analyses of dynamic EEG signatures could be a means to unlock the neural mechanism of VIMS.
1. Introduction

Continuous exposure to visual motion stimulation spanning a wide
field-of-view (FOV) can provoke symptoms similar to motion sickness
among stationary viewers. This has been referred to as visually induced
motion sickness (VIMS) (Hettinger et al., 1990; Keshavarz et al., 2015b;
So and Ujike, 2010; Zhang et al., 2015). VIMS is frequently reported
among users of virtual reality systems, with typical symptoms including
disorientation, oculomotor disturbance and gastrointestinal discomfort
(Chen et al., 2011; Griffin, 1990; Kennedy et al., 1993; Stanney et al.,
2002). Susceptibility to VIMS varies among individuals and is stimuli
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dependent (Chen et al., 2015; Diels and Howarth, 2011; Graeber and
Stanney, 2002; Guo et al., 2017; Ji et al., 2009; Kennedy et al., 2010;
Keshavarz et al., 2014, 2015b; Yokota et al., 2005). As the popularity of
virtual reality increases and concerns about VIMS grow (Rebenitsch and
Owen, 2016; So and Ujike, 2010), it is important to understand the
neural mechanism underlying VIMS. In particular, the ISO working group
on image safety called for more fundamental research on the etiology of
VIMS (ISO, 2005).

The mechanisms underlying VIMS susceptibility are not fully under-
stood. Humans perceive self-motion through the integration of infor-
mation from multiple modalities (e.g. visual, vestibular, somatosensory
and proprioceptive). The most widely accepted ‘sensory conflict theory’
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Abbreviations (in alphabetic order except rc and vc):

BC Baseline condition
CC Control condition
RC Rotation condition
VC Vection condition
CRS Coherent rotating dot pattern stimulation
EEG Electroencephalographic
FOV Field of view
MSSQ Motion Sickness Susceptibility Questionnaire
MTþ Middle temporal (MT) complex
NOI Node of interest
PLV Phase-locking value
PM Parietal midline
TP Temporal-parietal
SSQ Simulator Sickness Questionnaire
VEP Visual evoked potential
VIMS Visually induced motion sickness

Y. Wei et al. NeuroImage 202 (2019) 116028
predicts that between-modality and within-modality conflicts would lead
to motion sickness if these accumulated conflicts exceed a threshold
(Carriot et al., 2013; DeAngelis and Angelaki, 2012; Oman and Cullen,
2014). In the case of VIMS, visual motion spanning a wide FOV is pre-
sented to stationary viewers, thus visual input is in conflict with other
senses (Brandt et al., 1998; Dichgans and Brandt, 1978; Hettinger et al.,
1990). These conflicts, if accumulated, can cause VIMS among suscep-
tible individuals, while individuals who are resistant to VIMS are hy-
pothesized to be able to reduce sensory conflicts to below the sickness
threshold through coordination between visual and non-visual modal-
ities (Brandt et al., 2002, 1998). However, the dynamic neural basis
underlying VIMS susceptibility and the development of sensory conflicts
in this hypothesis have not yet been thoroughly examined.

Most former studies have focused on locating the brain areas associated
with VIMS. These studies have identified local blood-oxygen-level-
dependent (BOLD) or electroencephalographic (EEG) signals oscillating
components that are correlated with VIMS ratings (Chen et al., 2009;
Chuang et al., 2016; Napadow et al., 2013; Sheehan et al., 2009) or located
cortical areas showing differential responses between VIMS-susceptible
and VIMS-resistant groups (Farmer et al., 2015). However, little has
been reported on the functional connectivity mapping among relevant
cortical regions for groups with different levels of VIMS susceptibility, and
how this functional connectivity mapping changes across cortical regions
and over time under potentially VIMS-provoking stimulation. Miyazaki
et al. (2015), the only exception, restricted their exploration to
inter-hemispheric synchronization within visually-sensitive cortices
(Miyazaki et al., 2015). The functional connectivity mapping among
cortical regions responsible for different modalities (e.g., visual and
vestibular) has not been thoroughly studied. As VIMS involves coordina-
tion between different sensory inputs and their integration (central inte-
gration) (Brandt et al., 1998), it is important to examine cortical
synchronization among widely distributed brain regions (e.g. visual,
vestibular and somatosensory) and investigate how these synchronization
patterns develop across cortical regions and over time under coherent vi-
sual motion stimulation spanning a large FOV (capable of triggering VIMS
given prolonged exposure). As the phase synchronization of EEG rhythms
can reflect cortical coordination and sensory integration (Murray and
Wallace, 2011; Varela et al., 2001), this study utilized EEG phase syn-
chrony to capture the dynamic neural mechanisms underlying VIMS
susceptibility.

In order to isolate the cortical coordination associated with VIMS
susceptibility, we need to measure and control for two important con-
founding factors. The first one is the illusion of self-motion (known as
vection). VIMS-provoking visual stimulation often induce vection with
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various individualized latencies (Chen et al., 2011; Keshavarz et al.,
2015b). Although VIMS and vection have been frequently reported
together (Chen et al., 2011; Nooij et al., 2017; Palmisano et al., 2018; Wei
et al., 2018), the nature of their relationship is not fully understood. VIMS
can occur with or without vection, and conversely, vection can occur
with and without VIMS (Keshavarz et al., 2015b). According to the
sensory integration perspective, the onset of vection might indicate a
different stage of sensory integration from the initial period when sta-
tionary individuals exposed to visual stimuli still feel that they are not
moving (Brandt et al., 1998). At the moment when they start to perceive
self-motion, their inner perception models are reportedly being updated
toward the visual input (Kleinschmidt et al., 2002; Thilo et al., 2003).
Brain activities before and/or after the onset of vection have been the
subject of many studies (Berti et al., 2018; Keshavarz et al., 2015a;
Kleinschmidt et al., 2002; Str�o _zak et al., 2016; Thilo et al., 2003). While
these studies have set different objectives, one common finding is that
the occurrence of vection is associated with changes in neural activities.
Hence, it is necessary to record and analyze the data before and after the
onset of vection for each individual to isolate the confounding effects
caused by variations in vection perception. Second, participants in
former neural imaging studies reported severe nausea symptoms after
exposing to VIMS-provoking stimuli (Farmer et al., 2015; Miyazaki et al.,
2015; Napadow et al., 2013). Since visually-induced nausea is linked to
massive increases in the cortical hemodynamic response (Le et al., 2017;
Wilkins, 2016), it can introduce confounding effects on the reported
cortical BOLD responses (Farmer et al., 2015; Napadow et al., 2013) and
inter-hemispheric desynchronization (Miyazaki et al., 2015). Conse-
quently, it is necessary to control for both the onset of vection and
nausea.

In this study, we tested whether the strength and range of cortical
coordination between visual and other cortical regions are significantly
affected among VIMS-susceptible participants, while controlling for the
onset of vection and nausea. In particular, we recorded EEG signals when
VIMS-susceptible or VIMS-resistant participants were exposed to short
periods (up to 1min) of coherent rotating dot pattern stimulation (CRS)
until vection onset (see Fig. 1). The participants were allowed sufficient
rest between exposures to avoid nausea. Continuous exposures to this
type of CRS for 20min have been shown to induce symptoms of VIMS.
Hence, this type of CRS is also referred to as vection-inducing and
potentially VIMS-provoking stimulation. As theta-band synchronization
is related to sensory conflict (Aitake et al., 2011a; Araújo et al., 2002; Jo
et al., 2017; White et al., 2012) and motion sickness (Chelen et al., 1993),
theta band phase synchronization analyses were also conducted in this
study. Based on the literature, we hypothesize a stronger phase syn-
chronization between electrodes placed over visual areas and other
cortical areas during exposure to CRS than during exposure to the control
visual stimuli (hypothesis H1a). Moreover, as enhanced cortical coordi-
nation dynamics could reflect the process underlying sensory integration
and conflicts reduction, we further hypothesize that VIMS-resistant
participants would show stronger supporting evidence for hypothesis
H1a than VIMS-susceptible participants (H1b). As theta-band synchro-
nization is closely related to the detection of sensory mismatch (Aitake
et al., 2011b; Liang et al., 2017), we hypothesize that the dynamic change
in theta band phase synchronization before and after vection onset is
organized differently between the VIMS-resistant group and the
VIMS-susceptible group (hypothesis H2).

2. Method

2.1. Participants

A total of 27 right-handed university students with 20/20 (or cor-
rected) eyesight were recruited with complete informed consent. Twelve
participants who scored above the 70th percentile in the short-form
version of the Motion Sickness Susceptibility Questionnaire (MSSQ)
formed the VIMS-susceptible group, while another 15 participants who



Fig. 1. Stimuli and trial procedure. (Note that the arrows are added here to illustrate the movement of dots and were not presented on the screen during the
experiment) (a) BC: baseline condition; (b) CC: control condition; (c) BC: baseline condition; (d) RC: rotating condition; (e) VC: vection condition.
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scored below the 30th percentile in MSSQ made up the VIMS-resistant
group. None of the participants had vestibular injury or were under
medical treatment. None of them considered themselves to be heavy
video game players (spending more than 3 h per week on computer
games) or to have rich experience with large-screen visual motion
stimuli. All of them attained 20/20 visual acuity (Vision Tester: Stereo
Optical CO. Inc. U.S.A., Model, 2000). Both groups had a mix of gender
(VIMS-susceptible: 54.5% male; VIMS-resistant: 60% male). There were
no significant intergroup differences in gender and age (Table 1).

2.2. Motion Sickness Susceptibility Questionnaire (MSSQ)

Farmer et al. (2015) noted that participants with higher MSSQ scores
reported significantly higher self-rated levels of VIMS. The significant
positive correlations between MSSQ scores and VIMS levels are consis-
tent with many studies (Hwang et al., 2017; Nesbitt et al., 2017) as well
as our pilot study (Zhao, 2017). In this study, participants were screened
by their VIMS susceptibility based on the score in the short-form version
of the MSSQ (MSSQ-Short) (Golding, 1998). In MSSQ-Short, participants
completed both the child scale (MSSQ_C) based on their experience
before the age of 12, and the adult scale (MSSQ_A) based on their
experience over the last 10 years only. The total score (MSSQ_T) equals to
the sum of scores in MSSQ_C and MSSQ_A (Golding, 1998).
Table 1
Demographics, VIMS reports and vection perception of the VIMS-susceptible and
VIMS-resistant groups.

VIMS
susceptible

VIMS
resistant

P

Age (years) 24.5� 1.2 24.3� 2.7 0.893
Gender (% male) 54.5% 60% 0.791
MSSQ score
Child (0–27) 17.4� 3.7 1.7� 1.3 <0.001
Adult (0–27) 12.3� 5.7 1.3� 1.2 <0.001
Total (0–54) 29.6� 8.0 3.0� 2.1 <0.001

Pre-SSQ total score (0–120) 0.5� 0.7 2.6� 3.8 0.073
Post-SSQ total score (0–120) 2.4� 2.6 4.6� 5.2 0.221
Pre-Post paired t-test p value 0.022 0.210
Vection report
Intensity (1–5) 2.9� 0.6 2.8� 0.6 0.666

% of trials with strong vection (trials
with intensity>3)

32.5� 39.0 37.2� 39.2 0.766

Onset delay (seconds) 9.7� 9.2 8.6� 4.3 0.716
Std. dev. of individual onset delay
(seconds)

4.1� 4.3 4.3� 4.4 0.926

Response rate (%) 99.6� 1.3 99.3� 1.9 0.560
Average blocks completed* 11.33 11.73 0.782
Total clean epochs 282.9� 48.0 309.4� 51.5 0.195
EEG quality (% clean epochs) 72.7% 76.8% 0.320

Except the MSSQ score, none of the group comparisons are significant with two-
tailed independent-sample t-tests (* the two-sided Wilcoxon signed-rank tests
when the data are not normally distributed); note that the SSQ score increased
only for the susceptible group after the experiment (two-tailed paired-sample t-
test, p ¼ 0:022), but the severity of sickness remained very low (2.4 in 120), and
was not significantly different from that for the VIMS-resistant group.
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2.3. Visual stimuli

Grey dots (diameter: 0.5–1.3� of FOV) were displayed in random
positions on a black background. For CRS, all of the grey dots rotated
anticlockwise at an angular velocity of 32�/s around the center of the
screen. We chose roll rotation because human seldom experience this
type of motion without vestibular and other non-visual stimulation.
Based on sensory conflict theory (Reason, 1978), motion profiles that are
novel to the individual are more likely to provoke motion sickness. This
rotating condition (RC) with the CRS has been examined previously (Du,
2016), where the same experimental setup and a similar random dot
pattern were able to induce VIMS after prolonged continuous exposure
(Fig. 1d). Our CRS can provoke VIMS and vection given prolonged
exposure as verified in a pilot study. Moreover, the pilot study examined
whether MSSQ scores can predict the level of VIMS provoked by our
visual stimulation. We exposed 18 participants with known MSSQ scores
(recruited from the same pool of university students as that in the main
study) to visual stimuli similar to those used in main study. All partici-
pants reported vection. Participants who scored higher than median
scores of MSSQ_T in the population, all reported significant increases in
nausea after 20-min of exposure. Significant correlations were also re-
ported between MSSQ scores and rated nausea (r¼ 0.57) (Zhao, 2017).
For the control condition (CC), similar randomly-positioned dots were
used but instead of all rotating in the same direction, they moved in
random directions at the same tangential velocities as their counterparts
in the RC (Fig. 1b) (Brandt et al., 1998; Zhao, 2017).

2.4. Apparatus, tasks and procedures

All stimuli were presented on a 46-inch LCD monitor (screen size:
102.1� 57.5 cm; FOV: 93.5� � 61.8�; viewing distance: 48 cm) with
700–750 dots visible under both conditions. Participants were instructed
to fixate a red dot at the center (diameter: 0.6� of FOV, Fig. 1d). A chin-
rest was used to limit head and body movement. To eliminate visual
distractions, we turned off all the lights and covered the TV and the
participants with a large black curtain. All stimuli and EEG synchroni-
zation triggers were programmed in MATLAB using the Psychtoolbox-3
extensions (Brainard, 1997; Pelli, 1997). The experiment took place in-
side an acoustic booth (a 1400-A-CT chamber custom-built by the In-
dustrial Acoustics Company Limited). The metal wireframe of the booth
provided electromagnetic shielding to the EEG electrodes against back-
ground noise. The booth had an inner and an outer compartment and all
computers were placed in the outer compartment to reduce electrical
interference. The LCD display was shielded with grounded wire mesh.

As illustrated in Fig. 1, each trial started with the baseline black
background condition (BC) for 3 (Fig. 1a), followed by the control con-
dition (CC) for 3 s (Fig. 1b), the BC again for 2 s (Fig. 1c) and finally the
rotating condition (RC, Fig. 1d). Participants were educated about the
illusion of vection and were instructed to press a button with their right-
index fingers to indicate the onset of roll vection. After the onset response
was received, the RC stimulus would continue for another 3 s before
terminating. This was referred to as the vection condition (VC, Fig. 1e). If
a participant did not report vection (i.e., no button was pressed), the
stimulus would terminate at 1 min. This happened in less than 1% of the
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trials. The whole experiment was divided into separated blocks. Each
block consisted of 12 trials with sufficient rest in between to minimize
any nausea. Twenty-four participants completed all 12 blocks. Three
participants did not finish all 12 blocks for non-health-related reasons
and some of the data for one participant were lost due to a software crash.
Two of them were in the susceptible group, while the other two were in
the resistant group (see Table 1 for a summary). We did not exclude these
participants because there were still enough data for each of them for
analysis. All procedures were approved by the ethics committee of the
Hong Kong University of Science and Technology and performed in
accordance with the Declaration of Helsinki.

2.5. Response measures

2.5.1. EEG signal recordings and preprocessing
During stimuli presentation, the EEG signals were recorded together

with the horizontal and vertical electrooculograms using a NuAmps
amplifier (DC-coupled, 22 bits, monopolar) connected to 32-channel Ag/
AgCl sintered electrodes (Quik-Cap, Compumedics Neuroscan) placed
according to the international 10-10 system referenced to linked mastoid
electrodes. Impedances between all other channels and the ground
channel (AFz) were kept below 5 kΩ. Raw data were digitized at a
sampling rate of 1000Hz and a bandwidth of DC-260Hz, and then
filtered offline using a finite impulse response filter with passband from
1.6 Hz to 47Hz. Data were segmented into epochs starting from 1.5 s
prior to the onset (0s) of each condition (CC/RC/VC) and ending at 3s
with the BC corrected for the 1.5 s before onset. Independent components
analysis was applied to these epochs using EEGLAB (Delorme and
Makeig, 2004), and components identified as artifacts (blinking, eye
movements and generic discontinuities) were removed using the auto-
matic toolbox ADJUST (Mognon et al., 2011). The epochs contaminated
by other artifacts were rejected using the moving-window peak-to-peak
method (window size: 200ms; step: 50ms; threshold: �100 μV) and the
extreme value of remaining components (threshold: �20 μV). One
participant (a female in the susceptible group) was excluded due to
extensive motion artifacts (>50% epochs rejected). The average number
of epochs remaining for each condition and their standard deviations
were as follows: CC (91.6� 22.2), RC (105.5� 19.0) and VC
(101.0� 21.1). Current source density analyses (the order of spline
m¼ 4; precision¼ 1.0e-5) were then performed at each electrode posi-
tion to reduce the influence of volume conduction (Kayser and Tenke,
2006a, 2006b).

2.5.2. Visual evoked potential (VEP) analysis
To analyze the visual evoked potential (VEP), the remaining clean

epochs were trimmed to smaller windows (�0.5~1s) and averaged for
the two types of visual stimulation (CC and RC). Several components
with distinct time-space properties were identified based on the grand
averaged topography of VEP results (see Fig. 2a and b). The P1, N1/N2
and P3 components at the parietal electrodes were analyzed, and the
center electrodes were selected for each component in later analyses.
Specifically, the mean amplitudes of P1 (time window: 135–195ms), the
early N2 (time window: 195–250ms) and P3 (time window:
250–395ms) at electrode Pz, the bilateral late N2 (time window:
260–335ms) at electrode P7/P8, and the late P3 (time window:
330–410ms) at electrode P3/P4 were calculated for each individual.

2.5.3. Phase synchronization and network analysis
Wavelet analyses were conducted to obtain the instantaneous phase

for each time point in clean epochs applying Morlet’s mother function.
We applied a constant ratio f/σf ¼ 6 with f ranging from 2 to 46Hz (in
steps of 1 Hz), where σf ¼ 1=2πσt and σt is the standard deviation of the
Gaussian window (Kawasaki et al., 2014;Lachaux, Jean-Philippe Rodri-
guez et al., 2000). In order to assess functional connectivity mediating
information integration between distant cortical areas, the phase syn-
chronization was evaluated between each pair of electrodes at each time
4

point in the epoch (�1~3s) of all conditions (RC, CC, and VC) using
phase-locking values (PLVs) (Lachaux et al., 1999; Totah et al., 2013).
Specifically, for time point t, frequency f , and electrodes j and k, across
the N available epochs, we calculated the PLV from the following
equation:

PLVj;kðf ; tÞ ¼ N�1
���
XN

1

ei½φjðtÞ�φkðtÞ����

where φðtÞ is phase at t, i is
ffiffiffiffiffiffiffi�1

p
, and j j is the complex modulus. As we

focused on the theta band, the PLVs are averaged for theta-band fre-
quencies (4–7 Hz) and transformed into PLVz according to Rayleigh’s Z
value (Fisher, 1993; Totah et al., 2013) to correct for the bias associated
with the number of epochs:

PLVz ¼N � PLV2 ðN : number of epochsÞ

2.5.3.1. Node strength in the dynamic phase synchronization network. After
obtaining the PLVz, we constructed the dynamical phase synchronization
networks, where the 30 EEG electrodes were set as nodes and the edge
between each node pair at every time point was weighted by the PLVz.
The dynamic strength of each node was calculated by summing the
weights of all connections to that node at each time point. In order to
spatiotemporally verify that CRS induces greater node strength in the
phase synchrony network than CC stimulation, we conducted cluster-
based permutation tests on node strength between CC and RC for each
VIMS group using the Fieldtrip toolbox (Oostenveld et al., 2011). The
cluster-based permutation test has been shown to be a better analytical
tool for EEG data with minimal multi-comparison problem and the
flexibility to incorporate biophysically constraints (Maris and Oos-
tenveld, 2007). We conducted the cluster-based permutation tests to
determine whether the observed difference in cluster-size between con-
ditions was large enough to reject the null hypothesis as following pro-
cedures (Genovese et al., 2002). The tests followed three main steps.
First, the cluster-size for observed data were obtained by the following
sub-steps: (i) every element (30 nodes: 30-EEG channels; 4500 time
points: �1500–3000ms) in node strength matrices between CC and RC
conditions was compared using two-tailed paired t-test for the
VIMS-resistant group and the VIMS-susceptible group respectively; (ii)
the contiguous negative and positive clusters in the matrices (with a
threshold of uncorrected p-value< 0.05) were identified; and (iii) the
cluster-sizes were calculated by summing up all the t-values within the
cluster. Second, to obtain the null-distribution of the test statistic on
cluster-size, repeated (i) to (iii) 2000 times using random matrices
generated by permuting two condition labels (CC and RC here) within
each participant. Finally, with the 97.5th percentile of the null distri-
bution as the level of statistical significance, we identified the significant
clusters of observed data. Similar cluster-based permutation tests were
applied to determine if node strength was difference before and after
vection onset across spatial electrodes in the VIMS-resistant group and
the VIMS-susceptible group.

2.5.3.2. Node degree in binary subnetworks connected to nodes of interest
(NOI). In addition to the dynamic strength of phase synchronization
(node strength), we further investigated the distribution properties of
phase synchronization by analysing the subnetwork containing the links
connected only to the nodes of interest (NOIs) with significantly high
node strength across all time points (see Fig. 3a). Centers of significant
nodes in the cluster analyses conveniently provided such NOIs (e.g., RC/
CC, Fig. 3b–f; before/after vection onset, Fig. 5b). To better observe the
range and distribution of strong dynamic links in subnetworks, we
transformed them into binary network by applying threshold masks. The
threshold masks were obtained by conducting permutation tests (Sun
et al., 2012; Winkler et al., 2016) for each edge (node pair). Specifically,
we shuffled the condition labels (RC/CC; Before/After vection onset) of
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the edge weights (average PLVz of each window) for each participant
2000 times and obtained the group mean difference between conditions
to approximate the permutation distribution under the null hypothesis
(no difference between conditions). We calculated grand averaged
threshold masks which only allowed edges whose weight differences
(RC� CC; Before vection onset � After vection onset) were above 97.5%
or below 2.5% in the permutation distributions to be kept in the positive
or negative subnetwork of each NOIs respectively (see Appendix I for
positive and negative grand average subnetworks in each window and
each group). By applying these threshold masks to each participant, we
obtained positive and negative binary subnetworks and calculated their
node degrees (number of connections) for each participant, where a
larger node degree reflects a wider range of phase-locking connections.

2.5.4. Reports of vection and VIMS
During the visual stimulation, subjects had to press a button to
Fig. 2. VEP results for N ¼ 26 participants. (a) Average VEP for two stimulus conditio
for each component). (b) Topography of VEP amplitude map under the RC and CC. (c)
¼ 0.001; *p < 0.05). (d) Scatter plot of vection intensity and the increase in N223 (am

5

indicate the onset of vection. The response rate was calculated as the
percentage of trials with a response (i.e., indicated a vection onset). The
average response rates exceeded 99% for both the VIMS-resistant group
and the VIMS-susceptible group (see Table 1).

Participants were trained to report vection intensity after each trial
completed, based on a vection magnitude scale adapted from former
studies (Webb and Griffin, 2003) (1¼ no vection; 5¼ saturated vection;
see Appendix II for details). The onset latency of vection was calculated
as the time between the start of the RC and when the button was pressed
for each trial. VIMS symptoms were monitored with a pre-exposure
Simulator Sickness Questionnaire (SSQ) before the start of the experi-
ment and a post-exposure SSQ (Kennedy et al., 1993) after all (trials)
were completed. The total scores of pre-and post-SSQ were calculated for
each participant.
ns (RC and CC) at electrodes of interest (shaded areas illustrate the time window
Effect of interaction of VIMS group � visual condition on N223 amplitude (***p
plitude in the RC minus amplitude in the CC). Onset of vection is defined as 0s.
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3. Results

3.1. Behavioral results and subjective reports

The mean and standard deviation of vection intensity, vection onset
delay, percentage of trials with strong vection (trials with intensity> 3),
MSSQ scores and pre-/post-SSQ scores of each VIMS-susceptible and
resistant groups are reported in Table 1, along with the p-values of
between-group (VIMS-susceptible vs VIMS-resistant) two-tailed
independent-sample t-tests (or Wilcoxon signed-rank tests cases in cases
where the data are not normally distributed). Only the MSSQ scores of all
scales are significantly higher for the VIMS-susceptible group
(p < 0:001). The demographic variables, vection reports and VIMS
symptoms evaluated using the post-exposure SSQ were not significantly
different between the two groups.
3.2. VEP data

Two-way mixed-measures ANOVA including the factors of visual
condition (RC/CC) and VIMS group (VIMS-resistant/VIMS-susceptible)
was conducted for each of the middle components at the Pz electrode
(Fig. 2a & b). For P1 in the 135–195ms window (P178, Fig. 2a), the RC
showed a significantly suppressed amplitude compared with the CC
[Fð1;24Þ ¼ 22:41; p < 0:001]. No interaction or VIMS group effects
were found for P178. For N2 in the 195–250ms window (N223), the
amplitude in the RC was significantly increased compared with that in
the CC [Fð1;24Þ ¼ 31:21; p < 0:001], while the main effect for VIMS
group was not significant, possibly due to large individual variations.
Moreover, the interaction of visual condition� VIMS group was signifi-
cant, where the VIMS-susceptible group showed a larger N223 increase
than the resistant group [Fð1; 24Þ ¼ 5:92; p ¼ 0:023, see Fig. 2c]. The
simple main effect for visual condition was significant for both the
resistant group (p ¼ 0:011) and the susceptible group (p ¼ 0:001), while
none of the simple main effects for VIMS group were significant. For P3 in
the 250–395ms windows (P305, Fig. 2a), the amplitude in the RC was
significantly larger than that in the CC [Fð1;24Þ ¼ 31:48; p < 0:001],
with no group and interaction effects.

Three-way mixed-measures ANOVA including the factors of visual
condition (RC/CC), VIMS group (resistant/susceptible) and laterality
(left/right) was conducted for each pair of the bilateral N2 components
at electrode P7/P8 and each pair of the P3 components at electrode
P3/P4 (Fig. 2a and b). For the late N2 in the 260–335ms window
(N290), the RC showed a significantly enhanced amplitude compared
with the CC [Fð1;24Þ ¼ 32:46; p < 0:001], with no group and laterality
Table 2
Regression models for MSSQ scores with EEG signatures as predictors.

Predictors MSSQ scores

Child scale Adult scale

Single model Beta R2 Beta

N223Inc 0.474* (p ¼ 0.014) 0.22 (p¼ 0.014) –

DegreerC win1 �0.521** (p ¼ 0.006) 0.27** (p ¼ 0.006) –

DegreerTP win3 �0.518** (p ¼ 0.007) 0.27** (p ¼ 0.007) �0.460* (p ¼ 0
DegreerF win4 �0.559** (p ¼ 0.003) 0.31** (p ¼ 0.003) �0.584** (p ¼
General model 0.61*** (p < 0.001)

N223Inc excluded excluded
DegreerC win1 �0.383* (p ¼ 0.015) excluded
DegreerTP win3 �0.905** (p ¼ 0.004) �0.366* (p ¼ 0
DegreerF win4 �0.548* (p ¼ 0.026) �0.518** (p ¼

***p < 0.001; **p < 0.01; *p < 0.05. N223Inc ¼ the increase in N223 amplitude in th
central NOI (C4) in the positive subnetwork showing a higher PLVz in the RC than in th
NOI (P8) in the positive subnetwork in win3 (646–816ms). DegreerF win4 ¼ the degree
the period after vection onset than in the period before vection onset in win4 (500–10
number of epochs, vection intensity and onset delay to the regression model. Note
localization-based predictor N223Inc is excluded.
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effects. For the late P3 in the 330–410 ms window (P350), amplitudes in
the RC were significantly suppressed compared with those in the CC
[Fð1; 24Þ ¼ 8:24; p ¼ 0:008], with no group and laterality effects.

As N2 is a well-knownmotion-onset VEP (Kubov�a et al., 1995; Pitzalis
et al., 2012), we explore whether the individual N2 amplitude was
closely associated with the vection intensity of each individual. We used
linear regression models to predict the reported vection intensity of each
participants by adding absolute amplitudes (N2RC) of N223 at Pz and
N290 at P7/P8, and their amplitude increments in the RC (N2inc¼ N2RC �
N2cc) as predictors. To control for other external factors, the vection
response rate, vection onset delay and epoch numbers were also added in
the model in a stepwise manner. Note that it is standard procedure to add
all available external factors in a stepwise manner. Their inclusion in the
regression analyses in no way implies that we expect them to be signif-
icant contributors. Indeed, none of the external factors had significant
contribution to the model on vection intensity.

Results showed that only the increment in the N223 amplitude
(N223inc; R2 ¼ 0:27; p ¼ 0:006) (see Fig. 2d for the scatter plot) and the
absolute N290 amplitude at P8 (N290P8 ROT ;R2 ¼ 0:16; p ¼ 0:042) were
positively associated with the average vection intensity of each partici-
pant. No significant effect was found for any model using predictors from
P7. Moreover, N223inc was also positively associated with individual
MSSQ_T (R2 ¼ 0:22) and MSSQ_C (R2 ¼ 0:29), with or without con-
trolling for other external factors (Table 2).
3.3. Dynamic node strength in phase synchronization networks

Next, we investigated dynamic changes in node strength by
comparing data collected from the RC and the CC. For the VIMS-resistant
group, two significantly positive clusters were found (see Fig. 3b, d & f).
The first one was located over the parietal and central regions (time
window: 208–419ms, p ¼ 0:005) and the second one over the right-
temporal-parietal (TP) regions (time window: 646–816ms, p ¼ 0:008).
For the VIMS-susceptible group, only one positive cluster was found (see
Fig. 3c and e), and it was located over the parietal midline (PM) region
(time window: 281–405ms, p ¼ 0:006). No significantly negative cluster
was found in either the VIMS-resistant or the susceptible group. In
summary, phase synchrony was significantly enhanced when partici-
pants were exposed to coherent rotating dot patterns (CRS), supporting
H1a. Moreover, VIMS-resistant participants demonstrated larger (in
terms of both the numbers of significant electrodes and time span) and
more positive clusters than did VIMS-susceptible participants, supporting
H1b.

Further, we investigated the dynamic changes in node strength before
Total scale

R2 Beta R2

– 0.474* (p ¼ 0.014) 0.22* (p ¼ 0.014)
– �0.465* (p ¼ 0.017) 0.22* (p ¼ 0.017)

.018) 0.21** (p ¼ 0.018) �0.543** (p ¼ 0.003) 0.26** (p ¼ 0.003)
0.002) 0.34** (p ¼ 0.002) �0.590** (p ¼ 0.002) 0.32** (p ¼ 0.002)

0.47** (p ¼ 0.001) 0.52*** (p < 0.001)

excluded
excluded

.026) �0.416** (p ¼ 0.010)
0.003) �0.515** (p ¼ 0.002)

e RC after deducting the amplitude in the CC. DegreerC win1 ¼ the degree of right-
e CC in win1 (208–419ms). DegreerTP win3 ¼ the degree of right-temporal-parietal
of right frontal NOIs (Fz/F4) in the negative subnetwork showing a lower PLVz in
00ms). All significant predictors of MSSQ scores remain robust after adding the
that after adding synchronization-based predictors to the stepwise model, the



Fig. 3. Node strength in dynamic phase synchronization networks weighted by.PLVz (a) Topography illustrating the changes in node strength in phase synchroni-
zation networks under the RC (the node strength peaks at 200–400ms, and those nodes demonstrating the highest node strength are the dynamic hubs in the
network). (b & f) Two significantly positive clusters showing a higher node strength in the RC than in the CC for the VIMS-resistant group. (c) One significantly positive
cluster showing a higher node strength in the RC than in the CC for the VIMS-susceptible group. (d) The line graphs demonstrate the average node strength difference
(RC subtracting CC) across all nodes for VIMS-resistant group. (e) The average node strength difference (RC subtracting CC) across all nodes for VIMS-
susceptible group.
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and after vection onset. For the vection condition, the event window was
synchronized with the pressing of a button by the participants to indicate
the onset of vection. Therefore, the period starting between 1 s before
and 0.5 s after the pressing of the button was excluded from the analysis
to avoid the interference from the button pressing and response delay
(Kleinschmidt et al., 2002; Thilo et al., 2003). The node strength values
were then averaged for a window of 500ms to represent the node
strength before and after vection onset under the same visual stimulation
for each node (see Fig. 5a). Only one significant negative cluster was
found in the VIMS-resistant group, which was located over the
right-frontal region (see Fig. 5b, p ¼ 0:006). No significant cluster was
revealed in the susceptible group. In summary, the dynamic strength of
phase synchronization reduced significantly after vection onset for
VIMS-resistant participants, while no reduction was found for
VIMS-susceptible individuals, which is consist with H2 (which hypoth-
esizes that the dynamic change in phase synchronization before and after
vection onset is organized differently between the VIMS-resistant group
and the VIMS-susceptible group).
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3.4. Dynamic node degree in binary subnetworks connected to NOIs

As described in Section 2.4.3, centers of significant nodes in the
cluster analyses (Section 3.3) were identified as NOIs. They were C4
(right-central NOI), Cpz/Pz (PM NOIs, Fig. 3b), and P8 (right TP NOI,
Fig. 3f). Their node strengths were significantly higher in the RC than in
the CC (note that CPz, Pz and P8 were also nodes with very high strength
in the RC as shown in Fig. 3a). Fz and F4 (right-frontal NOIs) were also
selected because their node strengths significantly reduced after vection
onset (Fig. 5b). The corresponding cluster windows to be used for sub-
network analyses were win1 of 208–419ms for C4; win2 of 281–405ms
for Cpz/Pz; and win3 of 646–816ms for P8 (Appendix I). For Fz/F4, the
cluster window was 500–1000ms (win4, Appendix I3).

As the node degrees in a subnetwork for each window period can
reflect the range of phase synchrony in the subnetwork, to examine
whether there were intergroup differences in this range, we conducted a
between-group independent-sample t-test for the node degrees in each
subnetwork. Significantly higher node degrees were found for the



Fig. 4. Grand group subnetworks of NOIs surpassing the positive threshold (indicating a higher PLVz in the RC than in the CC within each assessed window). (a) For
the VIMS-resistant group: the left graph shows the grand group subnetwork of the right-central NOI (C4) during 208–419ms in win1, and the right graph shows the
grand group subnetwork of right-temporal-parietal NOI (P8) during 646–816ms in win3. (b) For the VIMS-susceptible group: same as in above (a) (noted that no links
surpassed the threshold in the grand group subnetwork for the VIMSsusceptible group).
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VIMS-resistant group in the positive subnetworks of the right-central
NOI (C4) in win1 [t ¼ � 2:298; p ¼ 0:031], and the right TP NOI
(P8) in win3 [t ¼ � 2:800; p ¼ 0:010] (see Fig. 4 for an illustration of
grand group subnetworks). Moreover, significantly higher node degrees
were also found for the resistant group in the negative subnetworks of
the right-frontal NOIs (Fz/F4) in win4 [t ¼ � 3:022; p ¼ 0:006] (see
Fig. 5c). No significant difference was found for Cpz/Pz in win2. In
general, the VIMS-resistant group demonstrated a wider range of
strengthened phase synchronization than did the VIMS-susceptible
group during exposure to the coherent rotating dot pattern (CRS),
supporting hypothesis H1b. Moreover, after vection onset, the VIMS-
resistant group showed a wider range of dynamic reductions in phase
synchronization than did the VIMS-susceptible group, supporting hy-
pothesis H2.

In addition, these indexes for phase synchronization networks (node
degrees in positive and negative subnetworks) were negatively corre-
lated with the MSSQ scores (see Table 2). We constructed a stepwise
regression model for each potential indicator with other control variables
(vection intensity, onset delay, and epoch number) added in the model.
Moreover, a general linear model was constructed for each MSSQ scale
by adding all the potential predictors in a stepwise manner to find the
best predictors with the highest explanatory power. Those predictors
with low explanatory power and no additional contribution to the model
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were excluded. Table 2 presents the coefficients and explanatory power
for eachMSSQ scale: the upper part shows the results of models with each
predictor, while the lower part shows the results of models with multiple
predictors added in steps. Inspections of Table 2 indicate that combining
the right-frontal NOIs (Fz/F4) (win4), right-central NOI (C4) (win1) and
right TP NOI (P8) (win3) produced the highest explanatory power for the
total scale among all combinations of predictors in this study [R2 ¼ 0:52,
see the General model row in Table 2]. These results are robust with or
without adding the vection intensity, onset delay, and epoch number in
the regression model.

4. Discussion

This study identified two EEG signatures of VIMS susceptibility:
excessive N2 amplitude and impaired phase synchrony dynamics. In
general, dynamic cortical coordination from other cortices to the right
hemisphere regions was more evident in the VIMS-resistant group than in
the VIMS-susceptible group. Specifically, when exposed to VIMS-
provoking stimuli, the right TP and right-central regions of VIMS-
resistant individuals showed strengthened theta-band phase synchroni-
zation networks across electrodes over widely distributed brain regions
(e.g. the frontal, occipital and temporal areas). Such enhancement in
synchronization was limited or absent in the VIMS-susceptible group.



Fig. 5. Change in node strength in the phase synchronization network before and after vection onset. (a) The average node strength across all nodes for the
VIMSresistant and susceptible groups with baseline corrected for the period before vection onset (�1500~-1000ms). (b) Significantly negative cluster in the
VIMSresistant group (indicating the node strength after vecion onset [AVEC] was less than that before vection onset [BVEC]) (c) Distribution of connections to
rightfrontal NOIs (Fz/F4) surpassing the negative threshold (indicating a smaller PLVz in the period after vection onset than in the period before vection onset within
the assessed window). (d) Scatter plot for of MSSQ scores of N¼ 26 participants and the indicator calculated from the degree of the right-frontal NOIs (Fz/F4) in the
negative subnetwork (indicating a smaller PLVz in the period after vection onset than in the period before vection onset).
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Moreover, after vection onset, the strength and range of phase synchro-
nization reduced for VIMS-resistant participants but not for VIMS-
susceptible participants. This suggests that the dynamic changes in
cortical coordination between sensory modalities are more active among
VIMS-resistant than VIMS-susceptible individuals. The VEP results, the
theta-band phase synchrony results, and their association with VIMS are
discussed in detail below.
4.1. VEP components

Five VEP components with distinct spatiotemporal properties showed
significantly different amplitude responses to coherent rotating dot pat-
terns than to randomly moving dot control patterns: the attenuated P1
component (P178, in the 135–195ms window, located in the parietal
midline region), the strengthened N2 components (N223, in the
195–250ms window, located in the PM region; N290, in the 260–335ms
window, located in the bilateral parietal regions), one of the strength-
ened P3 components (P305, in the 250–395ms window, located in the
PM region) and one of the attenuated P3 components (P350, in the
330–410ms window, located in the bilateral TP region) (see Fig. 2a& b).
Among the five components, only N223 showed an interaction effect
between visual stimuli and VIMS susceptibility (see Fig. 2c), with
excessive amplitudes reported among VIMS-susceptible participants.
Moreover, increases in the amplitude of N223 (N223inc) were also
9

positively correlated with the MSSQ scores of participants (Table 2). This
agrees with the previous finding (Chen et al., 2009) that the activity of
the PM component is positively correlated with the level of VIMS. Note
that although N223inc was also positively correlated with the vection
intensity reported by participants, there were neither group differences
in vection perception nor correlations between vection reports andMSSQ
scores. Former findings also show that the vection magnitude is not
correlated with the VIMS magnitude (Keshavarz et al., 2015b; Keshavarz
and Berti, 2014). The PM region comprised rich functional areas
responsible for ambient visual motion processing: the parietal-occipital
visual areas (V3A and V6) (Pitzalis et al., 2013; Uesaki and Ashida,
2015;Wada et al., 2016), the precuneus motion area (PcM) (Kov�acs et al.,
2008; Uesaki and Ashida, 2015; Wada et al., 2016), the posterior
cingulate sulcus area (Field et al., 2015), and the ventral intraparietal
(VIP) multisensory area (Uesaki and Ashida, 2015; Wall and Smith,
2008). Moreover, as N2 is a well-knownmotion-onset VEP (Kubov�a et al.,
1995; Pitzalis et al., 2012), the enhanced amplitudes of N223 located
over the PM region might reflect strong visual motion signals received by
the visual modality. The absence of an excessive N223 component among
VIMS-resistant participants suggests that the resistant participants might
be able to suppress the large increases in the initial N2 response triggered
by potentially VIMS-provoking stimulation before vection onset. As an
excessive N223 is correlated with MSSQ scores, the strong visual motion
signals representation in the PM region could contribute to the
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development of sensory conflict and subsequently sickness symptoms if
exposure to CRS continues.

The remaining four VEP components were not affected by VIMS
susceptibility. They are likely associated with the visual mechanisms
involved in processing the coherent rotating dot patterns that are shared
by both VIMS-resistant and susceptible individuals, including ambient
motion processing, spatial visual attention and vection perception. In
particular, the bilateral late N2 (N290) component over the TP region
(see Fig. 2) has often been reported in EEG studies using ambient visual
motion stimuli (Keshavarz and Berti, 2014; Vilhelmsen et al., 2015).
Moreover, in a recent study (Str�o _zak et al., 2016), an observable but not
analyzed N2 component (observed after around 290ms which was
similar to our N2) was revealed to be stronger under larger ambient vi-
sual motion stimulation. Previous work has interpreted the amplitude of
N290 (with its particular spatial-temporal properties) as reflecting gen-
eral motion processing (Vilhelmsen et al., 2015) or the integration of
peripheral and central motion (Keshavarz and Berti, 2014). It is worth
noting that the amplitude increases of N223 and the absolute amplitudes
of the right N290 positively correlated with the vection intensities re-
ported by participants. The correlation suggests that these N2 compo-
nents are related not only to the processing of ambient visual motion but
also the individual perception of self-motion. Recent works have found
that the N2 response varies according to the type of visual stimulus
(Keshavarz and Berti, 2014; Str�o _zak et al., 2016; Vilhelmsen et al., 2015).
Our results show for the first time that the N2 amplitude is correlated
with individual vection intensity under the same visual stimulation.

The increased amplitude for the early P3 components (P305, located
in the PM region) due to exposure to CRS agrees with another EEG study,
which also reported increased activities in the PM region during forward
visual motion stimulation spanning a large FOV (Vilhelmsen et al., 2015).
P3 component observed after around 300ms over the PM region was
likely associated with increased attention arousal devoted to target and
task (Herrmann and Knight, 2001). The enhanced amplitudes of P305
might reflect increasing cortical activates visual spatial attention activ-
ities during exposure to the CRS.

In addition, we found decreased VEP amplitudes in the P1/P3 time
window in signals measured by the electrodes placed over the parietal-
occipital regions (P178 and P350). This is consistent with past vection
studies that reported a reduction in P1/P3 amplitudes at the parietal and
occipital electrodes on individuals watching vection-inducing moving
horizontal stripes (Keshavarz and Berti, 2014; Str�o _zak et al., 2016). This
deactivated visual response has been interpreted as a shift from pro-
cessing local visual cues to processing self-motion cues spanning a large
FOV (Str�o _zak et al., 2016; Thilo et al., 2003). This is also consistent with
past neural imaging studies, where visual areas V1/V3/V4 (Braddick
et al., 2001; Kleinschmidt et al., 2002) or the Brodmann area 17/18
(Brandt et al., 1998) was found to be deactivated in individuals exposed
to vection-inducing stimulation.

4.2. Theta-band phase synchronization networks

In support of hypothesis H1a, theta-band phase synchronization
strengthened in individuals exposed to coherent rotating dot patterns as
compared with randomly moving control: the node strength of the dy-
namic phase synchronization network weighted by PLVz was signifi-
cantly higher in the RC than in the CC. Moreover, in support of H1b, this
effect was significantly stronger and covered larger cortical areas in the
VIMS-resistant group than in the VIMS-susceptible group. Based on the
spatiotemporal properties, these effects showed two stages.

At the earlier stage between 0.2 and 0.4 s, VIMS-resistant participants
watching the coherent rotating dot patterns demonstrated increase in a
large cluster of node strength, covering many nodes over the central,
parietal and temporal regions (Fig. 3b), while the VIMS-susceptible
participants showed increase in a smaller cluster of node strength,
covering nodes restricted in the central-parietal regions (Fig. 3c). The
reduced strength and size of node strength clusters among VIMS-
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susceptible participants may suggest that dynamic information integra-
tion with other non-visual cortical regions (especially the central region)
is impaired. In the further NOI analysis, we assessed NOIs from two
dominant regions: the PM region (Pz/Cpz) and the right-central region
(C4). Results suggest that only the dynamic coordination with the right-
central region was absent in the VIMS-susceptible group (see Fig. 4).
Interestingly, this result is consistent with our previous finding using
functional near-infrared spectroscopy (fNIRS). It was revealed that the
hemodynamic activities from the C4 channel (from 10-20 system same as
current study) could reflect the responses from somatosensory and
vestibular modalities under similar visual stimulation (Zhao, 2017).
Therefore, this impaired dynamic coordination with right-central regions
in VIMS-susceptible individuals might indicate a lack of coordination
with somatosensory and vestibular regions in the initial stage of
self-motion processing.

At the later stage between 0.6 and 0.8 s, another positive cluster
covering the right TP regions was found among VIMS-resistant partici-
pants, while no positive cluster was observed among VIMS-susceptible
participants. Results of NOI analysis revealed that the VIMS-resistant
group also had a significantly wider range of connections to the right
TP NOI (P8) in the positive subnetwork. These connections were mainly
distributed over the occipital and contralateral TP regions. Results sug-
gest that the general strength and range of phase synchronization with
the right TP region were impaired in VIMS-susceptible participants at this
later stage. This is consistent with a recent fMRI study, where the reduced
inter-hemispheric synchronization of MT þ located in the TP region was
reported to be associated with self-rated levels of VIMS (Miyazaki et al.,
2015). White et al. (2012) showed that theta oscillations in the right TP
region correlated with correct navigation performance indicating that
the right TP region was associated with the integration of ego- and
allo-centric representations. In this study, VEP results also reveal that the
local activity of the right TP region (P8) is correlated with vection in-
tensity. Therefore, the enhanced long-range synchronization with the
right TP region found in VIMS-resistant participants might indicate the
integration of self-motion information during exposure to potentially
VIMS-provoking stimulation. It is possible that those dynamic links
connected to the right TP region reflect the self-motion integration
network that facilitates the development process related to sensory
conflict reduction.

In support of hypothesis H2, we found that after the onset of vection,
the strength of overall cortical coordination with the frontal region
(especially the right frontal region) was significantly reduced only for
VIMS-resistant participants (Fig. 5b). Moreover, results of subnetwork
analysis indicate that the number of reduced dynamic links after vection
onset was also significantly larger for VIMS-resistant participants than for
VIMS-susceptible participants (Fig. 5c). Interestingly, the number of
reduced links was negatively correlated with the MSSQ scores (see the
scatter plot with MSSQ_T [Beta ¼ � 0:590; R2 ¼ 0:32;p ¼ 0:002]; and
MSSQ_C [Beta ¼ � 0:559; R2 ¼ 0:31; p ¼ 0:003] for illustration,
Fig. 5d). This effect cannot be explained by the differences in exposure
duration since the vection onset delay was not significantly different
between the two groups (Table 1) and the number of links showing
reduced phase-locking was not correlated with the length of vection
delay. Previous studies also suggested that lower connectivity with the
frontal region reflected less sensory mismatched information (Jo et al.,
2017; Liang et al., 2017), which may explain the significant drop in
cortical coordination strength between the frontal and other regions
among VIMS-resistant participants observed in this study. This possibility
was further supported by the fact that the magnitude of the effect
described was also negatively correlated with the susceptibility of the
participants.
4.3. Network signatures correlated with VIMS susceptibility

As discussed in section 4.2, we found an impaired range of theta-band
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phase synchronization with the PM, right TP and right-central region
among the VIMS-susceptible group exposed to coherent rotating dot
patterns (Figs. 4 & 5c). The synchronization indices with the right TP
region showed the strongest individual explanatory power (R2¼ 0.34,
Table 2). Moreover, we also found that the reduced strength and range of
theta-band phase-locking with the right frontal region after vection onset
were negatively correlated with the MSSQ scores with a higher R2 than
other predictors including N223inc in the regression model (Table 2). In
the general model, the combined index of the right-frontal NOIs (Fz/F4),
right-central NOI (C4) and right-TP NOI (P8) produces the best explan-
atory power. As discussed before, it is possible that the phase-locking
with the right TP region reflects the strength of sensory integration for
self-motion, while the reduced communication with frontal regions
(responsible for conflict detection and modulation) after vection onset
indicates the individual effectiveness of conflict reduction. This agrees
with the previous findings that in addition to cortical activities in the
parietal-occipital regions, those in frontal regions are also associatedwith
VIMS (Chen et al., 2009; Farmer et al., 2015; Napadow et al., 2013).

It is worth mentioning that this study focused on searching for differ-
ential EEG signatures of VIMS-susceptible and VIMS-resistant individuals
before the emergence of symptoms. In this study, none of the participants
experienced any obvious VIMS symptoms (including eye fatigue, disori-
entation and nausea), not even the VIMS-susceptible group. This confirms
that our findings were not caused by VIMS symptoms. Interestingly,
synchronization-based EEG signatures had much stronger explanatory
power than localization-based signatures (N223inc) on all of the MSSQ
subscales. This supports our claim that sensory integration and long-range
cortical interactions could contribute more to VIMS susceptibility than
localized cortical activities such as regional BOLD activation. If that is the
case, VIMSmight bemore appropriately characterized as an impairment of
cortical coordination than as an abnormality in local activities.

The MSSQ used is a general questionnaire indicating motion sickness
occurrence in various motion scenarios (Golding, 1998). The signatures
we reported show potential properties associated with the general
occurrence of sickness rather than specific stimuli used in the laboratory.
Admittedly, this can also lead to the complicated situation where a
participant who reports mild motion sickness in several scenarios has the
same MSSQ score as a participant who reports moderate motion sickness
in only one scenario. Further work differentiating the subtypes of motion
sickness more meticulously is desirable.

4.4. Validations against the influence of confounding factors

To exclude the influence of possible confounding factors involved in
the experimental procedures, we generated validation datasets to test the
robustness of our results. First, as PLVs were calculated across all
remaining clean epochs in each condition (CC/RC/VC), the number of
epochs can vary among conditions. To eliminate the alternative expla-
nation that within-subject effects might have been caused by the unequal
numbers of epochs, for each participant we randomly sampled epochs in
each condition to generate a smaller validation dataset to calculate PLVs.
The number of epochs sampled was equal to the least remaining number
of epochs. Thus, the remaining number of epochs is the same across all
conditions for each participant (mean epoch number N¼ 85.2� 16.0).
All within-subject effects remained robust in the validation. Similarly, to
exclude the influence of variations in the number of epochs at the indi-
vidual level on between-subject effects, we generated another validation
dataset by randomly sampling epochs in each condition, the number of
which was equal to the least remaining number of epochs across all
participants and all conditions. Therefore, the number of epochs (N¼ 59)
used for PLV calculation was the same for all participants for all condi-
tions. The group effects remained robust.

Another concern was that although the mean delay of vection onset
was around 10 s, three participants (one from the VIMS-resistant group
and two from the susceptible group) had onset delays of less than 3 s. The
button pressing task for indicating vection onset might have polluted the
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RC epochs for these participants. To minimize the influence of button
pressing, we repeated the analysis with participants who showed onset
delays more than 3 s (N¼ 23). All effects remained robust. Moreover, to
control for the individual variation in vection onset delay, we included
onset delay in the regression models for predicting MSSQ scores and
vection intensity. The explanatory power of all EEG signatures remained
robust.

Finally, the current study focused on identifying EEG signatures that
varied among participants with different MSSQ scores. Readers are
reminded that our finding only suggests association among those vari-
ables, instead of causal relationships.

5. Conclusions

This study identified several EEG signatures of VIMS susceptibility by
comparing the VEP components and phase synchronization networks
between VIMS-susceptible and VIMS-resistant individuals exposed to
coherent rotating dot patterns spanning a wide FOV. The experiment was
meticulously designed and contributes to VIMS studies in three unique
ways: 1) the EEG signatures were determined in the absence of con-
founding factors due to nausea symptoms; 2) to control for variations in
vection perception, the EEG signatures were collected before and after
vection onset under the same visual stimulation with individualized
vection onset delay configured; and 3) the EEG signatures were focused
on the synchronization between the local responses rather than the
average local responses.

We found that a higher VIMS susceptibility is weakly associated with
excessive initial local responses in parietal regions (N223) and strongly
linked to impaired theta-band phase synchronization networks (espe-
cially the subnetwork with the right TP, right-frontal and right-central
regions). Results are of special interest to the VIMS field. This is the
first EEG study to support the sensory conflict theory from the perspec-
tive of individual differences through exploring the dynamic neural basis
underlying VIMS susceptibility. Moreover, this work revealed that the
variation in MSSQ scores reported by participants can be more accurately
captured by the phase synchronization of cortical activities than by that
of local activities, highlighting the importance of exploring global phase-
locking properties. The finding has implications for the future studies on
VIMS and even motion sickness in general. Our findings suggest that
monitoring the global phase-locking properties can provide valuable
information, which might be lost when the temporal responses are
averaged under a particular type of stimulation as was done in the past.

Moreover, our method of collecting EEG signatures does not require
inducing motion sickness in participants. This has the advantage that the
cortical signals measured are not polluted by hyper-activities associated
with motion sickness symptoms. Once validated with larger group sam-
ples in the future, these EEG signatures can be developed into applicable
predictors of VIMS so that the susceptible population can take pre-
cautions and seek treatment in a timely manner. In the future, if we could
combine the analyses of dynamic EEG data with imaging tools with a
higher spatial resolution (e.g. MEG and fMRI), we may be able to reveal
functional networks more precisely and further elucidate the neural
mechanism underlying VIMS susceptibility.
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