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Abstract

Visual stimulation can generate illusory self-motion perception (vection) and cause motion sickness among susceptible
people, but the underlying neural mechanism is not fully understood. In this study, SSVEP responses to visual stimuli
presented in different parts of the visual field are examined in individuals with different susceptibilities to motion sickness
to identify correlates of motion sickness. Alpha band SSVEP data were collected from fifteen university students when they
were watching roll-vection-inducing visual stimulation containing: (1) an achromatic checkerboard flickering at 8.6 Hz in
the central visual field (CVF) and (2) rotating dots pattern flickering at 12 Hz in the peripheral visual field. Rotating visual
stimuli provoked explicit roll-vection perception in all participants. The motion sickness resistant participants showed
reduced SSVEP response to CVF checkerboard during vection, while the motion sickness susceptible participants showed
increased SSVEP response. The changes of SSVEP in the presence of vection significantly correlated with individual
motion sickness susceptibility and rated scores on simulator sickness symptoms. Discussion on how the findings can
support the sensory conflict theory is presented. Results offer a new perspective on vection and motion sickness
susceptibility.

Keywords Vection - SSVEP - Motion sickness susceptibility

Abbreviations RC Rotation condition
BC Background condition RV Rotation condition with vection perception
CcC Control condition RN Rotation condition with no-vection
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CVF Central visual field

PVF Peripheral visual field

EEG Electroencephalographic

EOG Electrooculogram

EOI Electrode of interest

FOV Field of view

MS Motion sickness

MSSQ  Motion Sickness Susceptibility Questionnaire
MSsus  Motion sickness susceptible

MSres  Motion sickness resistant

VEP Visual evoked potential

SSVEP  Steady-state Visually Evoked Potential
SSQ Simulator Sickness Questionnaire
Introduction

When exposed to coherent patterns of visual motion, sta-
tionary viewers can experience the illusory sensation of
self-motion, which is often termed ‘vection’ (Palmisano
et al. 2015). The utilization of vection is crucial for the user
experience and the effectiveness of virtual reality (VR)
technologies (Riecke 2011; Riecke et al. 2004). However,
for some VR users, vection experience is frequently
reported together with motion sickness (MS) (Keshavarz
et al. 2015b; Zhang et al. 2015), an unpleasant response
with symptoms including gastrointestinal discomfort,
oculomotor disturbance and disorientation (Griffin 1990;
Kennedy et al. 1993). Currently, the mechanism underlying
this phenomenon is not fully understood (Berti and
Keshavarz 2020; Keshavarz et al. 2015b; Palmisano et al.
2015). Further explorations on its neurological basis could
provide theoretical support for VR users to avoid MS while
experiencing vection. Since electroencephalographic
(EEG) possesses a good time—frequency resolution, it can
enable more elaborate explorations on the dynamic neu-
rological responses during the vection perception.
Researchers have been advocating more investigations to
be geared by the EEG (Keshavarz et al. 2015a; Palmisano
et al. 2015).

Vection and MS susceptibility
With prolonged exposure to vection-inducing stimulation,
some susceptible people would experience MS, while

others who appear to be resistant to MS, do not (Golding
et al. 2012; Miyazaki et al. 2015). The mechanism behind
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individual susceptibility to the MS provoked by vection-
inducing stimulation is not well understood. Based on the
most widely recognized ‘sensory conflict theory’, MS is
caused by conflicts between the visual motion perception
and vestibular input (Keshavarz et al. 2014; Reason 1978;
Zhang et al. 2015). According to the ‘reciprocal inhibition
hypothesis’ (Brandt et al. 1998, 2002), people can suppress
the neural activity of visual area or vestibular area to
reduce the sensory conflicts. Based on this hypothesis,
MSres people should demonstrate a reduction of neuro-
logical activities during vection, while MSsus people
should not. However, this hypothesis has not been directly
examined among people with different MS susceptibility
during vection. Most neurological vection studies did not
report individual MS susceptibility of participants (Berti
et al. 2018; Dowsett et al. 2020; Keshavarz et al. 2015b;
Keshavarz and Berti 2014; Kleinschmidt et al. 2002; Thilo
et al. 2003; Vilhelmsen et al. 2015). And for most studies
focused on MS, researchers usually contrast neurological
responses between the control and MS-provoking stimuli,
where vection was hardly measured or controlled (Farmer
et al. 2015; Miyazaki et al. 2015; Napadow et al. 2013). In
those studies, the vection perception may be confounded
with the different visual stimulation. Therefore, the current
study was designed to fill this gap by directly comparing
the EEG correlates of vection perception between MSsus
people and MSres people.

Central and peripheral vision

Another crucial confounding factor that may influence the
neurological activities during vection, is the visual location
occupied by visual stimuli. When viewers are experiencing
vection, their central and peripheral vision play different
roles (Warren and Kurtz 1992). Moreover, it was found
that the behavioural responses to CVF stimuli rather than
PVF stimuli were suppressed during vection (Wei et al.
2018). Therefore, to better explore the EEG correlates and
MS susceptibility, it is essential to examine the EEG
responses correlated to CVF and PVF stimulation,
respectively. Although some other EEG based vection
studies attempted to present different stimulation to CVF
and PVF (Keshavarz and Berti 2014; Strozak et al. 2016;
Thilo et al. 2003), the collected EEG responses were
analysed together in their designs. Indeed, most of the
previous EEG research on vection studied transient VEPs
(Barry et al. 2014; Berti et al. 2018; Berti and Keshavarz
2020; Keshavarz and Berti 2014; Strozak et al. 2016; Thilo
et al. 2003; Vilhelmsen et al. 2015), which reflected the
holistic response of a transient trial. Moreover, the meaning
of changes in transient visual evoked potential (VEP)
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amplitude can be ambiguous, as increase or decrease in
different transient VEP components can generate similar
difference waves (Luck 2005; Niedermeyer and Lopes da
Silva 2005). In this study, we studied steady-state VEP
(SSVEP) because different areas of visual field can be
tagged with different frequencies in SSVEP (Vialatte et al.
2010). By applying different flickering frequencies to CVF
and PVF stimuli, the response to a specific visual location
(namely CVF and PVF, respectively) shall be tagged and
captured by the SSVEP power at corresponding stimulation
frequency (Camfield et al. 2012; Morgan et al. 1996;
Miiller et al. 1998). Furthermore, the power changes of
SSVEP were associated with the activation or suppression
of visual processing without ambiguity (Miiller et al. 1998;
Vialatte et al. 2010).

Hypotheses

In this study, to better explore the neural mechanism
behind MS provoked by vection-inducing stimulation, we
examined the SSVEP under vection between MSsus people
and MSres people, with different frequencies tagged to
CVF and PVF stimulation. Based on the ‘sensory conflict
theory’ (Reason 1978) and ‘reciprocal inhibition hypothe-
sis’ (Brandt et al. 2002), the suppression of neural activity
in visual area during vection is associated with less sensory
conflict and less MS. Thus, we hypothesize that MSres
people should exhibit suppression effects associated with
vection as part of their ways to reduce sensory conflict,
while MSsus people shall not (H1a), with the effect size
significantly correlate with individual MS-susceptibility
(H1b). As previous work suggested that the suppression of
visual system is associated with CVF rather than PVF (see
Sect. 1.2), we hypothesize that the vection effects reflected
by SSVEP power in H1 shall interact with visual location
(H2).

Method

To test our hypotheses, this study manipulated and exam-
ined combinations of between and within-subject variables
(see Table 1). Specifically, we studied the amplitude and
topography of SSVEP when different MS susceptibility
groups were exposed to a rotation condition (RC) stimu-
lation and a control condition (CC) stimulation presented to
their peripheral vision. To generate traceable SSVEP
responses, flickering at two different frequencies of alpha
bands were added to the RC stimuli (PVF:12 Hz,
CVF:8.6 Hz; see Sect. “Visual stimuli”). To investigate
the effects of vection, the periods under RC, which
reported with vection or without vection by participants,
were analysed and compared in each trial (see Sect. “Trial
procedure: SSVEP and vection conditions”) (Morgan et al.
1996; Miiller et al. 1998; Wei et al. 2018).

Participants

Fifteen right-handed university students (24-27 years old,
mean 25.40, SD 1.40) were recruited with complete
informed consent. Participants filled in the short form of
Motion Sickness Susceptibility Questionnaire (MSSQ)
before the experiment. Based on previous findings (Wei
et al. 2019; Zhao 2017), eight participants who scored
higher than the 50th percentile of MSSQ scores (either
MSSQ total scale or any subscales) reported in Golding
(1998, 2006)’s surveys were assigned to the MS susceptible
(MSsus) group and other participants was assigned to the
MS resistant (MSres) group. Both groups had a mix of
gender (MSsus: 62.5% male; MSres: 71.4% male). There
was no significant between-group difference in gender and
age (see Table 2 for group summary of demographics,
vection and Simulator Sickness Questionnaire [SSQ]
reports). All of the participants attained 20/20 visual acuity
(Vision Tester: Stereo Optical CO. Inc. U.S.A., Model
2000). All participants were free of any vestibular injury or
medical treatment. None of them have rich experience with
large-screen visual motion stimuli or video games.

Table 1 Illustration of levels

. Between-subject
and variables J

Within-subject

MS susceptibility
(2 levels)

Visual stimuli
(2 levels)

Flicker frequency
(2 levels)

Vection perception
(2 levels)

MSsus group
(N=38)

MSres group
N=17)

CVF-8.6 Hz and RN
PVF-12 Hz RV
Control condition (CC) - _

Rotation condition (RC)

MSsus Motion sickness susceptible, MSres Motion sickness resistant, CVF Central visual field, PVF
Peripheral visual field, RV Rotation condition with vection perception, RN Rotation condition with no-

vection perception
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Table 2 Demographics and

experiment measures of the MSsus group MSres group P

MSsus Group and MSres Group  poe (years) 255+ 12 253+ 1.7 0.780
Gender (% male) 62.5% 71.4%
MSSQ score
Child (0-27) 9.5+ 31 20+ 15 < 0.00] %
Adult (0-27) 77 +£32 1.1 £1.0 < 0.001 %%
Total (0-54) 17.1 £ 5.1 31+22 < 0.001 %
Pre-SSQ total score (0-40) 08+ 1.7 04 +0.8 0.570
Post-SSQ total score (0-40) 40+52 04 +0.5 0.0977
Post-SSQ_N (0-66.7) 4.8 £ 5.1 0.0 £ 0.0 0.029*
Post-SSQ_O (0-53.1) 85+ 11.0 32 +4.1 0.24
Post-SSQ_D (0-97.4) 8.7+ 12.7 0.0 £0.0 0.095%
Vection report
Mean Intensity (1-5) 25+0.6 23+04 0.574
Vection duration (%) 440 £ 17.2 46.3 £ 15.8 0.794
Total clean epochs 1275.1 + 2454 1228.9 + 225.0 0.711
RV epochs 435.4 + 257.5 461.6 + 257.5 0.821
RN epochs 664.1 £ 246.1 581.6 + 165.4 0.467
CC epochs 175.6 £+ 28.0 185.7 £ 27.6 0.495

*#¥p < 0.001, *p < 0.05, Ap < 0.1. Post-SSQ_O, Post-SSQ_D, Post-SSQ_N represent the score of the
ocular motor symptom subscale, the disorientation symptom subscale and the nausea symptom subscale
respectively. Except the MSSQ scores and Post-SSQ_N, none of the group comparisons are significant;
Note that the SSQ score of the MSsus group was significantly higher than MSres after the experiment on the
nausea scale (p = 0.029), but the severity of overall sickness remained very low (4 in 40)

Visual stimuli

Since previous studies suggested that the amplitude of
alpha band SSVEPs was closely connected to visual sup-
pression (Klimesch 2012; Morgan et al. 1996; Vialatte
et al. 2010) and vection (Dowsett et al. 2020), in the current
study, the visual stimulation was designed to flip at alpha
band frequencies. To elicit roll vection, the rotating dots
pattern used in past studies was presented at PVF (Wei
et al. 2018, 2019), while a checkerboard similar to the one
used in previous studies (Thilo et al. 2003; Wei et al.
2017b) was presented at CVF (Fig. 1a). The stimuli were
shown on a 46-inch LCD monitor (screen size:
102.1 x 57.5 cm; field of view: 93.5° x 61.8°; viewing
distance: 48 cm) with 650-750 dots visible under all con-
ditions. The achromatic checkerboard occupied a field of
view (FOV) of 11.4° x 15.1°. To evoke SSVEP, the
rotating dots in the PVF alternated between strong contrast
(91.62%; dot luminance: 1.6 cd/mz) and weak contrast
(26.32%; dots luminance: 0.12 cd/m?) at a frequency of
12 Hz, while the contrast of the checkerboard in CVF was
reversed at a frequency of 8.6 Hz (luminance: 10 cd/m?
for white cells; 0.62 cd/m2 for black cells; contrast:
88.32%). The selection of these two alpha band frequencies
(8.6 Hz and 12 Hz) was based on previous SSVEP studies
(Morgan et al. 1996) to ensure the separability and
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feasibility of the collected SSVEPs. Moreover, we con-
ducted a pilot study to ensure that the flickering stimulation
does not damage the vection perception of participants. In
RC, all grey dots rotated anticlockwise coherently with an
angular velocity of 32°/s. In CC, no flickering was applied
in both CVF and PVF, and the grey dots moved in random
directions with similar speeds as the dots in RC. Similar
CC was used in previous experiments (Brandt et al. 1998;
Wei et al. 2018, 2019).

Procedures
Trial procedure: SSVEP and vection conditions

As illustrated in Fig. 1, each trial started with a 1.5 s-
baseline black background condition (BC), followed by a
15 s presentation of RC. During the RC, participants were
instructed to press a key with their right hand to indicate
the onset or cessation of roll vection perception. Therefore,
each RC would be divided into sections labeled as with or
without vection according to the subject’s key pressing. All
participants watched one trial of demo stimuli demonstra-
tion and received training on how to recognize the state of
self-rotational vection. Within each trial, recorded SSVEP
in RC when participants were experiencing vection (RV) or
experiencing no vection (RN) were compared. Similar to
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a. Rotating dots pattern: flickering at 12Hz

102.1 cm/ 93.5° FOV

Checkerboard: flickering at 8.6Hz

Fig. 1 Stimuli and composition of a trial. Note: a A snap shot of the
stimulus during rotation condition (RC) and b a time-line illustration
of a single trial consisting sequences of background condition (BC);
RC and control condition (CC). The averaged luminance for black
cells in checkerboard is 0.62 cd/ m?, and that for white cells is 10
cd/mz, so the contrast is 88.32%:; Note that checkerboard is encircled

previous works (Kleinschmidt et al. 2002; Wei et al. 2019),
SSVEPs recorded within 2 s of the perception state change
(from vection to no-vection, or vice versa) were excluded
as they were still in transition period. Following the 15 s-
RC was a 3 s-BC. Then CC stimulation was presented for
3 s. Finally, after CC, each trial ended with a 1.5 s-BC (see
Fig. 1b). The total duration of each trial was 24 s
(15s4+15s+3s+3s+ 1.5s=245s). To avoid the
confounding effects introduced by visual fatigue and nau-
sea symptoms, the length of trial cannot be too long. It was
set as 15 s because pilot data and previous findings suggest
that 15 s was enough to provoke vection (Wei et al. 2019).
During each trial, participants were instructed to fixate
their eyes on a central red dot (diameter: 0.6° of FOV;
luminance: 5.05 cd/m?) to suppress optokinetic nystagmus
and other types of eye movements. This served as a control
to reduce influence of eye movements on MS (Yang et al.
2011). A chinrest was used to limit head and body move-
ment and fixed the view distance at 48 cm for all partici-
pants. To eliminate visual distractions, all lights were
switched off. Both the TV and participants were covered
with a large black curtain.

Block procedure: attention modulation conditions

Each block consisted of 8 repeated trials (24 s x 8 =192 s
per block). During the experiment, participants followed
instructions to carry out three types of attention allocation
task: (1) central focus (CF: participants were instructed to
concentrate on the central checkerboard and ignore the

CC-No SSVEP: 3s

57.5cm/ 61.8° FOV

by grey bar with a luminance of 1.54 cd/m? and a width of 0.53 cm;
the highlighted grey area is just for illustration, so it is larger than
actual stimuli; checkboard has 24 x 18 cells with a size of 0.53 cm.
The achromatic checkerboard occupied 11.4 x 15.1°f the field of
view (FOV)

peripheral rotating stimuli); (2) peripheral focus (PF: par-
ticipants were instructed to focus on the peripheral rotating
stimuli and ignore the central checkerboard stimuli); and
(3) no focus requirement (NF: participants were instructed
to give attention to the whole screen without any particular
focus). In each block, the same task would be presented in
all eight repeated trials. All participants completed six
repeated NF blocks and six repeated attention focused
blocks with three blocks for CF and three for PF. The order
of presenting the blocks was randomized. Between suc-
cessive blocks, participants rested for 3—10 min, until they
reported no fatigue or discomfort. In this study, only six NF
blocks were analyzed and reported to be focused on the
topic. The results of the other blocks would report in other
documents.

All stimuli and the EEG synchronization triggers were
programmed in MATLAB using Psychtoolbox-3 exten-
sions (Brainard 1997; Pelli 1997). The experiment took
place inside an acoustic booth with all parts of the set-up
the same as previous research (Wei et al. 2019). The booth
reduced electrical interference. All procedures were
approved by the human subject and ethics committee of the
Hong Kong University of Science and Technology.

Response measures
Measurements of EEG signals

During stimuli presentation, the 32-channel EEG signals
were recorded  together with two  horizontal
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Electrooculogram (EOG) (left and right) channels and two
vertical EOG (upper and lower) channels using a NuAmps
Amplifier (DC-coupled, 22 bits, monopolar) from Ag/AgCl
sintered electrodes (Quik-Cap, Compumedics Neuroscan)
based on the international 10-10 system referenced to the
average of left and right mastoid signals. Impedances
between all channels and ground channel (AFz) were kept
below 5 kQ.

Raw EEG data were digitized at a sampling rate of
1000 Hz and a bandwidth of DC-260 Hz, and then filtered
offline with an FIR band-pass filter from 1.6 to 45 Hz. The
refreshing rate of the monitor was 60 Hz supporting the
flipping of dots at PVF at every fifth frame (12 Hz), and the
flipping of the checkerboard at CVF at every seventh frame
(8.6 Hz). One complete cycle of visual flicker was defined
as 5 x 7 = 35 frames. Duration of each frame was 16.7 ms
and the total duration of one complete cycle was 583 ms.
EEG data were segmented into epochs of 1167 ms duration
covering the duration of two consecutive complete cycles
of the visual flickers. During the period of one epoch,
participants were exposed to 10 cycles of 8.6 Hz flickering
at CVF and 14 cycles of 12 Hz flickering at PVF. Con-
secutive epochs were 50% overlapped. Incomplete epochs
and epochs covering the transition period (onset or cessa-
tion of vection) were discarded. Independent components
analysis (ICA) was applied using EEGLAB (Delorme and
Makeig 2004), and components identified as eye movement
artifacts were removed using an automatic toolbox
ADJUST (Mognon et al. 2011). The epochs contaminated
by other artifacts were rejected based on a moving window
peak-to-peak method (window size: 200 ms; step: 50 ms;
threshold: £ 100 pV) and extreme value of remaining ICA
components (threshold: £ 20 pV). Current source density
analysis was also applied to exclude the potential influence
of volume conduction (parameters: the order of spline,
m = 4; precision of 1.0e—5) at each electrode position
(Kayser and Tenke 2006a, b). The average numbers of
valid epochs per participant per analysis condition
remained for each condition are listed in Table 2 with
standard deviations. In summary, two types of condition
contrasts were analyzed: CC (control condition) versus RC
(rotation condition); RV (rotation condition with vection)
versus RN (rotation condition without vection).

SSVEP analysis

The valid epochs per participant were averaged within each
analysis condition and transformed into a power spectrum
using ERPLAB Toolbox for SSVEP analysis (Lopez-Cal-
deron and Luck 2014). The 1167 sample epoch (1167 ms
sampled at 1000 Hz) was zero pad to 2048 samples before
FFT transformation with Hamming window and frequency
resolution of 0.2441 Hz. Energy points closest to 12 Hz
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(PVF stimuli) and 8.6 Hz (CVF stimuli) were extracted as
SSVEP power using Fieldtrip (Oostenveld et al. 2011) and
EEGLAB (Delorme and Makeig 2004). Topographies of
the SSVEP power differences between RC (RV 4 RN) and
CC at the frequencies of CVF and PVF stimulation were
analyzed to identify the electrodes of interest (EOIs,
Fig. 2).

Reports of vection and SSQ

Participants were trained to report their vection intensity
after each block, based on a 5-point scale revised from
previous studies (1 = no vection; 5 = saturated vection;
Webb and Griffin 2003; see Appendix I.1). The percentage
of vection duration under each condition was calculated
from the response of participants. To monitor the MS
symptoms, all participants completed the Simulator Sick-
ness Questionnaire (SSQ) before and after experiment
(Kennedy et al. 1993).

Results
SSVEP power topography

The average power spectra of the SSVEP responses to
rotating dot condition (RC) are shown in Fig. 2. As
expected, spectral energies of SSVEPs peaked around
8.6 Hz (CVF stimuli frequency) and 12 Hz (PVF stimuli
frequency) with their respective harmonics.

To determine the spatial distribution of the SSVEP
power at stimuli frequencies, the topography of the RC at
8.6 Hz and 12 Hz were averaged for each group. As
showed in Fig. 2, the strongest response to PVF stimulation
(12 Hz) was located around the Pz electrode in both
groups. As for the response to CVF stimulation (8.6 Hz),
the strongest response was located around the Oz electrode
for the MSres group, while for the MSsus group, it was
located around the P4 electrode. Based on the topography,
we selected the EOIs for further analysis: for 12 Hz the Pz
electrode was selected as the EOI for all participants; for
8.6 Hz, as MSsus and MSres participants demonstrated two
different EOIs (see Fig. 2a), the electrode with stronger
power between P4 and Oz were selected as the EOI for
each participant (see Fig. 2b). To test whether the SSVEP
power of EOIs at RC were significantly different from
noise (the control condition: CC), two-way repeated-mea-
sures MANOVA was conducted with two within-subject
factors (SSVEP stimuli: RC/CC; stimuli frequency: 8.6/
12 Hz). The main effect of SSVEP stimuli was significant,
showing the SSVEP power of RC was significantly higher
than CC [F(1,14) = 27.019, p < 0.001, Cohen’s f = 1.275].
The simple-main effect of SSVEP stimuli for 8.6 Hz
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Fig. 2 The power spectrum and topography of SSVEP power at
Rotation condition (RC). Note: a The topography of SSVEP power at
CVF stimulus frequency (8.6 Hz) and the power spectrum of EOIs:
Oz for MSres Group (left) and P4 for MSsus Group (right). b The

[F(1,14) = 25902, p < 0.001, Cohen’s f=1.248] and
12 Hz [F(1,14) = 7.436, p = 0.016, Cohen’s f= 0.634]
were also both significant, showing the SSVEP power of
RC was significantly higher than CC for both of the two
frequencies.

Vection state effects

We obtained the neural responses indicated by SSVEP
power at each stimulus frequency from EOIs selected
above. A three-way mixed-measures ANCOVA was con-
ducted with two within-subject factors (vection: RV/RN;
stimuli frequency: 8.6/12 Hz) and one between-subject
factor (MS susceptibility: MSsus/MSres). The general
SSVEP power of RC condition at 8.6 Hz and 12 Hz were
added as correlates in the model.

The main effect of MS susceptibility is marginally sig-
nificant, with MSsus group demonstrating stronger
responses than MSE group [F(1,11) =4.525, p = 0.057,
Cohen’s f = 0.521]. The interaction of vection x MS sus-
ceptibility was significant [F(1,11) = 11.787, p = 0.006,

P4

MSsus Group SSVEP Power (W/Hz)

A

0 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)

Pz

o
T

»
T

w
T

N
T

12Hz

MSsus Group SSVEP Power (W/Hz)

)\

L . AN . . )
0 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)

topography of SSVEP power at PVF stimulus frequency (12 Hz) and
the power spectrums at Pz for two groups: MSres Group (left) and
MSsus Group (right)

Cohen’s f=0.911]. The interaction of frequency x MS
susceptibility was also significant [F(1,11) =5.618,
p = 0.037, Cohen’s f = 0.596]. In particular, the interaction
of vection x frequency x MS susceptibility was signifi-
cant [F(1,11) = 11.886, p = 0.005, Cohen’s f= 0.915],
which supported the H2 (the vection effect interacts with
visual location).

To illustrate the interaction of vection effects, we tested
simple-effects under 8.6 Hz (CVF stimuli frequency) and
12 Hz (PVF stimuli frequency) respectively. For 8.6 Hz,
the simple-main effect of MS susceptibility was significant,
with MSsus group showing stronger responses than MSres
group [F(1,11) =5.055, p = 0.046, Cohen’s f = 0.559].
The simple-main effect of vection was not significant. The
simple-interaction of vection x MS group was significant
[F (1,11) = 11.911, p = 0.005, Cohen’s f= 0.916], with
MSsus group showing stronger suppression effect under
vection (see Fig. 3a for illustration) in supporting of the
Hla. To further explore the interaction of vection
effect x MS susceptibility, we conducted two-tailed
paired-sample r-tests between RN and RV condition for the
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CVF stimuli frequency: 8.6 Hz
28
== MSres

27
N 26 kokex =~ MSsus
=
=
6 25
g 24
g 23
)
:é 22 *
A
=¥
=
> 20
n
© 19

18

RN RV

Vection condition

Fig. 3 The effect of vection and MS susceptibility on SSVEP power.
Note: ***p = 0.001, *p < 0.05. a The interaction effect of vection
and MS susceptibility on SSVEP power. Note that the illustration of
interaction effect is plotted with the covariates (the general SSVEP

two MS groups. Results showed that: for MSres group, the
SSVEP response significantly reduced during vection
[t(6) = 2.490, p = 0.047, Cohen’s d = 0.941]; for MSsus
group, the SSVEP response significantly increased during
vection [#(7) = -5.311, p = 0.001, Cohen’s d = 1.877]. As
for 12 Hz (PVF stimuli frequency), no significant effect
was found for simple-main effects or simple-interaction
effect.

MSSQ reports

We used the difference in SSVEP power between RV and
RN (VecEffect = SSVEPgy — SSVEPgy) as the SSVEP
indicators for vection effect. Correlation analysis showed
that the SSVEP indicator of vection at 8.6 Hz (VecEffec
t36n;) Was positively correlated with MSSQ scores of
participants (Pearson’s r = 0.658, p = 0.008, see Fig. 3b
for scatterplot), where individuals with higher MSSQ
scores demonstrated stronger SSVEP responses during
vection as compared to no-vection condition. This result
supported the H1b (the vection effect size was correlated
with individual MS susceptibility).

To further explore how the individual MSSQ scores can
predict the vection effects, we then conducted a stepwise
regression analysis using the two subscale scores
MSSQ_A & MSSQ_C) and total scores of MSSQ as
predictors. Results showed that MSSQ_C (the recalled MS
symptoms in the childhood of participants) had the best
prediction power on the SSVEP indicators of vection
(R2=0.44, p = 0.007; see Table 3 for summary), excluding
all other predictors from the model.
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power of RC condition) fixed at 25.4W/Hz for 8.6 Hz. b the scatter
plot for SSVEP indicators of vection effect (SSVEPgy — SSVEPgy)
and MS susceptibility

SSQ reports

Regression analysis revealed that the vection effects can
predict the severity of MS symptoms of individual partic-
ipants, which also supported the H1b. Stepwise regression
analysis using the SSVEP indicators of vection effect
(VecEffec tg s, & VecEffec t2p,) as predictors were con-
ducted for each subscale and the total scale of post-SSQ
(see Table 3 for model and coefficients statistics). The
coefficients of VecEffec tg ¢y, in the models for all post-
SSQ scales were positive, suggesting that the higher was
the increment of SSVEP power in CVF, the stronger was
the MS symptoms. Moreover, the coefficients of VecEffec
t1og, Was always negative, suggesting that the higher was
the increment of SSVEP power in PVF, the lighter was the
MS symptoms.

In general, the adjusted-R? across models suggested that
the combination of two vection indicators showed best
prediction power on post-SSQ scores, without any indica-
tor excluded from the model, suggesting that CVF and PVF
vection indicators might associate with different compo-
nents in the generation of MS symptoms.

Note that when both MSSQ scores and SSVEP indica-
tors of vection effect were added in the models to predict
the MS symptoms, only SSVEP indicators of vection effect
were kept by stepwise regression model and the MSSQ
scores were excluded. Also, it is worth noting that the
overall symptom of all participants was kept quite mild (the
largest post-SSQ scores is 12.48 out of 40). The block
exposure time was controlled to be short (192 s) with
sufficient rest between blocks, to avoid the influence of
severe MS symptoms on EEG responses. None of the
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Table 3 Summary of regression

Standardized Coefficients ~ R2 Adjusted-R> F

models for vection effects and Dependent Predictors
post-SSQ scores VecEffec ts.oi. MSSQ_C
MSSQ_A

Post-SSQ_T VecEffec ts oh;

VecEffec t12x,

Post-SSQ_O VecEffec ts o,

VecEffec tir;

Post-SSQ_D VecEffec ts ¢,

VecEffec t12n;

Post-SSQ_N VecEffec 3.6

VecEffec t12n;,

0.666** 0.444  0.401 10.376%*

(» = 0.007) (» =0.007)
Excluded

0.599* 0.507 0.425 6.177*

(» =0.014) (» =0.014)
— 0.545%

(» =0.022)

0.544* 0.562  0.489 7.695%%*

(» =0.017) (» =0.007)
— 0.654%%*

(»p = 0.006)

0.582%* 0.465 0.376 5.219*

(» =0.020) (» =0.023)
— 0.512%

(» =0.036)

0.512 0.262  0.205 4.671

(» =0.051) (» =0.051)
Excluded

**p < 0.01, *p < 0.05. The vection effect size (VecEffect = SSVEPgy — SSVEPgy) are SSVEP indicators
calculated by the SSVEP power at RV subtract the power at RN. VecEffec tgen, and VecEffec tiopn,
represent the effect of SSVEP power at 8.6 Hz and 12 Hz respectively. For each dependent, only the model
selected by the highest Adjusted-R2 is reported. Post-SSQ_T, Post-SSQ_O, Post-SSQ_D, Post-SSQ_N
represent the score of post-SSQ total scale, the ocular motor symptom subscale, the disorientation symptom
subscale and the nausea symptom subscale respectively. Note that MSSQ scores have less prediction power

than VecEffect on post-SSQ scores

participants reported obvious nausea, vomiting or other
severe unpleasant feelings during the experiment.

Discussion

This study examined the SSVEP response to roll vection-
inducing stimulation of people with different MS suscep-
tibilities. We will elaborate on two major findings: (a) the
differentiated SSVEP response to CVF and PVF visual
stimulation for different MS sensitivity groups; (b) identi-
fied SSVEP changes as neural correlates for vection and
MS susceptibility. Finally, potential applications and lim-
itations are discussed.

Differentiated SSVEP response for different MS
groups

As expected, we observed that the SSVEP power response
to PVF (12 Hz) and CVF (8.6 Hz) stimulation frequencies
exhibited different topographies. We found that the stron-
gest response to PVF stimulation at 12 Hz was centered at
the parietal-occipital region (Pz electrode, Fig. 2), with no

topographical difference between the MS groups. For CVF
stimulation, however, differential topographical responses
were found between MSres and MSsus participants. The
strongest SSVEP response for CVF stimulation of MSres
participants was centered at the occipital region (Oz elec-
trode). For the MSsus groups, the strongest SSVEP
response was observed in the right-middle-occipital region
(P4 electrode). The differentiated topography for SSVEP
responses to CVF and PVF stimulations of MSres group
was consistent with previous knowledge and retinotopic
mapping studies (Bridge 2011). CVF checkerboard stimuli
lead to strong activities in occipital regions (around the
occipital pole and calcarine fissure) for contrast processing
(Bach and Ullrich 1997; Di Russo et al. 2005; Griffis et al.
2016), while the rotating PVF stimulation led to stronger
response in the parietal-occipital regions (Pitzalis et al.
2013; Uesaki and Ashida 2015; Wada et al. 2016) indi-
cating PVF ambient information processing (e.g. large
motion patterns).

Of interest are those MSsus participants showing a lat-
eralization effect at P4 for CVF stimulation (Fig. 2a). It has
been suggested that SSVEP responses distributed around
P4 reflect activities in the right-middle-occipital region
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(Bayram et al. 2011; Ji et al. 2019) and this region is known
to be the vestibular region in right-handed participants
(Dieterich et al. 2003). In this study, all participants are
right-handed. Previous research also observed a right-
hemisphere lateralization of alpha band SSVEP at the P4
electrode during vection. This lateralization effect has been
interpreted as the coordination with sensory systems when
sensory conflicts exist in self-motion perception (Dowsett
et al. 2020). According to this, the lateralization in sus-
ceptible people might be because they experience stronger
inconsistency between stationary CVF stimulation and self-
motion perception. Another possible explanation is that
MSsus people have impaired inter-hemispheric synchro-
nization in parietal-temporal regions under vection-induc-
ing stimulation (Miyazaki et al. 2015; Wei et al. 2019).
This could then lead to an unbalanced response in right-
hemisphere for susceptible people. Although the mecha-
nism requires further investigation, the current finding
presents clues in revealing the neural mechanism of sen-
sory conflict. It is worth mentioning that this obvious
topographical feature of susceptible people can also be
developed into an objective indicator for screening MS
susceptibility.

SSVEP power as indicators of vection and MS
susceptibility

Participants showed different SSVEP correlates of vection
depending on their MS susceptibility:

1. For SSVEP power at CVF frequency (8.6 Hz), the
MSres group showed significant decreased responses
during the vection period as compared to the no-
vection period (p = 0.047, Cohen’s d = 0.941), while
the MSsus group demonstrated significant increased
responses (p = 0.001, Cohen’s d=1.877, see
Sect. “Vection state effects”, Fig. 3a). Furthermore,
participants with higher susceptibility to MS exhibited
higher SSVEP responses (Fig. 3b, Pearson’s r = 0.658,
p = 0.008). These findings are consistent with previous
behavioral studies which reported that the CVF task
performance was impaired for MSsus participants and
enhanced for MSsus participants (Wei et al.
2017a, 2018).

This interesting phenomenon agrees with sensory con-
flict theory (Reason 1978) and the ‘reciprocal inhibition
hypothesis’ (Brandt et al. 1998, 2002) which suggested that
the suppression of visual neurological response shall rela-
ted to less sensory conflict and less MS. Several EEG
studies (Strozak et al. 2016; Thilo et al. 2003), which
reported suppressed VEPs response at occipital electrodes
during vection, were also consistent with our finding. Note
that in Strozak and Thilo’s research, no evidence of MS
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was reported, as this is not the focus of their work. In the
current study, we further revealed that (1) MS suscepti-
bility questionnaire was correlated to the individual vection
effect size measured by SSVEP; (2) moreover, this SSVEP
correlates of vection can predict MS symptoms of indi-
viduals, with better prediction power than MSSQ scores
(Table 3). Therefore, our findings complement current
theory by revealing that the suppression of neurological
visual response is closely associated with MS.

2. The significant interaction between frequency (CVF vs
PVF stimulation) and vection accompanying the sim-
ple effect results supported our H2 that the suppression
of visual system is associated with CVF rather than
PVF. Unlike the CVF frequency (8.6 Hz), for PVF
frequency (12 Hz), we did not find any vection
suppression effects. Furthermore, we observed that
vection effects of PVF can predict MS symptoms in the
opposite direction to the CVF responses, which is
consistent with previous finding that enhanced vection
responses at PVF was correlated with better resistance
to MS (Wei et al. 2018). This result further supported
that the processing of PVF and CVF stimuli played
different roles in the generation of MS.

In summary, MSres people demonstrate reduced SSVEP
responses under vection, while MSsus people showed
opposite effects. Moreover, the power changes of SSVEP
showed good potential as indicators for MS susceptibility.
The feature of SSVEP power (Sect. “SSVEP power as
indicators of vection and MS susceptibility”) and topog-
raphy (Sect. “Differentiated SSVEP response for different
MS groups”) not only contribute objective neural evidence
associated with MS susceptibility, they can be incorporated
in future objective indicators for screening MS suscepti-
bility, which would be desirable both for academic research
and industry (Guo et al. 2017; IWA 3 2005).

Potential applications

This study supports that suppressed visual activities in CVF
were correlated with better resistance to MS and fewer MS
symptoms. This might provide theoretical support for
future research on VR designs or visual training to better
prevent MS. Moreover, the SSVEP correlates revealed in
this study can predict following MS symptoms reported by
participants, it is possible that with further validations, the
SSVEP power and topographies identified in current study
can be developed into new objective measures for MS
susceptibility, which is beneficial for the industry appli-
cations (Guo et al. 2017; IWA 3 2005).
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Potential limitations and validations

As the frequencies and the visual stimuli types selected for
CVF and PVF stimulations were not the same, there might
be confounding factor when CVF and PVF response were
compared directly. For example, different stimulation fre-
quencies may exhibit different baseline powers and lead to
different effect sizes under vection-inducing stimulation.
However, since we have added the general response of
SSVEP power at each frequency as correlates in the model,
and this study was mainly focus on the vection effects
which were compared within each frequency (each type of
visual stimulation), this issue was unlikely to influence the
findings we reported.

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 — f8) of
the tests supporting our hypotheses. Regarding HI1, the
results were mainly supported by the significant simple-
interaction  effect of vection x MS  group [F
(1,11) = 11.911, p = 0.005, Cohen’s f = 0.916]. Regarding
H2, the results were mainly supported by the significant
simple-interaction effect vection x frequency x MS sus-
ceptibility  [F(1,11) = 11.886, p =0.005, Cohen’s
f=0.915]. When alpha equals 0.05, effect size (Cohen’s f)
equals 0.915 (or 0.916), and the sample size (N) equals 7/8
for two groups, the achieved power (1 — f§) calculated for
within-between interaction effect is 0.999. Nevertheless,
we acknowledge that current results were based on a lim-
ited sample of university students, and further validation
with a larger sample in a wider population is desirable.

Conclusion

This study identified alpha band SSVEP correlates for
vection perception and MS susceptibility. In summary, the
finding supports the sensory conflict theory and reciprocal
inhibition hypothesis (Brandt et al. 1998). To the best of
our knowledge, this is the first study that has reported
SSVEP signatures for MS susceptibility. As SSVEP pos-
sess higher noise resistance than common VEPs, given
further validation, the identified SSVEP signatures could
contribute to better objective measures for MS suscepti-
bility in the future.
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