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Abstract

Susceptibility to motion sickness varies greatly across individuals. However, the neu-
ral mechanisms underlying this susceptibility remain largely unclear. To address this
gap, the current study aimed to identify the neural correlates of motion sickness sus-
ceptibility using multimodal MRI. First, we compared resting-state functional connec-
tivity between healthy individuals who were highly susceptible to motion sickness
(N = 36) and age/sex-matched controls who showed low susceptibility (N = 36).
Seed-based analysis revealed between-group differences in functional connectivity
of core vestibular regions in the left posterior Sylvian fissure. A data-driven approach
using intrinsic connectivity contrast found greater network centrality of the left
intraparietal sulcus in high- rather than in low-susceptible individuals. Moreover,
exploratory structural connectivity analysis uncovered an association between
motion sickness susceptibility and white matter integrity in the left inferior fronto-
occipital fasciculus. Taken together, our data indicate left parietal involvement in

motion sickness susceptibility.
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undermined due to unpleasant symptoms, such as nausea and

vomiting. Not only can they not fully benefit from freedom of move-

Susceptibility to motion sickness varies greatly across individuals. A
questionnaire-based survey of life-span experiences of motion sick-
ness (Golding, 1998) indicated that some individuals have never expe-
rienced motion sickness, whereas others almost always experience
motion sickness symptoms (e.g., nausea) when traveling in any type of
vehicle. According to another survey that examined the prevalence of
motion sickness in provocative situations (i.e., traveling on busses or
ferries), a maximum of one-third of passengers reported feeling
motion sickness (Lawther & Griffin, 1988; Turner & Griffin, 1999). For

those who are prone to motion sickness, the value of travel is

ment currently, but they are even predicted to suffer from more fre-
quent and severe motion sickness in the era of autonomous driving
(Diels & Bos, 2016). To develop preventive measures for susceptible
individuals, a deep understanding of the underlying pathological
mechanisms is required.

Despite large individual differences in susceptibility to motion
sickness, the neural mechanisms underlying these differences remain
largely unclear. It is well-known that patients with bilateral vestibular
loss are less likely to experience motion sickness (Paillard et al., 2013).

In addition, in microgravity environments, individuals with greater
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bilateral asymmetry in otolith sensitivity are more susceptible to
motion sickness than those with less asymmetry (Lackner, Graybiel,
Johnson, & Money, 1987; Markham & Diamond, 1993; Sugawara,
Wada, Ito, & Sakai, 2021). These lines of evidence suggest the
involvement of peripheral vestibular function in motion sickness sus-
ceptibility. However, to our best knowledge, no studies have identi-
fied the neural correlates of such susceptibility in the brain.

Reciprocal interactions between visual and vestibular cortical
regions may be associated with motion sickness susceptibility. One of
the earliest neuroimaging studies on vestibular sensation showed that
vestibular stimulation evokes activation in vestibular areas and deacti-
vation in visual areas (Wenzel et al., 1996). It is also evident that visual
stimulation evokes activation in visual areas accompanied by deactiva-
tion in vestibular areas (Brandt, Bartenstein, Janek, & Dieterich, 1998).
These findings suggest the existence of reciprocal inhibitory interac-
tions between visual and vestibular cortical regions. Some previous
studies have hypothesized that such reciprocal visual-vestibular inter-
actions may play a crucial role in resolving sensory conflicts that cause
motion sickness (Brandt & Dieterich, 1999; Dieterich & Brandt, 2015).
However, no empirical data have yet been provided to support this
conjecture.

Recent studies have demonstrated more complex visual-
vestibular interactions. It was long thought that a subregion around
the posterior Sylvian fissure corresponds to a human homolog of the
primate parieto-insular (PIVC) (Cardin &
Smith, 2010). However, Frank, Baumann, Mattingley, and
Greenlee (2014); Frank, Wirth, and Greenlee (2016) revealed that the

perisylvian vestibular region can be further divided into two regions

vestibular  cortex

that have different sensitivities to visual stimuli. One is part of the
parietal operculum, referred to as the human PIVC, which is activated
by vestibular stimuli and suppressed by visual stimuli. The other is the
posterior insular cortex (PIC), which is activated by both vestibular
and visual stimuli. A recent investigation of structural connectivity in
the vestibular network (Indovina et al., 2020) demonstrated that the
PIVC is more connected to sensorimotor regions, whereas the PIC is
more connected to occipito-parieto-temporal regions. This suggests
that the PIC, rather than the PIVC, may play a key role in visual-
vestibular interactions and, therefore, motion sickness susceptibility.
The current study aimed to identify the neural correlates of
motion sickness susceptibility by using functional and structural mag-
netic resonance imaging (MRI). First, by using both a hypothesis-
driven, seed-based approach and a hypothesis-free, data-driven
approach, we compared resting-state functional connectivity between
healthy individuals who were highly susceptible to motion sickness
and age/sex-matched controls who showed low susceptibility. For the
former approach, we used each perisylvian vestibular core region
(i.e., bilateral PIVC and PIC) as a seed to examine the involvement of
visual-vestibular interactions in motion sickness susceptibility. For the
latter, we conducted intrinsic connectivity contrast (ICC) analysis
(Martuzzi et al., 2011), which can explore network centrality associ-
ated with motion sickness susceptibility on the basis of global func-
tional connectivity, defined as the degree to which each voxel is

functionally connected to the rest of the brain. Furthermore, we

performed tract-based spatial statistics (TBSS) analysis (Smith
et al, 2006) to explore the structural connectivity associated with

motion sickness susceptibility.

2 | MATERIALS AND METHODS

21 | Participants

Healthy adults aged 20-50 years were recruited via an advertisement
on an employment website and paid for their participation. In all,
402 applicants completed the motion sickness susceptibility question-
naire (MSSQ) (Golding, 72 1998) and answered questions concerning
their medical histories on the employment website. The MSSQ assesses
experiences of typical motion sickness symptoms (e.g., nausea and
vomiting) for each of nine types of vehicles (e.g., cars, busses, and ships)
during childhood (before 12 years of age) and during the last 10 years by
using a five-point Likert scale (0: never; 1: rarely; 2: sometimes; 4: fre-
quently; and 5: always). The MSSQ score, which is calculated as the total
summed symptom rating scaled by the number of vehicle types experi-
enced, is considered a good predictor of motion sickness susceptibility
during provocative motion stimulation (Golding, 2006). Figure 1a is a his-
togram of the MSSQ scores of all applicants. Following the question-
naire, 38 applicants with MSSQ scores >70 were voluntarily enrolled in
the study; these formed the motion sickness susceptible (MSS) group
(13 men and 25 women, ranging in age from 20 to 49). Age/sex-matched
applicants with MSSQ scores <15 were also voluntarily enrolled in the
study; these formed the motion sickness resistant (MSR) group. The cut-
off points for the MSR and MSS groups were, respectively, determined
on the basis of the 20th and 80th percentile scores of a healthy sample
of the general population in a previous study by Golding (1998). Age
was matched within 3 years on either side. According to self-reported
medical histories, all participants were free of neurological or psychiatric
disorders and had no history of taking psychotropic medications. Right
handedness was confirmed by the Edinburgh Handedness Inventory
(Oldfield, 1971). In addition, to confirm the robustness of grouping based
on motion sickness susceptibility, all screened participants completed
the MSSQ again on-site. Each participant provided written informed
consent to participate in the study. The experimental protocols, which
were approved by the ethical committees of Toyota Central R&D Labo-
ratories, Inc. and the National Institute for Physiological Sciences, con-
formed to the principles of the Declaration of Helsinki.

2.2 | Assessment of vestibular function

The functional normality of vestibular end organs was ascertained via
clinical examinations performed by otolaryngologists (T. I. and Y. W.).
The clinical examinations comprised a structured interview, subjective
visual vertical (SVV) test (Friedmann, 1970), and video head-impulse
test  (VHIT) Weber,

Curthoys, 2009). In the structured interview, an otolaryngologist care-

(MacDougall, McGarvie, Halmagyi, &

fully obtained histories of vestibular disorders and their potential
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FIGURE 1 Motion sickness susceptibility in the study population. A total of 402 applicants completed the motion sickness susceptibility

questionnaire (MSSQ) on the website (a). As a result of screening, 36 applicants with MSSQ scores >70 were enrolled as the motion sickness
susceptible (MSS) group. Age/sex-matched applicants with MSSQ scores <15 were enrolled as the motion sickness resistant (MSR) group. MSSQ
scores were measured again on-site in both the MSR and MSS groups to assess the test-retest reliability of the MSSQ (b)

symptomes, such as vertigo and dizziness. The SVV test was conducted
to evaluate otolith function by using a computer-aided measurement
system (UniMec, Tokyo, Japan). For the SVV test, an absolute tilt
angle > |2.5°| was employed as a criterion for exclusion of partici-
pants (Tribukait, 2006). The vHIT, conducted by using an EyeSeeCam
(EyeSeeTech, Munich,

Germany), enabled the assessment of semicircular canal function in

head-mounted video-oculography device

response to abrupt, passive head rotations in the yaw direction. For
the vHIT, a vestibulo-ocular reflex (VOR) gain (i.e., eye velocity over-
head velocity) <0.7 was adopted as an exclusion criterion (Yip, Glaser,
Frenzel, Bayer, & Strupp, 2016). After the exclusion of participants
who met these criteria and their age/sex-matched counterparts,
scores for both tests were compared between the MSR and MSS
groups using the Welch-corrected t test for unpaired data with the
significance criterion set to p <.05. This ensured the homogeneity of
both groups in terms of vestibular function.

2.3 | Data acquisition

For resting-state fMRI, functional images were acquired by using a
multiband echo planar imaging (EPI) sequence on a Siemens Verio 3T
MRI scanner (Siemens Medical System, Erlangen, Germany) with a
32-channel head coil. The imaging parameters were as follows: a repeti-
tion time (TR) of 750 ms, an echo time (TE) of 31 ms, a flip angle of 55, a
field of view of 210 x 210 mm?, a matrix size of 100 x 100, a slice
thickness of 2.1 mm, 72 contiguous transverse slices, and a multiband
acceleration factor of 8. A time series of 640 EPI images and a single-
band reference image were collected during a scan that lasted approxi-
mately 8.2 min. During scanning, participants were instructed to fixate
on a black Maltese cross on a gray background, make spontaneous eye
blinks, remain awake and motionless, and not think of anything in partic-

ular. After resting-state fMRI scanning, spin echo EPI images (TR of

7,700 ms, TE of 60 ms, and flip angle of 78) were also acquired in both
anterior-to-posterior and posterior-to-anterior phase encoding directions
to correct for spatial distortion of the EPI images.

In addition to functional images, we acquired multiple structural
images. A T1-weighted high-resolution structural image was obtained
by using an MP-RAGE sequence (Mugler & Brookeman, 1990). The
imaging parameters were as follows: a TR of 2400 ms; a TE of
1.78 ms; a flip angle of 8; a field of view of 240 x 256 mm, a matrix
size of 300 x 320, a slice thickness of 0.8 mm, 240 contiguous sagit-
tal slices, and an acceleration factor of 2 for the GRAPPA parallel
imaging technique (Griswold et al., 2002). Diffusion-weighted images
were obtained by using a multiband EPI sequence with diffusion sen-
sitization gradients applied in 30 noncollinear directions (b-value of
1,000 s/m?) with one initial and three intermixed nondiffusion-
weighted (bO) images (b-value of O s/m?). The imaging parameters
were as follows: a TR of 3,600 ms; a TE of 85 ms; a flip angle of 78; a
field of view of 198 x 198 mm?; a matrix size of 110 x 110; a slice
thickness of 1.8 mm; 84 contiguous transverse slices; and a multiband
acceleration factor of 3. To correct for spatial distortions, this
sequence was performed twice by using anterior-to-posterior and
posterior-to-anterior phase encoding directions. A high-resolution
structural image of the inner ear apparatus was also obtained to
examine the impact of geometrical asymmetry of the bilateral semicir-
cular canals on motion sickness susceptibility. Full details of this image

have been reported elsewhere (Harada et al., 2021).

24 | Functional connectivity

For each participant, the acquired EPI images, including a single-band
reference image, were realigned to the last EPI image to correct for
head motion using SPM12 (v7487; www.fil.ion.ucl.ac.uk/spm). Spatial
distortion of the realigned EPI images was then corrected by using FSL
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topup (version 5.0.8; www.fsl.fmrib.ox.ac.uk/fsl) and a pair of spin echo
EPI images with opposite phase encoding directions. To obtain a defor-
mation field for achieving accurate normalization of EPI images, the
T1-weighted structural image was processed by using the CAT12 tool-
box (r 1184; www.neuro.uni-jena.de/cat). After visual inspection for
motion artifacts and manual realignment to the anterior commissure/
posterior commissure line, the structural image was bias-corrected and
segmented into gray matter, white matter and cerebrospinal fluid. Subse-
quently, these segmented tissue images were spatially normalized to
MNI (Montreal Neurological Institute) space by using the DARTEL tech-
nique (Ashburner, 2007) and resampled with an isotropic voxel resolu-
tion of 1.5 x 1.5 x 1.5 mm?>. This process provided a deformation field
for normalization. We used the default CAT12 settings with the excep-
tion of the space template for affine regularization, for which we
selected the International Consortium for Brain Mapping space template
for East Asian brains. Finally, the EPI images were all coregistered to the
structural images via the single-band reference image, normalized by
using the deformation field, and then smoothed by using an isotropic
Gaussian kernel with a full width at half maximum of 8 mm.

To examine the involvement of visual-vestibular interactions in
motion sickness susceptibility, we performed seed-to-voxel resting-state
functional connectivity analysis by using the CONN toolbox (version 17.
f; www.nitrc.org/projects/conn). First, we applied the anatomical compo-
nent correction method (aCompCor) (Behzadi, Restom, Liau, & Liu, 2007)
to regress out physiological noise and the ART toolbox (www.nitrc.org/
projects/artifact_detect) to scrub volumes compromised by motion-
related artifacts. We also applied a temporal band-pass filter, retaining
signals within the frequency range of 0.008-0.09 Hz. Seed regions rep-
resenting cortical vestibular processing were determined as spheres with
a radius of 5mm, according to the latest structural study (Indovina
et al,, 2020): x=—-36,y=—25,z=18 for the left PIVC; x=36, y =
—22,z=17 for the right PIVC; x=—46, y = —33, z= 24 for the left
PIC; and x=51,y=-27,z=28 for the right PIC. For each seed
region, we compared functional connectivity between the two groups
with a cluster-forming threshold of p <.005 uncorrected (two-sided)
and a cluster-level threshold of p < .05 corrected for multiple compari-
sons by using family-wise error.

We also performed ICC analysis to explore functional networks
associated with motion sickness susceptibility without a priori
assumptions. That is, we compared global functional connectivity
(i.e., ICC value) voxel-wise between the two groups. Subsequently,
between-group differences in the functional connectivity of each
resulting cluster was further examined by using conventional seed-to-
voxel analysis (Martuzzi et al., 2011). Clusters large enough to pass a
cluster-level threshold of family-wise error corrected p <.05 with a
voxel-level threshold of p < .005 uncorrected (two-sided) were consid-

ered statistically significant in both the ICC and follow-up analyses.

2.5 | Structural connectivity

We performed TBSS analysis using FSL to explore white matter integ-
rity associated with motion sickness susceptibility. For each

participant, the pair of diffusion-weighted images acquired with oppo-
site phase encoding directions was converted into a fractional anisot-
ropy (FA) map with a preprocessing procedure implemented in
MRtrix3 (http://www.mrtrix.org). This procedure included denoising,
eddy correction, and tensor fitting. Individual FA maps were regis-
tered to the FMRIB58-FA template in MNI space and averaged to
produce a mean FA map. The mean FA map was thinned and
thresholded at FA > 0.2 to generate a study-specific FA skeleton, rep-
resenting the centers of tracts common to all participants. Then, all of
the individual FA maps were projected onto the skeleton and com-
pared voxel-wise between the groups. The criterion for statistical sig-
nificance was set to p<.05, with the threshold-free cluster
enhancement corrected for multiple comparisons by using 5,000 per-
mutations (Smith & Nichols, 2009).

3 | RESULTS

3.1 | Group characteristics
As a result of screening, two female participants in the MSS group
(aged 20 and 39 years) met the exclusion criteria for vestibular func-
tioning. These two and their matched participants in the MSR group
were excluded from further analysis. Although there was a significant
difference in MSSQ scores between the MSR and MSS groups
(t(35.3)=21.5,p<.001) (Figure 1a), we found no significant
between-group differences in vestibular functioning (Table 1): abso-
lute tilt angles assessed via the SVV test (t(69.9)=1.09, p=.28);
VOR gains assessed via the VHIT (for leftward head rotation,
t(65.7)=0.93, p=.36; for
t(69.8)=0.23,p=.82).

In addition, we examined the test-retest reliability of the MSSQ
to ensure the robustness of grouping based on motion sickness sus-

rightward head rotation,

ceptibility (Figure 1b). The overall correlation between test and retest
MSSQ scores across all screened participants was very high (r=.92,
p <.001). In contrast, within-group correlations were significant but
moderate (MSR: r=.48, p=.003; MSS: r=.66, p<.001). These

TABLE 1 Group characteristics

MSR MSS p
n (male/female) 13/23 13/23 —
Age 26.9 (8.9) 26.9 (9.5) —
MSSQ score 0.9 (1.9) 106.9 (29.5) <.001
SVV score 1.20(0.74) 1.00 (0.78) .28
VHIT gain, left 1.06 (0.14) 1.02 (0.18) .36
VHIT gain, right 1.11(0.18) 1.12 (0.19) .82

Note: MSS and MSR represent motions sickness susceptible and resistant
groups, respectively. Figures are means and SDs (in parentheses) except
for the number of participants, n. p denotes p-values for between-group
comparisons using the Welch-corrected t test for unpaired data.
Abbreviations: MSR, motion sickness resistant; MSS, motion sickness
susceptible; SVV, subjective visual vertical; vHIT, video head-impulse test.
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results suggest that, although the order of individual susceptibility
scores within each group could vary across tests, the grouping of the
MSR and MSS groups was robust and reliable.

3.2 | Functional connectivity

We found variations in the functional network among vestibular seed
regions. Comparisons of functional connectivity between the ipsilat-
eral PIVC and PIC across all participants (regardless of motion sickness
susceptibility) revealed that the PIVC was more functionally con-
nected to the sensorimotor cortex, including the paracentral lobule; in
contrast, the PIC was more connected to the temporoparietal region
covering the supramarginal gyrus and the posterior superior temporal
gyrus (Figure S1). These differences are comparable to the results
achieved by a structural vestibular network investigation (Indovina
et al.,, 2020).

Regarding between-group comparisons of vestibular networks,
significant differences were found in the functional connectivity of
left vestibular seed regions. The left PIC seed showed greater nega-
tive connectivity with the medial occipital cortex, including the calcar-
ine sulcus (x=—2, y=—74, z=2; k=406), in the MSR group than in
the MSS group (Figure 2a). The left PIVC seed showed greater nega-
tive connectivity with the left superior frontal gyrus (SFG; x=18,
y =20, z=46; k=270) in the MSS group than in the MSR group
(Figure 2b). There were no significant differences in the functional

connectivity of right vestibular seed regions.

0.
0.

Effect size
o

o o
o W

MSR MSS

FIGURE 2

The ICC analysis revealed a significant cluster in the left posterior
intraparietal sulcus (IPS; x=—26, y = —62, z=42; k=257). This clus-
ter exhibited significantly greater network centrality (global functional
connectivity) in the MSS group than in the MSR group (Figure 3). In fact,
a follow-up seed-to-voxel analysis using the significant cluster showed
stronger (both positive and negative) functional connectivity over exten-
sive cortical areas in the MSS group than in the MSR group (Figure S2).
However, none of the clusters reached statistical significance after cor-
rection for multiple comparisons. This suggests that the greater network
centrality of the left posterior IPS cluster in the MSS group is not attrib-
utable to a region-specific increase in functional connectivity.

3.3 | Structural connectivity

The TBSS analysis revealed a significant cluster with higher FA values
in the MSS group than in the MSR group in the posterior part of the
left inferior fronto-occipital fasciculus (IFOF; x=—-30, y=-70, z=1;
k =243) (Figure 4). The opposite contrast (i.e., MSS < MSR) uncovered

no significant clusters.

4 | DISCUSSION
The neural mechanisms underlying individual variation in motion sick-
ness susceptibility remain unclear. To address this issue, this study

aimed to identify neural correlates of motion sickness susceptibility

Effect size
o o
o N N

o o
>

MSR MSS

Functional vestibular network involved in motion sickness susceptibility. The left posterior insular cortex showed greater negative

connectivity with the medial occipital cortex, including the calcarine sulcus (x = -2, y = —74, z= 2; k = 406), in the motion sickness resistant
(MSR) group than in the motion sickness susceptible (MSS) group (a). The left parieto-insular vestibular cortex showed greater negative
connectivity with the left superior frontal gyrus (x = —18, y = 20, z=46; k = 270) in the MSS group than in the MSR group (b)
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by using multimodal MRI. Our data demonstrated that functional and
structural variations in networks centered on the left parietal cortex
were associated with motion sickness susceptibility, although there is
evidence of right hemisphere dominance for vestibular processing
(Dieterich et al., 2003).

The current seed-to-voxel analysis revealed that functional con-

nectivity between the left PIC and the medial occipital cortex was

MSR MSS

FIGURE 3 Regional network centrality associated with motion
sickness susceptibility. The left posterior intraparietal sulcus (IPS;
x=—26,y=—62,z=42; k=257) showed greater network centrality
(global functional connectivity) in the motion sickness resistant (MSR)
group than in the motion sickness susceptible (MSS) group. This
cluster was used as a seed region in the follow-up seed-to-voxel
functional connectivity analysis

associated with motion sickness susceptibility. Greater negative func-
tional connectivity of the vestibular core region with the primary
visual area in the MSR group seems consistent with the view in the lit-
erature (Brandt & Dieterich, 1999; Dieterich & Brandt, 2015) that
reciprocal visual-vestibular interactions may play a role in resolving
sensory conflicts that cause motion sickness. In addition, the attenu-
ated negative functional connectivity between vestibular and visual
areas in the MSS group is consistent with a previous positron emis-
sion tomography study demonstrating the co-activation of vestibular
and visual areas in a situation of sensory conflict between vestibular
and visual inputs (Deutschlander et al., 2002). Although the interpre-
tation of negative functional connectivity is still under debate
(Murphy, Birn, Handwerker, Jones, & Bandettini, 2009), these findings
constitute the first empirical evidence that reciprocal visual-vestibular
interactions are associated with motion sickness susceptibility.

The seed-to-voxel analysis also revealed an association between
motion sickness susceptibility and functional connectivity between
the left PIVC and the left SFG. A meta-analysis of neuroimaging stud-
ies using vestibular stimuli revealed that a left SFG region in the vicin-
ity of the frontal eye field is activated during caloric vestibular
stimulation (Lopez, Blanke, & Mast, 2012). This is consistent with the
notion that vestibular responses in the frontal lobe play some role in
controlling the VOR Akao, Kurkin, Kaneko, &
Fukushima, 2006). However, the SFG cluster observed in our study is

(Fukushima,

far anterior to the frontal eye field (Paus, 1996). Regenbogen
et al. (2017) showed that a similar region in the SFG was activated by
sensory sickness cues (e.g., face color) in other individuals. Such a sen-
sitivity of the SFG to sensory sickness cues may underlie its functional
connectivity with the vestibular cortex in individuals susceptible to
motion sickness, although vestibular signals convey sensory sickness
cues for the self rather than for others.

Moreover, the current analysis revealed greater network central-
ity in the left posterior IPS in the MSS group than in the MSR group.
Several lines of evidence have implicated the IPS in vestibular processing.
Suzuki et al. (2001) showed that the IPS is activated bilaterally, despite

FIGURE 4 White matter integrity associated with motion sickness susceptibility. The posterior part of the left inferior fronto-occipital
fasciculus (x = —30, y = —70, z=1; k= 243) showed higher white matter integrity in the motion sickness susceptible (MSS) group than in the
motion sickness resistant (MSR) group. The significant cluster is thickened for purposes of visualization (yellow-red) and overlaid on the mean
skeleton (green). L, R, A, and P denote left, right, anterior, and posterior, respectively
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the presence of right dominance, by caloric stimulation of the vestibular
organ. Miyamoto, Fukushima, Takada, de Waele, and Vidal (2007) also
reported bilateral IPS activation in response to vestibular stimulation via
loud clicks. In addition, a previous transcranial direct current stimulation
(tDCS) study by Arshad et al. (2014) showed that the application of tDCS
over the parietal region bilaterally could modulate the VOR. Given that
vestibular sensation is critical to the pathogenesis of motion sickness
(Paillard et al., 2013), our results seem to be consistent with these previ-
ous findings that the IPS plays a role in vestibular processing. However,
the IPS is not dedicated solely to vestibular processing but is also impli-
cated in various sensory and cognitive functions, including visual
processing (Swisher, Halko, Merabet, McMains, & Somers, 2007), audi-
tory processing (Foster & Zatorre, 2010), tactile processing (Bodegard,
Geyer, Grefkes, Zilles, & Roland, 2001), spatial 244 attention (Gillebert
et al., 2011), and numerical processing (Ashkenazi, Henik, Ifergane, &
Shelef, 2008). Therefore, the current data do not rule out the possibility
that more complicated functional aspects of the IPS mediate motion
sickness susceptibility; rather, they suggest that the left posterior IPS
may act as a functional hub that integrates multisensory information,
including vestibular signals, and is therefore a critical substrate for
motion sickness susceptibility.

The involvement of the left posterior IPS in motion sickness sus-
ceptibility provides new insights into therapeutic interventions. In
fact, a tDCS study by Arshad et al. (2015) has already demonstrated
that application of cathodal inhibitory stimulation over the left parietal
cortex results in increased tolerance to motion sickness during expo-
sure to a provocative motion stimulus. The participants also experi-
enced reduced recovery time from motion sickness after removal of
the motion stimulation. In addition, exploring therapeutic motion-
sickness interventions based on the multifunctionality of the IPS may
prove to be a fruitful and novel avenue for future research. For exam-
ple, given the involvement of the IPS in numerical processing
(Ashkenazi et al., 2008) and the evidence for an interaction between
processing (Arshad, Nigmatullina,
Nigmatullin, et al., 2016; Arshad, Nigmatullina, Roberts, et al., 2016;
Ferré, Day, Bottini, & Haggard, 2013; Moser, Vibert, Caversaccio, &
Mast, 2017), future studies may reveal that motion sickness suscepti-

vestibular and numerical

bility can be changed by performing certain numerical tasks.

The present findings represent the first evidence linking higher
white matter integrity (i.e., a higher FA value) with motion sickness
susceptibility. Although it is well established that the left IFOF plays
an important role in semantic processing (Duffau, 2008; Duffau
et al., 2005), little is known about its roles in sensory processing.
However, an anatomical dissection study by Martino, Brogna, Robles,
Vergani, and Duffau (2010) indicated that the IFOF connects the fron-
tal lobe (including the insula) not only with the occipital gyrus but also
with the parietal lobe, suggesting that it contributes to the integration
of multimodal sensory information. The higher white matter integrity
in the left IFOF may underlie functional connectivity changes in the
left hemisphere in individuals susceptible to motion sickness. Future
investigation should begin to reveal the functional roles of the IFOF in

motion sickness susceptibility.

Taken together, our findings seem to suggest that there may be
left hemispheric dominance for motion sickness susceptibility. This
appears to be consistent with previous work, which demonstrated the
preventive effects of perturbations to the left parietal cortex on
motion sickness (Arshad et al., 2015). However, the functional and
structural alterations in the left hemisphere that we found in the pre-
sent study do not necessarily indicate left hemispheric dominance. To
conclude that there is left hemispheric dominance for motion sickness
susceptibility, in addition to identifying the areas involved, we need a
comprehensive understanding of the neural networks that include
such areas, including any interhemispheric inhibition (Arshad,
Nigmatullina, Nigmatullin, et al., 2016). Although left hemisphere
dominance for motion sickness susceptibility is an interesting hypoth-
esis, we must wait for future studies to provide further evidence to
reach similar conclusions as those in the examples of language and
spatial neglect.

Our findings should be interpreted with consideration of several
limitations. First, this was a cross-sectional study. Therefore, the neu-
ral correlates that we observed could have been consequences, rather
than causes, of motion sickness susceptibility. For example, frequent
experiences of nausea during motion sickness might cause neural
plastic changes in sensory and visceral networks. Second, the fre-
quency and variation of vehicle use are potential confounding factors
that could account for the differences between the two experimental
groups. Recent studies have suggested that experiences of vehicle
use can modify brain structures (Maguire et al, 2000; Megias
et al., 2018; 280 Sakai, Ando, Sadato, & Uchiyama, 2017) and func-
tions (Wang, Liu, Shen, Li, & Hu, 2015). Third, motion sickness suscep-
tibility was, retrospectively, and comprehensively assessed by using a
questionnaire. A more direct evaluation of motion sickness suscepti-
bility in specific provocative conditions may establish more specific
information regarding the underlying neural mechanisms.

5 | CONCLUSION

Motion sickness is an unsolved problem with a long history that
impedes freedom of movement, and it is expected to become even
more serious with the spreading of self-driving cars (Diels &
Bos, 2016). To develop preventive measures, we need a deeper
understanding of its underlying mechanisms. In the current study, we
found that motion sickness susceptibility was associated with func-
tional and structural networks centered on the left parietal cortex.
Future research should explore, on the basis of the underlying neural
mechanisms, therapeutic interventions for individuals who are suscep-
tible to motion sickness. Hypothesis-free data-driven approaches,
such as ICC analysis, may be particularly beneficial in uncovering

unexpected intervention points.
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