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This study investigates motion-sickness-related brain responses using a VR-based driving simulator on a
motion platform with six degrees of freedom, which provides both visual and vestibular stimulations to
induce motion sickness in a manner that is close to that in daily life. Subjects' brain dynamics associated with
motion sickness were measured using a 32-channel EEG system. Their degree of motion sickness was
simultaneously and continuously reported using an onsite joystick, providing non-stop behavioral references
to the recorded EEG changes. The acquired EEG signals were parsed by independent component analysis
(ICA) into maximally independent processes. The decomposition enables the brain dynamics that are
induced by the motion of the platform and motion sickness to be disassociated. Five MS-related brain
processes with equivalent dipoles located in the left motor, the parietal, the right motor, the occipital and the
occipital midline areas were consistently identified across all subjects. The parietal and motor components
exhibited significant alpha power suppression in response to vestibular stimuli, while the occipital
components exhibited MS-related power augmentation in mainly theta and delta bands; the occipital
midline components exhibited a broadband power increase. Further, time series cross-correlation analysis
was employed to evaluate relationships between the spectral changes associated with different brain
processes and the degree of motion sickness. According to our results, it is suggested both visual and
vestibular stimulations should be used to induce motion sickness in brain dynamic studies.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Motion sickness (MS) is a common experience of numerous
people and has motivated extensive physiological, neurophysiolog-
ical and psychophysiological research. The focus of early motion-
sickness studies was on the physiological changes related to motion
sickness. For instance, the electrogastrography (EGG) signals (Hu et
al., 1991; Cheung and Vaitkus, 1998) have been employed to detect
symptoms of motion sickness, such as vomiting, and galvanic skin
responses (GSR) have been used to detect sweating. Holmes and
Griffin (2001) observed increased heart rate variability (HRV)
during nausea, indicating the modulation of the automatic nervous
system (ANS) in motion sickness. Rapid advances in neuroimaging
technology have enabled the neural correlates of motion sickness to
be examined. Electroencephalography (EEG) is one of the best
methods for monitoring the brain dynamics induced by motion
sickness because of its high temporal resolution and portability. Wu
(1992) showed that theta power increases in the frontal and central
tional Chiao-Tung University
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areas when subjects were placed and moved in a parallel swing
device. Wood et al. (1991, 1994) also found increased EEG theta
wave in the frontal areas during motion sickness induced by a
rotating drum. Chelen et al. (1993) adopted cross-coupled angular
stimulation to induce motion sickness and found increased delta-
and theta-band power during sickness but no significant change in
alpha power. Hu et al. (1999) investigated MS triggered by the
viewing of an optokinetic rotating drum and found a higher net
percentage increase in EEG power in the 0.5- to 4-Hz band at
electrode sites C3 and C4 than in the baseline spectra. Kim et al.
(2005) found increases in both delta and beta power in the frontal
and temporal areas in an object-finding VR experiment. Min et al.
(2004) also found increases in delta power in a car-driving VR
experiment. However, they also found that theta power declined as
the degree of motion sickness increased.

Motion-sickness-induced EEG power changes are not consistent
among all of the cited studies. One reason may be the wide range of
paradigms used to induce motion sickness. Most of the above-
mentioned experiments involved a single modality using either visual
(Hu et al., 1999; Kim et al., 2005; Lo and So, 2001; Min et al., 2004) or
vestibular inputs (Wood et al., 1991, 1994; Wu, 1992; Chelen et al.,
1993). This single-modality schememaybe unrealistic and suboptimal
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for reliably inducing motion sickness in subjects and, leading to
inconsistent results concerning changes in EEG power.

Another important factor in motion-sickness experiments has
been the degree of sickness of the participants. Many scholars have
adopted a motion-sickness questionnaire by Kennedy et al. (1993) to
measure susceptibility of subjects to MS. It is a standard rating system
for comparing MS states among subjects. However, it demands
interrupting the experiments and asking the subjects to answer few
questions. This approach may not be practical for a continuous
performance task, in which subjects must perform the task contin-
uously. For example, in a long-term driving experiment in which the
subject's cognitive states are monitored, interrupting the experiment
for the questionnaire may arouse the subjects. Moreover, such
intervention may influence human physiology which makes corre-
lating the measured physiological signals with the motion-sickness
level very difficult or even impossible. Therefore, an easy-to-operate
online rating mechanism is sought to record continuously the level of
motion sickness in subjects.

This study demonstrates a VR-based motion-sickness platform
that comprises a 32-channel EEG system and a joystick with a
continuous scale, which subjects can continuously report their level of
motion sickness during experiments. All measurements, including of
the level of motion sickness and of the motion of the platform, were
synchronized with the EEG recordings. The VR-based platform
simultaneously provides both visual and vestibular stimuli to
generate a most realistic experimental environment for studying
motion sickness. The recorded EEG signals are analyzed using
independent component analysis (ICA), time-frequency analysis and
time-series cross-correlation to investigate MS-related brain dynam-
ics in a continuous driving task.

Materials and methods

Unlike previous investigations, this study provides both visual and
vestibular stimuli to the subjects in a realistic environment that
comprises a 360° projection of VR scene and motion platformwith six
degrees of freedom (DOF) to induce motion sickness. It is expected to
induce motion sickness in a manner consistent with real-life
experience. During the experiments, the subjects were asked to sit
as passengers inside a model car that was mounted on the motion
platform, with their hands on a joystick that was used to report
continuously their sickness level.

Experimental protocol

An auto-driving VR scene in a tunnel was programmed to
eliminate any possible visual distraction and shorten the depth of
the visual field such that motion sickness could be easily induced. A
three-section experimental protocol (Fig. 2A) was designed to induce
motion sickness. First, the baseline section involved 10 min of driving
on a straight road to record the subjects' baseline EEG. Then, a winding
road was presented to the subjects for 40 min to induce motion
sickness. Finally, a recovery section that involved cruising on a
straight road was presented for 15 min to help the subjects to recover
from the sickness. The level of sickness was continuously reported by
the subjects, using a joystick with a continuous scale on its side. The
experimental setting successfully induced motion sickness in more
than 80% of the subjects herein this investigation.

Participants

Twenty-four healthy, right-handed volunteers (15 males and nine
females, aged 21 to 24 years old, with an average age of 22.1 years old)
with no history of gastrointestinal, cardiovascular or vestibular
disorders or of drug or alcohol abuse, taking no medication and
with normal or corrected-to-normal vision participated in this
experiment. Among the 24 participants, four (16.67%) experienced
no motion sickness at all (subjects 1, 8, 12 and 16) and one became so
sick (subject 14, 4.17%) that he or she was excluded from further data
analysis. The EEG data recorded from the remaining 19 subjects were
used to examine the brain dynamics during MS.

Signal acquisition

Thirty two-channel EEG signals were acquired at a sampling rate of
500 Hz using a NuAmps (BioLink Ltd., Australia). The electrode
locations were based on a standard thirty two-channel system
provided in a freely downloadable Matlab toolbox, EEGLAB (http://
sccn.ucsd.edu/eeglab). The acquired EEG signals were first inspected
to remove bad EEG channels and then down-sampled to 250 Hz. A
high-pass filter with a cut-off frequency at 1 Hz with a transition band
of 0.2 Hz was used to remove baseline-drifting artifacts. Then, a low-
pass filter with a cut-off frequency of 50 Hz and a transition band of
7 Hz was applied to the signal to remove muscular artifacts and line
noise. During each experiment, the level of sickness was continuously
reported by each subject using a joystick with a continuous scale,
which was synchronized to the EEG signals. The subjects were told to
push the joystick to a higher level if they felt more sick comparing to
the last condition. The sickness level ranged from zero to five. This
continuous sickness level was reported in real time without inter-
rupting the experiment rather than the traditional motion-sickness
questionnaire (MSQ). A moving 100-s windowwas applied to smooth
the continuous subjective sickness ratings using steps of 1 s. Fig. 3A
displays an example of a smoothed single-subject sickness level.
Notably, the traditional MSQ was applied after each experiment to
provide overall motion-sickness rating information.

ICA and IC clusters

The filtered EEG signals were first decomposed into independent
brain sources by independent component analysis (ICA) (Bell and
Sejnowski, 1995; Makeig et al., 1997) using EEGLAB (Delorme and
Makeig, 2004). The ICA algorithm can separate N source components
from N channels of EEG signals. The summation of the EEG signals at
the sensors is assumed to be linear and instantaneous, i.e., the
propagation delays are negligible. We also assume that the time
courses of muscle activity, eye and cardiac signals are not time locked
to the EEG activities reflecting synaptic activity of cortical neurons.
Therefore, the time courses of the sources are assumed to be
statistically independent. The multi-channel EEG recordings are
considered as mixtures of underlying brain sources and artificial
signals. The source signals contribute to the scalp EEG signals through
a fixed spatial filter. Such a spatial filter can be reflected by the rows of
inverse of unmixing matrix, W in u=Wx, where u is the source
matrix and x is the scalp-recorded EEG. The spatial filters can be
plotted as the scalp topography of independent component. The scalp
topography of each independent component (IC) can be further
analyzed using DIPFIT2 routines (Oostendorp and Oostenveld, 2002),
a plug-in in EEGLAB, to find the 3D location of an equivalent dipole or
dipoles based on a four-shell spherical headmodel. Then, components
with similar scalp topographies, dipole locations and power spectra
from many subjects were further grouped into component clusters to
examine the consistency of brain areas involved in the task. Ten
component clusters recruited more than 10 components from
multiple subjects with similar topographic maps. Among these robust
component clusters, we further correlated the component power
spectra with subjects' continuous motion-sickness rating. Average
correlation coefficient was computed for each of the robust compo-
nent clusters. Then, the five most motion sickness level-related
clusters were selected for further analysis.

It has been shown that ICA is capable of reliably separating the eye
activities, such as eye blinking, lateral eye movements (LEM) (Jung et
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al., 2000). Here, we can use the robust eye-activity component(s) to
assess the eye-activity correlates of motion sickness.

Relationship between spectra and road condition or motion sickness

As mentioned above, brain signals can be sensitive to any
environmental change. Hence, the EEG signals acquired under various
conditions (such as on a straight or curved road) are not confounded
by motion-related activities. For example, when the experiment
entered the winding-road riding section, the car began to sway left
and right with the VR scene of the curved road, providing both visual
and body sensation stimuli to the subjects. This baseline difference
among EEG power spectra associated with the different road
conditions must be considered when the MS-related EEG power
changes are evaluated. Therefore, the EEG power spectral changes in
three periods were initially examined: (1) baseline—the first 200 s of
the baseline straight-road section, (2) low MS level—the first 200 s of
the curved road section and (3) high MS level—the first 200 s after the
highest sickness rating (Fig. 2A). The power spectra in these three
time periods (baseline, low sickness and high sickness) were then
averaged among subjects in each selected IC cluster.

A statistical analysis was also conducted to assess the significance
of the spectral differences of the independent components under
different motion-sickness levels and various road conditions. Since
the true sample distribution of the component spectra was unknown
and the sample size (N=19 as 5 of 24 subjects were exclude due to
extreme sickness levels) was small, a nonparametric statistical
analysis, a paired-sample Wilcoxon signed-rank test, was employed
to access the statistically significant spectral differences under
different conditions. The level of significance was set to pb0.01.

Time-frequency analysis

Time-frequency analysis was utilized to test the dynamics of the
ICA power spectra throughout the experiment. The time series of the
ICA power spectra were then correlated with the continuous sickness
level to determine the MS-related spectral changes. The frequency
responses of ICA activations were calculated using a 500-point
moving window with 250 overlapping points. The 500-point epochs
were further subdivided into several 125-point sub-windows with
25-point overlaps. The 125-point sub-windows were zero-padded to
512 points to calculate the power spectra using a 512-point fast
Fourier transform (FFT), yielding an estimate of the power-spectrum
density with a frequency resolution of 0.5 Hz. The power spectra of
these sub-windows were then averaged to produce a power spectrum
for each 2-s epoch. The power spectrum density (PSD) was then
converted into decibel power. The temporal resolution of the resultant
spectral time series was 1 s since the window step was 250 points and
the EEG was sampled at 250 Hz.

MS-sorted EEG spectra

To examine the relationship between the severity of motion
sickness and concurrent changes in the EEG spectrum, the EEG power
spectra were first computed in the winding-road section, and the
spectra were sorted by subjective MS level for each of the component.
The sorted EEG spectrogram at each MS level was then averaged
across the components within each IC cluster. A regression line was
then plotted to determine the spectral change as functions of the MS
level in each frequency band.

Causal relationship among MS-related EEG processes

Multiple components exhibited MS-related spectral changes. The
causal relationship between these EEG processes is of interest. A
cross-correlation analysis was performed on the power spectra of
selected ICs for each individual. To be more specific, the spectral series
at each frequency were temporally shifted from−200 to 200 s with a
step size of 1 s and correlated with the time series of the subject's MS
ratings. Finally, the results were averaged across components in each
of the five IC clusters.

Results

ICA was separately applied to the EEG data from each subject,
after bad channels and periods of data that contained disallowed or
uncharacteristic artifacts were removed, to decompose the data into
spatially fixed and temporally independent components. DIPFIT2
routines from EEGLAB were used to fit either one or sometimes two
nearly bilaterally symmetric dipole source models to the compo-
nent scalp topographies using a four-shell spherical head model
(Oostendorp and Oostenveld, 2002). ICs were then clustered
according to correlations among their dipole locations, time-
frequency characteristics and overall power spectra.

Fig. 1 shows the equivalent dipole source locations and mean and
individual scalp maps for five MS-related clusters from 19 sessions.
These clusters had equivalent dipole sources in the left motor
(n=13), the parietal (n=11), the right motor (n= 11), the occipital
(n= 14) and the occipital midline (n= 12) areas. The two occipital IC
clusters are separated based on the fact that the source locations of the
occipital midline ICs are deeper than those of the occipital ICs.

Spectral changes under different conditions

Fig. 2 compares the mean component power spectra of the IC
clusters under different motion-sickness levels and various road
conditions. The EEG spectral difference associated with the different
road conditions is observed by elucidated the baseline power spectra
(green traces in Figs. 2B–F, from the very first 200 s of the baseline
section) and the lowMS level spectra (blue traces, from the first 200 s
of the curve-road section). Evidently, the alpha powers of the right,
left motor and the parietal components were suppressed from the
straight-road driving to the winding-road driving as the car swayed
from side to side. This finding suggests that these brain networks may
be highly responsive to the movements of the platform and hence to
somatic sensation. Further, the occipital midline IC cluster exhibited
significant alpha power suppression (Fig. 2F).

Comparing the component power spectra under low MS level
(blue traces in Fig. 2) and high MS level (red traces, 200-s period
starting from the peak MS rating) revealed MS-related spectra
changes. The red asterisks in Figs. 2B–F indicate the frequency bins
where the component EEG power differed significantly between the
maximum and minimum sickness levels under the same curve-road
condition (pb 0.01, the paired-sample Wilcoxon signed-rank test).
The alpha power of the occipital IC cluster (Fig. 2E) increased
significantly with the MS level, whereas the occipital midline
component cluster exhibited broadband spectral elevation at high
MS. This result was perfectly in line with the results reported by
Klimesch and colleagues (Klimesch, 1999; Klimesch et al., 1998).

Single-subject motion-sickness-related time-frequency responses

Time-frequency analysis was adopted to evaluate EEG correlates of
fluctuations of MS level for the five selected IC clusters. Fig. 3 plots the
time-frequency response of three ICs – occipital, parietal and right
motor components – from 1 of the 19 subjects. The time-frequency
responses of these three ICA components were evidently related to
MS across time. Among these ICs, the correlation between the MS
level and the changes in the alpha power in the occipital area (Fig. 3B)
was the most pronounced. Furthermore, the changes in the alpha
power in the parietal and the motor areas were also correlated with
the MS levels (Figs. 3C and D).



Fig. 1. Equivalent dipole source locations and mean and individual scalp maps for five IC clusters from 19 sessions. The 3D dipole source locations and their projections onto average
brain images were given in the left panels. The single-subject scalpmaps within each cluster and the averaged scalpmaps were shown in the right panels. (A) left motor (n= 13), (B)
parietal lobe (n= 11), (C) right motor (n= 11), (D) occipital (n= 14) and (E) occipital midline (n= 12).
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Fig. 2. Comparison of ICs' power spectra comparison under different motion-sickness levels and various road conditions. The averaged ICA power spectra of baseline (straight-road/
no-sick) were shown as green lines, the power spectra of low sickness level (curve-road/no-sick) were shown in blue lines, and the power spectra of high sickness level (curve-road/
sick) were shown in red lines. The red asterisks indicated the frequency bins where the component EEG power differed significantly between the maximum and minimum sickness
levels under the same curve-road condition (pb 0.01, the paired-sample Wilcoxon signed-rank test).
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Group MS-related spectral changes

To study the group EEG correlates of MS across subjects, the time-
frequency responses of each subject were sorted first by level of
motion sickness; the sorted time-frequency responses were then
averaged across subjects. Fig. 4 plots the averaged group time-
frequency responses that accompanied motion sickness for the five
component clusters. The 3D plots reveal that the EEG power changes
from low to high MS levels (1 to 5). The lower left 2D figures plot the
Fig. 3. Single-subject time-frequency results in the occipital, the parietal and the right motor
red. (B–D) Time-frequency responses of three ICA components co-varied with MS level at s
net effects of MS on the spectra in different brain areas, obtained by
subtracting the EEG power at low MS from the total EEG power in the
3D plots. Finally, a regression line was used to represent the linear
relationship between the changes in EEG power and motion sickness.
The gradient reveals the way in which MS level mediated the EEG
power.

The left motor area (Fig. 4A) exhibited predominant spectral
increases in all frequency bands as the MS level increased. The theta
power increased by 3 dB, while the alpha and beta power increased by
components from one of the 19 subjects. (A) The recorded sickness level was shown in
everal frequency bands (see text).



Fig. 4. The averaged group time-frequency responses during motion sickness for the five component clusters. The time-frequency responses of each IC were first sorted according to the
sickness level. The sorted sickness-related time-frequency responses within each cluster were then averaged and plotted in the 3D plots. The 3D plots reveal that the EEG power changes
from low tohighMS levels (1 to 5). The lower left 2Dfigures plot thenet effects ofMSon the spectra indifferent brain areas, obtainedby subtracting theEEGpower at lowMS fromthe total
EEG power in the 3D plots. Shown are the linear trends of the EEG power changes in different frequency bands against themotion-sickness levels. A regression linewas used to represent
the linear relationship between the changes in EEG power and motion sickness. The gradient shown in lower right panels reveal the way in which MS level mediated the EEG power.
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about 2 dB from the low MS (1) to high MS (5) state. The power
spectra of the parietal components (Fig. 4B) increased in the delta,
theta and alpha bands, while the beta-band power decreased by 2 dB
Fig. 5. The results of correlation and cross-correlation analysis between subjective sickness
component spectra and their corresponding MS levels of the five clusters. (B–F) The causal
as the MS level increased. The theta-band power increased by more
than 5 dB in the right motor area (Fig. 4C) while the alpha-, delta- and
beta-band power also increased slightly as theMS level increased. The
level and ICA power of the five brain areas. (A) The overall correlations between the
relationships between the MS-related EEG processes of the five independent clusters.
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occipital components (Fig. 4D) also exhibited significant (more than
5 dB) spectral increases in the delta and theta bands. Increases in the
broadband power spectra were observed in the occipital midline
components, as presented in Fig. 4E.

Causal relationships between motion-sickness-related brain processes

Fig. 5A presents the overall correlations between the component
spectra and their corresponding MS levels of the seven clusters. The
correlation coefficients in the alpha band exceed those in other
frequency bands in MS-related clusters. The maximum correlation
coefficient in the alpha band is 0.5 in the occipital midline
components, while the correlation coefficients are approximately
0.4 in other IC clusters. In addition, the maximum correlation
coefficient between the time courses of the two eye-movement
components and the MS level is 0.2.

The causal relationships between the MS-related EEG processes
were computed and displayed in Figs. 5B–F. The highest correlation
coefficients in the somatosensory areas (Figs. 5D and F) in the alpha
bandwere obtained by shifting the sickness-level signals backward by
approximately 100 s. The highest correlation coefficients of the
parietal (Fig. 5E) and occipital midline (Fig. 5C) in the alpha band
were obtained by shifting the behavior signals backward by about 80
and 60 s, respectively, whereas the highest correlation coefficients of
the occipital (Fig. 5B) in the alpha band were obtained by shifting the
sickness-level signals forward by about 120 s.

The results suggest that the independent EEG components can be
used to predict the onset of motion sickness. Some of them preceded
the subjects' sickness ratings, such as the alpha power in the
somatosensory areas, which fact might reflect the suppression of
vestibular inputs to eliminate the conflict with subjects' visual
perception. Then, at approximately 60 s before subjects reported
their motion sickness, the occipital midline area began to exhibit the
MS-related alpha power increases. Moreover, this independent
component exhibits the strongest correlation with the motion-
sickness rating. Consequently, this IC cluster may be a potential
index to predict the onset of motion sickness.

Discussion

This study elucidates EEG correlates of motion sickness in a
realistic VR- and motion-platform-based driving simulator. The
recorded EEG data of each subject were first decomposed using ICA
to isolate the spatially fixed and temporally independent EEG
processes from the noise and artifacts. The time courses of spectral
changes of these independent EEG components were then correlated
with the subject's motion-sickness ratings that were simultaneously
recorded during the experiment.

Modalities to induce motion sickness

The sensory conflict theory proposes that motion sickness may
be caused by the receipt of incongruent information from the multi-
modal somatosensory system, including visual information and
most importantly, vestibular sensations. Thus, most studies in the
field have introduced conflicting multi-modal somatosensory infor-
mation to induce motion-sickness symptoms. Some have employed
the rotary chair (Wood et al., 1991, 1994) or the parallel swing
(Wu, 1992), which create bodily movement without corresponding
visual cues, and further generated incongruent somatosensory
inputs. Others have adopted visual stimuli with no vestibular
input, such as by using cross-coupled angular stimulation (Chelen et
al., 1993), the optokinetic drum (Hu et al., 1999) or other forms of
stimulation (Lo and So, 2001; Kim et al., 2005; Min et al., 2004), to
induce motion-sickness symptoms. However, since motion-sickness
involves the multi-modal somatosensory system, the incorporation
of both visual and vestibular stimuli into the motion-sickness
studies is more realistic. Combining a VR scene with a dynamic
motion platform provides a more complete environment in which
to investigate the effect of the motion sickness on cognitive states,
as well as the underlying neurophysiology. In this study, this
combined modality is used to induce near-real-world motion
sickness.

MS-related spectral changes

Figs. 4A–C reveal that the alpha power increases with the MS level,
especially in the parietal lobe. This result is consistent with the results
of a gravitational experiment that was conducted by Cheron et al.
(2006), who determined that 10-Hz oscillations in the parieto-
occipital and sensorimotor areas increased as gravity was removed.
They also suggested that since the parietal lobe is situated at a
transition between the somatosensory and the motor cortex, it may
therefore be involved in the integration of spatial representation,
which requires body sensation information from vestibular inputs.

In the right and left motor areas, the increases in the theta-band
power are greater than those in the delta, alpha and beta bands (Figs.
4A and C). Such theta power increases have also been recorded in
numerous studies of motion-induced motion sickness. However, the
brain areas that have been associated with the theta power increases
are not completely consistent. Wu (1992) reported theta power
increases in the frontal and central areas in a parallel swing study.
Significant MS-related theta power increases have been induced in
the frontal areas using a rotating chair (Wood et al., 1991, 1994).
However, Chelen et al. (1993) reported theta power increases in the
temporo-frontal in a cross-coupled angular stimulation experiment.

The theta power increases can be referred to sensorimotor
integration, which were demonstrated in a way-finding VR
experiment by Caplan et al. (2003). They found theta oscillations
in the peri-Rolandic regions and the temporal lobes were related to
(1) movement (both virtual and real), (2) updating the motor plan
according to the information collected from a multi-modal
somatosensory system and (3) coordinating with the internal map
during navigation. However, in the experiment in this study, the
subjects were instructed to report their motion-sickness levels
using a joystick only. The subjects had to report no further
navigation information (such as number and degree of turns and
related information). Although the real turns may unavoidably
influence navigation function of the subjects, their effect should be
relatively limited. Moreover, the possibility of motion-induced theta
power changes was eliminated by removing the EEG power changes
that were related to the baseline under the two experimental
conditions—baseline straight-road and baseline curve-road condi-
tions. Consequently, the theta power increases found in the two
motor areas were caused mainly by the integration of the multi-
modal somatosensory information, which may be essential to the
motor planning of bodily movement in response to the motion of the
platform during cruising on the curved road. Additionally, Caplan et
al. (2003) claimed that the effect of the theta power increase was
asymmetric across the left and right hemispheres. The power
increase is more pronounced in the right hemisphere than in the
left. The results herein were consistent with their findings (Figs. 2B
and D). Bland and Oddie (2001) also developed the sensorimotor
integration hypothesis, according to which theta oscillations act to
coordinate activity in various brain regions to update motor plans in
response to somatosensory inputs. Jensen (2001) demonstrated that
theta oscillations act as carrier waves for information transfer
between any pair of regions via synchronized oscillations at the
same frequency.

In the occipital midline component cluster (Fig. 4E), component
spectra monotonically increased with the MS level in all frequency
bands (delta, theta, alpha and beta). Such a broadband power increase
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may indicate that motion sickness can strengthen the underlying
brain processes, perhaps because of the difficulty of the task during
motion sickness. This result may also indirectly demonstrate conflicts
within multi-modal somatosensory systems as they sense the
environment around the subject, causing the related brain circuits
to work harder than at the baseline (no motion-sick condition).
According to the results of the correlation analysis (Fig. 5A), in the
occipital midline cluster, the EEG power responses in the occipital
midlineweremore highly correlated to subjective sickness levels than
in other brain areas, suggesting that activations in the occipital
midline may be useful in determining the stages of motion sickness.

Although determinations by various studies of the brain regions
that are involved in motion-sickness remain inconclusive, many
studies have presented delta power increases. For example, an
increase in delta-band power was observed at C3 and C4 in an
optokinetic rotating drum experiment (Hu et al., 1999) and in the
frontal and temporal areas in an object-finding VR experiment
(Kim et al., 2005). A delta power increase at Fz and Cz was also
found in a VR-based car-driving experiment conducted by Min et
al. (2004). Furthermore, a delta power increase has also been
reported in a motion-induced motion-sickness study using cross-
coupled angular stimulation (Chelen et al., 1993). In that study, the
delta power increase was detected over the occipital, the occipital
midline and the right motor IC clusters (Figs. 4C–E), mainly
during the curved-road section (Fig. 3). This change in EEG power
may be treated as a stress component caused by the motion
sickness or violent movement of the motion platform, as suggested
by Chen et al. (1989).

The resultant spectral changes might be due to a confounding
effect of moving a joystick and motion sickness. However, the joystick
movements were very sparse as the subjects did not need to move the
joystick unless they felt the level ofmotion sickness has been changed.
Previous studies (Huang et al., 2007; Huang et al., 2008) showed that
the spectral changes following finger/hand movements in the
sustained attention tasks were usually transient (a quick spectral
suppression followed by an equal-amplitude rebound within 2–4 s).
Furthermore, these spectral perturbations would be the same
regardless if the subject reported an increase or a decrease in the
sickness level. Thus, the joystick movements would not have biased
the spectral correlates toward to a spectral increase or decrease
systematically when the correlation between the time course of
component spectra and the subjective sickness level was calculated in
a much longer (smoothed) time scale.

Time delay

Cross-correlation analysis between the subjective sickness level
and the power spectra of the independent EEG components facilitates
an investigation of the underlying neurophysiology ofmotion sickness
in the human brain. Our analysis results revealed a strong positive
cross-correlation of the subjective sickness levelwith spectra at 10 and
15 Hz of the two motor IC clusters, leading the peak of the subjective
MS rating by 100 s, possibly indicating the difficulty of integrating
multi-modal somatosensory information into the motor-planning
process or compensation of the movement of the motion platform,
resulted in the suppression of the bilateralmotor control-related brain
circuits. However, a strong cross-correlation existed with the alpha
and beta spectra in the parietal and the occipital midline areas, leading
the MS rating peaks by 80 and 60 s, respectively (Figs. 5C and E). This
finding may correspond to the extra loading associated with the
integration of multi-modal somatosensory information duringmotion
sickness and the “perception” that motion sickness is approaching its
most severe. In the occipital IC cluster, the alpha power increase is
more pronounced than the spectral increases in other frequency bands
(Fig. 2E). In the literature, alpha activity has been regarded as the
resting rhythm and has been identified as cortical idling in a way-
finding experiment by Caplan et al. (2003). The changes in alpha
power were much (∼120 s) later than those of the subjective motion-
sickness ratings, suggesting that this rhythmic activity may be related
to relaxation after the long stress that is caused by themotion-sickness
section.

Conclusions

By combining independent component analysis, time-frequency
analysis and cross-correlation analysis, this work evaluates changes
in the EEG power spectrum that accompanies the fluctuations in the
level of motion sickness in a realistic driving task. ICA separates the
multi-channel EEG signals into independent brain processes, each of
which represents electrical neurophysiological activities from a tight
cluster of neurons. Components with similar scalp tomography,
dipole location and baseline power spectrum from multiple subjects
were grouped into component clusters. The sorting and correlation
of power spectra with subjective MS levels reveal a monotonic
relationship between minute-scale changes in MS and the EEG
spectra of distinct component clusters (brain processes) in different
frequency bands. In summary, this (1) utilized both visual and
vestibular stimuli to induce realistic motion sickness, (2) proposed a
continuous rating mechanism using which subjects can report their
MS level without interrupting the experiment and (3) evaluated
reproducible spectral changes in multiple brain areas that accom-
pany fluctuations in the severity of motion sickness.
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