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This study investigates the relationship between heart rate variability (HRV) and the level of motion sickness
(MS) induced by simulated tunnel driving. The HRV indices, normalized low frequency (NLF, 0.04–0.15 Hz),
normalized high frequency (NHF, 0.15–0.4 Hz), and LF/HF ratio were correlated with the subjectively and
continuously rated MS levels of 20 participants. The experimental results showed that for 13 of the subjects,
the MS levels positively correlated with the NLF and the LF/HF ratio and negatively correlated with the NHF.
The remaining seven subjects had negative correlations between the MS levels and the NLF and the LF/HF
ratio and a positive correlation between the MS levels and the NHF. To clarify this contradiction, this study also
inspected the effects of subjects' self-adjustments on the correlations between the MS levels and the HRV indices
and showed that the variations in the relationship might be attributed to the subjects' self-adjustments, which
they used to relieve the discomfort of MS.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Heart rate variability (HRV) is an oscillation in the interval between
consecutive heartbeats, and this phenomenon is caused by the influ-
ence of the autonomic nervous system on the sinus node of the heart
(Stauss, 2003). Power spectral analysis of the R–R interval time series
is one of the most promising quantitative methods for assessing
sympathovagal interactions (Stauss, 2003; Pagani et al., 1986; Parati
et al., 2006). Three spectral components are identified in the power
spectrum of R–R interval time series and constitute the HRV indices
(3): very low frequency (VLF) (0.003–0.04 Hz), low frequency (LF)
(0.04–0.15 Hz) and high frequency (HF) (0.15–0.4 Hz) components.
The LF component of HRV is a joint action of the sympathetic and vagal
activities on the heart that is predominantly under sympathetic influ-
ence (Casu et al., 2005), and the HF component is an indicator of vagal
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nerve activities (Beckers et al., 2006; Emoto et al., 2007; Stauss, 2003).
The LF/HF ratio reflects the changes in sympathetic–parasympathetic
activities and is typically used to characterize the sympathovagal balance
of the heart (Demaree and Everhart, 2004; Wodey et al., 2003). The VLF
component is less commonly used, and its physiological mechanism is
not well-established (Camm et al., 1996; Kato et al., 2004).

Motion sickness (MS), a common experience for car, airplane, and
sea passengers, can cause mild to severe discomfort. The symptoms of
the MS include headache, eye strain, pallor, sweating, vertigo, ataxia,
nausea, and vomiting. The occurrence, severity and duration of the MS
symptoms are varied across individuals (Turner and Griffin, 1999).
Several studies reported that the symptoms of MS can be deleterious-
ness to self-control and task performance. Therefore, numerous studies
have attempted to determine the etiology of MS and the ideal
methods to prevent the induction of MS or to relieve the discomfort of
MS symptoms. Because MS symptoms are associated with perturbed
sympathovagal activities, changes in the HRV indices have been used
to assess the MS-induced perturbations in sympathetic activity and
sympathovagal imbalance (Emoto, 2008; Emoto et al., 2007; Gianaros
et al., 2003; Morrow et al., 2000; Ohyama et al., 2007; Yokota et al.,
2005). However,whether the changes in theHRV indices can bedirectly
correlated withMS severity remains uncertain. Some studies suggested
that the changes in the HRV indices were related to the degree of MS
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(Gianaros et al., 2003; Holmes and Griffin, 2001; Yokota et al., 2005),
but others reported that the HRV indices did not correlate with the MS
levels (Beckers et al., 2006; Bos and Bles, 1998; Ohyama et al., 2007;
Peng et al., 2007). The above discrepancies are possibly caused by differ-
ences in the methods used to induce MS and to assess the relationship
between the MS levels and the HRV indices, as well as by the influence
of uncontrolled self-adjustments during the MS induction.

MS induction is a consequence of conflicting perceptions from the
visual, vestibular and proprioceptive systems (Drummond, 2002). Ex-
perimental MS is commonly induced in virtual reality environments
(Lin et al., 2002) or by a rotating drum, with or without optokinetic
stimulation (Drummond, 2002; Wan and Hu, 2003). However, it is
unclear whether virtual-reality-induced or rotating-drum-induced
MS involve the same underlying neural mechanisms as that induced
by daily life experiences, such as sitting in a moving vehicle (Golding,
2006).

Most of the previous studies examined the relationship between the
MS levels and the autonomic nervous system by comparing the HRV in-
dices before and during experimental motion exposure over a period of
time (e.g., Uijtdehaage et al., 1993). Therefore, the short-termor temporal
pattern of the autonomic control of the HRV indices may obscure impor-
tant information (Morrow et al., 2000). Only two studies correlated MS
symptoms with temporal changes in the HRV indices (Gianaros et al.,
2003; Ohyama et al., 2007), and the results remained inconclusive. The
reasons for the uncertain relationship between the MS levels and the
HRV indices may relate to the large inter- and intra-subject variability
of self-reported MS, which was assessed subjectively and intermittently
(Beckers et al., 2006; Bos and Bles, 1998; Ohyama et al., 2007; Peng
et al., 2007). For example, MS symptoms were verbally reported at
1-min intervals (Holmes and Griffin, 2001; Young et al., 2003; Ziavra
et al., 2003). This type of intervention can unexpectedly provide oppor-
tunities for subjects to temporarily alleviate their MS symptoms to an
undetermined extent and adversely influence the interrelationship
betweenMS and the HRV indices (Sang et al., 2003). Therefore, to ac-
curately correlate the HRV indices with MS severity, studies using
high-temporal resolution and minimal measurement interventions
are required.

Sympathovagal activities can be modulated by respiration. For
example, a slow breathing technique can enhance autonomic function
by decreasing sympathetic activity and increasing parasympathetic
activity (Jerath et al., 2006; Pinheiro et al., 2007). The HF component
is known as respiratory sinus arrhythmia (Graham et al., 2009;
Grossman and Taylor, 2007) and is synchronous with respiratory
patterns (Montano et al., 2009). Irregular respiration could change
sympathovagal activities or its balances, which are reflected in the
HRV indices (Roach et al., 2004; Jerath et al., 2006; Grossman and
Taylor, 2007; Pinheiro et al., 2007; Graham et al., 2009). Sang et al.
(2003) also reported that controlling breathing might be effective for
controlling nausea. In addition to controlling the breathing by the sub-
jects, the respiration rhythmanddepth can be altered by other behaviors.
For instance, swallowing can inhibit respiration because of the respira-
tory and swallowing coordination mechanisms (Paydarfar et al.,
1995; Cichero, 2006). Similarly, during retching, pulmonary ventila-
tion suppresses to protect the airway from gastric acid (Cichero,
2006). However, it remains unclear in the literature whether and how
the above and other self-adjustments adopted by the subjects to cope
with the MS-induced illness could vary the relationships between the
MS severity and HRV indices. This study aims to investigate whether
and to what extent the self-adjustments can affect the MS–HRV
relationship.

Video recordings seem a good source for assessing subjects' be-
haviors. Particularly, three behaviors, deep breathing, swallowing
and the retching, could be reliably identified from the videos. The
specific goal of this study is then to assess the influences of the
self-adjustments, measured by the three behaviors, on the MS–HRV
relationship.
This study first correlates the HRV indices with MS severity and
then investigateswhether the self-adjustments influence the relationship
between MS levels and HRV indices. The experiments were conducted
using a motion driving simulator comprising a virtual reality-based
tunnel driving paradigm and a real vehicle mounted on a motion
platform with 6 degrees of freedom (Lin et al., 2005). The influence
of behavioral responses on the temporal relationship between the
MS levels and HRV indices was assessed and modeled by simple linear
regression.

2. Methods

2.1. Subjects

In total, 26 volunteers (11 females and 15 males; mean age 25±
3 years) with normal or corrected-to-normal vision were paid to
participate in this MS experiment. All of the subjects were healthy
and had no history of gastrointestinal, cardiovascular, neurological or
psychological disorders. For accurate evaluation of the HRV indices,
the subjects were required to not imbibe alcoholic or caffeinated drinks
or to participate in strenuous exercise 1 day prior to the experiments.
The experimentswere performed in themorning (09:00–12:00) or after-
noon (14:00–17:00). The subjects were required to fast for 2 hours prior
to the experiments. The experimental protocol was approved by the In-
stitutional Review Board of Taipei Veterans General Hospital, Taiwan.
The subjects were informed of the experimental procedure, and written
consent was obtained from each subject prior to the experiment.

Two exclusion criteriawere used in this study. First, the subjectswere
required to complete the entire experiment (65 min, including the
baseline, MS-induction, and recovery session). Second, the subjects
were required to report their MS levels continuously during the whole
experiment. Two of the 26 subjects felt very uncomfortable and vomited
(severeMS) during their experiments and they failed tofinish the entire
experiment. Four of the 26 subjects failed to report their MS levels be-
cause they fell asleep during the experiments. Thus, the data from
those six subjects were excluded from the subsequent data analysis.

2.2. Experimental setup

The experimentswere performed in a dynamic virtual reality environ-
ment comprising a 360° virtual reality scene (Fig. 1A) and a motion plat-
form with 6 degrees of freedom (Fig. 1B) (Lin et al., 2005). The virtual
reality-based tunnel-driving paradigm simulated a car being driven in a
long and winding tunnel at a fixed speed of 100 km/h. The virtual reality
scenewas projected by sevenprojectors (BARCO, Belgium), each ofwhich
was controlled by a personal computer and synchronized via a local area
network. The refresh rate of the virtual reality scenewas 60 Hz. A real ve-
hicle (Fig. 1B), with its engine and other unnecessary parts removed, was
mounted on themotion platform at the center of the virtual reality room.
This type of dynamic virtual reality environment provided a combination
of visual, vestibular and proprioceptive sensations simultaneously.

Prior to the data collection, all of the subjects were required to view
the virtual reality scene for >10 min until they had fully adapted to the
virtual reality environment. During each experiment, the subject sat
alone and passively viewed the driving scenery as a passenger in the sim-
ulator. Each MS experiment included three consecutive sessions without
interruption (Fig. 1D): 10 min of straight road as a baseline (baseline ses-
sion); 40 min of a long,winding road for inducingMS (MS-induction ses-
sion); and,finally, 15 min of straight road for recovery (recovery session).

2.3. Data acquisition

2.3.1. Behavioral data

2.3.1.1. MS level. During the MS experiment, subjects continuously
reported their MS levels using a sliding switch, which was appended to



Fig. 1. The dynamic-motion driving environment and a schematic diagram of an MS experimental paradigm. (A) This photograph shows the surrounding tunnel scenes. (B) This
photograph shows a motion platform with 6 degrees of freedom with a car body mounted on a support. (C) The subjects report their MS levels by tuning the slide-type switch,
which is located in the red circle of the joystick, throughout the entire experiment. (D) The experiment comprises 3 sessions: in the first session (baseline session), the subject
rode for 10 min on a straight virtual-reality road; in the second session (MS-induction session), the subject rode for 40 min on a virtual-reality winding road; and, in the third ses-
sion (recovery session), the subject rode for 15 min on a virtual-reality straight road.
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a commercially available joystick (PN 963290-0121, Logitech, Swiss), as
shown in Fig. 1C. The subjectswere required to report theirMS levels im-
mediately by changing the switch position when their sickness level
changed; the top position of the switch represented severe retching.
For instance, when the subjects started to feel sick after the onset of
MS induction, they could slide the switch from zero to a higher position.
The position of the sliding switch could thus continuously reflect the
severity of the MS. The switch positions were digitized at a 60-Hz sam-
pling rate with a 16-bit vertical resolution (0–65,535) using emulation
software (WorldToolKit, WTK, library and Visual C++ version 6.0,
Microsoft, USA), and the digitizedMS levels were delivered to and stored
in a laptop (ASUS M24C3) via a universal serial bus (USB) interface for
offline analysis. When the experiment began, the emulation software
started sending trigger signals to the signal acquisition system to syn-
chronize electrocardiogram (ECG) signals with the digitized MS levels.

After finishing the entire experiments, the subjects were required to
complete aMS questionnaire (modified fromHolmes and Griffin, 2001;
Yokota et al., 2005) on which they indicated their maximum MS level
during the experiment and reported what type of self-adjustments
they used when they felt uncomfortable. In the questionnaire, the
subjects used 6 levels (0–5) to report their MS symptoms (0 = no MS,
1 = stomach awareness, 2 = stomach discomfort, 3 = slight retching,
4 = moderate retching, and 5 = severe retching). The subjective re-
ports (MS questionnaire) were used to rescale each individual subjects'
digitized MS levels.

2.3.1.2. Video monitoring. A video camera (MT-772S CCD Camera) was
installed in the vehicle to monitor each subject's behavioral responses.
The video frame rate was 30 frames per second, and the number of
effective pixels of the video image was 512×492 (H×V). The video
images were digitized and stored in a laptop (ASUS M24C3) via a
USB interface for offline analysis.

2.3.2. ECG data
ECG signals were acquired by two electrodes in a modified leads II

configuration (Griffiths et al., 2007). The positive and negative leads
were placed on the left arcus costalis and right clavicle, respectively.
The ECG signals were amplified (NuAmps, Compumedics Ltd., VIC,
Australia) and recorded at a 500-Hz sampling rate and notch-filtered at
60 Hz. The ECG signals and MS severity were synchronized using trigger
signals generated by the emulation software as mentioned above.

2.4. Data analysis

2.4.1. Analysis of MS level
The digitizedMS levels were rescaled into 6 levels (0–5) according to

each subject's MS questionnaire. First, the digitizedMS levels (0–65,535)
were divided by the individual subject's maximum value and then mul-
tiplied by the individual subject's maximumMS value that was reported
in the MS questionnaire (0–5). These rescaled MS levels were smoothed
using themoving averagemethodwith a 5-minmoving averagewindow
overlapped by 4.5 min (the same process as used in analyzing the HRV
indices).

2.4.2. Analysis of video behavior
The recorded video images of each subject were used to identify

whether the subjects performed self-adjustments to relieve the dis-
comfort of the MS. Three types of behavioral responses, including
deep breathing, swallowing and retching, were identified and counted
as self-adjustments during the experiment from the recorded video
images. Deep breathing was defined as movements that elevated
the clavicle and shoulders in subjects who had long inspiration and
expiration responses. Swallowing was identified by the changes in
the jaw and throat positions. Retching was defined by the subject
opening and/or covering his/her mouth with his/her hands while
the throat moved vertically and the subject dry heaved. To evaluate
the variations across raters, three raters independently counted a
single subject's numbers of deep breathing, swallowing and retching
based on the definitions of these three self-adjustments in the subjects'
videos. The Krippendorff's alpha was used to test the variations and
consistency across 3 raters. The Krippendorff's alpha was estimated
using MATLAB (The Mathworks, Inc.) and the open source code (Jana
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Eggink; http://www.mathworks.com/matlabcentral/fileexchange/
36016-krippendorffs-alpha). This open source code has been verified
against an existing SPSSmacro (The SPSS, Inc.). Table 1 shows the rating
results of the three raters. The ratings were remarkably consistent
across 3 independent raters with the inter-rater reliability alpha of
0.9093 (Krippendorff's alpha), suggesting that the self-adjustments
can be accurately identified and counted from the subjects' videos
according to the definitions of these behaviors.
2.4.3. Analysis of ECG data
The HRV was analyzed according to the modified procedures devel-

oped by Kuo and Yang (2002) (Fig. 2). Briefly, the QRS peaks were first
identified in the digital ECG signals using spike-detection algorithms
(Fig. 2A) (Kuo and Chan, 1992). A QRS rejection procedurewas then uti-
lized to remove irregular QRS complexes resulting from noise or
unrelated behavioral responses. For each heartbeat, the QRS rejection
procedure evaluated the amplitude of the Q–R wave (AQR), amplitude
of the R–S wave (ARS), duration of the Q–S wave (TQS), and duration
of the R–S wave (TRS). Each heartbeat was then scored based on the
values of these 4 indices (AQR, QRS, TQS and TRS). If an index of a heart-
beat fell within the range of its mean±4 standard deviation, this heart-
beatwas assigned 1 point. Hence, these 4 indiceswere summed as a final
score in a range of 0–4 for each heartbeat. A heartbeat with a final
scoreb3 was discarded as noise.

The temporal position of the R peak for each valid QRS complex,
which was screened by the above-mentioned procedures, was defined
as a heartbeat. The interval between two successive R peaks (R–R inter-
val) was calculated from the time series of the R peaks. The R–R intervals
were outside of either the 0.5- to 1.3-S range (regular R–R interval range;
Roach et al., 2004) or the range defined by the mean±3 standard devi-
ation were eliminated from further analysis. The validated R-R values
were subsequently resampled and interpolated at a 250-Hz sampling
rate to generate continuity in the time domain. The R–R intervals of the
entire experiment were subjected to a fast Fourier transform with a
5-min Hamming window overlapped by 4.5 min (Fig. 2B). This
study focused on three frequency bands: the VLF (0.003–0.04 Hz),
LF (0.04–0.15 Hz), and HF (0.15–0.4 Hz) bands (Fig. 2C; Kuo and
Yang, 2002). The powers of the LF and HF bands were normalized by
the total power minus the power of the VLF band, and the components
were represented in normalized units (NLF and NHF); that is, NLF=
LF/(total power−VLF)∗100% andNHF=HF/(total power−VLF)×100%,
where total power=LF+HF+VLF. Camm et al. (1996) showed that
normalized LF and HF could minimize the effects of changes in the
total power on the values of the LF and HF; the normalized LF and HF
also could separate out the influence of the sympathetic and parasym-
pathetic nervous systems on the sympathovagal balance (Madden et
al., 2008). The sympathovagal balance was calculated as the ratio of
the LF power to the HF power (LF/HF ratio). The natural logarithmic
transformation was applied to the LF/HF ratio, that is, LF/HF ratio=log
(LF/HF). The time series of the NLF, NHF, and LF/HF ratio were then
smoothed by themoving averagemethod (Matlab Curve Fitting Toolbox,
function “smooth”with a moving setting of 25; Fig. 2E).
Table 1
Summary of the statistics of a single subject's numbers of deep breathing, swallowing
and retching independently counted by three raters for assessing inter-rater variability.

Rater (n=3) Deep
breathing

Swallowing Retching Total number of
self-adjustments

1 27 13 5 45
2 18 18 5 41
3 21 13 8 42
Mean±STD 22±5 15±3 6±2 43±2
2.5. Spearman's rank correlation coefficient

Spearman's rank correlation coefficient was used to assess the rela-
tionship between the changes in the individual HRV indices (the contin-
uousNLF, NHF, and the LF/HF ratio) and the subjectiveMS levels. Because
the NLF and NHF values were normalized by the total power minus the
power of the VLF, the sum of the NLF and NHF values was 100%. There-
fore, the temporal changes of the NLF and NHF were opposite, and the
changes in LF/HF ratio during the experimentwere similar to the changes
of the NLF. The similarities in the changes were also revealed in the
Spearman's rank correlation coefficients between the MS levels and the
HRV indices.

The subjects were classified into three groups according to their
Spearman's rank correlation coefficients between the MS levels and
the changes in the NLF. The subjects who had coefficients greater
than 0.5 were classified into Group I, and the subjects who had coef-
ficients from 0 to 0.5 were classified into Group II. The subjects in
Group III were those had negative correlations between the MS levels
and the NLF.

2.6. Changes in the HRV indices for different MS levels across different
groups

To assess the changes in the HRV indices (NHF, NLF and LF/HF
ratio) for different MS levels across the three groups (I–III), the HRV
indices were analyzed and compared according to the following pro-
cedures. The HRV indices of three groups were processed separately
with the following sub-steps. First, the HRV indices of the individual
subjects in each group were sorted by his/her MS levels from 0 to
5. Second, each of the sorted HRV indices was normalized by the
z-score normalization method:

z ¼ x−uð Þ=σ ð1Þ

where x is a raw HRV index to be standardized and u and σ are the
mean and standard deviation of the HRV index, respectively, which
their corresponding MS levels b=1. Third, to assess and compare
the various changes of the HRV indices for different MS levels
among the three groups, the normalized HRV indices of each subject
within each group were selected and classified into three periods by the
MS rating; these were the low-MS (MS levels b=1), the medium-MS
(2b=MS levelsb3) and the high-MS (4b=MS levelsb5) periods. The
changes in the HRV indices within each group for the three different
MS periods and the effects of inter-subject variation on the changes in
the HRV indices across the three different groups were compared statis-
tically by the Kruskal–Wallis test and the Bonferroni correction.

2.7. Simple linear regression

Asimple linear regressionwas used to evaluate the relationship across
subjects between the number of self-adjustments and the Spearman's
rank correlation coefficients, which assessed the relationship between
the changes of the individual HRV indices (the continuous NLF, NHF
and LF/HF ratio) and the subjective MS levels; a linear regression was
performed to determine the effects of the self-adjustments maneuvers
on the relationship between the MS levels and HRV indices. A simple
linear regression fits a straight line though n points and makes the
sum of the squared residuals of the model as small as possible (Neter
et al., 1996). The simple linear regression model can be described by
the following equation:

Y ¼ aþ bX ð2Þ

where Y and X consisted of n data points {Yi, Xi}. Yiwas the response var-
iable (e.g., the number of self-adjustments), Xi was the input variable
(e.g., Spearman's rank correlation coefficient between the MS levels

http://www.mathworks.com/matlabcentral/fileexchange/36016-krippendorffs-alpha
http://www.mathworks.com/matlabcentral/fileexchange/36016-krippendorffs-alpha


Fig. 2. A schematic representation of the method used for spectral analysis of the HRV for 1 subject. (A) The surface electrocardiogram. (B) A Matlab program is used to detect QRS
peaks, compute individual R–R intervals and save the results as a tachogram. (C) Three major components, very low frequency (VLF, I), low frequency (LF, II) and high frequency
(HF, III), are derived from the power spectrum density of the R–R intervals. (D) The tachogram is subjected to a fast Fourier transform with a 5-min Hamming window overlapped
by 4.5 min to obtain the time series of the HRV indices. (E) The time series of the HRV indices are then smoothed using the Matlab function “smooth” (Matlab Curve Fitting
Toolbox).
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and theHRV indices), and i represented the number of each subject. The
regression coefficients a and bwere determined using theMatlab func-
tion “regress” (Matlab statistics Toolbox), which minimized the sum of
the squared residuals of the model.
2.8. Statistical analyses

The differential effects of the MS levels on the changes in the HRV
indices within each group, the inter-subject variation in the changes
in the HRV indices across the three different groups and the frequency
of self-adjustment among the three groups were also assessed by the
Kruskal–Wallis test and the Bonferroni correction. The significance
level was set as pb0.05.
3. Results

3.1. Motion sickness (MS) levels and heart rate variability (HRV) indices
over time

Fig. 3A shows the time course of the MS levels of a sample exper-
iment from a representative subject (subject 1). A biphasic change in
the MS levels was induced by the dynamic virtual reality-based tun-
nel scenes. The MS level of subject 1 remained at 0 during the initial
10 min of the straight driving task. After the subject entered the
winding-road session, the MS level then increased steadily after
1 min and peaked at 29 min. The MS level dropped prior to the end
of the winding-road driving task and returned to 0 during the recovery
session.

image of Fig.�2


Fig. 3. Changes in the MS levels and the HRV indices during the driving experiment. (A) The time course of the self-reported MS for a typical subject (subject 1). (B) The smoothed
NLF (dashed line), NHF (dash-dotted line) and the LF/HF ratio (solid line) of the subject during the driving experiment.
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The onset of MS increase varied across subjects (n=20). Approxi-
mately 20% (n=4) of the subjects started experiencing MS symptoms
within 1 min after the winding-road session began, whereas 40% of
the subjects (n=8) did not feel sick until 5–8 min after entering the
winding-road session. The remaining 8 subjects (40%) reported MS as
early as at the end of the baseline session. On average, the occurrence
of the maximal MS level was at approximately 44±6 min. Further-
more, the absolute values of the peak MS level varied among subjects.
Twelve subjects (60%) ranked their maximal MS levels as 5, 2 subjects
(10%) ranked their maximumMS level as 4–5, 3 subjects (15%) ranked
their maximum MS level as 3–4, and 3 subjects (15%) ranked their
maximum MS level as 1.5–2.5.

Although the exact temporal profile of the MS levels varied among
the subjects, the group trend of the MS levels resembled the pattern
of subject 1 (Fig. 3A). These experimental results demonstrated that
a dynamic virtual reality environment can induceMS.Moreover, MS se-
verity increased progressively after the virtual-reality scenes began
simulating a winding road. However, most subjects' (60%, n=12) MS
levels did not return to the baseline level after the virtual-reality session
returned to the straight-road session, suggesting a residual effect.

Fig. 3B shows the changes in the HRV indices (the smoothed NLF,
NHF and the LF/HF ratio) over the entire experiment from the represen-
tative subject (subject 1). TheNLF and LF/HF ratio increased progressive-
ly as the experiment proceeded to the MS-induction session, whereas
the NHF generally decreased. During the recovery session, the NLF and
LF/HF ratio decreased, whereas the NHF increased as the MS level grad-
ually returned to the baseline level.

3.2. The temporal relationship between the MS levels and the HRV indices

Fig. 4 shows the sorted correlation coefficients between the MS
levels and the NLF, NHF and LF/HF ratios for the 20 subjects. The corre-
lation coefficients between the MS levels and the HRV indices varied
across subjects. Thirteen subjects (65%) had MS levels that were posi-
tively correlated with the NLF and the LF/HF ratio and negatively corre-
lated with NHF. Of the 13 subjects, seven (35%, Group I) had correlation
coefficients greater than 0.5 (NLF and LF/HF) or smaller than −0.5
(NHF), and the rest six (30% of subjects, Group II) had correlation coef-
ficients in the range from 0 to 0.5 (NLF and LF/HF) or from 0 to −0.5
(NHF). For the remaining seven of the twenty subjects (35%, Group
III), the MS levels negatively correlated with the NLF and the LF/HF
ratio and positive correlated with the NHF.

3.3. Differential effects of the MS levels on the HRV indices in the three
groups

Fig. 5 compares the changes in the HRV indices across the three
groups (I, II and III) during the low-, medium- and high-MS periods.
The results of the three groups all showed that the distributions of the
HRV indices during the low-, medium- and high-MS periodswere signif-
icantly different (Table 2; by the Kruskal–Wallis test). Based on the dif-
ference between the low- and medium-MS periods as well as the
difference between the low- andhigh-MSperiods, the subjects in Groups
I and II had statistically significant increases in the NLF and LF/HF ratio
and significant decreases in the NHF (NLF, pb0.001; the LF/HF ratio,
pb0.001; NHF, pb0.001; by the Bonferroni correction; Fig. 5A and B).
For subjects in Group I (35%, n=7), theNLF and the LF/HF ratio increased
significantly, and theNHFdecreased significantly during the high-MSpe-
riod compared with the HRV indices during the medium-MS period
(Fig. 5A; by the Bonferroni correction). For the subjects in Group II
(30%, n=6), although their NLF and LF/HF ratio increased and their
NHF decreased during the high-MS period in comparison with those
during the medium-MS period, the differences were not statistically
significant (Fig. 5B; by the Bonferroni correction). The subjects in
Group III (35%, n=7) had opposite HRV responses during the
medium- and high-MS periods compared with the subjects in Group I
(35%, n=7). Specifically, for the subjects in Group III, the NLF and the
LF/HF ratio decreased progressively as theMS levels increased, whereas
the NHF generally increased (Fig. 5C).

Fig. 6 shows the differences in the changes in theHRV indices during
the low-, medium- and high-MS periods across the three groups. No
differences were found in the distribution of the HRV indices during
the low-MS period among the three groups. The HRV indices during
the medium- and high-MS periods varied significantly among the
three groups (Table 3). Based on the difference between the low- and
medium-MS periods, the subjects in Group I had larger fluctuations in
the HRV indices compared with the subjects in Group II. That is, the in-
creases in theNLF and the LF/HF ratio and decreases in theNHF ofGroup
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Fig. 4. Variations in the correlation coefficients between the MS levels and NLF (A), NHF (B) and the LF/HF ratio (C) across all of the subjects. The 20 subjects were divided into 3
groups (I, II and III) according to the correlation coefficients between their MS levels and NLF values.
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I subjects were significantly larger than those of the Group II subjects
during the medium-MS period (pb0.01; by the Bonferroni correction).
Similar changes in the HRV indices between Groups I and II were found
during the high-MS period. The subjects in Group III showed an oppo-
site change in the HRV indices between the low- and medium-MS pe-
riods as well as the low- and high-MS periods. Unlike the subjects in
Groups I and II, the subjects in Group III had decreases in the NLF and
the LF/HF ratio and increases in the NHF values during the medium-
and high-MS periods.

3.4. Effects of the self-adjustments on the MS -HRV relationship

The number of self-adjustments was assessed based on the videos
and completely independent of the HRV analysis. The differences in
the number of self-adjustments among the three groupswere not statis-
tically significant (p=0.52; by the Kruskal–Wallis test). Fig. 7 shows the
effects of the self-adjustments on the correlation coefficients between
the MS levels and the HRV indices. The correlation coefficients between
the MS and NLF relationship decreased monotonically with increasing
numbers of self-adjustments (Fig. 7A). Similar effects from the self-
adjustments were also revealed on the variations in the correlation coef-
ficients between the MS levels and the LF/HF ratio (Fig. 7C). Moreover,
the correlation coefficients of the MS–NHF relationship increased
linearly with an increasing number of self-adjustments (Fig. 7B). A linear
relationship was evident between the number of self-adjustments (y)
and the correlation coefficients between theMS levels and the HRV indi-
ces (linear regression: y=57.65–13.19×NLF; y=57.65+13.19×NHF;
y=57.61–13.24×LF/HF ratio; R2 statistic=0.44 and pb0.005). These re-
sults indicated that the sympathetic activities were reduced whereas
the parasympathetic activities were increased with larger numbers of
self-adjustments during the MS induction.

4. Discussion

4.1. Correlations between the MS levels and the HRV indices

The present study demonstrates that the HRV indices derived
from recorded ECG signals during the low-MS period were signifi-
cantly different from those during the medium- and high-MS periods.
Thus, the experimental results suggest that autonomic control is in-
volved in the development of MS symptoms. Approximately 65% of
the subjects (n=13) had positive correlations of the MS levels with
the NLF and with the LF/HF ratio and negative correlations between
the MS levels and the NHF; the correlations were analyzed by
Spearman's rank correlation coefficient. More than half of the subjects
had correlation coefficients above 0.5. This result is consistent with
previous studies showing that exposure to motion sickness stimula-
tion increases cardiac sympathetic activity and decreases cardiac
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Fig. 5. Differential effects of the MS levels on the HRV indices in Group I (A), Group II (B) and Group III (C). The results are represented as the mean ± standard deviation, and the
statistical analysis results are noted as follows: * pb0.05; ** pb0.01; *** and ### pb0.001.
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parasympathetic activity, as reflected in the HRV (Holmes and Griffin,
2001; Yokota et al., 2005). However, Ohyama et al. (2007) reported
that during exposure to a virtual-reality environment, MS-induction
increased sympathetic activity without vagal changes. The discrepan-
cy between the Ohyama's group's results and our results might be at-
tributed to difference in the methods used to assess the MS levels and
the autonomic functions. The normalized HRV indices have been proven
to best reflect the sympathetic and parasympathetic responses (Arlt et
al., 2003; Chen et al., 2006). Furthermore, the sliding switch used by
our subjects to continuously rate theirMS levels could have also contrib-
uted to the differences. The advantage of using the sliding switch for con-
tinuous MS reporting was that the subjects were not interrupted during
the continuous experiment sessions. If the subject's MS level was deter-
mined every minute by interrupting the experiment, the subject most
likely could receive momentarily relief from the MS symptoms. In turn,
the MS levels could be different due to the continuous uninterrupted
MS. As a result, the MS induced in the present study would more closely
resemble our real-world experiences. Although we cannot completely
Table 2
Summary of the statistics for the effects of MS levels on the changes in the HRV indices in the thr

Group HRV indices MS period

Low Medium

Group I NLF 0.0±1.0 2.0±2.7
NHF 0.0±1.0 −2.0±2.7
LF/HF 0.0±1.0 2.1±3.0

Group II NLF 0.0±1.0 1.1±1.4
NHF 0.0±1.0 −1.1±1.4
LF/HF 0.0±1.0 1.1±1.6

Group III NLF 0.0±1.0 −0.9±2.1
NHF 0.0±1.0 0.9±2.1
LF/HF 0.0±1.0 −0.8±2.1
rule out the possibility that ourmethodmight interferewith the subject's
MS experience. The interference in our method should be minimal com-
pared with the methods used in previous studies (Holmes and Griffin,
2001; Young et al., 2003; Ziavra et al., 2003).

In this study, approximately 35% of the subjects (n=7) showed
the negative correlations between the MS levels and the NLF as well
as the LF/HF ratios. These subjects had higher NHF values during the
medium- and high-MS periods in comparison with the NHF values of
the subjects with positive MS–NLF and MS–LF/HF ratio relationships.
In addition, these subjects reported that they felt sickness immediately
after the onset of the experiment and constantly adjusted themselves to
relieve the sick feeling. Studies have suggested that subjects could easily
suffer from cybernetic sickness caused by an initial exposure to a
virtual-reality scene (Morrow et al., 2002). Although our subjects
were required to adapt to the virtual-reality scene for 10 min before
the MS experiment to prevent cybernetic sickness, the results revealed
that the 10-min practice time might not be sufficient for some subjects
(e.g., Group III subjects). The duration for adapting to the virtual-reality
ee groups.

Degrees of freedom F-statistic p-value

High

2.1±1.6 F(2,585) 254.68 pb0.001
−2.1±1.6 F(2,585) 254.68 pb0.001

2.2±1.7 F(2,585) 250.23 pb0.001
0.6±0.8 F(2,483) 57.49 pb0.001

−0.6±0.8 F(2, 483) 57.49 pb0.001
0.6±0.8 F(2, 483) 52.77 pb0.001

−1.9±1.4 F(2,541) 99.9 pb0.001
1.9±1.4 F(2, 541) 99.9 pb0.001

−1.8±1.3 F(2, 541) 100.25 pb0.001
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Fig. 6. The group differences for changes in the NLF (A), NHF (B) and LF/HF (C) during the low-, medium- and high-MS periods. The baseline in all of the figures is the low-MS period
(mean±standard deviation; ** pb0.01; *** and ### pb0.001; by the Bonferroni correction). Note the decreased or reversed changes in the HRV indices in Groups II and III during
the medium- and high-MS periods.
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scene will be more appropriately determined on an individual basis in
future studies.

4.2. Effects of self-adjustments on the relationship between the MS levels
and the HRV indices

Several studies reported that no correlation exists between self-
reported MS symptoms and changes in the HRV indices (Beckers et
al., 2006; Bos and Bles, 1998; Ohyama et al., 2007; Peng et al., 2007).
They suggested that this result may be caused by large inter- and
intra-subject variations. Two studies reported that self-adjustments
could affect the relationship betweenMS and sympathovagal activities,
whichweremeasuredwith the HRV indiceswhen the conscious subjects
actively adjusted themselves to relieve the discomfort of MS during the
experiments (Jerath et al., 2006; Pinheiro et al., 2007). Hence, we hy-
pothesized that the large inter-subject variation might be partially
caused by the subjects' self-adjustments, which were used to ease the
Table 3
Summary of the statistics for the effects of group differences on the changes in the HRV ind

MS period HRV indices Group

I II

Low NLF 0.0±1.0 0.0±1.0
NHF 0.0±1.0 0.0±1.0
LF/HF 0.0±1.0 0.0±1.0

Medium NLF 2.0±2.7 1.1±1.4
NHF −2.0±2.7 −1.1±1.4
LF/HF 2.1±3.0 1.1±1.6

High NLF 2.1±1.6 0.6±0.8
NHF −2.1±1.6 −0.6±0.8
LF/HF 2.2±1.7 0.6±0.8
illness induced by the MS. According to the MS questionnaire collected
at the end of experiments, the subjects reported that they performed
some self-adjustment to reduce their discomfort when they felt sick.
This study identified three types of self-adjustments, deep breathing,
swallowing and retching, from the videos; these self-adjustments oc-
curred frequently when the subjects felt sick. Even though the subjects
adopted the self-adjustments to reduceMS symptoms, this study cannot
prove whether more self-adjustments would lead to lower MS as the
subjectsmight start adjusting themselves after they feltMS. It is thus dif-
ficult to assess the effects of self-adjustments on the MS itself in this
study. Results of the simple linear regression however clearly indicated
that the relationship between the MS severity and the HRV indices was
sensitive to the three self-adjustments (deep breathing, swallowing
and retching) during the MS experiment. A linear relationship was evi-
dent between the number of self-adjustments and the MS–HRV correla-
tion coefficients. For instance, the correlation coefficients of the MS–NLF
relationship dropped fromapositive to a negative value as the number of
ices during the low-, medium-, and high-MS periods.

Degrees of freedom F-statistic p-value

III

0.0±1.0 F(2,922) 0.25 p=0.88
0.0±1.0 F(2,922) 0.25 p=0.88
0.0±1.0 F(2,922) 0.19 p=0.91

−0.9±2.1 F(2,372) 95.46 pb0.001
0.9±2.1 F(2,372) 95.46 pb0.001

−0.8±2.1 F(2,372) 83.3 pb0.001
−1.9±1.4 F(2,315) 234.64 pb0.001

1.9±1.4 F(2,315) 234.64 pb0.001
−1.8±1.3 F(2,315) 239.47 pb0.001
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Fig. 7. Effects of self-adjustments on the correlation coefficients between the MS levels
and the NLF (A), NHF (B) and LF/HF ratio (C). Each symbol represents an individual
subject in Group I (○), Group II (△) and Group III (□; x-axis: correlation coefficient;
y-axis: number of self-adjustments). The linear regression (solid lines) of the NLF
(A), NHF (B) and LF/HF ratio (C) are shown for comparison. Note the number of
self-adjustments altered the correlation coefficients between MS and the HRV indices
(R2 statistic=0.44 and pb0.005; by the simple linear regression).

79C.-L. Lin et al. / International Journal of Psychophysiology 87 (2013) 70–80
self-adjustments increased. All of the above findings suggested that one
needs to take into account or control for self-adjustments in future re-
search that assesses the HRV indices during motion sickness.

Among these self-adjustments, swallowing can cause phase reset-
ting of respiratory rhythm and airway changes (Paydarfar et al., 1995;
Cichero, 2006). Retching has similar effects on shaping respiration
patterns. During retching, the airway is closed by the glottis to protect
the airway fromgastric acid (Cichero, 2006). Animal studies also showed
that the pulmonary ventilation almost stopped during retching
(Fukuda and Koga, 1993). During the retching phase, the inspirato-
ry outputs from the respiratory rhythmic generator neurons were
largely suppressed, while the expiratory outputs of the expiratory
and inspiratory–expiratory neurons changed to retching and expulsion
activities (Fukuda and Koga, 1997). The effect of self-adjustments on
the MS–HRV relationship might be attributed to the irregular respira-
tion produced by the self-adjustments. Irregular respiration has been
known to alter sympathovagal activities or the balance of the autonomic
nervous activities as reflected in HRV (Roach et al., 2004; Jerath et al.,
2006; Grossman and Taylor, 2007; Pinheiro et al., 2007; Graham et al.,
2009). The relationship between MS and sympathovagal activities was
in turn altered. However, it remains inconclusive whether the MS–HRV
relationship was only disturbed by the irregular respiration directly or
indirectly induced by the self-adjustments and to what extent the
MS–HRV relationship can be altered by the irregular respiration.
Therefore, more studies need to include other psychophysiological
measurements (e.g., a piezo-electric respiration belt for measuring
the respiration or facial andneck electromyography signals formeasuring
themuscle activities of the face and neck) to carefully determine the role
of the self-adjustments on theMS–HRV relationship and their underlying
mechanisms.

4.3. MS levels decline prior to the end of the MS-induction winding-road
session

Seven of the twenty subjects (35% of subjects) reported that their
subjective MS levels declined prior to the end of the winding-road
session (Fig. 3). We speculated that this decline might be caused by
the subjects' active self-adjustments to relieve their MS symptoms.
For example, the video images showed that subject 1 began to change
her respiration approximately 5 min before her maximal MS level,
which occurred 29 min after entering the winding-road session. Subse-
quently, the NLF and the LF/HF ratio decreased and the NHF increased
2 min after the respiration adjustments. The MS level decreased 3 min
after the HRV indices changed. These results of this study empirically
suggest that both the subjective MS levels and the physiological signals
are sensitive to the self-adjustments. The results of a simple linear re-
gression also demonstrate that self-adjustment could alter the relation-
ship between the MS levels and the HRV indices.

4.4. Implications of this study

In literature, the relationship between the MS levels and HRV indices
was controversial. Some studies suggested that the changes of HRV indi-
ces were related to degrees of MS (Gianaros et al., 2003; Holmes and
Griffin, 2001; Yokota et al., 2005), but others reported that the HRV indi-
ces did not correlatewith theMS levels at all (Beckers et al., 2006; Bos and
Bles, 1998; Ohyama et al., 2007; Peng et al., 2007). The discrepant results
were just simply attributed to the large inter-subject variations or the var-
iations of the MS induced methods used in the literature. The goal of this
study is to confirm theMS–HRV relationship and to investigate the possi-
ble reasons causing the controversial results in the literature. The results
of this study not only confirmed the MS–HRV relationship but also pro-
vidednew insights into the effects of self-adjustments on theMS–HRV re-
lationship. Specifically, the results demonstrated that the MS levels
increased alongwith the increases in the NLF values and the LF/HF ratios,
whereas the NHF values decreased alongwith increases in the severity of
MS. The self-adjustments largely accounted for the subjectswho had zero
or negative correlations between MS and the HRV indices. The so-called
“large inter-subject variations” might be partially attributed to the
self-adjustments used by individuals to ease their discomfort during the
MS induction. The present findings also suggested that the HRV indices
might be informative for objectively assessing the MS levels without
interrupting the experiments and subjects in future MS studies.

Although the results of this study clearly showed the effects of the
self-adjustments on theMS–HRV relationship, theunderlyingmechanism
for how the self-adjustments alter the MS–HRS relationship remains
unclear. More studies are required to better understand the neural mech-
anisms ofMS, whichmight lead to new training paradigms or treatments
to prevent or reduce the MS that is induced by a moving vehicle.
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5. Conclusions

In summary, the present study showed that MS symptoms increase
sympathetic activity and decrease parasympathetic activity, which
were indexed by the HRV. However, this relationship could be altered
by the self-adjustments that were used to relieve the discomfort of
MS. This study not only provides evidence regarding MS–HRV relation-
ship but also provides new insights and directions for further studies in
exploring the neural mechanisms of MS and developing the new treat-
ments for reducing or preventing the MS induced by a moving vehicle.
Acknowledgements

Thisworkwas supported, in part, by theAiming for the TopUniversity
Plan of National Chiao Tung University, the Ministry of Education, and
Taiwan (under Grant number 101W963). Further support came from
the UST-UCSD International Center of Excellence in Advanced Bio-
engineering, which is sponsored by the Taiwan National Science Council
I-RiCE program under grant number NSC-101-2911-I-009-101 and
the NSoC program under grant number NSC-100-2220-E-009-016
100N462. This research was also sponsored, in part, by the U.S. Army
Research Office (under contract number W911NF-09-1-0510) of the
Army Research Laboratory (under contract number W911NF-10-2-
0022). The views and conclusions contained in this document are
those of the authors and are not representative of the official policies,
either expressed or implied, of the U.S. Army or the U.S. government.
The U.S. government is authorized to reproduce and distribute reprints
for government purposes notwithstanding any copyright notation herein.
References

Arlt, J., Jahn, H., Kellner, M., Wiedemann, K., 2003. Modulation of sympathetic activity
by corticotropin-releasing hormone and atrial natriuretic peptide. Neuropeptides
37, 362–368.

Beckers, F., Verheyden, B., Ramaekers, D., Swynghedauw, B., Aubert, A., 2006. Effects of
autonomic blockade on non-linear cardiovascular variability indices in arts. Clinical
and Experimental Pharmacology and Physiology 33, 431–439.Bolanos, M., Nazeran,
H., Haltiwanger, E., 2006. Haltiwanger. Comparison of heart rate variability signal
features derived from electrocardiography and photoplethysmography in healthy in-
dividuals. Engineering in Medicine and Biology Society, 2006. EMBS'06: 28th Annual
International Conference of the IEEE, pp. 4289–4294.

Bos, J., Bles, W., 1998. Modeling motion sickness and subjective vertical mismatch de-
tailed for vertical motions. Brain Research Bulletin 47, 537–542.

Camm, A., Malik, M., Bigger, J., Breithardt, G., Cerutti, S., Cohen, R., Coumel, P., Fallen, E.,
Kennedy, H., Kleiger, R., 1996. Heart rate variability: standards of measurement,
physiological interpretation, and clinical use. Circulation 93, 1043–1065.

Casu, M., Cappi, C., Patrone, V., Repetto, E., Giusti, M., Minuto, F., Murialdo, G., 2005.
Sympatho-vagal control of heart rate variability in patients treated with suppressive
doses of L-thyroxine for thyroid cancer. European Journal of Endocrinology 152, 819.

Chen, J., Chiu, H., Tseng, Y., Chu, W., 2006. Hyperthyroidism is characterized by both in-
creased sympathetic and decreased vagal modulation of heart rate: evidence from
spectral analysis of heart rate variability. Clinical Endocrinology 64, 611–616.

Cichero, J., 2006. Respiration and swallowing. Foundation, Theory and Practice.
Demaree, H., Everhart, D., 2004. Healthy high-hostiles: reduced parasympathetic activity and

decreased sympathovagal flexibility during negative emotional processing. Personality
and Individual Differences 36, 457–469.

Drummond, P., 2002. Motion sickness and migraine: optokinetic stimulation increases
scalp tenderness, pain sensitivity in the fingers and photophobia. Cephalalgia 22, 117.

Emoto, M., 2008. Wide-field video system induced motion sickness and change in viewers'
sympathovagal balance. Autonomic Neuroscience: Basic & Clinical 144, 90.

Emoto, M., Sugawara, M., Nojiri, Y., 2007. Viewing angle dependency of visually-
induced motion sickness in viewing wide-field images by subjective and autonomic
nervous indices. Displays 29, 90–99.

Fukuda, H., Koga, T., 1993. Hypercapnia and hypoxia which develop during retching
participate in the transition from retching to expulsion in dogs. Neuroscience
Research 17, 205–215.

Fukuda, H., Koga, T., 1997. Most inspiratory neurons in the pre-Bötzinger complex are
suppressed during vomiting in dogs. Brain Research 763, 30–38.

Gianaros, P., Quigley, K., Muth, E., Levine, M., Vasko, R., Stern, R., 2003. Relationship be-
tween temporal changes in cardiac parasympathetic activity and motion sickness
severity. Psychophysiology 40, 39–44.

Golding, J., 2006. Motion sickness susceptibility. Autonomic Neuroscience 129, 67–76.
Graham, J., Janssen, S., Vos, H., Miedema, H., 2009. Habitual traffic noise at home reduces

cardiac parasympathetic tone during sleep. International Journal of Psychophysiology
72, 179–186.
Griffiths, A., Das, A., Fernandes, B., Gaydecki, P., 2007. A portable system for acquiring and
removing motion artifact from ECG signals. Journal of Physics Conference Series 76,
012038.

Grossman, P., Taylor, E., 2007. Toward understanding respiratory sinus arrhythmia: rela-
tions to cardiac vagal tone, evolution and biobehavioral functions. Biological Psychology
74, 263–285.

Holmes, S., Griffin, M., 2001. Correlation between heart rate and the severity of motion
sickness caused by optokinetic stimulation. Journal of Psychophysiology 15, 35–42.

Jerath, R., Edry, J., Barnes, V., Jerath, V., 2006. Physiology of long pranayamic breathing:
neural respiratory elements may provide a mechanism that explains how slow
deep breathing shifts the autonomic nervous system. Medical Hypotheses 67,
566–571.

Kato, M., Sakai, T., Yabe, K., Miyamura, M., Soya, H., 2004. Gastric myoelectrical activity
increases after moderate-intensity exercise with no meals under suppressed vagal
nerve activity. The Japanese Journal of Physiology 54, 221–228.

Kuo, T., Chan, S., 1992. Extraction, discrimination and analysis of single-neuron signals
by a personal-computer-based algorithm. Neuro-Signals 1, 282–292.

Kuo, T., Yang, C., 2002. Sexual dimorphism in the complexity of cardiac pacemaker ac-
tivity. American Journal of Physiology. Heart and Circulatory Physiology 283,
1695–1702.

Lin, J., Duh, H., Abi-Rached, H., Parker, D., Iii, T., 2002. Effects of field of view on presence,
enjoyment, memory, and simulator sickness in a virtual environment. Virtual Reality
of the IEEE, p. 164.

Lin, C., Wu, R., Jung, T., Liang, S., Huang, T., 2005. Estimating driving performance based
on EEG spectrum analysis. Eurasip Journal on Applied Signal Processing 2005,
3165–3174.

Madden, K., Levy, W., Stratton, J., 2008. Aging affects the response of heart rate variability
autonomic indices to atropine and isoproteronol. Clinical Medicine: Geriatrics 1,
17–25.

Montano, N., Porta, A., Cogliati, C., Costantino, G., Tobaldini, E., Casali, K.R., Iellamo, F., 2009.
Heart rate variability explored in the frequency domain: a tool to investigate the link
between heart and behavior. Neuroscience and Biobehavioral Reviews 33, 71–80.

Morrow, G., Andrews, P., Hickok, J., Stern, R., 2000. Vagal changes following cancer
chemotherapy: implications for the development of nausea. Psychophysiology 37,
378–384.

Morrow, G., Roscoe, J., Hickok, J., Andrews, P., Matteson, S., 2002. Nausea and emesis:
evidence for a biobehavioral perspective. Supportive Care in Cancer 10, 96–105.

Neter, J., Wasserman, W., Kutner, M., 1996. Applied linear regression models. Irwin,
Homewood.

Ohyama, S., Nishiike, S., Watanabe, H., Matsuoka, K., Akizuki, H., Takeda, N., Harada, T.,
2007. Autonomic responses during motion sickness induced by virtual reality.
Auris, Nasus, Larynx 34, 303–306.

Pagani, M., Lombardi, F., Guzzetti, S., Rimoldi, O., Furlan, R., Pizzinelli, P., Sandrone, G.,
Malfatto, G., Dell'Orto, S., Piccaluga, E., 1986. Power spectral analysis of heart rate
and arterial pressure variabilities as a marker of sympatho-vagal interaction in
man and conscious dog. Circulation Research 59, 178.

Parati, G., Mancia, G., Rienzo, M., Castiglioni, P., Taylor, J., Studinger, P., 2006. Point:
counterpoint: cardiovascular variability is/is not an index of autonomic control of
circulation. Journal of Applied Physiology 101, 676–682.

Paydarfar, D., Gilbert, R.J., Poppel, C.S., Nassab, P.F., 1995. Respiratory phase resetting
and airflow changes induced by swallowing in humans. The Journal of Physiology
483, 273–288.

Peng, S., Wu, K., Wang, J., Chuang, J., Peng, S., Lai, Y., 2007. Predicting postoperative
nausea and vomiting with the application of an artificial neural network. British
Journal of Anaesthesia 98, 60.

Pinheiro, C., Medeiros, R., Pinheiro, D., Marinho, M., 2007. Spontaneous respiratory
modulation improves cardiovascular control in essential hypertension. Arquivos
Brasileiros de Cardiologia 88, 651–659.

Roach, D., Wilson, W., Ritchie, D., Sheldon, R., 2004. Dissection of long-range heart rate
variability: controlled induction of prognostic measures by activity in the laboratory.
Journal of the American College of Cardiology 43, 2271.

Sang, F., Billar, J., Golding, J., Gresty, M., 2003. Behavioral methods of alleviating motion
sickness: effectiveness of controlled breathing and a music audiotape. Journal of
Travel Medicine 10, 108–111.

Stauss, H., 2003. Heart rate variability. American Journal of Physiology. Regulatory, In-
tegrative and Comparative Physiology 285, R927.

Turner, M., Griffin, M.J., 1999. Motion sickness in public road transport: passenger be-
havior and susceptibility. Ergonomics 42, 444–461.

Uijtdehaage, S., Stern, R., Koch, K., 1993. Effects of scopolamine on autonomic profiles
underlying motion sickness susceptibility. Aviation, Space, and Environmental
Medicine 64, 1–8.

Wan, H., Hu, S., 2003. Correlation of phasic and tonic skin-conductance responses with
severity ofmotion sickness inducedbyviewing an optokinetic rotatingdrum. Perceptual
and Motor Skills 97, 1051–1057.

Wodey, E., Senhadji, L., Pladys, P., Carre, F., Ecoffey, C., 2003. The relationship between
expired concentration of sevoflurane and sympathovagal tone in children. Anesthesia
and Analgesia 97, 377.

Yokota, Y., Aoki, M., Mizuta, K., Ito, Y., Isu, N., 2005. Motion sickness susceptibility asso-
ciated with visually induced postural instability and cardiac autonomic responses
in healthy subjects. Acta Otolaryngologica 125, 280–285.

Young, L., Sienko, K., Lyne, L., Hecht, H., Natapoff, A., 2003. Adaptation of the vestibulo-ocular
reflex, subjective tilt, and motion sickness to head movements during short-radius
centrifugation. Journal of Vestibular Research 13, 65–77.

Ziavra, N., Sang, F., Golding, J., Bronstein, A., Gresty, M., 2003. Effect of breathing supple-
mental oxygen on motion sickness in healthy adults. Mayo Clinic Proceedings 78,
574–579.


	Self-adjustments may account for the contradictory correlations between HRV and motion-sickness severity
	1. Introduction
	2. Methods
	2.1. Subjects
	2.2. Experimental setup
	2.3. Data acquisition
	2.3.1. Behavioral data
	2.3.1.1. MS level
	2.3.1.2. Video monitoring

	2.3.2. ECG data

	2.4. Data analysis
	2.4.1. Analysis of MS level
	2.4.2. Analysis of video behavior
	2.4.3. Analysis of ECG data

	2.5. Spearman's rank correlation coefficient
	2.6. Changes in the HRV indices for different MS levels across different groups
	2.7. Simple linear regression
	2.8. Statistical analyses

	3. Results
	3.1. Motion sickness (MS) levels and heart rate variability (HRV) indices over time
	3.2. The temporal relationship between the MS levels and the HRV indices
	3.3. Differential effects of the MS levels on the HRV indices in the three groups
	3.4. Effects of the self-adjustments on the MS -HRV relationship

	4. Discussion
	4.1. Correlations between the MS levels and the HRV indices
	4.2. Effects of self-adjustments on the relationship between the MS levels and the HRV indices
	4.3. MS levels decline prior to the end of the MS-induction winding-road session
	4.4. Implications of this study

	5. Conclusions
	Acknowledgements
	References


