
  

  

Abstract—This study investigates the interplay among heart 
rate variability (HRV), respiration, and the severity of motion 
sickness (MS) in a realistic passive driving task. Although HRV 
is a commonly used metrically in physiological research or even 
believed to be a direct measure of sympathovagal activities, the 
results of MS-effected HRV remain mixed across studies. The 
goal of this study is to find the source of these contradicting 
results of HRV associated with MS. Experimental results of this 
study showed that the group trend of the low-frequency (LF) 
component and the LF/HF ratio increased and high-frequency 
(HF) component decreased significantly as self-reported MS 
level increased (p<0.001), consistent with a perception-driven 
autonomic response of the cardiovascular system. However, in 
one of the subjects, the relationship was reversed when 
individuals intentionally adjust themselves (deep breathing) to 
relieve the discomfort of MS during the experiments. It appears 
that the correlations between HRV and MS level were higher 
when individuals made fewer adjustments (the number of deep 
breathing) during the passive driving experiments.  

 

I. INTRODUCTION 

OTION sickness (MS) is considered as a consequence of 
conflicts in perceptions originated from the visual, 

vestibular and proprioceptive systems [1].  Experimental MS 
is commonly induced in virtual reality (VR) environments [2] 
or by a rotating drum with or without optokinetic stimulation 
[3]. 

The MS symptoms are associated with perturbed 
sympathovagal activities [4]. Physiologically, HRV is a 
measure of the interplay of autonomic, humoral, and intrinsic 
influences on heart rate [5]. Thus previous studies have 
examined the relationship between MS symptom and 
sympathovagal activities by heart rate variability (HRV) [4, 

 
Chin-Teng Lin and Chun-Ling Lin are with the Institute of Electrical 

Control Engineering and Brain Research Center, National Chiao-Tung 
University, 1001 University Rd., Hsinchu 300, Taiwan, (e-mail: 
ctlin@mail.nctu.edu.tw;  ginny.ece95g@g2.nctu.edu.tw) 

 Tzyy-Ping Jung is with the Institute for Neural Computation and Institute 
of Engineering in Medicine, University of California, San Diego, 9500 
Gilman Dr.#0559, La Jolla, CA 92093-0559, USA (e-mail: 
jung@sccn.ucsd.edu) 

Jeng-Ren Duann is with the Institute for Neural Computation, University 
of California, San Diego, CA 92093-0523 USA, and also with the 
Biomedical Engineering Research and Development Center, China Medical 
University Hospital, Taichung 40447, Taiwan (e-mail: 
jengren00@gmail.com ). 

Tzai-Wen Chiu is with Department of Biological Science and Technology, 
National Chiao-Tung University, Room 206 Zhu-Ming Building, 75 Bo-Ai 
Street, Hsinchu 300, Taiwan (e-mail: twchiu@mail.nctu.edu.tw). 

6]. The studies that examined the relationship between the 
severity of MS and the automatic nervous system (ANS) 
typically compared averaged HRV before and during 
experimental motion exposure over a period and 
demonstrated that the development of motion sickness was 
accompanied by an increase in sympathetic activity and a 
decrease in parasympathetic activity [6]. Gianaros et al., [4] 
temporally correlated MS with fluctuations in HRV and 
demonstrated that parasympathetic activity decreased as         
severity of MS increased.  

However, other studies indicated that there was no linear 
correlation between MS and HRV [7, 8]. Yet, other studies 
suggested that the relationship between HRV and 
sympathovagal activities could be influenced by subjects’ 
active adjustments [9, 10]. For instance, HRV within the 
high-frequency band, as known as respiratory sinus 
arrhythmia (RSA), was considered as an index of cardiac 
parasympathetic tone [11]. However, Jerath et al., [10] have 
shown that deep and/or slow breathing could increase the 
parasympathetic tone and decrease sympathetic activity. That 
is, the relationship between RSA and cardiac parasympathetic 
tone could be influenced by respiration. 

This study hypothesizes that the source of inconsistent 
results of MS-effected HRV in the previous studies was that 
the subjects adjusted their breathing to relieve the MS 
symptoms during experiments, which altered the relationship 
between HRV and sympathovagal activities. To validate this 
hypothesis, this study uses a high temporal resolution and 
minimally intrusive apparatus to simultaneously measure the 
severity of MS, HRV and respiration rate to investigate the 
interplay among these parameters. 

II. METHODS 

A. Subject 

Five volunteers with normal or corrected-to-normal vision 
were paid to participate in this MS experiment. For accurate 
evaluation of HRV, subjects were instructed not to imbibe 
alcoholic or caffeinated drinks, or to participate in strenuous 
exercise a day prior to the experiments. Experiment protocol 
was approved by the Institutional Review Broad of Taipei 
Veterans General Hospital, Taiwan. Subjects were informed 
of the experimental procedure and written consent was 
obtained from each subject prior to the experiment 
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B. Experimental setup 

Experiments were performed in a dynamic Virtual-Reality 
(VR) environment comprising a 360º VR scene (Fig. 1A) and 
a real vehicle mounted on a motion platform with 6 degrees of 
freedom (Fig. 1B) [12]. Such dynamic VR environments 
provided a combination of visual, vestibular and 
proprioceptional sensations for inducing MS. To provide 
better protection to the subjects in the experiments, a video 
camera was set up in the immersive VR driving simulator to 
monitor subject’s conditions. 

Before data collection, all subjects were required to view 
the VR scenes for > 10 minutes until they had fully adapted to 
the VR environment. During each experiment, a subject sat 
alone and passively viewed the driving scenery as a passenger 
in the driving simulator. Each MS experiment had three 
consecutive phases without interruption (Fig. 1D): 10-min 
straight road as baseline (baseline session), 40-min long 
winding road for inducing MS (MS-induction session), and, 
finally, 15-min straight road for recovery (recovery session).  

 

C. Data acquisition 

1) Behavior data: During the experiment, subjects 
continuously reported their MS levels using a slide-type 
switch on a commercially available joystick as shown in Fig. 
1C. The position of the switch reflected the severity of MS 
continuously – for example, subjects could report their MS 
level by tuning the switch into upper or lower positions when 
they felt more or less sick. There is no immediate feedback to 
the subjects to show subject’s MS level, but they were 
informed that the highest position of the switch represented 
severe nausea. Switch positions were digitized with a 
sampling rate of 60 Hz and 16-bit vertical resolution 
(0-65535) using emulation software. When the experiment 
began, the emulation software started sending trigger signals 
to the signal-acquisition system to synchronize MS levels, 
respiration, electrocardiograms (ECG) signals and riding 
events.  

After finishing the experiment, each subject was required 
to fill a MS questionnaire [13] to recall the levels of MS 
during the experiment. In the questionnaire, the subjects used 

6 levels (0 – 5) to report their symptoms of MS (with 0=no 
MS, 1=stomach awareness, 2=stomach discomfort, 3=slight 
nausea, 4=moderate, 5=severe nausea).  

In the video camera, all subjects’ motions can be observed 
clearly. The numbers of deep breathing were assessed by 
visual monitoring the ascending of the subject’s clavicle and 
deep inhaling. 

2) Respiration data: Respiration data were acquired by 
respiratory effort sensory (BRAEBON respiratory effort 
sensory 2 foot double buckle effort belt), which uses 
piezoelectric technology to assess respiration and connects 
directly to amplified (NuAmps, Compumedics Ltd., VIC, 
Australia). 

3) ECG data: Electrocardiogram signals were acquired by 
two electrodes in a modified leads II configuration [14]. The 
positive and negative leads were placed on the left arcus 
costalis and right clavicle, respectively. The ECG signals and 
respiration signal were amplified and recorded at a sampling 
rate of 500 Hz, and notch filtered at 60 Hz.  

D. Data analysis 

1) Behavior data: The digitized MS levels were rescaled 
into 6 levels (0–5) according to each subject’s MS 
questionnaire. First, the digitized MS levels (0–65535) were 
divided by its maximum value, and then multiplied by 
individual subject’s maximum MS value reported in the 
questionnaire (0–5). This normalized MS levels were then 
smoothed using a 5-min moving window overlapped by 4.5 
min (the same window criterion as used in analyzing HRV, 
respiration rate). Fig. 2A shows a typical smoothed MS time 
series. 

2) Respiration data: The respiration rate measures the 
number of breaths taken per minute [15]. The respiration rate 
was calculated according to the method developed by [16]. 
The respiration rate was then smoothed using a 5-min moving 
window overlapped by 4.5 min (the same window criterion as 
used in analyzing MS level, HRV) (Fig. 2B). 

3) ECG data: The HRV was analyzed according to the 
modified procedures developed by [17]. Briefly, the (QRS) 
peaks were first identified in the digital ECG signals using 
spike-detection algorithms. The QRS rejection procedure was 
then utilized to remove the irregular QRS complex resulting 
from noise or un-related behavioral responses.  

The R-R intervals outside 0.5–1.3 sec (or mean±3 SD) 
were eliminated from further analysis. The validated R-R 
values were subsequently re-sampled and interpolated at the 
rate of 250 Hz to accomplish the continuity in time domain. 
The tachogram was analyzed by fast Fourier transform (FFT) 
with a 5-min Hamming window overlapped by 4.5 min (the 
same window criterion as used in analyzing MS level, 
respiration rate). 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). The powers of the LF and HF were 
normalized by total power minus the power of the VLF, that 
is, NLF = LF / (total power − VLF) * 100% and NHF = HF / 

 
Fig. 1.  The immersive VR-based dynamic-motion driving 

environment and a schematic diagram of an MS experimental paradigm. 
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(total power − VLF) × 100%, where total power = LF + HF + 
VLF. The natural logarithmic transformation was applied on 
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 time 
averaged (Matlab Curve Fitting Toolbox, function “smooth” 
with a moving setting of  25) (Fig. 2C). 

To assess the changes in HRV (NHF, NLF and LF/HF ratio) 
under different levels of MS, this study defined the periods of 
low- and high-MS levels. The high-MS level window was 
defined as the period during which a subject’s MS rating was 
75 – 100 % of maximum MS (shaded areas in Figs. 2). The 
low-MS level window was defined as the period with the 
same length as the high-MS level window, but low-MS level 
window started from the beginning of the baseline session. 
Fig. 3 shows the averaged HRVs and respiration rate as a 
function of MS level for each of the five subjects.  

4) Statistical analyses: To quantitatively assess the 
changes in HRVs and respiration rate under different MS 
levels across subjects, the individual subject’s HRVs and 
respiration rate were first normalized into z-scores with 
respect to the mean and standard deviation of variables during 
the low-MS level period. Then, the normalized HRVs and 
respiration rate of 5 subjects were divided into two (low- and 
high-MS level) groups. Wilcoxon rank sum test was then 
used to assess the statistical significance of the differences of 
the normalized HRVs and respiration rate at different MS 
levels. 

 

III. RESULTS 

Fig. 2 shows the changes in the HRVs (smoothed NLF, 
NHF and LF/HF ratio), respiration rate and MS levels over 

the entire experiment for a sample subject (subject 2).  
The study first assessed the statistical difference of MS 

level, HRVs and respiration rate between low- and high-MS 
level groups across subjects. The group trends showed that 
MS level, NLF, LF/HF ratio and respiration rate increased 
and NHF decreased during high-MS level group, compared to 
those during low-MS level group  (p<0.001). Fig. 3 shows the 
mean of MS levels, HRVs and respiration rate under low- and 
high-MS level periods for each of the 5 subjects. Most 
subjects (n = 4) consisted with the group trends. One subjects 
had opposite HRV responses to those of the ‘typical’ subjects 
(n=4) during the high-MS level period. Specifically, the 
atypical subject had decreased mean NLF and LF/HF ratio, 
and increased mean NHF values during the high-MS level 
period. This subject had the lowest respiration rate than the 
typical subjects during the experiment (Fig. 3E, bottom trace) 

 
Next, this study utilized the spearman rank correlation 

coefficients to quantitatively assess the correlations between 
changes in HRV (NLF, NHF and LF/HF ratio) and 
self-reported MS levels. Table I shows the correlation 
coefficients between the MS levels and NLF and the number 
of deep breathing which was observed from the video 
recordings. In general, the NLF and LF/HF ratio were 
positively correlated with the MS level, while NHF was 
negatively correlated with the MS level.  

 

IV. DISCUSSIONS 

This study explores the interplay among HRV, respiration, 
and severity of MS during a realistic passive driving task. 
Results of this study showed that HRVs derived from the 
recorded ECG signals during low-MS level period differed 

 
Fig. 3.  Averaged (A) MS level, (B) NLF, (C) NHF, (D) LF/HF ratio and 
(E) respiration rate during low- and high-MS level periods across 5 
subjects. 

TABLE I  The spearman rank correlation coefficient 

The number of subject S1 S2 S3 S4 S5 

Correlation coefficient between MS 
and NLF 

0.8 0.6 0.5 0.4 -0.6 

The number of deep breathing 29 50 60 56 69 
 

Fig. 2.  Changes in (A) MS level, (B) respiration rate and (C) HRV 
during the driving experiment. 
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from the ones during high-MS level period for most of the 
subjects, consistent with previous HRV studies noted that 
exposure to motion sickness stimulation would increase 
cardiac sympathetic while decrease cardiac parasympathetic 
activities [4, 6, 13]. However, one subject (atypical) had 
autonomic responses opposite to those of the majority of the 
subjects (n=4) during MS exposure. Close inspection of his 
video recording found atypical deep breathing throughout the 
experiment. He also confirmed that he felt sickness 
immediately after the beginning of the experiment and 
constantly adjusted himself to relieve the sick feeling.  

Results of a Spearman’s rank correlation coefficient 
analysis showed that the correlations between changes in MS 
level and NLF were related to number of deep breathing (self 
adjustment) as, in general, the higher numbers of deep 
breathing, the lower correlations between NLF and severity 
of MS. The atypical subject has the highest number of deep 
breathing and an opposite (negative) correlation between 
severity of MS and NLF, compared to typical subjects.  

NHF has been thought as a measure of the vagal action of 
the heart, whereas NLF has been linked to sympathetic action 
of the heart [11]. However, such a classification may 
sometimes fail, for example when the respiration is irregular 
or very slow or the respiration rate overlaps with the LF band 
[9, 10]. In other words, HRV could be considerably 
influenced by respiration. Our results were consistent with 
the reports suggesting that the irregular respiration may affect 
the relation between HRV and sympathovagal activities when 
the conscious subjects actively change their respiration depth 
or rate [9, 10] and then affect the relation between MS and 
sympathovagal activities, as reflected in HRV. Therefore, one 
needs to take into account or control the respiration rate when 
she or he wants to assess the relationship between HRV and 
MS severity.  

V. CONCLUSION 

This study showed that MS would increase sympathetic 
activities and decrease parasympathetic, as indexed by HRV. 
However, this relationship could be altered by irregular 
respiration due to subject’s adjustment to relieve the 
discomfort of MS.  In general, this pilot study on 5 subjects 
suggested that the correlation between HRV and MS level 
inversely correlated with the number of deep breathing 
(self-adjustments) made by subjects.  

ACKNOWLEDGMENT 

This work was supported in part by the UST-UCSD 
International Center of Excellence in Advanced 
Bio-engineering sponsored by the Taiwan National Science 
Council I-RiCE Program under Contract 
NSC-99-2911-I-010-101, and in part by the National Science 
Council, Taiwan, under Contract NSC 100-2321-B-009-001. 

Research was also in part sponsored by the Army Research 
Laboratory and was accomplished under Cooperative 
Agreement Number W911NF-10-2-0022. The views and the 

conclusions contained in this document are those of the 
authors and should not be interpreted as representing the 
official policies, either expressed or implied, of the Army 
Research Laboratory or the U.S Government.  

REFERENCES 
[1] M. S. Redfern, L. Yardley, and A. M. Bronstein, “Visual influences on 

balance,” Journal of anxiety disorders, vol. 15, (no. 1-2), pp. 81-94, 
2001.  

[2] J. J. W. Lin, H. B. L. Duh, H. Abi-Rached, D. E. Parker, and T.A.F. Iii, 
“Effects of field of view on presence, enjoyment, memory, and 
simulator sickness in a virtual environment,” Virtual Reality of the 
IEEE, pp. 164, 2002.  

[3] H. Wan, and S. Hu, “Correlation of phasic and tonic skin-conductance 
responses with severity of motion sickness induced by viewing an 
optokinetic rotating drum,” Perceptual and motor skills, vol. 97, (no. 
3), pp. 1051-1057, 2003.  

[4] P. J. Gianaros, K. S. Quigley, E. R. Muth, M. E. Levine, R. C. Vasko, 
and R.M. Stern, “Relationship between temporal changes in cardiac 
parasympathetic activity and motion sickness severity,” 
Psychophysiology, vol. 40, (no. 1), pp. 39-44, 2003. 

[5] B. M. Appelhans, and L. J. Luecken, “Heart rate variability and pain: 
Associations of two interrelated homeostatic processes,” Biological 
psychology, vol. 77, (no. 2), pp. 174-182, 2008. 

[6] S. H. J. Uijtdehaage, R. M. Stern, and K. L. Koch, “Effects of 
scopolamine on autonomic profiles underlying motion sickness 
susceptibility,” Aviation, space, and environmental medicine, vol. 64, 
(no. 1), pp. 1-8, 1993. 

[7] S. Y. Peng, K. C. Wu, J. J. Wang, J. H. Chuang, S. K. Peng, and Y. H. 
Lai, “Predicting postoperative nausea and vomiting with the application 
of an artificial neural network,” British Journal of Anaesthesia, vol. 98, 
(no. 1), pp. 60, 2007. 

[8] S. Ohyama, S. Nishiike, H. Watanabe, K. Matsuoka, H. Akizuki, N. 
Takeda, and T. Harada, "Autonomic responses during motion sickness 
induced by virtual reality," Auris Nasus Larynx, vol. 34, pp. 303-306, 
2007. 

[9] R. Jerath, J.W. Edry, V. A. Barnes, and V. Jerath, “Physiology of long 
pranayamic breathing: Neural respiratory elements may provide a 
mechanism that explains how slow deep breathing shifts the autonomic 
nervous system,” Med Hypotheses, vol. 67, (no. 3), pp. 566-71, 2006. 

[10] C. H. J. Pinheiro, R. A. R. Medeiros, D. G. M. Pinheiro, and M. J. F. 
Marinho, "Spontaneous respiratory modulation improves 
cardiovascular control in essential hypertension," Arquivos Brasileiros 
de Cardiologia, vol. 88, pp. 651-659, 2007. 

[11] J. Graham, S. A. Janssen, H. Vos, and H. M. E. Miedema, “Habitual 
traffic noise at home reduces cardiac parasympathetic tone during 
sleep,” International Journal of Psychophysiology, vol. 72, (no. 2), pp. 
179-186, 2009. 

[12] C. T. Lin, L. W. Ko, J. C. Chiou, J. R. Duann, R. S. Huang, S. F. Liang, 
T. W. Chiu, and T. P. Jung, “Noninvasive neural prostheses using 
mobile and wireless EEG,” Proceedings of the IEEE, vol. 96, (no. 7), 
pp. 1167-1183, 2008. 

[13] S. R. Holmes, and M. J. Griffin, “Correlation between heart rate and the 
severity of motion sickness caused by optokinetic stimulation,” Journal 
of Psychophysiology, vol. 15, (no. 1), pp. 35-42, 2001. 

[14] A. Griffiths, A. Das, B. Fernandes, and P. Gaydecki, “A portable 
system for acquiring and removing motion artefact from ECG signals,” 
Journal of Physics: Conference Series, vol. 76, pp. 012038, 2007. 

[15] T. Reinvuo, M. Hannula, H. Sorvoja, E. Alasaarela, and R. Myllyla, 
“Measurement of respiratory rate with high-resolution accelerometer 
and EMFit pressure sensor”. Proceedings of the IEEE Sensors 
Applications Symposium, pp. 192-195, 2006 

[16] R. Lukoius, J. A. Virbalis, J. Daunoras, and A. Vegys “The respiration 
rate estimation method based on the signal maximums and minimums 
detection and the signal amplitude evaluation, ” Electronics and 
Electrical Engineering – Kaunas: Technologija, vol. 8, pp. 51–54. 
2008 

[17] T. B. J. Kuo, and C. C. H. Yang, “Sexual dimorphism in the complexity 
of cardiac pacemaker activity,” American Journal of Physiology- Heart 
and Circulatory Physiology, vol. 283, (no. 4), pp. H1695, 2002. 

1924


	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

