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One of the most effective but subjective methods for
evaluating VIMS is the simulator sickness questionnaire
(SSQ) proposed by Kennedy et al. [12]. Many studies using
the SSQ have shown that the score based on the SSQ is a
useful index for evaluating the level of VIMS. In general,
however, the results obtained from subjective methods such
as the SSQ are affected by viewers” psychological bias and
preference for the image so much that there are great differ-
ences in the results among individuals. Moreover, it is unli-
kely to build an automatic system that can predict a certain
subject’s sign of VIMS on the basis of some questionnaires
because it is difficult to obtain subjective indices in a real-
time fashion.

On the other hand, there is little objective method based
on noninvasive measurements for evaluating VIMS. Pos-
tural stability is frequently used as one of objective indices
for evaluating motion sickness [5,20-22]. However, pos-
tural stability is closely related to vection or disorientation
[17] but cannot directly represent physiological symptoms
such as headache, eyestrain, and nausea.

In this situation, other objective and physiological meth-
ods for evaluating VIMS are desired. The purpose of this
study is to find an objective and quantitative index repre-
senting the effect of VIMS in terms of the autonomic ner-
vous activities.

There are many indices for analysis of the autonomic
nervous activities based on noninvasive physiological mea-
surements such as heart rate and blood pressure variabili-
ties [18.16]. However, these indices are not always useful
for our attempt due to large inter-individual difference
and low reproducibility.

In the previous work, the authors focused on the corre-
lation between heart rate and blood pressure variability,
that is to say, baroreflex function. In this work, we have
reported that the maximum cross-correlation coefficient
between heart rate and blood pressure strongly reflects
the change in the autonomic nervous activity caused by
exposure of visual stimulation [27,23]. In the case of a
man who does not receive any stimulation, his heart rate
changes in response to blood pressure through the auto-
nomic nervous system, and then the correlation between
these parameters is somewhat fixed. On the other hand, if
he watches a video image and feels VIMS, it seems that
physiological and/or psychological effects interfere in the
relation, or the effects change the activity of the autonomic
nervous system, then the correlation decreases.

However, the index we proposed cannot consider the
causality of the baroreflex system. To understand the
mechanism of the biological effect of visual stimulation
more in detail, we should analyze both the baroreflex and
the mechanical paths independently, these paths form a
baroreflex closed-loop, and know which path is more
affected by the biological reaction to the stimulation.

In this study, causal coherence functions [19] were intro-
duced to analyze the effect of VIMS. The causal coherence
functions have a capability of calculating linear correlation
between two systems independently even if the systems are

connected with each other to compose a closed-loop such
as the baroreflex system. In the experiment, healthy human
subjects’ heart rate and continuous blood pressure were
measured to obtain the causal coherence functions when
the subjects were watching an unstable video image taken
by a swaying handy camera.

2. Methods
2.1. Experiment

Fig. 1 shows the schematic illustration of the experiment
carried out in this study.

In the experiment, a video image clipped from the film
“The Blair Witch Project™ [8] was used as a visual stimula-
tion shown to human subjects. The film is notorious for
inducing VIMS because this was taken by a handheld cam-
era swayed intentionally to enhance reality in spite of a fic-
tion. Most of scenes in the film were shot in a town or the
woods and violent scenes were cut out to prevent the emo-
tional effect. The video image was projected from back side
of a screen by a DLP projector (resolution: 1024 x 768,
brightness: 800ANSI lumens).

The total number of test subjects was 56 (34 males and
22 females; aged 18-35; mean age: 22.8). Informed consent
was obtained from all the subjects before the experiment.
Each subject was told to watch a series of images as fol-
lows: (1) a 3 min-long still picture of a landscape for con-
trol; (2) the 15min-long the swaying video image
explained above; (3) the same 3 min-long still picture as
(1). Before the trial, the subject answered a questionnaire
about his or her physical and mental state. After the trial,
the SSQ [12] was charged to the same subject. The SSQ
contains 16 items to check the subject’s physical disorder.
The subject rated the degree of these items in 4 levels. Three
subscales, i.e., nausea, oculomotor, and disorientation,
were calculated on the basis of these items, and a total
score was calculated with these subscales.

During the trial, ECG and continuous blood pressure
were measured by an ECG amplifier and a finger-tip-type
blood pressure sensor (PORTAPRES; Finapres Inc.),
respectively. These signals were converted to digital signals
by a 16-bit A/D converter (MP100; BIOPAC Systems Inc.)
and stored in a personal computer every 1 ms. Heart rate
(HR [min~']) was calculated from the reciprocal of the
inter-R-wave interval of the ECG signal. Systolic blood
pressure (SBP [mmHg]) was obtained as the maximum
value of the blood pressure signal over one heartbeat.

2.2. Analysis

In this study, not only the coherence function (K>(f); f:
frequency in Hz) but also two causal coherence functions
(Kagp_yr (f) and K3y _cup(f)) were calculated according
to the following procedure. This calculation is based on
the bivariate autoregressive (AR) model of the cardiovas-
cular system shown in Fig. 2 proposed by Porta et al. [19].
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Fig. 1. Schematic illustration of the experiment.

First, the beat-to-beat variables HR and SBP are inter-
polated by the cubic spline function and re-sampled every
At=0.5s to vield time discrete variables HR(k) and
SBP(k); k=1, 2, 3, ..., respectively.

Let yi(k) and yy(k) denote HR(k) and SBP(k), respec-
tively. Using a function arx for system identification
included in a scientific and engineering calculation lan-
guage Matlab (Mathworks Inc.), the polynomial elements
(A11(2), Ass(2), A15(2), and A5;(z)) with the forward opera-
tor z of the bivariate AR model shown in Fig. 2 are calcu-
lated under the assumption that the noise source
(wik):i=1, 2) is a white Gaussian noise with zero mean
and the variance of /;.

Then the power spectra (S)(f) and S»(f)) of
yi(k) = HR(k) and y,(k) = SBP(k) are given by

Sulf) =A@ - (1 - An@)F - 7 + @ 3|
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Fig. 2. Closed-loop bivariate autoregressive model for the cardiovascular
22 . - - 3

system. WGN(0, 27:i = 1,2) shows white Gaussian noise with zero mean

and variance of /.

The cross-spectrum (S)5(f)) from SBP(k) to HR(k) is given
by

Su(f) =A@ - [{1 — Ap(2)} - An(z7") - /‘-$+A13(3)
{l _’AI] (Z_I}};~§] |__:c_12,-.m (3)

where

Alz) =[{1 =4n(@)} - {1 = An(2)} —4n(2) - 4n@2)]" (@)

The squared coherence function KQU’) between HR(k) and
SBP(k) is defined as

1S12(f) 1
NGRS )

The index K>(f) represents the whole linearity of the system
shown in Fig. 2. Here, if one of the AR parameters repre-
senting the strength of the causal coupling is set to zero vir-
tually, the linearity of the each arm in the closed-loop is
defined as

K;BP—HR W= K? U}ig:,[_—]:n (6)
K%R—SBPU) =K’ Ub)l,qu[:]:n (7)

Kipp_ur(f) and Kjg_pp(f) are causal coherence func-
tions and correspond to the neural baroreflex system and
the mechanical hemodynamics in the cardiovascular sys-
tem, respectively.

The dimension of the model was selected using Akaike’s
Information Criterion [l1]. Two steps (1s) delay was
inserted in HR(k) because the kth HR cannot immediately
affect the kth SBP [2].

The mean values of K*(f), K2zp_pr () and K2 _ s (f)
over the low frequency band (0.05 Hz <f<0.15 Hz) and
those over the high frequency band (0.15 Hz < f < 0.45 Hz)
were calculated time-discretely every 10s on the basis of
the last 2 min-long data. The low frequency band corre-
sponds to the so-called Mayer wave which is closely related
to the baroreflex modulated by both sympathetic and para-
sympathetic nervous activities [7]. On the other hand, the
high frequency band corresponds to the respiratory sinus

K (f) =
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Fig. 3. Changes in (a) K%, (b) K2gp_yir- and () Kjjp_gpp With time in the low frequency band (0.05-0.15 Hz). In each figure, Group-Al (top 18 subjects
with high Total Score) and Group-A3 (bottom 18 subjects with low Total Score) are compared with each other. The shadow in the figure represents the
time period when there is a significant difference (s-test, p < 0.05) between the two groups for more than two consecutive points (more than 20 s).

nomic nervous system was disturbed to decrease K3(LF)
and Kjp_spp(LF) whose frequencies correspond to the
Mayer wave.

Previous studies [13,15] reported that nausea scores
obtained from subjects watching a swaying visual image
for 5 min or so were not high. This agrees with our result
that the difference in K*(LF) or K}z ssp(LF) between
Groups-Al and A3 shown in Fig. 3 became significantly
wider after about 10 min from the beginning of presenta-
tion of the video.

On the other hand, as shown in Fig. 3b, a significant dif-
ference in Kigp_pr(LF) between the two groups was
observed before 10 min. Yoshino [26] reported that the
mean value of K%y, .z (LF) during acute restraint stress
was significantly lower than during the baseline period.
In our earlier study [24], a subject who is prone to motion
sickness had a tendency that his physiological index chan-
ged immediately after the beginning of presentation of the
unstable video. This change may be not exactly caused by

VIMS but by an emotional or psychological reaction in
which he reflexively felt repulsive to avoid seeing such an
uncomfortable video. This suggests that the proposed indi-
ces cannot distinguish the physiological symptoms of
VIMS from the psychological reactions. However, the reac-
tions must be correlated with VIMS such that the reactions
may have a significant difference between the motion sick
group and the well group. Consequently, it is possible that
there was a factor for giving the subjects mental stress at
this point of time in the video, and this mental stress may
be linked to symptom onset of VIMS, in other words, this
may be a triggering phenomenon of VIMS.

Comparison between Groups-B1 and B3 (grouping with
NS) shown in Fig. 4 and that between Groups-C1 and C3
(grouping with OS) shown in Fig. 5 are similar to each
other and to the result of grouping with Total Score (TS)
shown in Fig. 3. This indicates that both nausea and eye-
strain affect the autonomic nervous activity in a similar
manner, but at the same time, it is difficult to distinguish
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Fig. 4. Changes in (a) K, (b) K3p_y- and (¢) Kjip_sgp With time in the low frequency band (0.05-0.15 Hz). In each figure, Group-Bl (top 18 subjects
with high Nausea Score) and Group-B3 (bottom 18 subjects with low Nausea Score) are compared with each other. The shadow in the figure represents the
time period when there is a significant difference (r-test, p < 0.05) between the two groups for more than two consecutive points (more than 20 s).

between the effects of nausea and eyestrain only by using
the proposed indices.

Contrary to the coherence function in the low frequency
band, both K*(HF) and K%up_ . (HF) shown in Figs. 6a
and b decreased gradually but had little difference between
the sick and the well groups. This means that their decreas-
ing patterns are not related to VIMS but possible to be the
effect of fatigue and/or physiological stress for watching.
The significant difference in Ki,_gpp(HF) found in
Fig. 6¢ can be considered to be the effect of profound fati-
gue caused by VIMS. Meanwhile the corresponding high
frequency components are affected by respiration so
strongly that the relationship between the respiratory pat-
tern and the symptoms of VIMS should be considered in
terms of parasympathetic nervous activity [3.9].

In the past finding reported by the authors [27,23], it was
shown that the maximum cross-correlation coeflicient
(Pmax) between blood pressure and heart rate whose fre-
quency components were limited to the Mayer-wave band
was a good index for quantifying the effect of visual stim-

ulation on humans. Namely, p,., of the subjects who were
prone to motion sickness was recovered more slowly than
that of the subjects who were not prone after watching
an exciting scene such as a falling scene of a roller coaster.
It is obvious that p,., is mathematically roughly equiva-
lent to K*(LF). It has already been ascertained that the
two indices have nearly the same trajectories as each other.
However, ppn.y is slightly more stable in numerical calcula-
tion than K*LF).

The present study has indicated that the technique using
coherence functions could quantitatively evaluate the effect
of VIMS. However, the subject reported symptoms of
VIMS after watching the video, and then it is unlikely that
the physiological data we obtained reflects moment-to-
moment symptoms of VIMS.

To untangle this concern, SSQ data should be obtained
continuously and compared with physiological data. But
there are some problems to obtain subjective data in mea-
suring physiological parameters because the motion of the
subject’s body to answer questionnaires, such as vocaliza-
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Fig. 5. Changes in (a) K>, (b) KéBP_“HR, and (¢) Kzzm_‘sm’ with time in the low frequency band (0.05-0.15 Hz). In each figure, Group-Cl (top 18 subjects
with high Oculomotor Score) and Group-C3 (bottom 18 subjects with low Oculomotor Score) are compared with each other. The shadow in the figure
represents the time period when there is a significant difference (r-test, p < 0.05) between the two groups for more than two consecutive points (more than

20 s).

tion or hand motion, would affect these parameters. For
the future, we should develop a new method of subjective
assessment which has little influence on the physiological
parameters.

Furthermore, in this study, we focused on how the auto-
nomic nervous activity of the subject who complained
about VIMS had been changing while watching the video.
The result of the experiment was statistically-meaningful
but it is difficult to judge whether a person felt VIMS or
not only by seeing his physiological data obtained from
the proposed method. To do this, it should be needed to
obtain much more parameters and analyze their time vary-
ing patterns.

5. Conclusion

To evaluate the effect of VIMS on humans, blood pres-
sure and heart rate variability of 56 healthy subjects watch-
ing an unstable video image were analyzed by using not
only a traditional coherence function but also two causal

coherence functions. The causal coherence functions have
a capability of calculating linear correlation between two
systems independently even if the systems are connected
with each other to compose a closed-loop system such as
the cardiovascular system. The results have shown that
there were significant differences in the causal coherence
functions as well as the traditional coherence function
between the sick and the well groups and that the causal
coherence functions of the two systems, i.e., the neural bar-
oreflex system and mechanical hemodynamic system, gave
different information from the traditional coherence func-
tion with respect to the whole closed-loop system. These
findings suggest that the hemodynamic system was mainly
disturbed by VIMS rather than the baroreflex system and
that the causal coherence functions will be useful and
objective means to quantify VIMS as functions of time.
In further studies, it is necessary to check the effect of
changes not only in audiovisual environment, for example,
angle of view, distance from a screen, and luminosity, but
also in the subject’s characteristics such as age, gender, fre-
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quency of watching TV or driving a car, and so on. More-
over, we should check the effect of respiratory pattern on
our analysis. This is because it was reported that the
change in instantaneous lung volume gives not negligible
effect on the activity of the cardiovasucular system even if
the frequency range of interest is not so high as the fre-
quency of the respiratory sinus arrhythmia [14].

We should analyze data from more subjects to confirm
the validity of the proposed method. If the change in the
physiological parameters significantly correlate with the
result of subjective evaluation of VIMS for more subjects,
it will be possible to apply this method to a new warning
machine to alert the risk of VIMS to the viewers in a
real-time fashion. Furthermore, we should improve the
method by using multiple parameters.
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The disorder of the coronary circulation system, which supplies blood for the working heart,
may cause ischemic heart disease such as myocardial infarction, angina pectoris. On the other hand,
the interaction between intramyocardial pressure and coronary blood flow is recognized to be an
important factor that influences the hemodynamics of coronary circulation. In this work, a
multiphasic model for coronary circulation system is proposed based on mixture theory by treating
the myocardial matrix and the blood in hierarchical coronary system as solid phase and multi-fluid
phase respectively. The control equations and constitutive relations have been derived by applying
conservation laws and entropy inequality in the framework of mixture theory. The microscopic
properties, such as the viscosity of blood or the compliance of the micro vessel are represented by
their macroscopic counterparts. The abilities of representing the characteristic behavior of coronary
system have been confirmed by numerical examples.
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Fig. 1 Mixture model of heart wall
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.
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Fig.2 Confined model and finite element mesh

Table | Material properties

Arteriolar Capillary Venular
Permeability
" 50.0 0.5 50.0
(mm/sec-N)
Transfer
coefTicient 0.6 23 5.0
(mm?/sec-N)
Compliance
. 1.0 80 100
(mm“/N)
Volume
i 0.7 1.8 22
fraction (%)
Mpyocardial matrix: Young’s modulus=0.02MPa
Poisson’s ratio=0.0
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Present model =
®  Biphasic model &

Stress at the upper surface
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Fig.3 Comparison of present model with biphasic model

for stress relaxation problem
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Fig. 4 Temporal variation of intramyocardial, arteriolar
blood, capillary blood and venular blood pressures in the

middle of FEM model
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Fig. 5 Temporal variation of the displacement of upper
surface and arteriolar, capillary and venular blood flows in

the middle of FEM model
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Fig. 6 Temporal variation of the blood volume fractions in
the middle of FEM model
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