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TaBLE 2: Blood pressure, heart rate, and intraocular pressure in control and acupuncture therapy. The values represent the mean and SD.

*P < .05, **P < .01 versus rest or before acupuncture. P < .05, 1P

< .01 versus control.

Control Acupuncture
Parameter
Rest After 1 hour A value Before After A value
Systole blood pressure (mm Hg) 116.4 = 10.0 119.8 7.6 34x74 1245+ 12.9 1226 9.7 -1.1x79
Diastolic blood pressure (mm Hg) 69.8 £6.5 68.6 £3.9 ~1.0x94 74.5+54 72.0x29 -3.0x55
Heart rate (beats/min) 61.5+7.3 60.1 + 8.1 ~2.5+3.8 61.7 +8.5 60.3 +10.4 -2.4+55
Intraocular pressure (mm Hg) 16.0 £ 4.1 17.1 + 4.2%* 1+0.9 17.0 £ 5.0 16.0 + 4.3* -1+ 19"

TaBLE 3: Resistive index (RI) in the ophthalmic artery, central retinal artery, and short posterior ciliary artery. The values represent the mean
and SD. *P < .05, **P < .01 versus before acupuncture. { P < .05, 'TP < .01 versus control.

e Control Acupuncture
Resistive index
Rest After 1 hour A value Before After A value
Ophthalmic artery 0.74 = 0.04 0.75 + 0.05 0.006 = 0.037 0.74 +=0.04 0.74 = 0.04 ~0.006 = 0.036
Central retinal artery 0.75 £ 0.09 0.72 = 0.03 —0.027 +0.085 0.72 + 0.05 0.68 = 0.04* -0.036 = 0.059
Short posterior ciliary artery ~ 0.68 = 0.05 0.68 + 0.04 0.004 + 0.038 0.67 + 0.04 0.64 = 0.06* —0.032 + 0.054"F

significantly by acupuncture compared with before acupunc-
ture (P < .05). The A value of RI in the SPCA also sig-
nificantly decreased by acupuncture compared with control
(P < .01) (Table 3).

5. Discussion

To our best knowledge, this is the first report on hemody-
namic change in retrobulbar vessels related to acupuncture
in OAG eyes. The present findings suggest that acupuncture
can alter vessel resistance in the SPCA, even though the eyes
are treated with standard medications.

The OA originates from the internal carotid artery. The
CRA and SPCA are the ocular branches of the OA [32].
The CRA supplies blood to the retina and SPCA, to the
choroid. CDI by ultrasound is useful for the measurement
of the blood flow in various vessels in real time. Since
it is impossible to determine the diameter of very small
retrobulbar vessels, CDI cannot directly measure blood
flow volume. However, the decrease of the distal vascular
resistance in the SPCA indicates an increase of the blood flow
in the choroid. We have already reported that acupuncture
could increase the blood flow volume in the upper limb
without an increase in the cardiac output, and the increased
reaction in the blood flow was mediated by the decrease
in the vascular resistance on the basis of the decreased
vascular tone [30]. The mechanisms by which acupuncture
can alter retrobulbar vessel circulation are still unclear.
However, it has been reported that the blood flow in the
eye is controlled by sympathetic and parasympathetic nerves,
and it is related with the release of nitric oxide or calcitonin
gene-related peptide [33, 34]; it has also been reported
that the regulation of regional blood flow by somatic
afferent stimulation is based on somatoautonomic reflex
mechanisms in the choroidal blood flow of the eyeball [34].
The hemodynamic changes in the SPCA by acupuncture
may be related with these mechanisms. Reduced blood flow
velocities and increased vascular resistance in the retrobulbar

arteries appear to be a risk factor for glaucoma progression
[35-38]. Thus, acupuncture may be applied for additional
therapy to treat OAG.

We should view these results cautiously because the
present study was a case series study and intervention was
provided only once. Longer observation of acupuncture ther-
apy is needed to investigate the progression of glaucomatous
damage associated with impaired ocular circulation.

6. Conclusions

The vessel resistance in the SPCA and the IOP level
were decreased by acupuncture in OAG eyes. Acupuncture
can affect the retrobulbar circulation and IOP despite the
administration of standard medication. The present study
implies the possibility that acupuncture is effective for OAG
with standard medication.
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Recently, because of the ubiquitous popularization of home video cameras, countless people have had
opportunities to watch video images captured by amateur cameramen. Because of this, concerns have
arisen over potential negative impacts on viewer health, such as visually-induced motion sickness
(VIMS). To determine the mechanism inducing VIMS and to establish a method of preventing it, it is nec-
essary to understand which types of video scenes are associated with the onset of VIMS. Furthermore,
while it is useful to consider viewer self-assessments while watching such scenes, physiological indices
can provide even more information because they can be measured second-by-second in real time. How-
ever, there is not much knowledge regarding the temporal relationships between the severity of VIMS
and its accompanying physiological conditions. In this study, the average mutual information was
employed to determine the temporal relationship between subjective evaluation scores (a subject’s per-
sonal evaluation of his/her own condition) and various physiological indices present when people suffer
from VIMS. Our analysis of experimental data found that changes in the two physiological indices, which
were respiratory sinus arrhythmia and the maximum cross-correlation coefficient between heart rate
and pulse transmission time, had a concordance rate of more than 60% with changes in the severity of
VIMS symptoms experienced by test subjects. Furthermore, we determined that it may be possible to
detect signs of impending VIMS prior to the development of symptoms by analyzing physiological
indices.
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1. Introduction which 36 of 294 students were treated in a hospital after complain-

ing of dizziness and nausea induced by watching a video taken by

In recent years, countless people have seen moving video
images taken by amateur videographers. As a consequence, video
cameras have become significantly less expensive and because
the popular trend of posting private videos on the Internet has
expanded exponentially. Concurrently, the number of cases re-
ported in which viewers suffered from visually-induced motion
sickness (VIMS) during or after watching a video, including unex-
pected whole image motion and vibration [1-9], has increased.
VIMS is a form of motion sickness that does not require the subject
to experience motion. However, VIMS symptoms are similar to
those of other motion sicknesses. Most notably, such symptoms in-
clude skin pallor, excessive perspiration, nausea, and vomiting. At a
junior high school in Japan on July 10, 2003, an incident occurred in

* Corresponding author. Tel.: +81 22 7957130; fax: +81 22 2639163.
E-mail address: sugita@yoshizawa.ecei.tohoku.ac.jp (N. Sugita).

0141-9382/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.displa.2011.04.003

an amateur videographer with a swaying handheld camera [6].
Furthermore, several film distributors and video game producers
have recently issued warnings to viewers or users about the possi-
bility of experiencing VIMS from watching their videos or playing
their games: a movie titled “Clover Field” released in 2008 was

~one such example.

A number of hypotheses and discussions about the pathogenesis
of various forms of motion sickness, including VIMS [10-12], have
been explored. Nevertheless, there is currently little understanding
about adverse effects of VIMS on the human body. Accordingly,
sufficient attention should be focused on dealing with moving
images and scenes that have potential to induce VIMS, especially
in the case of children, because their nervous systems are
immature.

To isolate the VIMS induction mechanism and to establish a
method of preventing it, it is important to understand which
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scenes in a video are associated with the onset of VIMS. Self-assess-
ment of VIMS by subjects at regular intervals is considered to be
one of the most effective methods of detecting these scenes. In par-
ticular, Kennedy developed the Simulator Sickness Questionnaire
(S5Q) [13] which has been used in many studies [14-17]. The
SSQ contains 16 items to check the subject’s physical disorder.
The subject rates the degree of these items in four levels. Three
subscales, i.e,, nausea, oculomotor, and disorientation, are calcu-
lated on the basis of these items, and a total score is calculated
with these subscales. In these scales, the nausea subscale or the to-
tal score is considered to be useful for evaluating the severity of
VIMS. However, since SSQ results can normally only be obtained
after a subject has watched a video, it is difficult to follow changes
in VIMS severity over time. Furthermore, even if self-assessment is
accomplished using an easier reporting method than SSQ, such as
reporting symptoms via keyboard input or verbally, the very act
of making such reports has the potential to distract subjects from
the scene they are viewing, and thus modify the VIMS
development.

In contrast, other previous studies [2-5,7,8,18-23] have re-
ported that real-time monitoring of physiological indices is also
useful for detecting and following the development of VIMS. Spe-
cifically, skin conductance [20,21] and gastric tachyarrhythmia
[2,20,22] are considered to be particularly indicative of possible
VIMS. Furthermore, physiological indices based on heart rate vari-
ability (HRV) such as variations in respiratory sinus arrhythmia
(RSA) [10,11] have possibilities of detecting the development of
VIMS. The indices obtained from HRV are associated with auto-
nomic nervous activity. Fig. 1 shows an example of the power spec-
trum density of HRV. In this figure, the high frequency component
corresponding to RSA includes parasympathetic nervous activity
only while the low frequency component (LFury) includes both
sympathetic and parasympathetic nervous activities [24,25]. These
physiological indices are susceptible to change when a person
experiences VIMS because VIMS is considered to be a kind of the
physical and emotional stress which disturbs autonomic nervous
balance. We previously proposed a maximum cross-correlation
coefficient (pmax) between heart rate and blood pressure and re-
ported that this index decreased significantly when people suf-
fered from VIMS [4]. pmax is considered to reflect baroreflex
function which is influenced by autonomic nervous activity [26-
28]. In addition, pnax which was calculated using pulse transmis-
sion time (PTT) [29] instead of blood pressure was also found to
be useful when evaluating VIMS effects [3,5].

Low frequency component

High frequency component

200 +

100

Power spectrum density of heart rate
variability (relative value)

0 0.1 0.2 03 04
Frequency (Hz)

Fig. 1. The power spectrum density of heart rate variability.

Information on the abovementioned physiological indices can
be obtained in real-time using non-invasive sensors while the sub-
jects are watching a video, which makes it possible to compare
changes in these indices with particular video scenes and thus ob-
serve the process of VIMS onset with relatively little effect on the
subjects. However, one problem identified is that biological reac-
tion times, especially response times, vary between individuals.
Meanwhile, there have been few studies into the temporal rela-
tionship between the development of VIMS as evaluated by subjec-
tive scores and by the physiological responses of the subjects [19].

In this study, we hypothesize that there is no significant differ-
ence between the time when subjects experience VIMS symptoms
and the time when their physiological states change. To test this
hypothesis, an experiment was conducted to investigate the tem-
poral relationship between a subjective score and four physiologi-
cal indices, HRV, LFyry, RSA, and pmax from subjects experiencing
VIMS. It was not clear whether HRV and LFyry reflect the develop-
ment of VIMS, although RSA and pn.x were reported to have rela-
tionships with VIMS in previous works [3-5,18,19].

2. Methods
2.1. Experimental design

In the experimental phase of this study, both subjective scores
and biological signals were measured simultaneously while sub-
jects were watching a video. The test subjects evaluated the de-
grees of VIMS they experienced at regular intervals using a
joystick. In contrast, physiological state changes, HRV, LFygry, RSA,
and pmax Using PTT were obtained via biological signals, and were
used as physiological indices to test our hypothesis. Furthermore,
we proposed a new evaluation indicator, which will be described
in detail later, to investigate the temporal relationship between
subjective scores and the physiological indices.

The experimental protocol was approved by the University's
Internal Review Board.

2.2. Participants

Fifty-one adults (22 males and 29 females; 26.6 = 9.3 years)
participated in the experiment. They were recruited via posted
announcements on university notice boards, and all of them re-
ceived payment for their participation in the experiment.

Informed consent was obtained from each of the subjects and
each was asked about their backgrounds and health conditions
through a questionnaire. The results of the questionnaire showed
that there were no test subjects whose participation in the exper-
iment would be unsuitable due to health issues.

2.3. Stimulus

The subjects watched a 20-min-long amateur video that in-
cluded three segments, as shown in Fig. 2. Segment one consisted
of moving images taken by a young girl using a hand-held camera
while strolling around an urban area. Therefore, the video con-
tained numerous scenes that included unexpected whole image
motions and vibration. The images of Segment 2 were taken in
an amusement park. Thus, the camera movements were some-
times intense due to the movements of the theme-park rides. Seg-
ment 3 includes images of a young woman strolling around a city,
recorded normally, and using four simple camera motions: tilt,
pan, roll and zoom. Before and after these segments, a gray, image-
less screen display was presented to the subjects for 5 min 30 s and
2 min, respectively. Therefore, each subject watched a total of
27 min 30 s of video during the experiment. None of the three vi-
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5 min 30 sec ! 5 min

5 min 20 scc —Hemmme 9 min 40 s0¢ —emre—dle 2 min

Segment 1

(Camcra shake)
.

Segment 2

{Theme-park rides)
N

Segment 3

(Four types of simple camera motions)
N

Fig. 2. Overview of the video presented to experimental subjects.

deo segments had story lines and there were no violent scenes that
might induce emotional effects.

The global motion vectors (GMVs) of the video are shown in
Fig. 6a). GMVs are measurements of deviation between consecu-
tive frames and represent degrees of motions in four axes: pan, tilt,
roll and zoom. A detailed description of the method used for esti-
mating GMVs is provided in Ref. [30]. As shown in Fig. 6a, scenes
with intense camera movements and those without were mixed
in the video on purpose to induce ups and downs of VIMS
symptoms.

2.4. Equipment

The video was shown on a 37-in. liquid crystal display (resolu-
tion: 1920 x 1080 pixels, maximum brightness: 200 cd/m?). The
experimental room had curtains that eliminated all outside light
and illumination intensity was maintained at approximately
501x. The room temperature was controlled with an air condi-
tioner to be approximately 22 °C.

During the experiment, an electrocardiogram (ECG) for RSA,
PTT, and HRV was measured using electrodes placed on the sub-
jects chests. In addition, a finger photoplethysmogram (PPG) for
PTT was also measured using a photoplethysmographic sensor at-
tached on their finger tips, as shown in Fig. 3. These signals were
amplified and recorded by a data acquisition system (MP-100,
ECG100C, PPG100C; BIOPAC System Inc.); whose voltage resolu-
tion and sampling rate were 16 bit and 1 kHz, respectively.

2.5. Procedure

The subjects were instructed not to engage in intense physical
activity and to avoid eating anything for 2h prior to the
experiment.

First, each subject was asked to complete a questionnaire about
their background and health condition. Additionally, an SSQ [13]
was administered before and after the experimental task to mea-

Photoplethysmogram signal

Fig. 3. Photoplethysmographic sensor attached on a subject’s finger tips.

sure their VIMS symptoms. Next, after being seated in the room
and given 10 min to adapt to the darkness, they began viewing
the video.

While watching the video, test subjects sat on a chair placed
70 cm away from the display with a 60.5 x 40.3° field of view,
and they rated the level of nausea they felt on a scale of zero to
three by moving a joystick, as shown in Fig. 4. The number of
symptom levels was limited to four and enough time for practice
was given to the subjects before the experiment so that they could
move the joystick appropriately without looking at it. A buzzer was
sounded at 1 min intervals to let the subjects know it was time to
rate their nausea level.

2.6. Data analysis

There were five subjects who complained of VIMS symptoms
that were so severe that they could not continue to watch the vi-
deo. All these subjects experienced nausea and had unnatural skin
pallor. One female test subject developed an erratic heartbeat just
before the experiment was stopped. Additionally, test data from 17
other subjects were excluded from the analysis because of arti-
facts. There were a large number of subjects whose photoplethys-
mogram signals contained artifacts caused by body movements. As
shown in Fig. 3, the photoplethysmographic sensor is attached to
the skin on a finger of a subject and detects infrared light modu-
lated by blood pulsing through the tissue below. Therefore, the
photoplethysmogram signal is disturbed if the subject’s upper
body including fingers moves much. Furthermore, data from an-
other six subjects whose subjective scores were zero through the
video were also excluded from the analysis. The reason of this will
be discussed later. As a result, only the data of 23 subjects (10
males and 13 females; 27.6 + 10.0 years) were analyzed.

As previously mentioned, we proposed a new evaluation indica-
tor to investigate the temporal relationship between subjective

GETEY

Fespeans e BMATOZ g B

Fig. 4. Joystick used by subjects to rate VIMS symptoms during the experiment.
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scores and physiological indices. In concrete terms, the average
mutual information (AMI) [31] was calculated to measure the sta-
tistical dependence between the two. The AMI between two vari-
ables shows how frequently, on average, one of them can be
estimated from the other. Thus, by introducing the AM]I, it is possi-
ble to estimate the statistical dependence correctly even if the rela-
tionship between the variables is not linear. This property is
important because our understanding of the linearity between
-subjective scores and physiological indices is still poor.

Problems sometimes occurred when calculating the AMI be-
tween subjective scores and physiological indices. Specifically,
not only is the difference in the numeric resolution between them
large, but the pattern of their changes differs significantly between
individual subjects. To solve these problems, the AMI was calcu-
lated as the statistical dependence between events defined by
changing patterns of variables, which were assessed as increasing,
decreasing or stable.

We will further illustrate this point with an example utilizing
two test subjects. In this example, when the subjective scores of
the two subjects increase, the physiological index of one subject al-
ways increases while that of the other always decreases, and vice
versa. In this situation, a difference appears in the value of an
AMI calculated directly from the physiological index and the sub-
jective scores of the two subjects. In contrast, the value of an
AMI calculated based on events defined by changing patterns of
the physiological index and the subjective scores of the two sub-
jects is the same. Types of VIMS symptoms should differ among
subjects, for example, eye fatigue, a headache or stomach discom-
fort. And autonomic nervous activities are supposed to vary in
these different symptoms. For this reason, it is no wonder if direc-
tions of the change in physiological indices differ among the sub-
jects when they suffered from VIMS. Additionally, the problem
caused by the numerical differences between the two variables is
also eliminated by simply comparing their changing patterns.

The method used to calculate the AMI will now be described in
detail. First, events Aj, A,, As and By, By, Bs are defined as follows:

Ay = SS(k) - SS(k—1) > 0
As <= SS(k) - SS(k—1) =0 1)
As == SS(k) - SS(k—1) <0

PS(k)
B & P_Sm >1+Tr
PS(k)

B2<:>1—Tr<m<l—:—ﬁ (2)
Pst) <1-Tr

B3 &= Bk—1) <

where SS(k) and PS(k) are the subjective score and the physiological
index at a given time k, respectively, and Tr is the threshold. A
method to determine Tr is described later.

Next, the AMI between A; and B; (i, j=12,3) is defined as
follows:

3 3 3
1Az B)) = = > P(A)log;P(A) + > > P(Ai By)log,P(AllB)  (3)
i=1

i=1 j=1

where P(A;) is the occurrence probability of A;, P(A;, B;) is the joint
probability of A; and B;, and P(A;|B;) is the conditional probability
of A; assuming that B; has occurred.

By its nature, | between arbitrary variables X and Y does not
contain directional information. In other words, I does not show
causality between X and Y, although it is possible to detect causal-
ity between X and Y by the calculation of I using X; instead of X. X;
is the time series which lags X by L [32]. That is, I between SS(k) and
PS(k + L), which is denoted as (L), shows how much time lag or

lead there is between physiological and psychological state
changes. I(L) was calculated under lag time set from L=-2 to
2 min.

To determine the value of the threshold Tr in equation (2), an
assessment function H(Tr) is defined as follows:

H(Tr) = max I(L) C))

For each subject, the value of Tr was selected to maximize H(Tr)
in the range from Tr=0.01 to 0.15.

In this study, the subjective score obtained from the joystick in-
put was chosen as S5(k). Meanwhile, time series of pnax using PTT,
RSA, HRV and LFyry were chosen as PS(k).

In order to obtain time series of these parameters, beat-to-beat
data of HRV and PTT were first calculated. The HRV was calculated
from the reciprocal of the inter-R-wave interval of ECG signal and
the PTT was defined as the interval from the peak of ECG, R-wave,
to the point at which PPG signal begins to rise. And then, at a given
time k (min), pmax(k) was calculated based on the HRV and the PTT
observed in the interval between k — 1 and k (min). A detailed
description of the calculation method of pmax is provided in Ref.
[5]. Similarly, HRV(k), LFyr{k) and RSA(k) were calculated as the
mean value, the low-frequency power (0.05-0.15Hz) and the
high-frequency power (0.15-0.45 Hz) of HRV, respectively, in the
same interval as described above.

3. Results

Fig. 5 shows the results of the SSQ completed by the subjects
before and after the experiment. In these results, all SSQ scores in-
creased significantly (p < 0.01, paired t-test) after watching the vi-
deo and got closer to those obtained from the subjects who were
suffered from cyber sickness or simulator sickness [14,23]. There-
fore, the moving images included in the video are considered to
have induced VIMS.

Fig. 6b shows the changes in pmax and SS of a subject. SS in-
creased at 11, 15, 20, 24 and 26 min, while p.,.x decreased at
approximately the same points of time (except for the 24 min
point). Fig. 6c shows the average mutual information I between
SS and pmayx Of this subject. In this figure, I at L = 0 min was higher
than those observed at the other lag times. This result indicates
that the subject’s physiological state changed at approximately
the same time a VIMS sensation was experienced.

From Fig. 6¢, I had a value of 0.3 at L = 0. However, the meaning
of this value is unclear. Therefore, a computer simulation was car-
ried out to investigate the relationship between I and the concor-

80 1

& Before ol
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60

Oculomotor  Disorientation

Total

Nausea

Fig. 5. SSQ scores obtained from subjects before and after watching the video.
""p <0.01, paired t-test.
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Fig. 6. (a) The global motion vectors of the self-produced video, (b) changes in pmay (black line) and SS (gray line) of a subject, and (c) average mutual information I between

the SS and the pmayx.

dance rate p. of changing patterns of two temporal sequences
resembling SS(k) and PS(k). In the simulation, these temporal se-
quences changed in the same direction at a rate of p. (%) and did
so in random directions at a rate of 100 - p. (%).

Fig. 7 shows the simulation results. The curve shown in the fig-
ure was obtained from a simulation that was performed 1000
times. It can be seen that [ had a minimum value when p. was
about 33%. This is because there were only three events defined
by the difference in the changing pattern of temporal sequences,
as shown in Eqs. (1) and (2). Therefore, even if changes to these
temporal sequences are perfectly random and there is no statistical
dependence between them, they change in the same direction, at a
minimum, 33% of the time. This result implies that it is meaning-
less to compare the values of I which are lower than 0.15. In addi-
tion, there was a tendency in I to increase as p. decreases when p,
was lower than 33%. This is because the occurrence of two tempo-
ral sequences whose changing patterns are significantly different
to each other is extremely unlikely to be coincidental.

Fig. 8 shows the mean values of | between S5 and pp,ax. These
values were calculated as the mean of all test subjects with respect
to each lag time between L = —2 and 2 min. The valuesof Jat L = -2
and 2 min showed a lower level than those at the other lag times.
However, the standard deviation of I, which means individual dif-
ferences, was high for all lag times. In Fig. 9, relationships between
lag time and I were plotted for all the subjects whose I were the
highest at L= -1 or 1, hereinafter referred to as Ly =—1 or 1,
respectively. As shown in this figure, there is a possibility that each
subject has hisfher specific L,.x because there is only one peak in I
of each subject for all lag times. And the values of I were less than
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Fig. 7. Relationship between average mutual information I and the concordance
rate p. of changes in temporal sequences resembling SS(k) and PS(k). This is the
simulation result.

0.2 at other lag times than L,.x, which indicates there is no statis-
tical dependence between PS and SS. Thus, for example, if the num-
ber of subjects whose L,,.x were —1 increases, the mean value of |
at L="1 will be relatively low.

To investigate not only the distribution but also the mean value
of I for subjects with different Ly,.x, the mean value of I at a lag time
Lo was only calculated for subjects whose L., were L. For exam-
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Fig. 8. The mean vajues of the average mutual information ] between SS and ppax.
These values were calculated as the mean of all the subjects with respect to each lag
time between L= -2 and 2 min.
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Fig. 9. The average mutual information ] between SS and p,,,.« of individual subjects
whose | was the highest at L= —1 (black line) or L =1 (gray line).

ple, the mean value of I at L = —1 was only calculated for six sub-
jects whose I was the highest at L= —1 for all lag times.

Fig. 10 shows relationships between lag time L and the mean
values of I calculated from four physiological indices: (a) pmax
(b) RSA, (¢) HRV and (d) LFygy. These mean values run from 0.1
through 0.4. Also, as shown in Fig. 10a, the values of I obtained
from pmax were higher and standard deviations were lower com-
pared to the results shown in Fig. 8.

In Fig. 10a, I of pmax was relatively high bothat L= —1 and 1 and
the standard deviation was small, especially at L = —1. Additionally,
the values of | for HRV and LFygy were lower than that of pyax on
the whole, as shown in Fig. 10c and d. In contrast, for RSA shown
in Fig. 10b, I was relatively high and the standard deviation was
small at L=0.

The statistical significances of the mean values of I among lag
times were tested by one-way ANOVA for ppnax, RSA, HRV and LFygy.
However, no significant difference was found, except for LFygy. Sig-
nificant differences were found in the values of I for LFyzy between
L=-2and -1, and between L= -1 and 1 (p < 0.05, Tukey-Kramer
test).

4. Discussion

As mentioned in the Methods section, data from six subjects
whose subjective scores, SS, were zero through the video were ex-

cluded from the analysis. The equation of AMI, equation (3), im-
plies that I(L) is always zero for any lag time L if all SS are zero.
This means that it is impossible to know the temporal relationship
between the subjective evaluation scores and physiological indices
of the six subjects because their Ly.x are indeterminate.

From Fig. 10, it can be seen that the values of I that were ob-
tained for pmax and RSA were higher than those for the other phys-
iological indices. These results agree with other studies that show
that changes in these indices had a relationship to the develop-
ment of motion sickness [3,5,18,19,17]. The mean value of | ob-
tained for pmax and RSA was about 0.4 at a maximum. This value
is nearly equivalent to the concordance rate of 60% in the computer
simulation result shown in Fig. 7 and indicates that the changes in
the SS patterns and these physiological indices corresponded to
each other two out of three times on average. ‘

Furthermore, the values of I obtained for p;,,x and RSA were rel-
atively higher at L = 1 and L = 0, respectively, than at the other lag
times. This result indicates that there was not much difference be-
tween the times the subjects experience VIMS symptoms and the
times when their physiological state change. However, this ten-
dency was not significant. This result may be caused by the limited
number of subjects used to calculate the mean value of I for each
lag time, which was approximately five or less, because there were
significant individual differences in L. On the other hand, it is
interesting to investigate the relationship between L, and indi-
vidual characteristics such as gender and age. Accordingly, data
from more subjects is needed to make a statistically significant
analysis for these relationships.

As shown in Fig. 10c, the maximum point of [ obtained for HRV
was not as high as those obtained for pp,x or RSA. This result im-
plies that indices obtained by the frequency or the correlated anal-
ysis of HRV can reflect the influence of VIMS on nervous activity
more than HRV itself. On the other hand, the value of | obtained
for LFyry was the lowest of all the PS(k), and this result is consid-
ered to be reasonable because it is not clear whether LFry reflect
the development of VIMS. The difference between LFygy and RSA is
considered to be associated with the difference in the autonomic
nerve activity linked to these indices. Thus, RSA reflects parasym-
pathetic nerve activity while LFugy is related to both sympathetic
and parasympathetic nerve activities [33-35].

There was a minor difference in timing between pmax and RSA
when the connection between SS and these physiological indices
was strengthened. That is, the physiological reaction seen in RSA
appeared at almost the same time the subjectivity evaluation
changed, while the reaction in py.x appeared before or after the
subjectivity evaluation changed, as shown in Figs. 9 and 10a. This
latter result is of particular interest because it indicates that there
were two types of subjects, whose reaction patterns of pnyax dif-
fered from each other. In one type, the physiological states changed
prior to the development of VIMS symptoms, while in the other
type, the opposite was true. In the former case, the subjects had
watched a scene which had the potential to induce VIMS and expe-
rienced changes to their physiological states. Then, approximately
1 min later, their emotional states changed. In the latter case, the
possibility exists that the physiological states of the subjects chan-
ged as a result of the discomfort induced by VIMS. In this matter,
the proposed method revealed that there were significant differ-
ences in the temporal relationship between physiological and emo-
tional states among individuals.

In this study, it was necessary to establish a method to investi-
gate not only the distribution of lag times but also the strength of
the relationship between physiological and emotional states of
subjects watching a video in considering their individual differ-
ences. The proposed method is considered to be an effective ap-
proach to accomplish our purpose. However, the values of I were
not so high, which were less than 0.6, and no significant difference
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was found in the mean value of I between lag times for most phys-
iological indices used in this study.

_ On the other hand, there is still room for improvement not only
in the physiological indices but also in the subjective assessment
method for the calculation of I. For example, by the use of tech-
niques such as neural networks and genetic algorithms [36] with
the AMI as a performance function, it may be possible to create a
new index that can detect the development of VIMS with high
accuracy. The continuous subjective assessment, in which subjects
can report SS whenever they experience VIMS symptoms, may be
useful to improve the proposed method. In the experiment of this
study, the subjects reported SS by moving a joystick every time
they heard a buzzer sound at 1 min intervals. This assessment
method was designed to make certain subjects report their symp-
toms at least once a minute, however, there is a possibility to cause
a delay, which is 1 min at worst, between the time subjects expe-
rience VIMS symptoms and that they change SS. On the other hand,
even if the continuous subjective assessment is used, subjects do
not always report SS just after they experience the symptoms be-
cause they may forget to report, and this becomes a serious prob-
lem for the calculation of AMIL.

Information of video scenes related to VIMS cannot be obtained
directly from the values of I nor Ly, As a first step to detect these
scenes, it is necessary to find a physiological index that well re-
flects VIMS symptoms by calculating AMI as mentioned above.
Then, it will be possible to find out which scenes in a video are

associated with the onset of VIMS by analyzing the physiological
index of subjects watching the video. In addition, if the physiolog-
ical index has a tendency to change prior to feeling VIMS symp-
toms, it may be possible to predict the development of VIMS.

5. Conclusion

In this study, the AMI was employed to investigate the temporal
relationship between subjective evaluation scores and collected
physiological indices. Our analysis of experimental data suggested
that changes in certain physiological indices showed a concor-
dance rate of more than 60% with the change in the severity of
VIMS symptoms. This result indicates that it may be possible to de-
tect video scenes that are likely to induce VIMS by analyzing phys-
iological indices. Furthermore, the physiological states of some test
subjects changed prior to the development of VIMS symptoms,
even though there were significant individual differences in the
temporal relationship. An analysis of the temporal relationship be-
tween the physiological states and the cognitive levels of test sub-
jects suffering from VIMS is expected to shed light on the
pathogenesis of VIMS.

In our future work, analysis using other physiological indices,
such as gastric tachyarrhythmia, which has frequently been re-
ported as having a relationship with motion sickness, will be nec-
essary. And our method using AMI should be compared to the
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other techniques such as Cronbach’s Alpha [37], which is a form of
factor analysis. Furthermore, the number of sampling points used
in this study might be insufficient for a full analysis of the AMI,
so an experiment in which the video watching duration is ex-
tended, or where more subjects watch the same video repeatedly,
should be performed to confirm the validity of the proposed
method.
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