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CreDDS Center - Concept/ Purpose/ Projects

[Denomination] Creative Design and Data Science Center (CreDDS-C)
[Establishment] April 1, 2022

[Concept]

Established as part of AlU’s 4th Medium Term Plan (2022~2027), which aims to transform
AlU’s research, education and public engagement in the context of the pedagogic aspirations
of Applied International Liberal Arts (AILA).

Intended to be a central driver of innovative research, education and public engagement
under the Institute for Applied International Liberal Arts (AILA Institute, est. March 2022).

Will serve AILA Pedagogy from Levels 100~400 (undergraduate) and beyond (postgraduate).

Will have a synergistic mutually supportive relationship with the Active Learning Center and
the Center for Collaborative Research and Outreach with all three centers providing the
impetus for the transformations anticipated under AILA.

[Purpose]

Designing and executing projects to nurture inspiring leaders who subscribe to the AILA
ideals of integrating profound thought with decisive action in a transnational, transdisciplinary
context.

Meeting future needs of society and challenges facing the earth’s environment while
consolidating on AlU’s strengths built up thus far contributing to pedagogic excellence and
local-global partnerships.

Integrating transformative technology with the essence of humanity to create caring societies
and resilient communities which will contribute to furthering universal values of sustainability
and inclusion.

Adding value (environmental, social and economic) through innovative solutions by coupling
evidence with insight to achieve the above through the medium of “propulsive projects”.

[Projects]

CreDDS Center Projects will integrate evidence with insight through the medium of
“propulsive projects”, designed to add environmental, social and economic value.

A propulsive project is defined as one which leads to a cluster of affiliated projects whose
mutually synergistic relationship with each other could lead to an exponential increase in the
above value propositions.

The above projects are to be designed with both a “bird’s eye” and a “worm’s eye” view,
namely, they will seek solutions to global grand challenges which have acute local impacts
on communities and the environment.

The project entry point will be challenges faced by local communities but in seeking solutions,
the projects will explore collaborative national and transnational partnerships with institutions
in AlU’s international collaborative ecosystem (ICE).
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Current Researchers and Staff Members

Director of Center

Specially Appointed Professor: Dr. Akitoshi SEIYAMA (Doctor of Science)
Research Field: Medical Science, Biomedical Engineering, Data Science

Coordinator of Center

Associate Professor: Dr. Norikazu TAWARA (Ph.D., Economics)
Research Field: Labor and Search Theory, Economic Dynamics
Incentives and Markets

Visiting Researcher
Dr. Nami KONISHI (Doctor of Medical Science)
Dr. Sayaka OKAHASHI (Ph.D.)
Dr. Satoshi SASAYAMA (Doctor of Medical Science)

Dr. Tatsuro MIURA (Doctor of Human Health Sciences)

Research Coordinator

M.A. Travis SENZAKI (Master of Asian Studies)
Area Responsibility: International Collaboration

Dr. Noriko NARISAWA (Doctor of Area Studies)
Research Field: Anthropology, Social Research, African Studies

Staff (Concurrent Office: Office of AILA Advancement)
Yoko ABE (Director)

Yoshinori SAKAMOTO (Head)
Yuka OKURA

Ryuji SHIBUYA



Research Field and Role of Visiting Researcher at CreDDS Center

Dr. Nami KONISHI (Doctor of Medical Science)

Present affiliation and position
Faculty of Nursing
Tachibana University
Lecturer

Research field and importance of collaboration

Dr. Konishi is a nurse involved in teaching and research at the Faculty of Nursing, Kyoto
Tachibana University (until March 31, 2024) and Meiji University of Integrative Medicine (from
April 1, 2024). Her field of expertise is mental health and psychiatric nursing, which is very
important and closely related to one of the aims of our CreDDS center, healthy ageing.

In addition, she is also involved in the development of biosensor systems and the
evaluation of volunteers' psychological function using the sensor systems.

This research field, concept and technology are important for the promotion of our CreDDS
Center programs, especially in the boundary area between "Health & Human Well-being" and
"Lifelines, Transport & Settlement System".

The collaboration with Dr Konishi will be a great asset for the advancement of the CreDDS
Center's research projects.

Dr. Sayaka OKAHASHI (Ph. D.)

Present affiliation and position
National Center for Geriatrics and Gerontology
Center for Gerontology and Social Science
Senior research fellow

Research field and importance of collaboration

Dr. Okahashi aims to realize an ideal community-based comprehensive care. To achieve
this goal, she conducts observational and interventional studies that contribute toward solving
the issues for older adults, such as preventing the adverse prognosis of dementia and
improving the quality of life of individuals with dementia, those who need care, and their
families.

As practice, through developing Virtual Reality and Augmented Reality technology, Dr.
Okahashi is conducting research to observe how physical and mental functions and the level
of care needs change in individuals with dementia and their families. Thereby, Dr. Okahashi



is planning to develop care programs for individuals with dementia and their caregivers, verify
their effectiveness, and examine measures for social implementation. The above her
research field, concept and technology are important for our CreDDS Center programs,
especially for “Healthy Ageing” program.

Dr. Satoshi SASAYAMA (Doctor of Medical Science)

Present affiliation and position
Graduate School of Medicine Kyoto University, Human Health Sciences
Advanced Medical Data Intelligence, Laboratory of Information Systems
Associate Professor

Research field and importance of collaboration

Dr. Sasayama aims to build a ubiquitous community home health care and nursing care
cooperation system. He is developing a system that realizes smooth sharing of information
between healthcare professionals, patients and their families supporting in home medical
care. Further, he is creating a bacterial database, an e-Learning system in the field of health
science, and interactive teaching materials.

As practice, Dr. Sasayama is engaging in the development of "electronic contact notes for
home health care" using tablet terminals that are easy for the elderly to handle. Thereby, he
is now practicing providing his technology to make a close relationship between medical staff
at core hospitals and patients' families in Kyoto Prefecture. The above her research field,
concept and technology are important for our CreDDS Center programs, especially for
“Healthy Ageing” program.

Dr. Tatsuro MIURA (Doctor of Human Health Sciences)

Present affiliation and position
National Hospital Organization Kyoto Medical Center
Division of Clinical Laboratory Science
Part-time laboratory scientist

Research field and importance of collaboration

Dr. Miura is working on analyses of various data and construction of sensor systems
related to health sciences. At Kyoto Medical Center, he is engaging in measuring
physiological function and biochemical tests for patients as a clinical laboratory staff, while at



Kyoto University School of Medicine, he has developed a noninvasive optical monitoring
system for blood glucose concentration of diabetic patients. In addition, he has participated
in national projects, including with the Ministry of Land, Infrastructure, Transport and Tourism,
and the Ministry of Internal Affairs and Communications, and has engaged in developing
biosensor systems and evaluating volunteers' physiological function using sensor systems.
His research field, concept, and technology are important for the promotion of our CreDDS
Center programs, especially for the boundary area between “Health & Human Well-being”
and “Lifelines, Transport & Settlement System”.



2023 Research outputs

1. Accepted Publications in International Journals

1) (Annual Report, p.7) Taniguchi K, Jinno N, Seiyama A, Shimouchi A. Depression is
associated with discoordination between heart rate variability and physical acceleration in
older women. Health Sci Rep. 2024;7:€¢1916. doi:10.1002/hsr2.1916.

2) (Annual Report, p.15) Okamoto N, Seiyama A, Hori S, Takahashi S (2024) Role of the
left posterior middle temporal gyrus in shape recognition and its reconstruction during
drawing: A study combining transcranial magnetic stimulation and functional near infrared
spectroscopy. PLoS ONE 19(5): e0302375. https://doi.org/10.1371/journal.pone.0302375

3) (Annual Report, p.30) Otsuka H, Okahashi S, Ishii H, Asaba W, Liu C, Yamamoto G,
Seiyama A (2024) Capture of Emotional Responses under a Simulated Earthquake
Experience Using Near-Infrared Spectroscopy and Virtual Reality. PLoS ONE 19(5):
€0304107. https:// doi.org/10.1371/journal.pone.0304107

4) (in press) Seiyama A, Konishi N, Miura T, Okahashi S, Cassim M. Development of a
health- monitoring system for frail people: a preliminary study. Adv Exp Med Biol. 2024.

5) (in press) Otsuka H, Okahashi S, Seiyama A. Neural function desynchronization in left
and right dorsolateral prefrontal cortices during virtual-reality earthquake video viewing.
Adv Exp Med Biol. 2024.

6) (in press) Taniguchi K, Seiyama A, Shimouchi A. Relevance between reduction of SpO2
and parasympathetic nervous activity during sleep.
Adv Exp Med Biol. 2024.

2. Conference Presentations (Presentations by co-authors were excluded.)

1) The 100th Anniversary Annual Meeting of The Physiological Society of Japan

(March 14-16, 2023, Kyoto)
“Studies on early detection of sleep onset signal during driving”

2) The 9th International Conference on Ayurveda, Unani, Siddha and Traditional Medicine

(Sep 8-10, 2023, Colombo University (zoom presentation))
“‘Near infrared spectroscopy techniques for human Body-Mind-Brain research”

3) The 50th International Society on Oxygen Transport to Tissue (Sep 29-Oct 1, 2023, Tokyo)
“‘Development of a health-monitoring system for frail people.”

4) The 55th Annual Meeting of The Physiological Society of Tohoku Area.
(Nov 15, 2023, Akita).
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Abstract

Background and Aims: It is well known that depression is closely associated with the
autonomic nervous system and physical acceleration (PA), which may cause
functional time-deviance between these two parameters. Exploring this relationship
is important in sustaining the mental and physical health of older adults in daily life.
However, few studies have assessed the relationship between depression and the
coordination of parasympathetic nervous activity (PSNA) and PA. The present study
was designed to investigate whether the coordination between PSNA and PA is
associated with the mental state of healthy volunteers in normal daily lives and the
underlying mechanism.

Methods: In total, 95 adult women were divided into non-older and older groups
comprising 50 (aged 20-59 years) and 45 (aged 60-85 years) women, respectively.
PSNA and PA data were simultaneously obtained every minute for 24 h during the
free-moving day using the ActiveTracer accelerometer. Lag time was determined as
the time difference between PSNA and PA, and it was introduced as a parameter of
%lag0, which is the percent ratio of the lag = 0 min between PSNA and PAin 1 h. The
General Health Questionnaire 28 (GHQ28) was used to evaluate the effects of
psychological distress, including depression.

Results: In the hour before sleep, %lagO was significantly lower in older women
(38.7 £ 6.4) who had higher GHQ28 values (subscale D =0, n=12) compared with
that in older women (19.4+10.5) with lower values (subscale D21, n=33)
(p < 0.05).

Conclusion: Impairments in coordination between PSNA and PA are significantly
associated with depression in older women, particularly in the hour before sleep on

free-moving days.

KEYWORDS
autonomic nervous system, depression, parasympathetic nervous system, physical activity
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1 | INTRODUCTION

Depression is one of the most prevalent mental illnesses globally and
is associated with an increased risk of morbidity and suicide.! It is
associated with physical and cognitive decline, compromised social
life, and greater self-neglect, thereby also increasing mortality.?
According to a survey conducted by the World Health Organization,
in 2017, the prevalence of depression was highest in Ukraine (6.3%)
followed by the United States, Greece, and Portugal. Moreover,
according to the survey, the prevalence of depression is 4.2% in
Japan. Moreover, the prevalence of depressive symptoms in patients
aged >60 years may reach up to 40%.°

Nevertheless, psychological distress is widely used as an
indicator of public mental health. Psychological distress implies an
undifferentiated combination of symptoms ranging from depression
and general anxiety symptoms to personality traits, functional
disabilities, and behavioral problems.® Reportedly, the incidence of
psychological distress in women is approximately twice that in men,
although the frequency increases in both men and women with age.*

The General Health Questionnaire 28 (GHQ28) has often been
utilized for the evaluation of psychological distress from subscales of
somatic symptoms, anxiety and insomnia, social impairments, and
severe depression.>® Furthermore, the GHQ28 is one of the most
widely used and validated questionnaires to screen for emotional
distress and depression.”

Moreover, physical acceleration (PA) has been utilized to
evaluate physical activity in participants with severe mental illnesses®
and in multiple clinical settings.” The health benefits of PA have also
been widely studied and were demonstrated as an effective
treatment for depression in older patients.? Plausible mechanisms
to explain the association of PA with depression include PA-induced
changes in physiological/neurological and psychological parame-
ters.’® Overall, PA may prevent depression by increasing the
functional activity of monoamines.'?

Although habitual activity and heart rate variability (HRV) have
been reported to differ between men and women,*?** during
exercise with an increasing PA, an increase in the heart rate and
decrease in vagal discharge have been detected.'* Moreover, heart
rate increases immediately after initiating exercise due to a
withdrawal of parasympathetic nervous activity (PSNA) and increased
sympathetic nervous activity.'®

HRV is a noninvasive tool for assessing variations in beat-to-beat
intervals and autonomic nervous system activity. The HRV spectrum
involves the power of high-frequency (HF) and low-frequency (LF)
ranges.'®'” Normalized spectral indices, defined as HFnu=HF/
(LF + HF), are regarded as markers of PSNA.*®

Cross-correlation analysis generates a series of correlation
coefficients between two time-series by overlaying and temporally
shifting the two series over a range of successive time lags.2’ To
investigate the association of HRV with a physiological signal, cross-
correlation analysis is widely used.?° Based on a cross-correlation
analysis between the time-series of HRV and PA, we previously
reported an increase in lag with age in the daily lives of free-moving

Key points

e Impairments in coordination between parasympathetic
nervous activity and physical acceleration are associated
with depression in older women, particularly in the hour
before a night's sleep.

e The lag is determined by the cross-correlation analysis
between the time-series of heart rate variability and
physical acceleration.

e The coordination between parasympathetic nervous
activity and physical acceleration can be performed

noninvasively and easily during the free-moving day.

adults.?! Furthermore, we reported that this increase was closely
associated with depression, although the sex-specific effect remained
unclear owing to the small sample size.? Moreover, we recently
reported that fatigability in adult women is closely associated with a
decline in coordination between PSNA and PA.?2

In the present study, we aimed to investigate whether
psychological distress is associated with impairments in coordination
between PSNA and PA in daily free-moving life in adult women by
combining %lag0 and the GHQ28 and the underlying mechanism. To
our knowledge, this is the first study to evaluate the relationship
between depression and the coordination between PSNA and PA in

free-moving adult women.

2 | MATERIALS AND METHODS

2.1 | Participants

A total of 95 healthy women participants aged 22-85 years old were
screened from 106 volunteers based on their responses to medical
interviews regarding previous and current ilinesses, physical findings,
blood test results, and electrocardiogram results. Five participants
who had consumed alcohol on the day of the experiment, six
participants with severe arrhythmias, two participants taking beta-
blockers, and three participants with excessive electrical noise in the
devices were excluded. These excluded numbers were overlapped.
First, the participants were divided into non-older (n = 50) and older
age groups (n = 45) based on a cutoff of 22-59 years in the younger
group and 60-85 years in the older group (Table 1). Second,
participants in each age group were divided into low and high GHQ
groups (Table 1 and Figures).

2.2 | Protocols

Participants completed the GHQ28 before or on the day of the
assessments before visiting our laboratory at approximately 13:00 and
underwent a physical examination and 12-lead electrocardiogram.

-8-
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TABLE 1 Comparison of the demographic, questionnaire, and
extracted parameters between General Health Questionnaire 28
(GHQ28) total scores.

p Value
Group Non-older  Older (d value)
Age (years) <60 >60
N 50 45
Age (years) 42.6+1.7 70.5+0.8* <0.001 (2.60)
Body mass index 220+0.4 22.8+0.55 0.197 (0.27)
Sleeping hours 6.8+0.2 7.5+0.2* 0.038 (0.43)
Frequency of nocturnal 048+0.10 1.04+0.13* 0.001 (0.67)
awakening
GHQ A: Somatic 1.9+0.3 22+0.3 0.506 (0.14)
symptoms
GHQ B: Anxiety 2.3+0.3 3.0£04 0.113 (0.37)
and insomnia
GHQ C: Social 0.7+0.2 1.5+0.3* 0.044 (0.54)
impairment
GHQ D: Severe 0.5+0.2 1.2+0.3* 0.035 (0.46)
depression
PA (mG)
Evening 39.0+2.0 40.5+19 0.586 (0.11)
Morning 50.2+2.6 51.1+3.2 0.837 (0.05)
HFnu
Evening 0.24+0.01 0.30+0.02* 0.023 (0.42)
Sleep 0.47+0.02 0.44+0.02 0.403 (0.17)
Morning 0.24+0.01 0.30+0.02* <0.001 (0.69)

Note: Evening, from the start of the monitoring to sleep at night; Morning,
after wake-up to the end of the monitoring; sleep, subjects in bed.

Abbreviations: HFnu, HF/(LF + HF); HF, high-frequency; LF, low-
frequency; PA, physical acceleration.

*p < 0.05 Non-older versus older.

Thereafter, participants wore a portable monitor (Active Tracer AC301;
GMS Inc.) to record their PA and R-R intervals for 24 h. The sampling
frequency of the AC301 was 1 kHz. During monitoring, participants were
instructed to continue with their usual lives but to avoid bathing. After the
24-h monitoring period, participants returned to the laboratory. The
experimental protocols have been described in detail in our previous

studies.?t"22

2.3 | Questionnaires

We used the Japanese version of the GHQ28 to evaluate
psychological distress (Nihon Bunka Kagakusya Co., Ltd.).2* The
GHQ28 is a self-report instrument frequently used to indicate
psychological well-being and the psychological dimensions of quality
of life.> It has four subscales: (A) somatic symptoms, (B) anxiety and

Open Access

insomnia, (C) social impairment, and (D) severe depression.> Each of
these subscales includes seven items, scored using 2-point scores of
0-0-1-1. The sum of scores indicated the severity of mental or
psychological distress.” The GHQ scores were defined as low
(total <8, A and B< 2, C and D =0) and high (total 28, A and B = 2,
Cand D>1)%*

24 | PA

To measure PA, an ActiveTracer equipped with a triaxial
accelerometer (72 g) was used.?® The body of the accelerometer
was positioned on the frontal midline of the waist above the navel
to avoid disturbing sleep or free movement. The resolution of
acceleration was 2 mG, and the sensitivity ranged between 0 and
4.0 G. The absolute values of the resultant vectors, calculated
from the signals of triaxial acceleration, were averaged for every
minute. The times at which participants fell asleep and woke up
were estimated based on records they maintained and changes in
body positions were evaluated from the acceleration vectors. We
defined three periods: evening, from the start of the monitoring
to sleep at night; sleep, time on the bed; and morning, from wake-
up to the end of the monitoring.

2.5 | HRV analysis

The HRV was analyzed at 1-min intervals using the MEMCalc System
software (Suwa Trust Co., Ltd.). One-min HRV analysis was
performed in mobile settings described in a previous study.?® The
method was based on a maximal entropy combined with the least
square method and was useful for frequency analyses using small
sample size data.?” LF (0.04-0.15 Hz) and HF power (0.15-0.40 Hz)
were analyzed as HRV parameters.'® In this study, PSNA was defined
as HFnu = HF/(LF + HF).*¢

2.6 | Definition of %lag

The definition of %lag is shown in previous literature.?*?2 In
brief, we determined lag time by the maximum correlation
coefficient obtained from the cross-correlation analysis between
PSNA and PA. Each cross-correlation coefficient was calculated
over 10-min time-windows during 60-min consecutive periods.
Our preliminary cross-correlation analysis confirmed that similar
results were obtained regardless of whether the implemented
time window was 10 or 20 min for evaluating the lag between
PSNA and PA (data not shown). When the correlation coefficient
of HFnu and PA showed maximum correlation at lag = 0 min, the
HFnu and PA were synchronized. If this synchronization contin-
ued for 1h, then the %lagO=100%. Thus, low levels of %lag0
indicated an impairment in the coordination between PSNA
and PA.

-9-
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2.7 | Statistical analyses

Data are expressed as mean +standard error of the mean. Statistical
analysis was performed using the Student's t-test, Mann-Whitney U-test,
and Bonferroni procedure for multiple comparison correction using Excel
and SPSS 21.0, as appropriate. The significance of the cross-correlation
coefficient at match position was evaluated based on Pearson correlation
coefficients. For significant differences, we calculated Cohen's d effect

size. p < 0.05 was considered statistically significant.

3 | RESULTS

As shown in Table 1, older participants had longer sleep duration and
experienced more nocturnal awakenings than younger participants.
There were no significant differences between groups in the subscale
scores of GHQ28 A: somatic symptoms and B: anxiety and insomnia;
however, the older group had significantly higher scores in the
GHQ28 subscale C: social impairment and D: depression. The older
group had significantly higher HFnu in the evening and morning than
the non-older group but not during sleep.

To understand %lagO better, an example is shown in Figure 1.
Figure 1 illustrates a participant's HFnu and PA in 1 h. The top panel
shows lag =0 min, and the next panel shows 5min PA precedence
(lag = 5). The bottom panel shows that the correlation coefficient was
calculated every minute from HFnu precedence 10min to PA

precedence 10 min. This case indicated that the time-series between

them were synchronized because their correlation coefficient
indicated maximal correlation at lag =0 min. If this synchronization
continues for 1 h, the %lag0 = 100%, as defined in Section 2.

Figure 2 illustrates the %lagO between PSNA and PA 1 h before
sleep. At 1 h before sleep, the older group with higher total GHQ and
GHQ A-D scores had significantly lower %lagO than the non-older
group (#, p <0.05). Remarkably, the older group with high GHQ D
scores (lowest Figure 2) showed significantly lower %lag0 between
the time-series of PA and HFnu than the older group with low GHQ
D scores 1 h before sleep (*, p < 0.05, Cohen's d = 0.55). Nonetheless,
in the non-older group, no significant differences were found in the %
lag0 between those with low and high GHQ total and A-D scores.

Figure 3 illustrates the %lag0 between PSNA and PA 1h after
sleep. At 1h after wake-up, the older group with high GHQ A-D
scores had significantly lower %lag0 than the non-older group (#,
p <0.05), except in %lag0 of PA and HFnu in GHQ B (p>0.05,
Cohen's d=0.41) and C (p >0.05, Cohen's d =0.43), although they
indicated the same tendency. However, no significant difference was
observed between the older group with high GHQ D scores and the
older group with low GHQ D scores.

4 | DISCUSSION

In our previous report, we demonstrated that %lag0 after wake-up is
significantly reduced with aging even in healthy adult women.?! In

this study, older women with depression (high GHQ D >1) had

------ HFnu —PA - 200

HF lag=0 PA
nu
(r=0.55) (mG)
F 100
....... .
50
r 200
PA
(mG)
F 100
0

40 50

(r

0.2 Correlation Jcoefficients

0 ’\
10\/—5 0 5 10

-0.2

-04

-0.6 (m)

FIGURE 1 An example of the lag calculation. Top figure: correlation between HFnu and PA gives a negative maximum correlation (r = -0.55,
see bottom figure) without shift of PA signal, which means inverse relation of the two signal shapes at lag time (lag) = O min with r = 0.55. Middle
figure: the two signals gave a negative correlation (r = -0.25) after +5 min-shift of the PA signal (lag = 5). HFnu, HF/(LF + HF); HF, high-

frequency; LF, low-frequency; PA, physical acceleration.
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FIGURE 2 Relationships between %lag0 and
GHQ scores in the non-older and older groups 1 h
before sleep. Values above the error bars show
the number of participants. tp < 0.05 non-older
versus older participants with low GHQ scores
(GHQ total: p=0.013,d =0.72, GHQ A: p = 0.045,
d=0.52, GHQ B: p=0.033,d=0.59, GHQC: p=
0.008, d =0.82, GHQ D: p =0.033, d = 0.61);

#p < 0.05 non-older versus older participants with
high GHQ scores (GHQ total: p =0.031, d = 0.68,
GHQA: p=0.001,d=0.95GHQB: p=0.028,d =
0.70, GHQ C: p=0.009, d =0.86, GHQ D: p=0.
032, d=0.63); *p < 0.05, older participants with
low GHQ D (depression) score versus older
participants with high GHQ D scores (p = 0.034,
d =0.55). Error bars represent standard error. The
vertical axis shows each %lag0O value. Open bar:
low GHQ scores (total <8, Aand B<2,Cand D =
0). Closed bar: high GHQ scores (total =2 8, A and
B=>2, C and D 2 1). GHQ, General Health
Questionnaire; HFnu, HF/(LF + HF); HF, high-
frequency; LF, low-frequency.

significantly lower %lag0 1 h before sleep. These results indicate that
depression is closely associated with impairments in the coordination
between PSNA and PA before sleep in older women.

In this study, we divided the participants into non-older and older
age groups based on a cutoff of 22-59 years in the younger group
and 60-85 vyears in the older group. In our previous study,
participants were divided into three groups, young (20-39 years),
middle-aged (40-59 years), and older (260 years).?! Significant
differences were observed in the %lag0 between the middle and
older groups in 1 h before sleep; however, o significant differences
were observed between the young and middle-aged groups.
Therefore, we divided the participants into non-older (20-59 years)
and older (260 years) in this study.

We defined lag=0 as the time difference within -30 to 30s
indicated by the minimum p-value obtained from an analysis of the
cross-correlation between the HFnu and PA. Active and passive
changes in fundamentally different cardiovascular effects for
approximately 20 s (within 30 s) involve the central command, muscle

GHQ total

GHQ A
(somatic symptoms) -

GHQ B
(anxiety & insomnia) =

GHQ C
(social impairments) 40 +

GHQ D _
(severe depression)“

_Wl LEY—m
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%lag0 non-older

(37) (13)

receptors, and high- and low-pressure receptors.?® Therefore, the
definition of lag was based on the hypothesis that PA causes an
immediate PSNA response under healthy conditions. We determined
lag=0 (-30 to 30s) as an indicator of the coordination between
PSNA and PA.

In this study, no significant differences in %lag0 were detected
between participants with irregular sleep cycles or without incidents
of nocturnal awakening on the experimental day, based on the
questionnaires (data for reviewers). Patients with depression have
also been reported to have sleep disorders and low sleep

efficiency,?%%°

and participants with sleep difficulties are threefold
to fourfold more likely to be depressed. PA and PSNA discoordina-
tion before sleep, especially 1 h before sleep, may be associated with
reduced sleep efficiency and quality.

The total GHQ28 reflects the level of psychological stress®?; this
is demonstrated in our results showing depressive tendencies in older
and non-older individuals based on their GHQ28 D subscale scores

and lower %lag0 between HRV and PA. However, the decrease in %
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non-older

%lag0

GHQ total 40 A

GHQA
(somatic symptoms) = 7

GHQ B
(anxiety & insomnia) 40 4

GHQC
(social impairments)40

GHQD
(severe depression)“Y A

lag0 was not significant in non-older individuals. These results
indicate that depression is only significantly associated with the
discoordination between HRV and PA in older women, particularly
1 h before sleep.

The menopausal years in Japanese women reportedly begin at
approximately 52 years of age.®? We divided participants into non-
older (<59 years) and older (260 years) groups. Therefore, the older
group might have comprised postmenopausal women alone. Con-
versely, some participants in the non-older group might also have
been postmenopausal, as they were in their late 40s and early 50s.
Estrogen reportedly reduces cardiomyocyte contractile function and
sympathovagal nervous activity, whereas androgen enhances them.>?
Estrogen acts on the central nervous system to reduce sympatho-
vagal activity.®® In postmenopausal women, sympathovagal nervous
activity is elevated due to changes in the hormonal balance.®*
Further, menopause or the menstruation cycle can also affect
depression.35 In the present study, we could not establish whether
menopause affected the %lag0 in non-older and older women.

older

FIGURE 3 Relationships between %lag0 and
GHQ scores in the non-older and older groups 1 h
after sleep. Values above the error bars show the
number of participants. tp < 0.05 non-older
versus older participants with low GHQ scores
(GHQ total: p < 0.001, d = 1.03, GHQ A: p < 0.001,
d=1.13, GHQ B: p<0.001, d = 1.46, GHQ C:
p<0.001, d=1.19, GHQ D: p =0.004, d = 0.91);
#p < 0.05 non-older versus older participants with
high GHQ scores (GHQ total: p =0.048, d =0.42,
GHQ A: p=0.046, d=0.52, GHQ D: p =0.044,

d =0.50); Error bars represent standard error. The
vertical axis shows each %lag0O value. Open bar:
low GHQ scores (total < 8, Aand B<2,Cand D =
0). Closed bar: high GHQ scores (total 2 8, A and
B=>2, C and D = 1). GHQ, General Health
Questionnaire; HFnu, HF/(LF + HF); HF, high-
frequency; LF, low-frequency.

Therefore, further studies are needed to investigate the effects of the
menstruation cycle on the coordination of HRV and PA.

This study has some limitations. First, the analytical method used
to evaluate the coordination between the PSNA and PA has
limitations. The reason for the significant reduction of %lag0 in older
people with depression remains unclear. Second, we could not
explain why menopause affected the %lag0O in non-older and older
women. Third, this study did not control for the comorbidity score or
physical condition of participants. All participants had no or mild
diseases. Fourth, in this study, we defined the times at which the
participants fell asleep and woke up based on the records of changes
in body position evaluated from the acceleration vectors. Although
the times obtained by this method may differ from the actual time,
they did not significantly affect the %lag0, even when the exact time
of falling asleep was off by approximately 10 min. Fifth, menopause
may be an important factor that could have affected our results.
However, as described above, our previous experiments showed no

significant difference between the 20-39 years and 40-59 years
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groups, whereas a significant difference was observed between the
40-59 years and 260 years groups. Lastly, as the number of
participants was limited, the effects of diseases on %lagO remained
unclear. Taking the above limitations into consideration, further
controlled studies are required in the future.

5 | CONCLUSIONS

Using the “%lag0” index, determined by using the time-series
correlation analysis between PSNA and PA, this study suggests that
impairments in the coordination between PSNA and PA are closely
associated with depression in older women, particularly 1 h before
sleep on free-moving days. Although further studies are required in
the future, this parameter may be useful as a noninvasive index to

detect depression in older women in clinical or even home settings.
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Abstract

There are numerous reports of enhanced or emerged visual arts abilities in patients with
semantic impairment. These reports led to the theory that a loss of function on the language
side of the brain can result in changes of ability to draw and/or to paint. Further, the left pos-
terior middle temporal gyrus (I-pMTG) has been revealed to contribute to the higher control
semantic mechanisms with objects recognition and integration of visual information, within a
widely distributed network of the left hemisphere. Nevertheless, the theory has not been
fully studied in neural bases. The aim of this study is to examine role of the I-pMTG on shape
recognition and its reconstruction within drawing behavior, by using a combining method of
the repetitive transcranial magnetic stimulation (rTMS) and functional near-infrared spec-
troscopy (fNIRS). Eighteen healthy participants received a low frequency inhibitory rTMS to
their I-pMTG during the drawing task of the Benton Visual Retention Test (BVRT). There
was a significant decrease of the mean accuracy of reproductions in the Complex designs of
the BVRT, compared to the Simple and Medium designs. The fNIRS data showed strong
negative correlations with the results of the BVRT. Though our hypothesis had a contradic-
tion that rTMS would have inhibited the brain activity in the stimulated site, the results sug-
gest that shape recognition and its reconstruction such as the BVRT require neural
activations of the I-TL as well as that of the |- pMTG.

Introduction

There are a number of reports of newly developed or enhanced artistic creativity in patients
with brain dysfunction (s). In particular, patients suffering from neurological and structural
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diseases, such as frontotemporal dementia [1], semantic dementia, primary progressive apha-
sia [2] and Alzheimer’s disease [3], have shown signs of visual arts abilities throughout the pro-
gression of their cognitive deterioration. Such cases led to the theory [4, 5] that a loss of
function on the language side of the brain results in an enhancement of visual art processing,
even though artistic abilities has been suggested to be right hemispheric dominant. However,
the theory has not been fully studied in neural bases because of its multifunctional and multire-
gional processes of drawing.

It has been suggested that the drawing process encompasses visuospatial skills, attention
mechanisms, mental representations of space, conceptual knowledge and semantic cognition,
and motion planning and control mechanisms [6, 7]. A number of functional neuroimaging
studies about drawing behavior have revealed an implication of semantic and phonological
networks while drawing, showing a strong bi-hemispheric activation of a widely distributed
network of the frontal, parietal, and temporal lobes [8, 9]. A study about drawing by using
mental imagery, drawing familiar objects compared to drawing unfamiliar objects (non-
objects), showed greater activation in the left inferior temporal cortex, suggesting its involve-
ment in the selection of specific semantic features of the object as well as retrieval of informa-
tion regarding the perceptual aspects of the object [10]. A clinical report in associative agnosia,
the patients showed an inability to copy a very simple figure, even though they were able to
retrieve the meaning of the figure [11].There have been other ways of deficits, despite the
inability to recognize an object, the patients were able to copy figures accurately, which was
usually associated with the brain dysfunction of the left frontotemporal lobe. These reports
suggest that, drawing processes involve different neuronal circuits, that processing verbally
associable figures and/or non-verbally associable figures. We suppose that, though the lan-
guage area has not been suggested as the critical region for visual art activities in general, it
seems that semantic representations are involved in the processes of drawing, especially in
shape recognition and its reconstruction of the verbally associable images (complex figures).

Studies in semantic recognition by using TMS explored an important role of the widely
connected network of the left inferior frontal gyrus and the I-pMTG [12]. It has been suggested
that there are two distinctive neural structures of semantic processes, for processing weak asso-
ciations (complex figures) with executive control semantic activation in the - pMTG, and for
processing strong associations (simple figures) with automatic spreading activation in the left
angular gyrus [13, 14]. Furthermore, the I-pMTG has been revealed to contribute to higher
control semantic mechanisms with manipulation of conceptual knowledge retrieval and the
selection of semantic knowledge [15]. Based on these studies, the I-pMTG is possibly involved
in shape recognition and its reconstruction during drawing.

The Benton Visual Retention Test (BVRT) has been a reliable tool for both clinical and
experimental research, and has been used for many forms of brain impairments and diseases
such as Alzheimer’s disease, dementia, aphasia, geriatrics, schizophrenia and children with
learning disabilities [16, 17]. The test assesses visual perception, short-term visual memory,
and visuo-constructional ability. However, a number of studies that used the BVRT suggested
that a verbal mediation component is thought to be associated, due to the use of verbally asso-
ciable geometric figures ranging from strongly associable images (simple designs. e.g., a penta-
gon) to weakly associable images (complex designs. e.g., a mixture of geometric figures) [18,
19]. Clinical studies have often reported hearing patients repeat the names of the shapes aloud
to themselves as they view the figures before they attempt to produce them, and as they draw
them [18]. We adopted this verbal mediation of the BVRT into our experiment, to test shape
recognition and its reconstruction during drawing the complex designs of the BVRT.

The aim of this study is to investigate the relationship between the neural activities of spe-
cific regions of the - pMTG and behavioral effects on the shape recognition and its

PLOS ONE | https://doi.org/10.1371/journal.pone.0302375 May 3, 2024 2/15

- 16 -


https://doi.org/10.1371/journal.pone.0302375
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-21K00229/
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-21K00229/

PLOS ONE

Role of the I-pMTG in shape recognition and reconstruction

reconstruction during drawing. We employed a combining method of the repetitive transcra-
nial magnetic stimulation (rTMS) and functional near-infrared spectroscopy (f{NIRS) [20-22],
with the drawing task of the Benton Visual Retention Test (BVRT). rTMS is a noninvasive
technique whereby magnetic pulses transiently disrupt neural processing causing behavioral
changes [23-25]. By using rTMS, temporally impaired neural situations that supposed to be
like patients are created in healthy participants. {NIRS is an optical and wearable neuroimaging
techniques that has great advantages of higher time resolutions and make no interference
against metallic materials and devices generating electricity or magnetism, which is unlikely to
PET and fMRI, and is an ideal candidate for integrated use with TMS, in normal seated posi-
tions. We employed rTMS and fNIRS measurements during the drawing test of the BVRT to
examine the relationship between neural functions and the behavior.

The aim of the study is to test our hypothesis that inhibitory rTMS to the I-pMTG sup-
presses the BVRT reproducibility. Furthermore, we discussed the role of the I-pMTG for the
shape recognition and its reconstruction during drawing the Complex designs of the BVRT.

Materials and methods
Participants

Eighteen healthy volunteers (7 male and 11 female, mean age 27.2 years; range 21-41 years,
SD = 5.67, right-handed). Using G*Power 3.1.9.2, pre-analysis for the required minimum sam-
ple size resulted in 15 persons, assuming effect size = 0.80, o error probability = 0.05, and
power (1-B error) = 0.80. Participants were recruited from undergraduates, graduate students,
and people with normal learning ability. All participants were confirmed to have no history of
epilepsy, intracranial lesions, medications or alcohol dependence, and no neurological or psy-
chiatric disorders and/or learning disabilities. The recruitment period for the participants in
this experiment was from March 1, 2014 to May 31, 2014. Prior to the experiment, all partici-
pants provided both written and verbal informed consent. The methods were carried out in
accordance with the relevant guidelines and regulations. All experimental protocols were
approved by the Kyoto University Graduate School and the faculty of the medical ethics com-
mittee (The approval number: Reception No. E1269) and adhered to the tenets of the Declara-
tion of Helsinki.

BVRT procedure

The tests were conducted individually for each participant in the laboratory. Before the real
tests, all participants were exposed to the sample designs in order to understand the procedure.
To avoid practice effects, participants were asked to perform two different sets of equivalent
forms, which were designated as control and rTMS respectively. The form consisting of ten
designs was shown one by one to the participants (Fig 1A). Each design was made up of one or
three-figures, consisting of two large central geometric forms and one small peripheral figure,
printed on a card (8.5 x 5.5 in.). We employed the method type of Administration A, that is,
the participants were exposed to each design for ten seconds and were then asked to reproduce
them on a sheet of plain paper immediately after the original design was removed, within
twenty seconds in this experiment. Additionally, after the test, participants were interviewed
by the examiner about how they remembered the design.

The BVRT scores were assessed by the mean correct scores and the total number error
scores with six categories, in accordance with the test manual [26]. The number correct scores
are calculated based on an all-or-nothing approach; points are awarded if the reproduction of
the design matches the original. The error scores were calculated with six types of major cate-
gories such as omissions, distortions, perseverations, rotations, misplacements, and size errors.
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Fig 1. Experimental procedure. (A) Ten designs used in the BVRT (One of the two forms). The form consists of ten various designs, starts from simple to
complex. The participants were exposed to the design for ten seconds and were then asked to draw them on a sheet of plain paper immediately after the
original design was removed. (B) Protocol of the control with 0% stimulus output. (C) rTMS protocol with a frequency of 0.5 Hz (150 pulses) and a stimulus
intensity with 100% of RMT. (D) Twelve pairs of emitting and detecting optical fibers were placed based of the International 10-20 system, creating thirty
measuring points (channels). (E) An 8-figure coil was applied to the I-pMTG, corresponding to the brain area T5 (International 10-20 system).

https://doi.org/10.1371/journal.pone.0302375.9001

An analysis on the degree of complexity of the designs was assessed by making a comparison
among the Simple designs (the design 1-3), the Medium designs (the design 4-7) and the
Complex designs (the design 8-10).

rTMS protocol

We used a magnetic stimulator (SMN-1200, Nihon Koden, Japan) with an 8-figure coil (YM-
131B, Nihon Koden, Japan). A low frequency stimulation of 0.5 Hz rTMS (150 pulses) was
applied to the I-pMTG, corresponding to the brain area T5 (International 10-20 system)

(Fig 1E). Although many studies have used 1 Hz stimulations as a low frequency rTMS, in this
study, we rather employed 0.5 Hz to 1 Hz in order to reduce side effects, such as loud clicking
noises from the device. However, 0.5 Hz stimulations has also been found to be effective to
inhibit neural activities [27, 28]. Additionally, in control, participants underwent a task with
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hearing the recorded clicking sound of the rTMS, to reduce the environmental difference of
sound affects between control and rTMS.

Prior to the experiment, the stimulus intensity for each participant was determined individ-
ually with the minimum intensity of 50 uV with 20% probability in a fully relaxed muscle (rest-
ing motor threshold: RMT). We monitored the motor-evoked potential (MEP) of the left first
dorsal interosseous muscle by placing the coil over the right primary motor area of the partici-
pants. In addition, five of the eighteen participants received the stimulus intensity of 65% of
the stimulator output, due to uncomfortable feelings caused by rTMS. Two conditions, control
(0% of stimulator output) and rTMS (100% of RMT), were performed on one day with thirty-
minute interval. Each task lasted for a total of seven minutes with rest (60 seconds), BVRT
(300 seconds), rest (60 seconds) (Fig 1B and 1C).

fNIRS data acquisition

Brain activity was observed by functional near infrared spectroscopy (fNIRS) (FOIRE-3000,
Shimazu Corp, Japan). {NIRS is a non-invasive optical imaging method used to measure
changes in the concentration of oxygenated hemoglobin (oxy-Hb) at a depth of 20-30 mm
under the scalp [20, 21]. Twelve pairs of emitting and detecting optical fibers were placed on
the participant’s head, creating thirty measuring points (channels). The distance between each
fiber was 30 mm. The locations of the fNIRS measurement points were determined based on
the international 10-20 system for the electrode placements and adjusted with elastic bands to
fit each participant’s head (Fig 1D).

A number of base measuring points were set according to the international 10-20 system
for each ROIs: the center of the Ch1-Ch4 corresponding to the T6 was set on the right tempo-
ral lobe (r-TL), the centered point between the Ch20 and the Ch21 corresponding to the Fpz
was set to determine the right and left prefrontal cortex (r-PFC; Ch16—Ch19 and 1-PFC;
Ch22-Ch25), the center of the Ch10-Ch13 corresponding to the F8 was set on the right fronto-
temporal lobe (r-FTL) and the centered point between Ch29 and Ch30 corresponding to the
T5 was set on the left temporal lobe (I-TL) [29]. In addition, we observed brain activity on the
1-pMTG, where the magnetic coil of the TMS was applied, by passing the fibers through the
hole of the coil (Fig 1E).

The total fNIRS measurement time was set at 420 seconds (rest 60—task 300—rest 60) for
control and rTMS. The fNIRS data analysis was performed for the 300 seconds (from 0.91 sec-
onds to 299.15 seconds), omitting 60 seconds of the rest before and after the task. The fNIRS
data that were outside the software’s acceptable range were automatically deleted. After per-
forming a low-pass filter of 0.01Hz, data were analyzed by using Modified Beer-Lambert Law
(S1 Data Raw data of NIRS). In each channel averaged data were obtained without standard-
ized individual data. We calculated an integral value of changes in oxy-Hb for each channel.

The autonomic nervous system analysis

We assessed the participants’ physical stress by the autonomic nervous system analysis. The
autonomic nervous system function was determined by the spectral analysis of heart rate vari-
ability, which was measured by pulse oximetry (OLV-3100, Nihon Koden, Japan). All partici-
pants were wearing the fiber plug of the pulse oximetry on their left middle finger during the
entire experiment. We used the principle of maximum entropy method (MEM) with the pro-
gram (Map1060, Bio Field, Japan). The heart rate variability’s power spectra were divided into
a very low-frequency (VLF) of 0.003-0.040 Hz, a low-frequency (LF) of 0.04-0.15 Hz, and a
high frequency (HF) of 0.15-0.40 Hz. In general, HF fluctuations are mediated by both the
sympathetic and parasympathetic nervous systems, and LF fluctuations are mediated by the
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parasympathetic nervous system. The ratio of LF/HF was estimated as the levels of the sympa-
thetic nervous activity representing the participants’ stress conditions. And the ratio of HF/
Total (defined as VLF+LF+HF) was estimated as parasympathetic nervous system representing
the participants’ relaxed conditions.

Statistical analysis

Statistical analysis for the BVRT data, a paired t-test was used on the number correct scores
and the number error of the BVRT and on the autonomic nervous system function.

For the NIRS data, after confirming normal distribution and homoscedasticity by using the
Shapiro-Wilk test and the Kolmogorov-Smirnov test, we conducted a nonparametric analysis
of the Mann-Whitney U-Test with the Bonferroni corrections. Data were expressed as mean
+SE. Values of p < 0.05 and p < 0.01 were considered statistically significant. The effect size
(Cohen’s d) was calculated.

Results
BVRT scores

The BVRT scores were assessed by the mean correct scores and the total number error scores
with six categories, in accordance with the test manual [26]. The number correct scores were
calculated if the participants accurately drew the designs matched to the original. The error
scores were calculated with six types of major categories such as omissions, distortions, persev-
erations, rotations, misplacements, and size errors. We compared the mean accuracy of the
drawings calculated with the correct scores and the total number error scores with six catego-
ries of all the participants (n = 16/18; two participants were excluded due to an imperfection in
the process), between under control and rTMS.

In the correct scores, there was a significant decrease in the Design 8 under rTMS (¢ (30) =
2.63,p=0.01,d = 0.96) (Fig 2A, S1 Table for BVRT Correct). In the error scores, there was a
significant increase of the total error scores in the design 8 under rTMS (¢ (30) = -2.60,
p=0.01,d=-0.95) (Fig 2B and S2 Table for BVRT Error). Furthermore, there was a significant
increase in the “distortions” error scores in the design 8 under rTMS, which often appears in
the patients with dementia [30] (¢t (30) = -2.27, p = 0.031, d = -0.83).
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Fig 2. The correct scores and the error scores of the BVRT for control and rTMS. (A)The graph indicates the mean accuracy of the BVRT of all participants
under control (gray) and rTMS (black), displayed with percentages. Data are shown as mean +/- SE (n = 16). *: P < 0.05, (d = 0.96). (B)The graph indicates the
total error scores of all participants for control and rTMS. Each bar consists of six types of categories such as omissions (white), distortions (black),
perseverations (spots), rotations (gray), misplacements (slash) and size errors (check). Data are shown as mean +/- SE (n = 16). *: P < 0.05, (d = -0.95).

https://doi.org/10.1371/journal.pone.0302375.9g002
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Fig 3. The mean accuracy of the BVRT between under control (gray) and rTMS (black), for the design 1-3 (Simple), the designs 4-7 (Medium) and the
designs 8-10 (Complex). Ten designs were divided into three groups, from the design 1 to the design 3 as the Simple designs (A), from the design 4 to the
design 7 as the Medium designs (B) and from the design 8 to the design 10 as the Complex designs (C). The graphs indicate the ratio of the mean accuracy of
the BVRT of all participants under control (gray) and rTMS (black) displayed with percentages. Data are shown as mean +/- SE (1 = 16). *: P < 0.05, (d = 0.42).

https://doi.org/10.1371/journal.pone.0302375.g003

Furthermore, we examined the impact of degree of complexity of the designs of the BVRT
on participants’ performances of drawings. The BVRT suggested that a verbal mediation com-
ponent is thought to be associated, due to the use of verbally associable geometric figures rang-
ing from strongly associable images (simple designs) to weakly associable images (complex
designs). We compared the mean accuracy of the BVRT drawings of all participants between
under control and rTMS, dividing all designs into three groups, the designs 1-3 (Simple), the
designs 4-7 (Medium) and the designs 8-10 (Complex). There was a significant decrease in
the mean accuracy of the BVRT in the Complex designs under rTMS (¢ (92) = 1.85, p = 0.04,

d = 0.42, Fig 3C), while there were no significant differences in the Simple (Fig 3A) and the
Medium designs (Fig 3B).

Brain activity

Brain activity was measured by fNIRS, whereby to assess activations with changes in the con-
centration of oxygenated hemoglobin (oxy-Hb). Fig 4A shows the mean changes in oxy-Hb
for 30 channels. Five regions of interest (ROIs) were defined, the right temporal lobe (r-TL;
Chl- Ch4), the right frontotemporal lobe (r-FTL; Ch10- Ch13), the right prefrontal cortex (r-
PFC; Ch16—Ch19), the left prefrontal cortex (I-PFC; Ch23- Ch25) and the left temporal lobe
(I-TL; Ch29 and Ch30). We performed a statistical analysis for each channel between under
control and rTMS. The results showed a significant decrease in the Ch 2-13 and the Ch15-28
under rTMS. Furthermore, only the Ch29 where was adjacent to the stimulated site, showed a
significant increase under rTMS (Fig 4B).

Fig 5A shows the mean oxy-Hb under control and rTMS for five ROIs. In the I-TL, the
mean oxy-Hb showed a higher percentage than other regions over the time course of 300 sec,
both under control and under rTMS (the left graph in Fig 5A). In addition, the mean oxy-Hb
was higher in r-FTL under control than in other regions. (the second graph from the right in
Fig 5A).

Fig 5B shows correlation between the two variables of the mean oxy-Hb (n = 18) and the
mean accuracy of the BVRT (n = 16) under control and rTMS were examined in five ROIs.
There were strong negative correlations between two values in the r-TL under rTMS (r = -
0.81, p < 0.01), the r-FTL under rTMS (r = - 0.73, p < 0.05), the I-PFC under rTMS (r = - 0.72,
p < 0.05) and the I-TL for both under control (r = - 0.74, p < 0.05) and rTMS (r = - 0.80,

p < 0.01). Furthermore, there were negative correlation between the two variables in the r-
FTL under control (r = - 0.50, p < 0.05), r-PEC for both under control (r = - 0.50, p < 0.05)
and rTMS (r = - 0.60, N/S) and the 1-PFC under control (r = - 0.64, p < 0.05). In addition,
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Fig 4. Brain activities under control and rTMS. (A) The mean brain activities of the participants for thirty channels between under control (blue) and rTMS
(orange). Five regions of interest (ROIs) were selected from the 30 channels, the right temporal lobe (r-TL; Ch1- Ch4), the right frontotemporal lobe (r-FTL;
Ch10- Ch13), the right prefrontal cortex (r-PFC; Ch16—Ch19), the left prefrontal cortex (I-PFC; Ch23- Ch25) and the left temporal lobe (I-TL; Ch29 and
Ch30). Each region is surrounded by red dotted line. (B) Statistical analysis was performed on each channel between control and rTMS. Data are shown as

mean (n = 18). *: P < 0.05, **: P < 0.01 and the "-" denotes no significant.

https://doi.org/10.1371/journal.pone.0302375.9004

there was no correlation between the two variables in the r-TL under control (Fig 5B and S3
Table for correlation).

Furthermore, we examined an impact by complexity of the BVRT designs on ROI. The
mean oxy-Hb over a time course of 300 seconds for10 designs was divided into three groups:
the Simple (0-90 sec.), the Medium (91-219 sec.) and the Complex (210-300 sec.), and com-
pared between under control and rTMS. As a result, in the right and left PFC and the r-FTL,
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Fig 5. Relationship between BVRT and fNIRS in regions of interest (ROIs). (A) Changes of the mean oxy-HB for five ROIs, the right temporal lobe (r-TL;
Chl- Ch4), the right frontotemporal lobe (r-FTL; Ch10- Ch13), the right prefrontal cortex (r-PFC; Ch16—Ch19), the left prefrontal cortex (I-PFC; Ch23-
Ch25) and the left temporal lobe (I-TL; Ch29 and Ch30). (B) Correlation between two variables of the mean oxy-Hb (n = 18) and their performances of the
BVRT (n = 16) for five ROIs. Mean oxy-Hb over a time course of 300 seconds was divided into 10 parts and corresponded to 10 BVRT drawings, and examined
the correlation between those two values under control and rTMS. (C) An impact by complexity of the BVRT designs on ROIs. The mean oxy-Hb (n = 18) over
a time course of 300 seconds during drawings 10 designs was divided into 10 sequences. Data are shown as mean +/- SE (n = 18). **: p < 0.01.

https://doi.org/10.1371/journal.pone.0302375.g005

there were significant decreases of the mean oxy-Hb in all the three groups under rTMS. In
the r-TL, there were significant decreases of the mean oxy-Hb in the Simple and the Medium
designs, and a significant increase in the Complex designs under rTMS. On the other hand, in
the I-TL, there were significant increases of the mean oxy-Hb in the Medium and the Complex
designs under rTMS (Fig 5C).

The autonomic nervous system analysis

From the interviews about the participants’ stress levels from the devices, ten of the eighteen
participants stated that they felt certain levels of stress due to restriction by the headsets, and
twelve participants reported that they were irritated by the clicking sounds and the flicking
feeling of the rTMS. We examined the participants’ stress levels by using the autonomic ner-
vous system analysis. There were no significant differences in the ratio of LE/HF between con-
trol and rTMS. Furthermore, there were also no significant differences in the HF/Total
between control and rTMS.

Discussion

The aim of this study was to investigate the implication of the semantic processing of the 1-
pMTG in drawing behavior, with combining rTMS and fNIRS.

In the result of the BVRT, the total number correct scores of the BVRT showed a significant
decrease of the Design 8 under rTMS (Fig 2A), and the total number error scores of the BVRT
showed a significant increase of the Design 8 under rTMS (Fig 2B). These results suggest that
the rTMS to the - pMTG have an impact on drawing the Design 8 of the BVRT. The Design 8
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is composed of three figures, it is not possible to name them at first glance. We suggest that
more linguistic and semantic activities were necessary to recognize and reconstruct the figures.
In addition, since the Design 8 was the first design to enter the phase of the Complex designs
toward the Design 10, it could have had the greatest impact on participants’ performance.

To examine the relationship between complexities of the BVRT and effects of rTMS, the
BVRT results of the 10 designs were analyzed by dividing into three groups, the Simple, the
Medium and the Complex design, between under control and rTMS (Fig 3). There was a sig-
nificant decrease in the mean accuracy of the BVRT in the Complex designs under rTMS
(Fig 3C), while there were no significant differences in the Simple (Fig 3A) and the Medium
designs (Fig 3B). This suggests that magnetic stimulations to the I-pMTG had an impact on
drawing the Complex designs of the BVRT.

The BVRT was developed to assess visual perception, visual short-term memory, and visuo-
constructive abilities [26], however, a verbal mediation component is thought to be associated,
due to the use of verbally associable geometric figures [18, 19]. In fact, in the present study,
seventeen of the eighteen participants reported that they memorized the designs by naming
the figures, and they recited those names silently in their mind as they drew them on a sheet of
paper. Four participants reported that they remembered the designs as they looked when those
designs were very simple, but when the designs became complex, they used verbal association
such as “it is a triangle in the square like a face” or “9:00 and 6:45”. In addition, two partici-
pants used unique strategies by associating the designs with real life objects, or even creating a
short sentence. For example, “A hexagon nut for a bolt” or “The moon is shining on the top-
left side of the house”. Furthermore, two participants reported that they felt it more difficult to
memorize the Complex designs which included the figures unable to be named. These testimo-
nies of the participants match to the reports of the verbal mediation component of the BVRT.

Furthermore, from the result of specific types of error scores of the BVRT, there was a sig-
nificant increase in the category of one of the six types of error “distortion” in the Design 8
(the Complex designs), under rTMS (Fig 2B). The reports of patients using the BVRT in Alz-
heimer’s disease demonstrated the correlation between the severity of impairment and the
increase of the number error scores in the types of “omissions” and “distortions”, suggesting
impairments of visuospatial cognition function [30, 31]. It is reported that the dementia
patients produced disordered composition, less active brush strokes, more facial distortion,
and the use of fewer and unnatural colors in their drawings, compared to healthy participants
[32]. Another study reported that the drawings made by dementia patients seemed more real-
istic and precise, or in turn, less realistic and abstract with an exaggeration of particular parts
[1]. These reports suggest that semantic representations are involved in the processes of draw-
ing, and impairing these functions might change or enhance visual art activities. We assume
that the significant increase of the error type “distortions” under rTMS in this study, could
possibly has connections with suppression of semantic processes by rTMS.

In the result of NIRS, a statistical analysis showed significant differences between control
and rTMS at 28 locations. Only the Ch29, which was adjacent to the stimulation site, showed a
significant increase under rTMS (Fig 4B). The results contradicted our hypothesis that the
0.5Hz of low frequency rTMS was expected to decrease the oxy-Hb in the stimulated site.
These results are not consistent with general efficiency of a low frequency rTMS [33]. Studies
combining TMS and NIRS have shown that the oxy-Hb significantly reduced following the
low frequency of the 1Hz rTMS, compared to the increases observed in both high frequency of
the 2Hz and 5Hz rTMS [34-36]. The possibility of the increased activity of the stimulated site
could be related to the cerebral blood flow (CBF). It has been suggested that rTMS affects not
only neurons but also the vascular system [20, 37]. We assumed that the BVRT-induced
increases of cerebral blood flow (CBF) might have surpassed the rTMS-induced decreases of
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CBF, which were caused by the effects of hard task conditions and unusual environmental situ-
ations. However, the mechanism of rTMS on neurons is still unclear and is expected to be elu-
cidated in the future.

We considered the brain activities between control and rTMS in five ROIs; r-TL, r-FTL, r-
PFC, I-PFC and I-TL (Fig 5A). In under control, the mean oxy-Hb showed higher percentage
at r-FTL, than at other regions (Fig 5A). It might be possible that performing the BVRT was
basically related to the function of the r-FTL, In addition, the mean oxy-Hb in the r-FTL sig-
nificantly reduced under rTMS. It is curious that rTMS to I-pMTG could have affected the
contralateral brain. The r-FTL is located at F8 (10-20 method) and adjacent to the amygdala,
which is known for controlling stress and anxiety and/or mood and emotion [38]. In this
study, we examined the participants’ stress levels by using the autonomic nervous system anal-
ysis. There were no significant differences in the ratio of LF/HF between control a rTMS, sug-
gesting no side effect of stress from rTMS devises.

Furthermore, we tested correlations between the two values of the mean accuracy of the
BVRT and the mean oxy-Hb under control and rTMS, for five ROIs (Fig 5B and S3 Table).
There was a strong significant negative correlation between those two values in r-TL, r-FTL, I-
PFC and the I-TL under rTMS. There were significant negative correlations between the two
values in the r-FTL, r-PFC, ]-PFC and I-TL under control. The only region did not show the
correlation was the r-TL under control. Although the results showed the opposite effects of the
r'TMS on the stimulated site, the rTMS had stronger impacts on the brain activities and on rec-
ognition and its reconstruction of the BVRT. It was suggested that the rTMS to I-pMTG affected
not only the stimulated side but also other regions including the contralateral side, resulting in
reduced BVRT performance. The broad effects of rTMS in this study might be related to the
widely distributed neural network of semantic control functions. Studies about semantic pro-
cesses suggested that there are two distinctive neural structures for processing weak associations
with executive control semantic activation in the l-pMTG, and for processing strong associa-
tions with automatic spreading activation in the left angular gyrus [14, 39, 40].

Furthermore, we considered relationship between the mean oxy-Hb and the complexities of
the BVRT (the Simple, Medium, and Complex designs), in ROIs. Fig 5C shows that there were
significant decreases of the mean oxy-Hb in the three groups under rTMS, in the r-TL, the right
and left PFC and the r-FTL, except in the r-TL in the Complex designs under rTMS. In contrast,
there were significant increases of the mean oxy-Hb in the Medium and the Complex designs
under rTMS, in the I-TL. Furthermore, in I-TL, the accuracy of BVRT decreased as the design
became more complex, and the mean oxy-HbD also decreased. These results suggest that there
was a connection between the decreases of reproduction and reconstruction of the Complex
designs and the rTMS to the I-pMTG. However, it is difficult to explain the direct causal rela-
tionship between functions of the I-pMTG and BVRT, because the semantic processing network
is assumed to be a broad function that includes not only I-TL but also other areas.

The present study has several limitations. Firstly, the effects of vascular system were not sep-
arated from the NIRS signals. Therefore, it was not entirely clear whether the activation of
oxy-Hb under rTMS was due to neural activity or CBF, and further data analysis will be
needed. Secondly, there were no other stimulated brain areas that could be compared to the I-
pMTG. To clarify the role of I-pMTG in shape recognition and its reconstruction, it would
have been better if there were at least two stimulation sites, such as the left angular gyrus.
Thirdly, there were no other tasks to assess semantic cognitive functions, such as nonverbal-
verbal tasks, naming tasks or word-picture matching tasks. Finally, although this experiment
was conducted with an appropriate sample size through power analysis, however, further
experiments with larger sample sizes are needed and would be more beneficial to include
patients.
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Although further investigations are required, the techniques used in this study that combin-
ing rTMS and fNIRS with reliable drawing tests are useful to investigate mechanisms of shape
and figure recognition during drawing. We believe that this study will lead to clinical research
and treatments for patients such as semantic dementia and left temporal lobe dysfunctions.
Furthermore, we hope that it will lead to interdisciplinary research in the fields of neurocogni-
tive science, anthropology, and arts.

Conclusion

We conclude that the inhibitory rTMS to the I-pMTG suppressed the reproducibility of the
BVRT, especially the Complex designs.

Supporting information

S1 Table for BVRT correct. The number correct scores are calculated based on an all-or-
nothing approach; points are awarded if the reproduction of the design matches the original.
(TIF)

S2 Table for BVRT error. The error scores were calculated with six types of major categories
such as omissions, distortions, perseverations, rotations, misplacements, and size errors. Inte-
gral averaging points.

(TIF)

$3 Table for correlation between fNIRS and the BVRT. The table shows the result of correla-
tion between two variables of the mean oxy-Hb (n = 18) and their performances of the BVRT
(n-16) under control and rTMS, for five regions of interest (ROIs), the right temporal lobe (r-
TL; Chl- Ch4), the right frontotemporal lobe (r-FTL; Ch10- Ch13), the right prefrontal cortex
(r-PFC; Ch16—Ch19), the left prefrontal cortex (I-PFC; Ch23- Ch25) and the left temporal
lobe (I-TL; Ch29 and Ch30).

(TIF)

S1 Data. S4 NIRS data for control and S4 NIRS data for rTMS. The total {NIRS measure-
ment time was set at 420 seconds (rest 60—task 300—rest 60) for control and rTMS. Smooth-
ing Pinto is 15 points. The fNIRS data that were outside the software’s acceptable range were
automatically deleted. After performing a low-pass filter of 0.01Hz, data were analyzed by
using Modified Beer-Lambert Law.
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Abstract

Aim

In a previous study, we reported that watching two-dimensional videos of earthquakes sig-
nificantly reduced sympathetic nerve activity in healthy young adults. In the present study,
we aimed to investigate the emotional responses to earthquakes using immersive virtual
reality (VR), which can provide a more realistic experience.

Methods

In total, 24 healthy young adults (12 males, 21.4 + 0.2 years old) participated. Participants
were required to watch earthquake and neutral videos while wearing a head-mounted dis-
play and near-infrared spectroscopy (NIRS), during which physiological signals, including
pulse rate and cerebral blood flow (CBF) in the dorsolateral prefrontal cortex, were mea-
sured. We also analyzed changes in sympathetic and parasympathetic indices and obtained
seven emotion ratings: valence, arousal, dominance, fear, astonishment, anxiety, and
panic.

Results

The VR earthquake videos evoked negative subjective emotions, and the pulse rate signifi-
cantly decreased. Sympathetic nerve activity tended to decrease, whereas CBF in the left
prefrontal cortex showed a slight increase, although this was not significant.

Conclusions

This study showed that measurements combined with NIRS and immersive VR have the
potential to capture emotional responses to different stimuli.
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Introduction

When natural disasters such as earthquakes and floods occur, people must evacuate calmly,
even though they may be emotionally distressed. Negative emotions (e.g., fear, astonishment,
and anxiety) are often elicited in such situations [1]. The degree of fear when encountering an
earthquake is related to personal factors, such as gender, age, and the scale of perceived dam-
age [2]. Strong emotional arousal can cognitively disturb thinking calmly and cognitive deci-
sion-making [3]. However, the relationship between emotional responses and brain activity
during natural disasters remains unclear. Thus, it is important to clarify subjective/objective
emotional reactions when encountering disasters, which could be a milestone in designing
individualized efficient support in this era of increasing global natural disasters.

Previously, we studied emotional reactions in healthy young adults using earthquake-
related videos and recorded physiological indices (e.g., prefrontal cortex blood flow changes)
using near-infrared spectroscopy (NIRS) [4]. We found that the sympathetic index signifi-
cantly decreased under the earthquake video-watching condition, which evoked negative emo-
tions, compared with the neutral video-watching condition. Emotional responses to different
stimuli (i.e., earthquake vs. neutral moving images) were also obtained. However, there were
some limitations in the experimental setting, in that the two-dimensional (2D) images on the
screen might not be realistic enough visually and auditorily. Therefore, we plan to provide a
more realistic disaster experience and sufficient emotional arousal using immersive virtual
reality (VR).

It is reported that the prefrontal cortex blood flow increased under the immersive nature of
images and presentation of various audiovisual stimuli in a virtual space with a greater sense of
reality [5]. Related studies have reported multiple NIRS measurements in immersive VR expe-
riences focusing on cognitive functions [6, 7]. However, there are no reports on the emotional/
physiological responses to disaster experiences using VR.

In this study, we investigated the human emotional reactions to earthquakes using immer-
sive VR. Specifically, we focused on the changes in cerebral blood flow (CBF) and pulse rate,
compared the indexes between the earthquake and neutral videos, and then discussed the dif-
ferences from the results of our previous study using 2D videos [4]. We hypothesized that the
VR earthquake experience will evoke more negative emotions, lower pulse rate, and sympa-
thetic activity and increase CBF in the right prefrontal cortex compared with screen-based
video viewing. By clarifying the changes in physiological indices during the simulation of a
specific scene, such as an earthquake, this study contributes to the understanding of emotional
reactions when encountering an actual earthquake.

Materials and methods
Participants

In total, 24 healthy young adults (12 males and 12 females, aged 21.4 + 0.2 years) participated
in the study. Using G*Power 3.1.9.2, pre-analysis for the required minimum sample size
resulted in 15 persons, assuming effect size = 0.80, o error probability = 0.05, and power (1-B
error) = 0.80. The eligibility criteria were as follows: no history of visual, hearing, verbal com-
prehension, or mental disorders that might interfere with the performance of the tasks in this
study and had never experienced VR sickness prior to this experiment. In addition, the Impact
of Event Scale-Revised (IES-R: Japanese version of the revised Impact of Event Scale) was con-
ducted to confirm the absence of prior trauma to earthquake, and individuals with a cutoff
value of 24 points or less were included.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304107 May 23, 2024

2/13
-31-


https://doi.org/10.1371/journal.pone.0304107
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-21K00229/
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-21K00229/
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-23K10339/
https://kaken.nii.ac.jp/en/grant/KAKENHI-PROJECT-23K10339/

PLOS ONE

Emotional responses capture using NIRS under VR earthquake

(a)

This study was approved by the Kyoto University Medical Ethics Committee (R2855). All
participants were fully informed before the beginning of the experiment, and informed con-
sent was obtained through both oral and written consent.

Visual stimulation

Two types of videos were used, earthquake and neutral, described as follows. They were pre-
sented via an Oculus Rift head-mounted display (HMD).

Earthquake video. An environment for experiencing an earthquake in an immersive VR
space was constructed based on a three-dimensional (3D) reconstruction system [8, 9] that
captures an indoor environment with an RGB-D camera and reconstructs a 3D environment
from the acquired point clouds. In this study, three common environments for the partici-
pants: a living room (Fig 1(A)), conference room (Fig 1(B)), and laboratory office (Fig 1(C)),
were selected for the content of earthquake videos.

The VR earthquake videos were displayed for 100 s to evoke emotional changes in the event
of an earthquake that was closer to reality. They were constructed for experimental use by
intervening with visual elements, such as the resolution and behavior of objects and scenes,
and auditory elements, such as the rumbling and collision sounds of objects [8, 9].

(b)

Fig 1. Sample images of the VR earthquake videos. (a) Living room, (b) conference room, and (c) laboratory videos were created using a three-
dimensional reconstruction system [8, 9].

https://doi.org/10.1371/journal.pone.0304107.g001
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A1

Neutral video. As a control condition for earthquake images, two 100-s neutral video clips
were created by adding pink noise to images of natural scenery [10]. The environments
included rivers and grasslands in the neutral image; each neutral image is a moving image con-
taining a waterfall flowing grass and trees rustling in the wind. Pink noise, characterized by a
soft and pleasant sound whose energy is inversely proportional to its frequency, with strong
lows and weak highs, was used to control the auditory stimulus conditions in the seismic video.

Procedure

First, the participants provided their personal information and completed anxiety and person-
ality trait rating scales. Next, the participants watched videos wearing NIRS and HMD and
responded to a subjective evaluation of each video. As shown in Fig 2, a block design compris-
ing earthquake and neutral video viewing conditions for each 100 s duration was used. The
Self Assessment Manikin (SAM), a non-verbal picture-based questionnaire, was used to evalu-
ate the participant’s feelings and emotions [11]. The subjective evaluation was conducted on a
9-point Likert scale ranging from 1 to 9 for valence, arousal, and dominance of the SAM and
7-point Likert scale ranging from 1 to 7 for fear, astonishment, anxiety, and panic.

Finally, the participants answered a questionnaire on their previous earthquake experiences
that asked about the maximum earthquake intensity according to the definition of the Japan
Meteorological Agency (JMA) seismic scale [12], location, emotion, and behavior. Personal
information included age, sex, educational and occupational history, dominant hand, intelli-
gence quotient (IQ) assessed using the Japanese Adult Reading Test (JART), visual acuity, and
sleeping time at night. The Japanese version of the State-Trait Anxiety Inventory (STAI-JYZ:
new version STAI) was used as the anxiety scale, which is a self-report questionnaire that mea-
sures two aspects: anxiety responses to anxiety-provoking events in a person’s temporary state
(state anxiety) and the tendency toward anxiety in a steady state (trait anxiety). The Maudsley
Personality Inventory (MPI) was used to measure personality and two basic personality char-
acteristics: neuroticism (N scale) and extraversion-introversion (E scale) [13]. Each experiment
took approximately 90 min and included an explanation.

B1

[

Subjective Subjective
Fixation Assessment Fixation Assessment
Earthquake ex. Valence Neutral ex. Valence
+ ad Video > 1,2,...,9 £3 Video g 1,2,...,9 »AZ» B2= A3
90s 100s 35s (6s X 7) 90s 100s 35s (s X 7)
e G
60s 60s

Analysis period

Analysis period

Fig 2. Experimental procedure of watching VR videos. Three earthquake videos and two neutral videos were shown alternately. Subjective assessments were conducted
after each video presentation. The subjective assessment included seven items (valence, arousal, dominance, fear, astonishment, anxiety, and panic).

https://doi.org/10.1371/journal.pone.0304107.9002
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NIRS data acquisition

NIRS device (portable brain activity measurement device HOT-2000-VR, NeU, Japan) with
two channels was used to measure CBF. The sampling rate of this device was 100 ms, consist-
ing of a light-emitting diode (LED) with a wavelength of 810 nm, one on each side of the head-
set, and two sensor units (approximately 1 cm and 3 cm from the LED). The two NIRS
channels were located in the bilateral dorsolateral prefrontal cortex (DLPFC, left Fp1-F7 and
right Fp2-F8 using the international 10-20 method), and the top of the face cushion of the
HMD and the NIRS probe were superimposed approximately 3 cm above the nasion. This
device calculates the changes in total hemoglobin (delta-totalHb) in the right and left hemi-
spheres (cerebral cortex) using a method called real-time scalp signal separation [14]. Previous
studies have shown that wavelength at 810 nm is near or just an isosbestic point of oxy-Hb and
deoxy-Hb in vivo, and thus, delta-totalHb reflects delta-oxyHb [15, 16]. Hence, in this study,
the total-Hb was used as an index to reflect CBF changes. Additionally, the pulse rate (beats/
min) estimated from the sensor readings was recorded.

Data analysis

NIRS signal processing was conducted as previously described [4]. The specific methods used
are described below.

Autonomic nervous system indices. We first performed a derivative and normalization
of the signal reflecting the scalp blood flow recorded by a sensor unit positioned 1 cm away
from the LED, emitting near-infrared light in the right channel of the NIRS. Next, the pulse
wave peak was estimated based on the preprocessed scalp blood flow signal, and the peak-to-
peak interval time was calculated. Autonomic indices, such as cardiac sympathetic index (CSI)
and cardiac vagal index (CVI), were calculated using the Lorenz plot method proposed by Toi-
chietal. [17].

Cerebral blood flow change and lateral index. First, a moving average every 3 s (30
points) was applied to the total-Hb [measured values] acquired using NIRS every 0.1 s to
remove high-frequency noise. Next, the trends and periodic fluctuations were removed, and
the data were processed using a moving median filter as follows: Trend variations were noise
due to continuous changes, such as sweating or increased temperature at the point of measure-
ment, and periodic variations were noise due to heartbeat or respiration variations. The resid-
ual y(n) at a given time n, obtained using Eq (1), is a pure signal of the brain activity. Vi;enq (1)
is a third-order polynomial approximated by minimizing the residual y(n), that is, the trend
variation. Vperoq (n) means the periodic variation, which shows a sinusoidal periodic variation
of delta-Hb,a1 (n) - Vigeng (n). The period of periodic variation was 1/2 of all measurement
times to minimize the standard deviation of the residual y(n), which was the residual obtained
by dividing the trend variation by the periodic variation.

y(n) = delta — Hb, (1) — { Vypa(n) + Vyuroa(n) } (1)

A moving median filter of 200 points was used to reduce the noise. The moving average t
(n) represents the true change in total hemoglobin, and the left and right t(n) are named delta-
totalHb(L) and delta-totalHb(R). The units for delta-totalHb(L) and delta-totalHb(R) are
expressed in arbitrary units (a.u.) in this study because the values are the product of the unit of
total hemoglobin concentration (millimol/L: mM) and the unit of optical path length (cm) of
the reflected light received by the light-receiving probe. The lateral index (LI) was determined
as an index of CBF asymmetry in the left and right dorsolateral prefrontal cortices based on a
previous study by Ishikawa et al. [18].
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Statistical analysis

All results are presented as the mean + standard error. First, the mean values of CSI, CV],
CVI/CSI, pulse rate, delta-totalHb(L), delta-totalHb(R), LI, and subjective evaluations
(valence, arousal, dominance, fear, astonishment, anxiety, and panic) were obtained for three
earthquake videos and two neutral videos. Autonomic indices, pulse rate, and change in CBF
were calculated for the data during the 60 s from 20 s to 80 s after starting the 100 s video.

After confirming the normality of data using the Shapiro-Wilk test, a Wilcoxon signed-
rank test with Bonferroni correction was performed to examine the differences between the
seismic and neutral videos for each index. Furthermore, among the subjective ratings, emo-
tional valence, arousal, and dominance of the SAM were tested using the Mann-Whitney U-
test with Bonferroni correction with independent samples between the VR video in this study
and screen images from our previous study [4]. The IBM SPSS Statistics Version 27 and Col-
lege Analysis Ver. 8.4 [19] was used for analysis, and the significance level of 5 percent was
Bonferroni-corrected for each subjective evaluation, physiological index, and comparison of
the subjective evaluation of VR video and screen images. We used the effect size (r) of the Wil-
coxon signed-rank test (paired) and the Mann-Whitney U-test (unpaired), r = 0.1 (small effect
size), r = 0.3 (medium effect size), and r = 0.5 (large effect size) [20].

Results

The following are the results of the participants’ character, a comparison of subjective evalua-
tions, and physiological indicators between the two conditions.

Participant characteristics

In this study, data from 21 participants (10 males and 11 females, aged 21.4 + 0.2 years) were
analyzed, with 3 of the 24 participants excluded because they had temporarily interrupted the
measurement owing to physical conditions or were unable to view the video owing to strong
drowsiness. Heart rate data were used for 19 participants, excluding 2 more participants owing
to measurement errors. The 21 participants had an educational history of 14.8 + 0.2 years,
slept 6.5 + 0.2 h the previous day, were right-handed, had an IQ of 108.7 + 1.1 on the JART,
and had visual acuity >0.7 in both eyes. The IES-R was 1.4 + 0.8 points, and none of the partic-
ipants were excluded owing to earthquake trauma. For the STAI scores, the scores for state
anxiety and trait anxiety were 33.2 + 1.5 and 39.0 + 1.8, respectively; for the MPI scores, the N
scale was 17.1 + 2.5, and the E scale was 31.8 + 2.2. When asked about the earthquakes they
had actually experienced, three (14.3%) had experienced six earthquakes referring to the JMA
scale, five (23.8%) had experienced a maximum intensity of 5+, and all had experienced a max-
imum intensity of 3 or higher, except for one respondent who was unsure. The locations
where they had experienced earthquakes included bedrooms (n = 7), living rooms (n = 4), and
outdoors (n = 2). In terms of feelings during the earthquake, some were astonished (n = 15),
upset and confused (n = 15), fearful (n = 11), fearful (n = 10), worried (n = 6), and impatient
(n = 6). In terms of behavior, some participants said that they moved away from where objects
might fall (n = 6), cowered under a sturdy desk or table (n = 6), or were too frustrated or afraid
to move (n = 4).

Subjective evaluation

Individual changes in the subjective ratings (filled black circles) and means (unfilled black cir-
cles) are shown in Fig 3, and the raw scores are shown in S1 Table (columns B to AJ). Compar-
isons between the conditions showed that valence, arousal, dominance, fear, astonishment,
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Fig 3. Comparison of subjective evaluation between earthquake and neutral conditions. The mean rate values of the three earthquakes or
two neutral images for individual participants (filled black circles) and all participants (unfilled black circles) in the current VR condition are
shown. The averages of all the participants (unfilled red circles) in the previous study [4] are also shown for (a) valence, (b) arousal, and (c)
dominance. Statistical analyses were performed using Wilcoxon signed-rank tests with Bonferroni correction. *: p < 0.0071.

https://doi.org/10.1371/journal.pone.0304107.9003

anxiety, and panic were significantly higher in the earthquake condition than in the neutral
condition (p < 0.001). For valence, arousal, and dominance, we compared these results with
those of our previous study (unfilled red circles in Fig 3), which used a 2D video. Although no
significant differences were observed, a moderate effect was observed for the dominance of
earthquakes, which was higher in the VR condition than in the 2D video condition. (7.1 £ 0.3
(VR) vs. 6.1 £ 0.4 (2D video), p = 0.03, r = -0.37) (see S2 Table).

Autonomic indices, pulse rate and cerebral blood flow changes

The results for each physiological index are shown in Fig 4. In each figure, the means of view-
ing the three seismic and two neutral videos for each participant are plotted in black, with the
open circles indicating the means for all participants. The values of each physiological indica-
tor are shown in S1 Table (columns AK to BS).
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Fig 4. Comparison of physiological indices between earthquake and neutral conditions. The mean rate values of the three earthquakes or two
neutral images for individual participants (filled circles) and all participants (unfilled circles) are shown. Statistical analyses were performed using
Wilcoxon signed-rank tests with Bonferroni correction. *: p < 0.0071. CSI: cardiac sympathetic index, CVI: cardiac vagal index, delta-totalHb:

the change in total hemoglobin, LI: lateral index.

https://doi.org/10.1371/journal.pone.0304107.9004

Comparison by video condition showed that the pulse rate was significantly lower in the

seismic condition than in the neutral condition (p = 0.007, r = -0.62, Fig 4(D)); the other indi-
ces had no significant differences. However, there was a tendency for CSI to decrease, CV1/
CSI to increase, and delta-totalHb(L) to increase slightly under seismic conditions, and the
effect sizes were moderate for CSI (p = 0.07, r = -0.40, Fig 4(A)) and CVI/CSI (p = 0.058, r =

-0.41, Fig 4(C)) and delta-totalHb(L) (p = 0.13, r = -0.33, Fig 4(E)).

Discussion

This study aims to investigate the capture of emotional responses during disaster experiences
in an immersive and realistic VR environment. We compared physiological indices such as
CBF, pulse rate, and autonomic nervous system activity while viewing earthquake and neutral
videos using a NIRS system that can be worn simultaneously with an HMD.
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Subjective evaluation of earthquake vs. neutral

First, in the subjective evaluation of the earthquake and neutral videos, the earthquake videos
scored significantly higher than the neutral videos in terms of emotional valence, arousal,
dominance, fear, astonishment, anxiety, and panic (Fig 3). In other words, it was confirmed
that the earthquake video induced more negative emotions than the neutral one.

Physiological indices of earthquake vs. neutral

Second, in the physiological indices, the pulse rate was significantly lower when the earthquake
video was viewed compared to the neutral video (Fig 4(D)). In addition, although there was no
significant difference in the autonomic index, there was a trend toward a decrease in the CSI,
which indicates sympathetic activity, and an increase in the CVI/CSI, which indicates para-
sympathetic dominance, under earthquake conditions (Fig 4(A) and 4(C)). These results sup-
port our hypothesis that pulse rate and sympathetic activity are decreased by the VR
earthquake experience.

Previous studies have reported that heart rate decreases more for unpleasant auditory and
visual stimuli than for pleasant stimuli [21, 22], as well as for fear of imminent threats, disgust
associated with physical mutilation, and sudden sadness [23]. The finding that the VR earth-
quake videos evoked significantly more negative emotions than the neutral film in the present
subjective rating suggests that the negative emotions evoked in the present study reduced sym-
pathetic nerve activity and pulse rate.

Conversely, we discuss the fact that the parasympathetic index (CVI) showed little differ-
ence between the seismic and neutral conditions (Fig 4(B)). Berntson et al. reported that sym-
pathetic and parasympathetic activities may be non-interactive and independent [24], and
Kreibig reported that disgust associated with body mutilation stated that the associated
decrease in pulse rate may be caused by sympathetic withdrawal rather than parasympathetic
influence [23]. Therefore, we assume that the results of this study were caused by an indepen-
dent decrease in the sympathetic nervous system activity due to negative emotional arousal.

In addition, the comparison between the earthquake and neutral conditions in the indices
of CBF change (delta-totalHb(L), delta-totalHb(R), and LI) showed no significant differences
(Fig 4(E)-4(G)), which did not support our hypothesis that CBF changes in the prefrontal cor-
tex increase during the viewing of earthquake images. The results also did not support Mar-
umo et al.’s report [25] that oxy-Hb in the right lateral ventral prefrontal cortex and
supplementary motor cortex increased when fearful facial expressions were presented or
Hoshi et al.’s report [26] that oxy-Hb in the bilateral lateral ventral prefrontal cortex increased
when unpleasant pictures were presented. However, there was a slight tendency for delta-
totalHb(L) to increase more in the earthquake condition than in the neutral condition (Fig 4
(E)) since the right amygdala is associated with the rapid processing of emotional stimuli,
while the left is associated with maintaining impulsive stimuli [27]; the present results may
reflect emotional responses to sustained stimuli.

Impact of VR videos on emotional change

Third, we compared the results of our previous report [4], in which 2D video clips were pro-
jected onto a common projection screen.

As shown in Fig 3 and S2 Table, regarding the subjective evaluation of the earthquake
video, the dominance of SAM showed higher trends in the VR video than in the 2D video pre-
sentation in the previous report [4], and the mean values of emotional valence and arousal
were higher than the previous time, although not significant. This suggests that the VR images
in the present study were more realistic earthquake experiences than the screen images and
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nearly supports the hypothesis of the present study that earthquake experiences in VR space
increased negative emotions more than 2D images.

We observed the same trend as in our previous study [4] for pulse rate and autonomic activ-
ity. Referring to the p-values and effect sizes, sympathetic activity and pulse rate tended to
decrease more in the earthquake condition than in the neutral condition, and there was little
difference in the parasympathetic response between the earthquake and neutral conditions,
similar to the findings of a previous study.

Although there was no significant difference in CBF change between the seismic and neu-
tral conditions in both the present and the previous study, the mean value of delta-totalHb(L)
was higher in the seismic condition than in the neutral condition. There was almost no differ-
ence in delta-totalHb(R) between the seismic and neutral conditions, which was a common
point. For delta-totalHb(L), the effect size was larger this time than in the previous study, with
p=0.13and r =-0.33.

These results suggest that viewing earthquake videos decreases sympathetic activity and
pulse rate and that immersive VR video viewing may induce greater emotional changes and
increase brain activity in the left DLPFC than 2D video on screen display.

Novelty of simultaneous measurement using NIRS and VR

Finally, we discuss the novelty of our experimental technique for NIRS measurement and
immersive VR experience. There have already been several reports of NIRS measurements
during VR experiences. A previous study measured brain activity using NIRS while firefighters
performed a fire task in a VR environment [6], and another report measured brain activity
while firefighters performed a line division bisection task using a VR helmet modified with
multichannel NIRS and an HMD [7]. The present study is novel because it used NIRS to cap-
ture emotional responses during a VR disaster experience where no cognitive task was
imposed. This is the first research finding obtained using NIRS and VR.

Moreover, in the questionnaire regarding individual experiences of earthquakes, some were
able to take protective actions after an earthquake of intensity JMA scale 3 or higher, while oth-
ers were unable to act because of surprise or fear, suggesting that there were individual differ-
ences between those who were able to take appropriate actions and those who were not. It has
been reported that heart rate variability during arousal and changes in CBF in the left and right
DLPEC differ depending on the degree of emotional trauma, even in disaster victims [28].

As a limitation, since this study was an exploratory investigation with a small number of
participants in a specific group (healthy young adults), further validation with a larger variety
of participants is needed to consider individual differences in disaster experiences and psycho-
logical trauma caused by disasters. Furthermore, the number of CBF measurements in this
study was limited to two areas, at the left- and right-DLPFC, because the NIRS model that
allows simultaneous attachment with a head-mounted VR system was used. The DLPFC, as
well as the overall PFC area, reflects the emotional change as described by Bendall et al. [29];
however, the responses are very complex. Therefore, more studies targeting the entire brain
using a multichannel-NIRS will be required to fully understand the VR-induced emotional
change in humans.

Conclusions

In this study, we investigated the capture of emotional responses in an immersive VR environ-
ment using NIRS that can be simultaneously worn with an HMD. The presentation of earth-
quake videos using VR evoked negative emotions subjectively and possibly enabled a more
realistic earthquake experience than a 2D video using a screen. Under this VR earthquake
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experience, the pulse rate significantly decreased, and sympathetic nerve indices showed a
decreasing trend. Furthermore, while CBF in the DLPFC did not significantly differ between
the seismic and neutral conditions, there was a trend toward increased activity in the left fron-
tal lobe in the VR environment compared to the screen-based 2D video presentation. While
further investigations with a larger variety of participants are required, and modalities utilizing
VR and NIRS measurements would be useful in capturing emotional responses to emotionally
arousing experiences such as fear and anxiety.
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Editor’s Postscript

The Creative Design and Data Science Center (CreDDS Center) at AlU was
established on April 1, 2022. as the newest of three centers of Akita International
University (AlU). This center represents a new endeavor for AlU, which is famous as a
liberal arts university and for education in foreign language since its establishment in
2004.

Through scientific research, the CreDDS Center has a synergistic and mutually
supportive relationship with the other two centers, the Active Learning Center (ALC) and
the Center for Collaborative Research and Outreach (CCRO).

Within this relationship, the CreDDS Center provides the impetus for the
transformations anticipated under Institute of Applied International Liberal Arts (AILA) for
contribution to Akita Prefecture and world-wide through industry-government-academia
collaboration.

June 30, 2024

Akitoshi SEIYAMA
Director
CreDDS Center

The FY2023 CreDDS Center logo shown on the cover represents the
research themes established during the first two years (FY2022 and 2023)
of the CreDDS Center, because the research papers published in 2023
were mainly related to health and the environment. The main theme,
“Healthy ageing’, is no longer just an issue of individual health but is also
linked to socio-economic and environmental issues. Therefore, it is also a
global issue that should be addressed through collaboration between
industry, government and academia. The Editor hopes that human wisdom
in creating new science and technology will become a savior in the face
of our accelerating super-ageing society and environmental problems.
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