Creative Design and Data Science Center

Annual Report

Achievements in FY2022

CreDDS Center
Since 2022

Akita International University




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

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

Coordinator
Associate Professor: Dr. Norikazu TAWARA (Ph.D., Economics)
Research Field: Labor and Search Theory, Economic Dynamics
Incentives and Markets
Visiting Researcher
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: Research and Community Outreach Services)
Yoko ABE (Director)
Yoshinori SAKAMOTO (Head)

Yuka OKURA



Visiting Researcher
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 ideal community-based comprehensive care. To achieve this
goal, she is conducting 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 a 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 research field,
concept and technology described above are important for our CreDDS programs, especially
for the “Healthy Aging” program.

Visiting Researcher
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 and patients and their family members supporting home
medical care. Further, he is constructing a bacterial database, an e-Learning system in the
field of health science, and creating interactive teaching materials.

As practice, Dr. Sasayama is engaging in 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 to provide his technology to make a close relationship between medical
staffs at core hospitals and patient's families in Kyoto Prefecture. The research field, concept
and technology described above are important for our CreDDS programs, especially for
“Healthy Aging” program.

Visiting Researcher
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 member,
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 the national projects, including those organized by 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 the sensor systems. His research field, concept and
technology are important for the promotion of our CreDDS programs, especially for the
boundary area between “Health & Human Well-being” and “Lifelines, Transport & Settlement
System”.
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Abstract

Fine motor dysfunction and cognitive impairments commonly develop after stroke, which great-

ly impact the daily lives of patients. In current occupational therapy, hand dexterity and cognitive functions are
evaluated individually (e.g., by manipulation of small objects with fingers, or a paper-and-pencil test), which is
insufficient for therapists to grasp the total ability of combined dexterity and cognition in everyday situations.
Additionally, the traditional methods require a tester to measure the completion time manually and tend to be
monotonous for patients. These problems would be solved using technology. This study aimed to develop a new
electric pegboard (e-Peg) prototype and to investigate preliminary utility in healthy adults. The system judges
the peg insertion accuracy based on magnetism and records the time course and scores, which are linked to hu-
man object manipulation ability. The e-Peg executes three types of tasks: a basic color matching task (BT), a
color comparison task using a pattern sheet (CT), and a visual memory task (MT), with one/two-color sample
patterns. Six older and nine younger healthy adults performed the e-Peg tasks, functional tests, and responded
to questionnaires. As a result, the number of correct answers in a bicolor symmetrical MT were significantly
greater in the younger group than in the older group. The older group required a significantly longer comple-
tion time for BT and CT than the younger group. Significant correlations were found between one-color BT/
CT and dexterity tests, between bicolor BT/CT and dexterity/cognitive tests, and between a bicolor MT and a
cognitive test. Questionnaire results revealed that participants regarded BT/CT as easy/interesting tasks,
whereas MT was considered a difficult/challenging task. In conclusion, our e-Peg is potentially a useful reha-
bilitation device that facilitates many tasks related to hand manipulation and attention/executive functions, and

a valuable tool for personalized therapy.

Keywords: electric pegboard, hand dexterity, cognitive functions, occupational therapy, digital rehabilitation

device.
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1. Introduction

In the rapid aging society, the number of older patients
(> 65 years) continues to rise. The number of patients
with cerebrovascular disease who received treatment,
follow-up, or rehabilitation in Japan was approximately
1.12 million in 2017, and more than 80% were older
adults [1]. The average hospitalization time in the recov-
ery phase rehabilitation ward is approximately 70-85
days [2]. Motor and sensory dysfunctions as well as cog-
nitive impairments such as inattention and memory dis-

© Copyright: ©2023 The Author(s). This is an open

access article distributed under the terms of the
Creative Commons BY 4.0 International (Attribution) License (https://
creativecommons.org/licenses/by/4.0/legalcode), which permits the
unrestricted distribution, reproduction and use of the article provided
the original source and authors are credited.
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orders are common after stroke [3]. The symptoms great-
ly impact patients” activities of daily living (ADLs) as
well as other leisure, hobby and work activities. Occupa-
tional therapy (OT) is conducted in order to improve up-
per limb movement, hand dexterity, cognitive functions,
and ADL abilities in particular.

Conventionally, hand skills and cognitive functions
are evaluated separately using test batteries. A tester usu-
ally scores using a stopwatch manually. For instance, the
Purdue Pegboard Test (PPT) [4, 5], Nine-Hole Peg Test
(NHPT) [6], Grooved Pegboard Test (GPT) [7], O'Con-
nor Finger Dexterity Test [8], and Box and Block Test
(BBT) [9, 10] are used to examine fine manual dexterity.
These are time-based tests used to define performing
skills, and their reliability has been established in clinical
patients. (such as NHPT for multiple sclerosis [11];
NHPT and PPT for Parkinson’s disease [12]). Trail Mak-
ing Tests (TMT) [13, 14], Digit Span [15], and Symbol
Digit Modalities Test [16] are used to examine attention,
working memory, and perceptual speed. These tests are
paper-and-pencil or oral tests that evaluate the number of
correct answers and the time required to answer.

Currently, there are few clinical evaluation and exer-
cise methods that encompass a combination of motor
and cognitive domains (for example, a PC typing task
that copies a sample text or an exercise task using a com-
mercial game like Nintendo Wii™) in OT, as these are
often too difficult to perform for recovering patients with
slow rough movements and low attention function, be-
cause the existing tasks require moderate- to high-level
upper limb and cognitive functions.

These problems could be solved using technology.
Recently, some studies reported epochal digital devices.
A custom-made electronic pegboard test using an infra-
red sensor and microcontroller based on the NHPT [17]
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and a prototype of an electronic version of the GPT [18]
have been developed. These electronic pegboards auto-
mate precise time calculation, but they were based on
traditional pegboards and only focused on hand manipu-
lation assessments.

Accordingly, the present study aimed to develop a
novel electric pegboard (e-Peg) prototype and investigate
its utility in healthy adults. This paper proposes a e-Peg
system that facilitates three easy to moderate cognitive
level tasks, and reports the results of preliminary evalua-
tion experiments.

2. Materials and methods

2.1 The e-Peg system

2.1.1 Experimental apparatus

The e-Peg system comprises a main body that is 50 mm
high, 180 mm wide, and 200 mm deep, with 16 (4 x 4)
hall sensor-incorporated holes on a top board that fit
pegs. The system weighs 650 g including accessories
consisting of 8 red and 8 blue color pegs (¢15 X 50 mm)
with neodymium magnet (¢8 X 3 mm) at the bottom tip
of each peg. The tip of the red peg is N-pole, and that of
the blue peg is S-pole (Fig. 1a). There is also a liquid
crystal display (LCD) screen and 6 navigation buttons
for lights and sounds located on the side of the system
(Fig. 1b). An examiner conducts an e-Peg task by oper-
ating these buttons while confirming messages displayed
on the LCD screen.

Each hole is illuminated in red or blue color after
reading the task pattern from a built-in SD memory card
programmed by an examiner in advance. When an exam-
inee inserts the peg with the same color of the lit hole, the
system judges this as correct based on magnetism. It also
emits two kinds of sounds, “pee” for a correct answer and
“poo-poo-poo” for an incorrect answer. A short melody is
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(a) the main body with lights “off” and pegs; (b) the main body with lights “on” and illustrated navigation buttons.
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played upon each task completion and green lights are
also illuminated. The block diagram and software flow-
chart are shown in Fig. 2. The electrical circuit diagram
is shown in Supplementary Fig. 1.

Log data is recorded automatically in a comma sep-
arated value (CSV) format on the SD memory card (See
Supplementary Table 1). The parameters included the
peg holes operated, correct/incorrect determination, and
the elapsed time after task initiation. The e-Peg housing
and pegs were created with a 3D printer (Replicator +,
MakerBot Industries, LLC.) using ABS filament based
on a blueprint designed by HILLTOP Corporation (Kyo-
to, Japan).

2.1.2 Task setting

Three types of e-Peg tasks were created as follows:

@ A basic task (BT): The examinee inserted a peg with
the same color as that of the hole lighting. Eight holes
remained lit in red or blue until the task was complet-
ed, and response sounds were produced to indicate the
match between the peg and hole (Fig. 3a).

@ A comparison task (CT): The examinee inserted a peg
into a relevant hole based on the color and position on
a printed design sheet placed in front of the e-Peg sys-
tem. Sounds were produced during the task, although
the holes were not lit (Fig. 3b).

@A memory task (MT): The examinee memorized the
colors and positions of the lights on the main body by
observing it for 5 seconds, after which he/she inserted
the colored pegs into the matching holes. Response
sounds were produced during the task performance,
although the holes were not lit (Fig. 3c).

The examinees were required to manipulate the pegs
individually as quickly as possible for each task condi-
tion under the instruction of an occupational therapist. In
the case where a participant responded incorrectly and
took over 10 seconds to insert the next peg, the examiner
verbally explained that the participant could not provide
any more answers and then switched on the LED lights
to present the answers.

2.1.3 Sample patterns

Twelve e-Peg sample patterns were created. Six patterns
(Fig. 4, a—f) were selected for use in this study. Eight of
the sixteen holes were lit, giving a light ratio of 50%.
Two elements, light color and symmetry, were consid-
ered to set difficulty levels: pattern a was composed of a
one-color asymmetrical pattern; patterns b, ¢ and d were
bicolor symmetrical patterns; and patterns e and f were
bicolor asymmetrical patterns.

2.2 Data collection
The preliminary evaluation experiments aimed to exam-
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Fig. 2 The e-Peg system design.



(84)

The e-Peg
main body St ' -
coc o 5
tap Nl ) -
(a) Basic Task (BT)
A printed
design sheet ot e S i
® ®
T e e
@@

- .:‘;

(b) Comparison Task (CT)

L) > S = fﬁ
(c) Memory Task (MT)

Fig. 3 Three types of e-Peg tasks.
Presented from an examinee's point of view.

ine the following: 1) comparison of e-Peg performance
by age group, 2) relationship between e-Peg scores and
functional assessment, and 3) subjective evaluation.

2.2.1 Participants

Six older and eleven younger healthy adults participated
in this study. Written informed consent was obtained
from all participants and the study was approved by the
Ethics Committee at Kyoto University Graduate School
and Faculty of Medicine (R2005-1). All participants
were right-handed. The inclusion criteria were as fol-
lows: people who 1) could operate the e-Peg while sit-
ting for more than 30 minutes; 2) could communicate
with the examiner in Japanese; 3) were generally inde-
pendent in their ADLs at home; 4) scored more than 24
points on the Mini-Mental State Examination (MMSE);
and 5) did not have any serious disease (e.g., cerebral
nerve system or orthopedic disease of the upper limbs
with sequela).

2.2.2 The e-Peg test and a questionnaire

The participants sat in a chair with the soles of their feet
placed on the floor. They were seated at one-fist width
from the edge of a desk measuring 70 cm high, 159 cm
wide, and 69 cm deep in a silent room. The height of the
desktop was adjusted based on the participants’ elbow
positions when their arms were down and their elbows
were bent at 90 degrees. The e-Peg main body was placed
in front of each participant. The eight red and eight blue
pegs were set upright alternately on a wooden setting

Advanced Biomedical Engineering. Vol. 12, 2023.
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Fig. 5 Scene of the experiment.

board (SAKAI Medical Co., Ltd.) placed on the right
side of the main body (Fig.5). The participants per-
formed the e-Peg task with the dominant right hand in
the following order: BT (using patterns a and b), CT (us-
ing patterns a and c¢), and MT (using patterns b, d, e and
f). The number of correct answers and completion time
were used to calculate e-Peg score.

A five-point scale questionnaire was conducted after
the e-Peg tasks to evaluate subjective user-friendliness,
interest level, and difficulty level of each task.

2.2.3 Upper limb/ cognitive function tests
The grip and pinch strength were used to measure upper
limb muscle power; the BBT and PPT were used to eval-
uate hand dexterity. Attention and executive function
were assessed by the TMT. MMSE was conducted for
older adults as a general cognitive screening.

The BBT standardized by Mathiowetz et al. [9] in
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1985 is an elaborate test in which a person is required to
move a maximum number of 25-mm cubic blocks from
one box to another within 60 seconds [9, 10]. The PPT
developed by Joseph in 1948 is a finger and upper limb
manipulability test [4] that requires a person to pick up
pins and fill in peg holes starting from the topmost hole;
the test may be executed using one hand or both hands
within 30 seconds. The TMT requires participants to link
numbers (1-25) in ascending order (in part A: TMT-A),
or numbers (1-13) and Hiragana characters (“a™"shi”)
alternately in ascending order (in part B: TMT-B) with a
single stroke of a pencil without error as quickly as pos-
sible. This test assesses task transition and attention
switching [13, 14].

2.3 Data analysis

Comparisons between the two groups were performed
using Wilcoxon's rank sum test for the demographic data
and the e-Peg scores. Spearman’s correlation was per-
formed to determine the association between e-Peg
scores and dexterity or cognitive scores. Differences
were reported significant if p < 0.05. Analyses were con-
ducted using JMP Pro 16.2 (SAS Institute Inc.).

3. Results

3.1 Demographic data
The results obtained from a total of 15 healthy adults (six

reported below. The abbreviated task names and com-
ments are shown in Table 2. The MT scores using two
patterns (pattern b which was a practice task and pattern
f having plural empty values) were excluded from data
analysis.

3.2 The e-Peg performance

Both age groups marked the full number of correct an-
swers in BT /CT, but the number of correct answers were
significantly greater in the younger group than in the old-
er group in a MT using a bicolor symmetrical pattern
(Fig. 6a). The older group required a significantly longer
time to perform both BT and CT than the younger group
(Fig. 6b).

3.3 Relationship between e-Peg score and dexterity/
cognitive tests

There were significant negative correlations between

one-color BT/CT and dexterity tests. There were signif-

icant correlations between bicolor BT/CT and dexterity/

cognitive tests. A significant negative correlation be-

tween bicolor MT-1 and cognitive test (TMT-B) was also

Table 2 Abbreviated task names and comments.

Task name sample pattern used characteristic

older and nine younger) are reported as below. The data one-colored BT symmetry
of two young adults were excluded due to equipment bicolored BT b asymmetry
failure. Dexterity (BBT, PPT) with a dominant hand and one-colored CT a symmetry
cogniti.ve function (TMT-A and .—B) were significantly bicolored CT . asymmetry
better in the younger group than in the older group (Ta-
ble 1). bicolored MT-1 d symmetry
Six out of eight e-Peg task performance scores are bicolored MT-2 e asymmetry
Table 1 Demographic data of the participants.
Participants Olc(lzrzg;;)up Your(l:;ge:r 9g)r oup p-Value
Age (years) 80.2 + 5.1 212+22
Gender (male/female) 4/5 -
Hand laterality (R/L) 9/0 -
Grip strength (R) (kg) 26.3+13.6 33.8+10.3 n.s.
Pinch strength (R) (kg) 54+£32 49+09 n.s.
BBT score (R) 56.7+5.5 67.8+11.0 '
PPT score (R) 123+1.2 159+2.3 -
TMT-A 53.6 + 14.6 30.0+6.4
TMT-B 85.7+17.1 38.0 +10.1 -
MMSE 288+ 1.2 — -

Data are expressed as mean + SD. Wilcoxon's rank sum test (n = 15), " p <0.05, = p < 0.01, n.s.: not significant. BBT: Box
and Block Test; PPT: Purdue Pegboard Test; TMT: Trail Making Test; MMSE: Mini-Mental State Examination.
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Fig. 6 e-Peg performance.
Wilcoxon’s rank sum test (n=15), “: p <0.05, “: p <
0.01. The completion time was obtained from the
tasks performed perfectly by all participants in each
age group.

found (Table 3).

3.4 Subjective evaluations

Sixty-seven percent of older and 100% of younger par-
ticipants answered that the e-Peg system was easy-to-use
(Fig. 7a). The system was also judged to be interesting
by 67% (older) and 78% (younger) of participants for
BT, by 50% (older) and 78% (younger) for CT, and by
83% (older) and 100% (younger) for MT (Fig. 7b). The
task level was judged to be easy for BT/CT by 67% (old-
er) and 100% (younger), and difficult for MT by 67%
(older) and 56% (younger) of participants (Fig. 7¢).

4. Discussion

4.1 Comparison of e-Peg performance by age group
The e-Peg scores in the older group were significantly
lower than those in the younger group in five out of six
tasks. As previous studies described decreases in hand/
finger muscle strength, manipulation, walking ability,
and information processing speed with age [19-21], the
age difference in e-Peg scores could have been caused by

_‘]0_
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Table 3 Correlations between e-Peg score and dexteri-
ty/cognitive tests.

BBT

PPT TMT-A TMT-B

one-colored BT —0.78"" —0.70" 0.42 0.42
bicolored BT ~ —0.70" —0.81" 056"  0.60"
one-colored CT —0.80"" —0.65" 0.48 0.43
bicolored CT -042 -058" 069" 067"
bicolored MT-1 ~ 0.29 048 -050 -0.66"
bicolored MT-2 -0.16 0.04 -0.06 0.1

Spearman’s rank correlation analysis (n = 15), " p <
0.05, ™: p < 0.01.

BT: a basic task; CT: a comparison task; MT: a memo-
ry task; BBT: Box and Block Test; PPT: Purdue Peg-
board Test; TMT: Trail Making Test. The time required
was used as the score in BT and CT; the number of
correct answers was used as the score in MT.

dexterity/attention span decline due to increase in age.
Additionally, Walters et al. [22] conducted an eye track-
ing study during commonly used dexterity tests such as
NHPT and GPT, and reported “a greater number of cor-
rective saccades and lesser time gazing at the pegboard
holes in older compared with young adults”. Therefore,
our result may reflect the age-related oculomotor charac-
teristics which are related to visual attention. In our next
study, we plan to investigate the relationship between
eye movements and each e-Peg task performance in dif-
ferent age groups.

The median number of correct answers in the bicol-
or asymmetrical MT was the lowest among all tasks in
each group. Rajsic et al. [23] examined visual working
memory when 18 healthy university students and hospi-
tal staff memorized the type and number of objects, and
reported that their performance was higher for a symmet-
rical condition than for an asymmetrical condition.
Asymmetrical tasks would require more attention/mem-
ory during color and location memorization than other
tasks.

4.2 Relationship between e-Peg score and functional
assessments

There were significant negative correlations between
one-color BT/CT and dexterity tests, and bicolor BT/CT
had significant correlations with dexterity tests and TMT.
The TMT subjects examinees to a cognitive load via task
transition and attention switching [13]. Grubert et al. [24]
reported that the element of attention required was qual-
itatively different during a one- and a two-color number
searching task. These results suggest that the bicolor
tasks reflected an examinee’s hand manipulation and
switching attention.
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Fig.7 Subjective evaluations of e-Peg tasks.

Older adults (n = 6), younger adults (n =9).

There was a significant negative correlation between
a bicolor symmetrical MT and TMT-B. The result sug-
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gests that the MT reflects an examinee’s visual working
memory and executive function when memorizing the
two-color pattern and placing each colored peg in its ap-
propriate position.

4.3 Usability, interest, and difficulty

The e-Peg system was judged to be easy-to-use by the
majority of participants. One reason would be that our
peg size, which was approximately 15 mm in diameter,
was designed with reference to daily necessaries such as
chopsticks and personal seals. The system was judged to
be interesting by 50-78% of participants for BT/CT and
by more than 80% for MT. The task level was judged to
be easy by 67-100% of participants for BT/CT, and dif-
ficult by more than 50% of participants for MT. Csiksz-
entmihalyi [25] reported that people found it interesting
when a challenge level was neither too high nor too low
for their current ability. Not all participants performed
the bicolor MT correctly, which suggests that the diffi-
culty level was appropriate for them.

4.4 Comparison between e-Peg and other analog/
digital pegboards

There are three advantages of using e-Peg. First, the sys-
tem can assess not only a motor task, but also a mo-
tor-cognitive dual-task as an all-in-one test. Some similar
digital pegboards with precise automated time calcula-
tion [17, 18] aimed only at assessing dexterity based on
the conventional pegboards. Petrigna et al. [26] have re-
ported that the 25-hole GPT, which involves placement
of keyhole-shaped pegs, performed in a dual-task situa-
tion is a feasible test to evaluate manual dexterity. A du-
al-task cognitive condition is a more challenging situa-
tion compared to that of motor condition or single task
alone.

Second, our e-Peg system is superior to other com-
mercial products such as Rapael Smart Pegboard™
(Neofect USA Inc.) [27] due to automatic correct/incor-
rect judgement of two-color peg insertion in each hole
using magnetism and diversity of the hole lighting pre-
sentation according to configurable color patterns via an
SD card.

Third, the e-Peg has better size and weight compared
to other products (Table 4). The compactness is a merit
of being usable at home or while traveling.

4.5 Limitations and future directions
These encouraging results were obtained only from our
preliminary study, and need to be verified with a large
number of participants including different age groups
and medical conditions, referring to a study on reliability
of PPT in adults after stroke [28].

Patients usually struggle to maintain a high level of
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Table 4 Comparison table of size and weight.

Rapael Smart
e-Peg PPT BBT . Pac>mar

Pegboard™
height 50 20 170 32
size (mm) width 180 300 290 557
depth 200 450 290 353
approximate weight 0.65 10 5.0 6.3
(kg)

motivation for rehabilitation over a 2-month lengthy hos-
pital stay. Popovic et al. [29] reported that feedback-me-
diated exercise for poststroke rehabilitation of a hemiple-
gic arm increased patient motivation (such as interest,
enjoyment, and perceived competence) and promoted
greater improvement of motor function including speed
and smoothness compared to no-feedback exercise. Fur-
thermore, physical therapy containing gamification ele-
ments helped patients remain engaged in rehabilita-
tion [30]. It is especially important to be able to continue
without getting bored in equipment-mediated rehabilita-
tion. The e-Peg would bring pleasure to daily training.
The electronic circuit could be upgraded to variations
with ingenuity to keep non-experienced users enter-
tained.

5. Conclusion

We have developed a newly electronic pegboard (e-Peg)
for evaluating dexterity and cognitive functions using 3
types of tasks with multiple sample patterns. The prelim-
inary study shows that the system has promising poten-
tial as a device for fused rehabilitation of hand manipula-
tion and attention/executive function at various difficulty
levels.

Acknowledgment

The authors would like to thank all the volunteers who
participated in this study. We are grateful to our team
members/advisors in the inaugural Healthcare Innova-
tion Design Entrepreneurship Program (HiDEP) orga-
nized by the Medical Science and Business Liaison Or-
ganization, Graduate School of Medicine, Kyoto
University. We also thank Hikari Otsuka, MSc OT, Yuki
Watanabe, MSc OT, and Kurumi Fukuda, BSc OT for
many productive discussions in our laboratory.

Declaration of interest statement

Sayaka Okahashi, Fumitaka Hashiya, Taro Yamaguchi,
and Jun Utsumi hold a patent on the structure and func-
tions of an electrical pegboard system (JP Patent no.
6861439).

_‘] 2_

Advanced Biomedical Engineering. Vol. 12, 2023.

Funding

This work was supported by the Office of Society-Aca-
demia Collaboration for Innovation, Kyoto University
under the 8th Incubation Program and the FY2018 GAP
Fund Program, and KAKENHI; Grant-in-Aid for Scien-
tific Research (C) (21K00229).

Data Availability

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable re-
quest.

References

1. Ministry of Health, Labour and Welfare, JAPAN: the 2018 Edi-
tion Annual Health, Labour and Welfare Report. Nikkei Printing
Inc, Tokyo, pp.74-76, 2019. <https://www.mhlw.go.jp/wp/
hakusyo/kousei/18/dl/1-01.pdf> [accessed on October 10,
2022] in Japanese.

2. Ministry of Health, Labour and Welfare, JAPAN: Summary of
the 2020 annual survey report (prompt report 2). pp. 145—
146, 2021.  <https://www.mhlw.go.jp/content/12404000/
000795302.pdf> [accessed on October 10, 2022] in Japanese.

3. The Japan Stroke Society: Japanese Guidelines for the Manage-
ment of Stroke 2015. Kyowa Kikaku, Tokyo, 2017.

4. Tiffin J, Asher EJ: The Purdue pegboard; norms and studies of
reliability and validity. J Appl Psychol. 32(3), 234-247, 1948.

5. Lawson I: Purdue pegboard test. Occup Med (Lond). 69(5), 376—
3717, 2019.

6. Kellor M, Frost J, Silberberg N, Iversen I, Cummings R: Hand
strength and dexterity. Am J Occup Ther. 25(2), 77-83, 1971.

7. Grooved Pegboard Test User Instructions. (Lafayette Instrument
Co., Lafayette, IN, USA) <https://www.advys.be/docs/
GroovedPegboardTestManual.pdf> [accessed on September 25,
2022].

8. O'Connor Finger Dexterity Test User's Manual. (Lafayette In-
strument Co., Lafayette, IN, USA) <https://www.ncmedical.
com/images/pdf/nc70015_oconnor_finger_dexterity_test_
020718.pdf> [accessed on September 25, 2022].

9. Mathiowetz V, Volland G, Kashman N, Weber K: Adult norms for
the box and block test of manual dexterity. Am J Occup Ther.
39(6), 386-391, 1985.

Desrosiers J, Bravo G, Hébert R, Dutil E, Mercier L: Validation
of the box and block test as a measure of dexterity of elderly
people: reliability, validity, and norms studies. Arch Phys Med
Rehabil. 75(7), 751-755, 1994.

Feys P, Lamers I, Francis G, Benedict R, Phillips G, LaRocca N,
Hudson LD, Rudick R: The Nine-Hole Peg Test as a manual dex-
terity performance measure for multiple sclerosis. Mult Scler.
23(5), 711-720, 2017.

Proud EL, Bilney B, Miller KJ, Morris ME, McGinley JL: Mea-
suring hand dexterity in people with Parkinson’s disease: Reli-
ability of pegboard tests. Am J Occup Ther. 73(4), 7304205050p1—
7304205050p8, 2019.

Ishiai S: Higher Brain Dysfunction, 2nd ed. Ishiyaku, Tokyo,
2012.

Brain function test committee, Japan Society for Higher Brain

10.

11.

12.

14.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Sayaka OkaHasHI, ef al: e-Peg Development for Dexterity/Cognitive Rehabilitation (89)

Dysfunction: Trail Making Test Japanese version (TMT-J). Shin-
koh Igaku Shuppansha, Tokyo, 2019.

Lezak MD, Howieson DB, Bigler ED, Tranel D: Neuropsycho-
logical Assessment, 5th ed. Oxford University Press, New York,
2012.

Smith A: Symbol digit modalities test. Western Psychological
Services, Los Angeles, 1982.

Acharya KA, Bhat S, Kanthi M, Rao BK: Fine motor assessment
in upper extremity using custom-made electronic pegboard test. J
Med Signals Sens. 12(1), 76-83, 2022.

Al-Naami B, Al-Naimat F, Almalty A-MRM, Visconti P, Al-Hin-
nawi A-R: A prototype of an electronic pegboard test to measure
hand-time dexterity with impaired hand functionality. Appl Syst
Innov. 5(1), 2, 2022.

Torrens-Burton A, Basoudan N, Bayer AJ, Tales A: Perception
and reality of cognitive function: Information processing speed,
perceived memory function, and perceived task difficulty in older
adults. J Alzheimers Dis. 60(4), 1601-1609, 2017.

Ranganathan VK, Siemionow V, Sahgal V, Yue GH: Effects of
aging on hand function. J Am Geriatr Soc. 49(11), 1478-1484,
2001.

Abe T, Soma Y, Kitano N, Jindo T, Sato A, Tsunoda K, Tsuji T,
Okura T: Change in hand dexterity and habitual gait speed re-
flects cognitive decline over time in healthy older adults: a longi-
tudinal study. J Phys Ther Sci. 29(10), 1737-1741, 2017.

Walters BH, Huddleston WE, O’Connor K, Wang J, Hoeger Be-
ment M, Keenan KG: The role of eye movements, attention, and
hand movements on age-related differences in pegboard tests. J
Neurophysiol. 126(5), 1710-1722, 2021.

Rajsic J, Wilson DE: Asymmetrical access to color and location
in visual working memory. Atten Percept Psychophys. 76(7),
1902-1913. 2014.

Grubert A, Eimer M: Qualitative differences in the guidance of
attention during single-color and multiple-color visual search:
behavioral and electrophysiological evidence. J Exp Psychol
Hum Percept Perform. 39(5), 1433-1442, 2013.

Csikszentmihalyi M: Beyond Boredom and Anxiety. Jossey-
Bass, Hoboken, NJ, 2000.

Petrigna L, Pajaujiene S, lacona GM, Thomas E, Paoli A, Bianco
A, Palma A: The execution of the grooved pegboard test in a du-
al-task situation: a pilot study. Heliyon. 6(8), e04678, 2020.

Neofect: Smart Pegboard <https://www.neofect.com/us/smart-
pegboard> [accessed on October 8, 2022].

ClinicalTrials.gov: Establishing of the Reliability of the Purdue
Pegboard Test in Adults After a Stroke. <https://clinicaltrials.
gov/ct2/show/NCT05009108> [accessed on October 8, 2022].

Popovic MD, Kostic MD, Rodic SZ, Konstantinovic LM: Feed-
back-mediated upper extremities exercise: increasing patient mo-
tivation in poststroke rehabilitation. Biomed Res Int. 2014,
520374, 2014.

Gamboa E, Ruiz C, Trujillo M: Improving patient motivation to-
wards physical rehabilitation treatments with PlayTherapy Exer-
game. Stud Health Technol Inform. 249, 140-147, 2018.

_‘] 3_

Sayaka OKAHASHI

Sayaka OxaHasHI is currently a Senior Research
Fellow at National Center for Geriatrics and Ger-
ontology after being an assistant professor at Na-
goya University and Kyoto University. She is an

Occupational Therapist and received her MS and

PhD from Kobe University. Her research interests
focus on gerontechnology and program development for care of people
with dementia and their family.

Kenta SakamoTro

Kenta Sakamoro joined Teclico Inc. after graduat-
ing from Kyoto University Graduate School of
Medicine. He is a Research Fellow in the Depart-
ment of Rehabilitation Medicine at Kansai Medi-

cal University. He is an Occupational Therapist

and received his Master’s degree from Kyoto Uni-
versity. His research interests include development cognitive rehabili-

tation system using Cross Reality (xR) technology.

Fumitaka HasHIva

Fumitaka HasHiya is assistant professor of Re-
search Center for Material Science at Nagoya Uni-
versity. He majored in chemical biology and re-
ceived MS and PhD from Kyoto University in
2019. His current research is RNA therapeutics
including mRNA vaccine and siRNA therapy.

Keisuke Kumasaka

Keisuke Kumasaka is currently an Occupational
Therapist in Asaka Hospital after working at Kyoto
Ohara Memorial Hospital group. He received his
degree of Bachelor from the Department of Human
Health Sciences, School of Medicine, Kyoto Uni-
versity in 2016. His special fields are stroke/disuse
syndrome rehabilitation and mental health support.

Taro YAMAGUCHI

Taro YamacucHr is a lecturer, Kyoto University
Medical Science and Business Liaison Organiza-
tion after Sharp Corporation. He has engaged in
supporting the creation and growth of startups. He

also serves at a Kyoto University startup company.

He has Bachelor and Master of Engineering (Osa-
ka University), Master of Business Administration (Kobe University),
and Master of Social Public Health (Kyoto University).



(90) Advanced Biomedical Engineering. Vol. 12, 2023.

Akitoshi SEryaAMa

Akitoshi Seryama received the doctor degree of
Science from the Graduate School of Science,
Hokkaido University in 1988. He was Professor of
Kyoto University, Graduate School of Medicine,
Human Health Sciences. Since April/2022, he is a
select Professor of Akita International University,

a director of Creative Design and Data Science Center. He is develop-
ing new technologies to visualize physical and physiological functions

of the living body, especially to visualize human brain functions.

Jun Ursumt
Jun Utsumrt is CEO of TIR Research Consulting
LLC on R&D for practical application of pharma-

ceuticals and medical devices. He obtained PhD ,
from Hokkaido University and MBA from Otaru 5y
University of Commerce. After starting business ‘
A

velopment at Toray Industries, Inc., he had appointments of professor

carrier in pharmaceutical research and clinical de-

of Hokkaido University and Kyoto University. He also served consult-
ing experts in Pharmaceuticals and Medical Devices Agency (PMDA)
and Japan Agency for Medical Research and Development (AMED),

Japan.

_‘]4_



s

fd %

ERn

N O 45

gTE s

e
cuyd 05 b e
x ¥ SELOGISLTTIAON -
S “ . s 2a o
ane 1790mTvEC0GAN0 r nE =
o8 e . =F
ArnT EO ArT'0 51
. B1D! T e | o
Y ——— o “ -
5 i
8 5 £
1121 ,,n - ,m
a0 1Z60DTHS0SI insdze/ . 8 ESoscpxEs
o ons [ EEEEPER EE]
058507 =3 W FFRFFFFRE :n..ﬁ
an = ] wt
150 —
3135 T w2
QWL %
R =
. At

aND.
.
wal

cazl ano
zragus |~ ans

5 1No0 N

[l
SZE-NIA3PEN

& a0

B
3

»E

NI

ays 17600 1¥5805A%0

z31
ano 17600 TYES0S,

an

1o Wi [

BTN
N

caf e isug o sioms [Fer ey Rex 1500 1 T
o2l o2l

< N
vim wzns vems s vams R

1437 1H3 1 340 LH2I INnos RERLLY]

"WAISAs 594-9 9y Jo weIderp [eo13o9d uy °T 814 Arejudwdiddng

uoneqeyay 2an1udo)) /A1191xa(J 10§ 3uswdo[aas( 894-9 :'[e 19 ‘THSYHVIO eye4es

_‘I 5_



Sayaka OKAHASH]I, et al.: e-Peg Development for Dexterity/Cognitive Rehabilitation

Supplementary Table 1. A sample of log data.

Count Position |Pattern Colour |Time OK NG BLUE RED BUZZER |LED
1 1 0 5.8 X X X X
2 5 B 7.59(X X X X
3 2 B 10.98 X X X X
4 4 R 13.02|X X X X
5 7 R 16.1|X X X X
6 10 R 18.91(X X X X
7 13 R 22.76|X X X X
8 11 0 25.37 X X X X
9 11 0 27.21 X X X X

10 15 B 30.04(X X X X
11 2 B 32.59|X X X X
12 12 B 35.14|X X X X

Count, the order in which a user inserted each peg; Position, the peg hole number (Nos. 1-16) which was registered
internally; Pattern Colour, the lighting color in a hole (R, red; B, blue; 0, lights-out); Time (sec), the elapsed time after
task initiation, OK/NG, correct or incorrect answer, BLUE/RED, the color of the inserted peg; BUZZER/LED, on or off
state of the sound/light switch at that moment. Each e-Peg hole judges “OK (correct)” or “NG (incorrect)”. The
corresponding hole judges “OK” only once and keeps the log at the first peg insertion in a task session. In the case of
“NG” judgement, the log is kept any number of times.
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Abstract

The causes of reading difficulties in people with peripheral visual field loss are not fully
understood. We conducted a two-dimensional gaze analysis on eye movements during
reading in patients with retinitis pigmentosa to investigate the causes of reading difficulties
in relation to the central visual field using a binocular eye mark recorder (EMR-9). Twenty-
seven patients with retinitis pigmentosa whose central visual field narrowed to < 20° using
Goldmann kinetic perimetry (I/4 target) and this present study included eight healthy partici-
pants. The participants’ visual acuities were corrected to better than +0.4 logMAR. Correla-
tions and multivariate regression analyses were investigated between the number of letters
read correctly, the I/4 central visual field, V/4 perifoveal and peripheral visual field, and visual
acuity. Multivariate regression analysis revealed that all these parameters played almost
equal roles in the number of letters read correctly. In the two-dimensional gaze analysis, the
task performance time of patients during reading increased as the I/4 central visual field nar-
rowed. The task performance time was more clearly correlated with the rotation saccade (r
=0.428, p <0.05) and the distance of the vertical direction (2Y) of eye movements (r =
0.624, p < 0.01), but not with regressive saccade and the distance of the horizontal direction
(ZX). Visual acuity was correlated with the task performance time (-0.436, <0.05) but not
with eye movement directionality. Reading difficulties in patients with retinitis pigmentosa
result from impaired eye movement directionality. Understanding eye measurements for
people with tunnel vision required a two-dimensional gaze analysis. The two-dimensional
gaze analysis also showed that the involvement of the perifoveal and peripheral visual fields,
visual acuity, and I/4 central visual field was important for reading in people with tunnel
vision.

Introduction

Retinitis pigmentosa (RP) is one of the major diseases associated with peripheral visual field
loss; it is a hereditary progressive disease that occurs in approximately 1 in 4,000 people. In

1/14
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many cases, the disease initially affects the rod cells near the macula; therefore, visual field
impairment in patients with RP involves isolated scotomas near the macula, expanding and
fusing to form a ring-shaped scotoma as the disease progresses. Further progression results in
peripheral visual field loss due to the enlargement of the ring-shaped scotoma, leading to the
concentric narrowing of the visual field [1]. Therefore, patients with RP struggle in daily life to
determine the entire visual field due to the narrowing of their central visual field and have dif-
ficulty searching for things and moving due to the loss of the peripheral visual field [1-3]. If
the central visual field narrows to a diameter of < 20°, reading may become difficult due to
character oversight or line breaks, even though the individual’s eyesight is sufficient for read-
ing characters [4, 5].

A countermeasure to reading difficulties includes improving the visibility of characters,
such as using a magnifying glass to deal with the deterioration of visual acuity. However, even
if visual acuity is normal, narrowing of the central visual field results in reading difficulties
because of line breaks resulting in errors or difficulty tracking characters. Furthermore, no
effective countermeasures have been established for reading difficulties in people with tunnel
vision other than indirect methods such as visual positioning with underlines or a typoscope.

This research area has been the subject of many studies ever since Javal first proposed in
1879 that eye movements in reading were repetitions of fixation and saccade (SC) [6]. There
have been reports of gaze measurements of glaucoma patients who first experience a disap-
pearance of hemi-peripheral vision and eventually have impaired foveal vision [7-12]. All
these previous studies of eye movements during reading were analyses of latency, amplitude,
forward and regressive frequencies, retention frequency, and mean duration, but only for hori-
zontal SCs with adjustments for calibration errors. However, there are no reports of detailed
gaze measurements in reading for patients with RP.

We previously used functional magnetic resonance imaging to investigate the eye move-
ment-related brain regions in patients with advanced RP [13]. The impaired SCs in patients
with advanced RP were caused by decreased activity in eye movement-related brain regions in
the frontal and parietal eye fields due to decreased visual input from the retina. An SC is
related to controlling the direction and distance of the line-of-sight movement from the
peripheral visual field to the fovea centralis. Therefore, there is a need to analyze the movement
direction and distance of the line of sight for eye movements during reading in patients with
advanced RP accompanied by peripheral visual field loss and central visual field narrowing.

Patients with advanced RP who visit the first author’s Yoshida Eye Clinic often state that
they skip the next line or lose track of the beginning of the next line in sentence line breaks.
They also state that unintended movements of the viewpoint to another line, even in the mid-
dle of a line, cause the individual to lose sight of the part where the next viewpoint is placed,
and their reading is interrupted.

Based on the results of functional magnetic resonance imaging studies and the reports of
patients with advanced RP, we hypothesized that "directionalization of SCs" would cause read-
ing difficulties in patients with advanced RP who otherwise had normal visual acuity. This
study aimed to elucidate the cause of reading difficulties in patients with advanced RP using
two-dimensional gaze analysis.

Materials and methods

Participants

This study was approved by the Ethics Committee of Kyoto University Graduate School and
Faculty of Medicine, and both written and verbal informed consents were obtained from the
participants. Participants were adults up to 65 years of age with sufficient vocabulary and

PLOS ONE | https://doi.org/10.1371/journal.pone.0278682 December 14, 2022 2/14
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language skills with at least 12 or more years of education. They included patients with RP and
a central visual field that was narrowed to < 20° using Goldmann kinetic perimetry (GKP) (I/
4 target) and healthy participants. The criteria for inclusion in the study were that the partici-
pants had to bitually read books and had no problems conducting this task. During this study,
at least one eye was corrected to +0.4 LogMAR or better as a level of visual acuity that could
identify characters in reading material. The reliability of the results of gaze analysis was
ensured by excluding patients who could not satisfy the calibration criteria of the measuring
instrument. In total, 27 individuals (12 men, 15 women) aged 22-64 years (average 42.2 + 12.7
years) satisfied these conditions. The control group comprised eight healthy adults of a similar
age to the patients with RP and had no ophthalmologic abnormalities (four men and four
women, aged 25-62 years, average 44.5 + 13.7 years; see S1 Table).

Analysis of visual function tests

In the case of non-synkinetic movements such as congestion and diversion, the left and right
eyes do not always move in a synkinetic manner [14, 15]. The eye movements were assessed
simultaneously with both eyes open. The main fixating eye was identified as the eye with a
high rate of matching with the line of text. We investigated the visual field (Goldmann kinetic
perimetry, GKP), visual acuity, and the number of character reads in 35 fixating eyes in 27
patients with advanced RP and eight healthy participants.

Goldmann kinetic perimetry

The visual function of the participants was evaluated based on the central visual field of the I/4
target of the GKP. The size of the central visual field of the GKP (I/4 target) in the participants
was used to divide them into the following four groups: central visual field < 5° in one eye
(advanced), > 5° and < 10° (moderate), > 10° and < 20° (mild), and healthy controls.

It has been reported that peripheral vision affects the fixation/SC pattern during reading
[16]. Therefore, we also conducted evaluations of the peripheral visual field using GKP (V/4
target). The areas covered by a radius of 5-10° and > 10° with a V/4 target were set as the peri-
fovea and periphery, respectively; the area retention rates of the perifoveal and peripheral
visual fields of the participant were calculated for each area, with the area retained by healthy
individuals as 100%.

Visual acuity test (5-m distance visual acuity and near visual acuity)

We measured LogMAR visual acuity using a 5-m distance vision chart (SC-2000,
4987669605011, NIDEK, Tokyo, Japan) and a 30-cm near vision chart (Yamachi Chart for
Near Point Distance, HANDAYA, Tokyo, Japan).

Reading speed

We investigated reading speed under free reading conditions. The number of characters read
aloud in 5 min was used as an index of reading ability. The reading material had 22 characters
per line and 18 lines per page on white A4 paper, and a plain horizontal Japanese text using
both kanji and kana was used. The characters used were in Mincho 20-point font (viewing
angle 0.857°, composition line 0.037°), which is commonly used in a book. Participants were
asked to read aloud with both eyes open at a viewing distance of 40 cm. The experimenter
counted the number of characters that could be accurately read for 5 min. It was conducted
three times from different parts of the book, and the average value was adopted as the number
of characters read.

PLOS ONE | https://doi.org/10.1371/journal.pone.0278682 December 14, 2022 3/14
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Analysis of ocular motility

Task and eye movement recording. The line-of-sight measurements were performed in
an indoor environment adjusted to an illuminance of 1000 Lx with a fluorescent lamp. The
task used a Japanese text of 35 characters per line and 15 lines in a horizontal direction per
page, which consisted of both kanji and kana in a 20-point MS Gothic typeface to avoid the
effects of low visual acuity on character readability. Participants were instructed to read aloud
the horizontal lines of text displayed on the monitor screen at a speed at which they could
achieve the task without a time limit.

A head-fixing device with a chin rest was used. The device was placed so that the partici-
pants’ eye height aligned with the monitor’s center. Participants could only move their eyes
while reading. The distance between the apex of the cornea and the center of the screen during
the test was maintained at 40 cm.

A binocular eye mark recorder (EMR-9 Eye Tracking System; NAC Image Technology,
Minato, Tokyo, Japan) was used for the recordings. The sampling rate of the eye-tracking sys-
tem was 0.1° (60 Hz). The calibration function of the EMR-9 eye-tracking system was used to
identify nine gaze points on the monitor screen with a viewing angle of 37°. Calibration was
repeated until the instrument calibration criteria were met.

Analyses. The obtained data (see S2 Table) were analyzed using EMR-d Factory, which is
included in the EMR-9 eye-tracking system. One line at eye level was analyzed.

Trajectory of fixation. Fixation was defined as the stationary gaze point for 0.1 s or more.
The movement angle between fixation was automatically classified and recorded. Any move-
ment in which the movement angle between fixation was within 30° above or below the line of
characters was defined as parallel SCs (see Fig 1). Parallel SCs in the progressing direction of
the line of characters was defined as progression, and opposite to the progressing direction of
the line of characters was defined as regression. A movement angle > 30° from the line of text
was defined as the rotation SC. We identified the position of the gaze point by voice informa-
tion, and the eyes with a higher rate of matching the gaze point with the line of text were
judged as the dominant eye.

The analysis items (Fig 1) were the regressive SC, the rotation SC with the line of text as the
baseline (0°) for rotational movement, total eye movement distance by direction (ZX, XY),

150° 30°
Total SC

Rotation
Keep running w Regr:és“’e Parsa‘(':'e' the scenery of my
heart Rotation
sC

210° 330°

Fig 1. Definition of visual directions in the present study. Abbreviations: SC, saccade. The angle between 30° and 330°and that
between 150° and 210° were defined as the parallel SC. The angles between 30° and 150° and that between 210° and 330° were
defined as rotation SC.

https://doi.org/10.1371/journal.pone.0278682.9001
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and task performance time. The proportions of the regressive SC and rotation SC were calcu-
lated with all SCs (including SCs that were parallel to the line of text and SCs with movement
in the rotation SC) set as 100%. The correlations between the analysis results for each item and
the 1/4 central visual field, the V/4 visual field retention rate, visual acuity, and age were
investigated.

We evaluated the number of fixations for a given analyzed line (no. of fixation), mean dura-
tion of fixation per line (mean duration of fixation), the proportion of regression in all move-
ments between fixation per line (regressive SC), and the proportion of movements in the
rotation direction (rotation SC).

Trajectory of eye movement

A quantitative analysis of the trajectory of eye movement was conducted. Here, eye move-
ments in various directions between each fixation were recorded for all the participants. There-
fore, instead of the shortest distance between fixation, the eye movement trajectory was
divided into units of 0.01 s to precisely measure the total movement distance.

The distance of eye movement (unit viewing angle) was measured separately for the hori-
zontal component (X) and the vertical component (Y). The total movement distance by direc-
tion (£X = Z(x;—x;_), 2Y = Z(y;—y;_1), and the sum of the total distances XTotal (=

Z3\/ (x,—x_,)" + (v, — y._,)° were calculated.

Cases where the gaze point was not on the screen resulted in the X and Y directions being

recognized as out of the measurement range. The data were automatically listed as "error" and
"unable to measure eye movement" and excluded from the analysis. The error frequency was
used as a reference item because it caused an underestimation of the eye movement distance.

Task performance time (s)

The time (s) required for eye movement across one line, analyzed at eye height, was recorded
to evaluate the relationship between eye movement and reading speed. Cases, where lines were
skipped were excluded from the analysis target, and measurements were conducted on lines
that were read without skipping.

Statistical analyses

The participant’s visual field and gaze analysis data are shown in Tables 1 and 2, respectively,
using means and standard deviations. The following statistical analyses were performed using
statistical software (College Analysis ver. 8.5) [17]. The Kruskal Wallis H test and the Wilcoxon
joint test were used for comparative tests between each group, and the significance level was
set at 5%. The partial least squares regression was used to contribute to the individual visual
field function on the number of letters read correctly. Pearson correlation analysis and linear
regression were used for the correlation analysis between data. The strength of the correlation
was defined as follows: a correlation coefficient (+ r) > 0.7 was set as a strong correlation, 0.4-
0.69 as a moderate correlation, 0.2-0.39 as a weak correlation, and < 0.2 as no correlation.

Results
Analysis of visual function tests

Table 1 shows visual function according to the central visual field group by GKP (I/4 target)
for the fixating eye of the subject. The mean I/4 central visual field for the group was as follows:
1/4 central visual field < 5° (advanced), 3.6° + 0.84 S.E.; > 5° and < 10° (moderate), 6.7° +
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Table 1. Visual function tests in 35 eyes of 35 participants.

______________________ Vdcentral

(degree)
V/4 perifovea

(year)
Number of letters correctly read

advanced moderate mild Healthy
n=9 n=9 n=9 n=8

3.61 +0.84 6.67 + 0.90 14.56 + 1.86* 100 + 0**
28.44 + 6.00 47.78 + 6.81 85.67 + 5.05°" 100 + 0**
10.11 + 3.67° 14.22 + 4.25" 25.22 + 4.96" 100 0
0.31+0.33 0.19 +0.41 0.12 + 0.35* >-0.16 + 0.26""
46.89 +3.15 42.89 +3.79 39.89 + 3.51 44.50 + 3.70

1,026 + 18 1,623 + 25 1,780 + 15* 2,019 + 16"

The Kruskal Wallis H test and the Wilcoxon joint test were used.

*, p < 0.05 vs. advanced, +, p < 0.05 vs. moderate

#,p < 0.05 vs. healthy

https://doi.org/10.1371/journal.pone.0278682.t1001

0.90 S.E; > 10" and < 20° (mild), 14.6° £ 9 S.E.; and healthy group (healthy), 100° + 0 S.E.
There were significant differences between the advanced group and the mild and healthy
groups.

The number of characters read aloud for 5 minutes was also significantly smaller at 1,026
characters (+ 18 S.E.) for the advanced group than that of the healthy group at 1,980 characters
(£ 95S.E.).

The multivariate regression analysis (partial least squares regression) applied to Table 1
(but without age and healthy control) gave the following regression formula with standardized
partial regression coefficients:

Number of letters read correctly
= 0.217%(1/4 central) + 0.226x(V /4 perifovea) + 0.216%(V /4 periphery)
— 0.255x%(acuity)

The coefficients of determination and residual variance were 0.811 and 19925, respectively.
Further, regression analyses of these parameters and the number of letters read correctly for
27 patients suggested that the V/4 perifoveal (r = 0.384, p < 0.05) and V/4 peripheral
(r =10.435, p < 0.05) visual fields, as well as the visual acuity (r = -0.542, p < 0.01) and I/4 cen-
tral visual field (r = 0.514, p < 0.01), were involved in the number of characters read (cf,,

S2 Fig).

Gaze analysis

During reading in healthy participants, the eye movements were parallel to the line of charac-
ters, whereas the eye movement in the patients with RP was often at irregular angles with the
line of characters. As the 1/4 central visual field narrowed further or the visual field disap-
peared further, the frequency of error judgments in which the gaze point popped out of the
recording screen increased.

For the frequency of movement between fixation, rotation SC increased with the narrowing
of the I/4 central visual field. Fig 2 shows the retained visual fields of individuals with highly
advanced RP (54), moderately advanced RP (S12), and healthy individuals (S33); Fig 3 shows
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Table 2. Results of the eye movement test using EMR-9.

Number of fixations
Mean duration of fixations
Regressive SC (%)
Rotation SC (%)
XtTotal (degree)
2X (degree)

XY (degree)

Task performance time (s)

________________ advanced | Moderate | omild | helthy
n=9 n=9 n=9 n=8

15.33 £ 1.59 10.67 + 0.59* 9.67 + 0.27** 10.0 + 0.50*
0.60 £ 0.11 0.51 £0.04 0.58 + 0.04 0.57 +0.03
18.87 + 3.07 21.83 +3.43 18.76 + 2.67 17.33 £2.35

29.54 + 9.86 16.51 + 6.69 11.3+5.13 4.0 +2.45*

236.02 £ 11.06 118.15 + 4.38** 134.05 + 6.42* 109.88 + 5.08**

201.86 £ 11.56 100.52 + 5.75* 111.34+£7.39 81.41 + 3.38"*

170.86 + 8.63 64.73 + 4.48 58.73 + 5.33* 48.48 + 4.88**
10.13 + 1.96 6.40 + 0.97** 6.12 + 0.92** 6.70 + 0.81%

XX (degree); total eye movement distance in the horizontal direction; Y (degree); total eye movement distance in the vertical direction.
The Kruskal Wallis H test and the Wilcoxon joint test were used.

*, p < 0.05 vs. advanced group
**, p < 0.01 vs. advanced group

https://doi.org/10.1371/journal.pone.0278682.t002

the images for the trajectory of fixation as well as the frequency by direction of movement
between fixation and the trajectory of eye movement.

Trajectory of eye movement and task performance time

Table 2 summarizes the analysis results of the trajectory of eye movement. The proportion of
rotation SC during the fixation trajectory increased inversely to the narrowing of the I/4 cen-
tral visual field, with a significant (p < 0.05) difference between the advanced group (29.54% +
9.86) and the healthy group (4.0% + 2.45). Meanwhile, there were no significant differences
between groups in the mean duration of fixation and regressive SC.

The eye movement distance was underestimated due to the increased frequency of error
(gaze points outside the screen) owing to a narrowed I/4 central visual field. However, there
were still significant (p < 0.05) differences in all eye movement distances (XX, XY, XTotal)
between the advanced and the healthy groups. The task performance time increased with the
narrowing of the 1/4 central visual field, and there were significant (p < 0.05) differences
between the healthy group (6.70 s + 0.81 S.E.) and the advanced group (10.13 s + 1.96 S.E.).

Individual gaze analysis and visual function of RP patients

Table 3 shows the correlations between the gaze analysis results (trajectory of fixation and tra-
jectory of eye movement) in 27 fixating eyes with a narrowed 1/4 central visual field and the
task performance time, visual function (I/4 central visual field, V/4 perifoveal visual field, V/4
peripheral visual field, and visual acuity).

Gaze analysis and visual field

The correlation between visual function and gaze analysis results was evident in the vertical
direction of eye movements. In the trajectory of fixation, all visual fields were negatively corre-
lated with the rotation SC. On the contrary, there were no correlations between any of the
visual fields with parallel regressive SC.

In addition, for the trajectory of eye movement, there was a significant moderate correla-
tion between the 1/4 central and V/4 perifoveal visual fields and the eye movement distance in
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S4

L:A3°

S12

L:A 4°

D

S33

L:A,100°

GKP HFA10-2

R:A4° L:-35.18dB R:-34.03dB

R:A12° L:-23.34dB R:-17.84dB

R:A,100° L:0.12dB R:088.dB

Fig 2. Typical examples of VFs measured using GKP and HFA 10-2. VFs measured using GKP V/4 & I/4 (right) and HFA 10-2 (left). The eye classification
and pathology of each subject (54, S12, and S33) are shown in the S1 Table. Abbreviations: GKP, Goldmann kinetic perimetry; HFA 10-2, Humphrey static

perimetry.

https://doi.org/10.1371/journal.pone.0278682.9002

the vertical direction XY, but not with the eye movement distance in the horizontal direction

All visual fields were significantly negatively correlated with the number of fixations, but
there were no correlations between any visual fields and the mean fixation duration.

Visual acuity and gaze analysis

Visual acuity was moderately significantly correlated with total performance time only, while
age showed no significant correlation with the ocular motility parameters. The eye movement
abnormalities, however, exhibited by the patients in this study did not depend on the age at
onset and the duration of onset.

Discussion

In this study, two-dimensional gaze analysis showed, for the first time, that the vertical compo-
nent that deviated from the line of characters increased with the narrowing of the I/4 central
visual field in eye movement during reading in patients with RP.
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Fig 3. Typical examples of analyses of eye movements during reading. S4 traces for a patient with a visual field of 4° in the right eye (the green line) and 3" in
the left eye (the red line). S12 traces for a patient with a visual field of 10° in the right eye (the green line) and 4" in the left eye (the red line). S33 traces for a
healthy volunteer with a visual field of 100° in both eyes (right: the green line, left: the red line. Left: Traces of fixation. The size of the circle indicates the length
of the residence time at that position. The red lines and circles reflect the movement of the left eye, and the green lines and circles reflect the movement of the
right eye. Middle: Angle distribution of the rotation SC direction. The red and green bars denote the left and right eyes, respectively. Right: Traces of eye
movements every 0.01 s. The red and green lines denote the traces of the left and right eyes, respectively. Abbreviations: SC, saccade.

https://doi.org/10.1371/journal.pone.0278682.9003

Reading is a repetition of fixation and SC. Saccades are triggered by position information of
the peripheral retina; thus, the loss of the peripheral visual field is not limited to the lack of
position information on the peripheral retina, which leads to impairment of the control system
for eye movement direction and distance. Makiyama et al. reported that rod and pyramidal
cells were damaged in the early stage of RP [18]. Loss of cells in the perifoveal region leads to
increased modified SCs, likely increasing eye movement distance. Therefore, gaze analysis dur-
ing reading in patients with RP requires the analysis of the movement angle between fixation
as a means for expressing the deviation from lines of characters and the total eye movement
distance as a means for expressing character oversights.

In this study, narrowed 1/4 central visual field of patients with RP showed relatively higher
correlations between all visual fields and the rotation SC of the trajectory of fixation than those
between all visual fields and the regressive SC. Furthermore, there was a relatively stronger
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Table 3. Correlation coefficients between parameters of visual function and eye movement analysis.

1/4 central visual field below 20

No of FX
Task performance time 0.385*
Visual field 1/4 central -0.459*
V/4 perifovea -0.386"
V/4 periphery -0.316
Acuity 0.207
Age 0.116

Analysis of ocular motility

Trajectory of fixation Trajectory of eye movement Task performance time
FX duration Regressive SC Rotation SC XTotal X XY

0.418* -0.303 0.428* 0.385* 0.293 0.624™* -
-0.026 0.022 0.317 -0.401* -0.357 -0.448" -0.486"
-0.169 0.189 -0.42 -0.397* -0.373 -0.416* -0.492%*

(-) 0.194 -0.234 -0.043 -0.004 -0.248 -0.270
0.125 0.102 -0.003 0.272 0.205 0.199 0.436*
0.079 0.022 0.212 0.27 0.155 -0.041 0.058

1/4 central, 1/4 central visual field; V/4 perifovea, V/4 perifovea visual field; V/4 periphery, V/4 periphery visual field; Acuity, LogMAR; No of FX, number of fixations;

EX duration, mean duration of fixation. We defined the significance levels of the correlation coefficients as follows: a correlation coefficient of > 0.7 was defined as a

strong correlation," that of 0.4-0.69 as a "moderate correlation," that of 0.2-0.39 as a " weak correlation," and that of < 0.2 as "no correlation."

*, p < 0.05 vs. advanced group
**, p < 0.01 vs. advanced group.

https:/doi.org/10.1371/journal.pone.0278682.t003

correlation between all visual fields and the vertical component (XY) rather than the horizon-
tal component (XX) of the total eye movement distance. These results suggest that abnormali-
ties in the vertical direction may be more prominent in patients with RP and that two-
dimensional gaze analysis is necessary for patients with RP.

Additionally, in the one-line fixation trajectory of the gaze task, task performance time had
a significant moderate correlation with rotation SC but not with regressive SC. Furthermore,
the eye movement trajectory correlated significantly with task performance time for the total
eye movement distance in the vertical direction XY but not for the total eye movement dis-
tance in the horizontal direction £X. The data indicate that the decrease in reading speed in
patients with advanced RP is partly due to the increase in the vertical component in eye
movement.

These results from a two-dimensional analysis of eye movements during reading support
our hypothesis that eye movement in rotation directions causes reading difficulties in patients
with advanced RP.

All previous studies of eye movements during reading were conducted on glaucoma
patients with one-dimensional gaze analyses [7-12]. This time, the increase in movement in
rotation directions (i.e., rotation SC) in patients with RP showed the strongest correlation with
the V/4 perifoveal visual field, followed by the 1/4 central visual field and V/4 peripheral visual
field (Table 3). This suggests that even patients with glaucoma, whose disease starts from the
peripheral visual field and results in the disappearance of the perifoveal visual field, may
exhibit eye movement in rotation directions during reading, similar to patients with RP. How-
ever, glaucoma patients who retain peripheral vision may have a lower frequency of eye move-
ments in rotation directions than patients with RP.

Reading involves foveal vision and peripheral vision [16, 19]. Rayner [19] and Ikeda et al.
[4] reported that visual information processing in the parafoveal area with a viewing angle of
8° is important for determining the landing position of the next gaze point. The results in the
present study, where, as with the 1/4 central visual field, the V/4 perifoveal visual field was cor-
related with the extension of the total eye movement distance, suggest the relationship between
the foveal vision and peripheral vision.

Ikeda et al. reported that the visual information of the parafoveal area affected the fixation
duration [4]. However, the present study did not show any correlation between the visual field
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and fixation duration. However, a report indicates that although not accompanied by a
decrease in reading speed, the mean duration of fixation, which was correlated with the static
visual field indicator HFA10-2, was extended in glaucoma patients [12]. Differences from pre-
vious research results may be due to differences in the visual field assessments used. In the
future, there is a need to proceed with eye movement analyses on RP cases in the I/4 central
visual field < 5° group and investigate the correlations between the HFA10-2-based retinal
sensitivity distribution and GPK-based viewing angle (I/4 central visual field and V/4 perifo-
veal visual field) and eye movement.

The number of fixations gave a significant and strongest correlation with the 1/4 central
visual field and showed a significant but weak correlation with the task performance time. The
increase in the number of fixations during reading in tunnel vision is consistent with the find-
ings of the reports by Smith et al. [8, 9] and Murata et al. [12].

According to Morrison and Rayner [20], SC size was determined not by the viewing angle
but by the letter spacing. Regarding the number of characters that can be seen and reading
speed, Legge et al. [21] reported a decrease in reading speed with four characters or less. Osaka
and Oda [22] reported a decrease in reading speed with five characters or less in Japanese with
a mixture of kanji and kana characters. The printed reading material (viewing angle 0.857°)
and gaze analysis task (viewing angle 1.045°) used in the present study had five consecutive
characters with a viewing angle of around 5°. The results in the present study, where the
decrease in the number of characters read and extension of task performance time according
to the I/4 central visual field was only significant (p < 0.05) in the I/4 central visual field
of < 5° group (advanced), were consistent with the results in the above-mentioned report.

In addition to the foveal viewing angle, several factors, such as visual acuity, contrast sensi-
tivity [9, 23], and working memory [24], have been associated with reading ability. Research
using static perimeters by Virgili et al. [5] showed that reading speed in patients with RP was
correlated with visual acuity and contrast sensitivity and that the correlation was strongest
with a mean retinal sensitivity within 6° of the fovea. Sandberg et al. [25] reported that the
reading speed in patients with RP was correlated only with contrast sensitivity, not with the
foveal visual field diameter. The gaze analysis task involved a display of easy-to-read Gothic
font in 100% contrast to control for the effects of low vision and reduced retinal sensitivity.
Multivariant regression and correlation analyses revealed that the visual acuity and I/4 central
visual field played major roles in the number of letters read correctly. Further, the involvement
of the perifoveal visual field and peripheral visual field were shown during reading of RP
patients.

Our study had several limitations. The patients enrolled in this study were relatively young,
so our findings cannot be generalized to older patients; thus, further studies that include older
individuals are necessary. In addition, the number of patients in the advanced group was
small; larger sample sizes are needed to identify significant correlations.

Conclusion

The present study clarified for the first time that reading difficulties in patients with RP are
due to SC disorders in mainly vertical rotation SC. This result supports the notion that two-
dimensional analysis is required for gaze measurements during reading in patients with RP.
Our results also suggest that the involvement of the perifoveal visual field and peripheral visual
field, as well as visual acuity and I/4 central visual field, is important for eye movement during
reading. These are important findings that could elucidate the need for ophthalmic rehabilita-
tion for patients with RP.
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Supporting information

S1 Fig. Typical example of correlation analyses between gaze analyses and visual field. (A)
Percentage (%) of the regression saccade (SC) relative to the total SC direction. (B) Percentage
(%) of the rotation saccade>30° (RSD>30) relative to the total SC direction. (C) Number of
fixations. (D) Duration(s) of fixation (> 0.1 s). The data of the 27 patients are presented.
(PPTX)

S2 Fig. Correlation analyses between number of letters correctly read and visual function
in 27 patients. The graphs show the relationship between number of letters correctly read vs
the 1/4 central visual field (A), vs V/4 perifovea (B), vs V/4 periphery (C) and vs acuity (D).
(PPTX)

S1 Table. Analysis of ocular motility in our study population.
(DOCX)

S2 Table. Visual function measured with an eye mark recorder for all participants.
(DOCX)
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The major problem of near-infrared spectroscopy (NIRS) for brain activity measurement during verbal fluency
task is the overlapping forehead scalp blood flow (FBF) on the target cerebral blood flow (CBF). There could be
among-individual differences in the influence of FBF on CBF. We investigated effects of FBF on CBF by comparing
signals obtained through a laser Doppler flowmeter (LDF) and NIRS using the modified Beer-Lambert Law
(MBLL). Among 25 healthy individuals, 7 participants showed a strong correlation between LDF and NIRS signals
(rs >0.500). There were no significant differences according to age or sex. Subsequently, we applied the he-
modynamic separation method to the values calculated using the MBLL (A[oxy-Hb]y): to separate the concen-
tration of oxygenated hemoglobin in the forehead (A[oxy-Hblg) and cerebral cortex (A[oxy-Hblc). First, we
found that the influence of A[oxy-Hblr on A[oxy-Hb]¢ in the high rs group was almost twice as large as that in
the low rs group. Second, presence of sex and age differences in the influence of A[oxy-Hb]y on A[oxy-Hb]lc were
suggested. Based on the results, we discuss the factors affecting FBF and the resulting variations in NIRS signals.

1. Introduction

During the last three decades, near-infrared spectroscopy (NIRS) has
become a powerful tool for noninvasive and continuous examination of
cognitive (Agbangla et al., 2017), emotional (Bendall et al., 2016), and
psychiatric (Chou et al., 2020) brain function. However, since NIRS
involves the emission of near-infrared light from the scalp surface into
the intracranial region via the skull, forehead scalp blood flow (FBF)
could have interference effects on the calculated NIRS signals, including
changes in the concentrations of oxygenated, deoxygenated, and total
hemoglobin (A[oxy-Hb], A[deoxy-Hb], and A[total-Hb], respectively)
(Takahashi et al., 2011; Kirilina et al., 2012). This interference is espe-
cially large for continuous-wave NIRS based on the analytical algorithm
of the modified Beer-Lambert law (MBLL). To minimize the effect of FBF
on NIRS signals, various approaches based on the NIRS system have
been proposed, including spatially resolved spectroscopy (Yamada et al.,
2009), frequency-domain spectroscopy (Fantini and Sassarolin, 2020),
and time-resolved spectroscopy (Milej et al., 2020), as well as analytical

algorithms, including independent component analysis (Kohno et al.,
2007), wavelet analysis (Tsunashima et al., 2009), and diffuse optical
tomography (Tian and Liu, 2014).

Recently, Yamada et al. (2012) proposed a method for separating
conventional NIRS signals into functional and systemic components,
even when the task involves motion, with the assumption of differences
in hemodynamic responses in the microcirculation between the cerebral
and outer cerebral regions during task performance (hemodynamic
separation method, HDSM). Initially, their definition was based on the
separation of the functional and systemic blood flow components during
neural activation.

However, the aforementioned studies focused on clarifying the ce-
rebral blood flow (CBF), rather than the FBF, during task performance.
Since there are differences in changes in the FBF during task perfor-
mance across individuals (Drummond, 1997; Liu et al., 2018), it is
important to separately consider the FBF and CBF, as well as to char-
acterize FBF in individuals, to facilitate elucidation of human brain
function under various conditions.
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Verbal fluency tasks (VFTs) are commonly used to investigate pre-
frontal cortical function in humans, especially cognitive function in the
elderly (Appell et al., 1982; Storandt et al., 1984). They comprise two
types of tests; namely, the letter fluency test (LFT) and word fluency test
(WFT). In the LFT, each participant is asked to generate as many words
as possible orally within 60-s using three letters each as the first syllable
(e.g.,/a/, /s/, /p/). In the WFT, the participants are asked to generate as
many words as possible orally within 60-s according to three categories
(e.g., animal, fruit, and fish). The LFT and WFT mainly involve the
frontal and temporal cortices, respectively (Martin et al., 1994). More-
over, compared with the WFT, the LFT is less affected by the partici-
pants’ educational history, especially within the first 30-s of task
performance (Crow, 1998; Ito and Hatta, 2002). Therefore, the LFT has
been recently used for differential diagnosis coupled with functional
NIRS monitoring of the bilateral prefrontal cortices, including the
dorsolateral Brodmann’s area 9, 46 (BA 9, 46), ventrolateral (BA 44, 45),
and frontopolar (BA 10), as well as the superior temporal cortical surface
regions (Takizawa et al., 2014; Husain et al., 2020). Changes in the
oxygenated Hb concentration (A[oxy-Hb]) are used as a functional in-
dicator of brain activation since they are strongly correlated with
increased cerebral blood flow (CBF) accompanying brain activation.
Therefore, A[oxy-Hb] is considered as a reliable indicator of CBF
(Malonek et al., 1997; Strangman et al., 2002). However, several studies
have reported that changes in the FBF during the VFT overlap in the
cortical Afoxy-Hb] calculated using the MBLL, which causes over-
estimation of the stimulus-induced changes in the cortical A[oxy-Hb]
(Takahashi et al., 2011; Kirilina et al., 2012). This is a crucial problem in
the application of NIRS to aid psychiatric diagnoses, given that the
“integral and centroid values” (horizontal and vertical axes, respec-
tively) are used in the judgments of neural status. The integral value is
defined as “the size of the hemodynamic response during the 60-s acti-
vation task period” while the centroid value serves as an index of
time-course changes throughout the task, with the periods representing
the timing of hemodynamic responses (Takizawa et al., 2014; Husain
et al., 2020).

Furthermore, the regulation of facial blood flow differs across re-
gions (Liu et al., 2018); moreover, FBF is regulated by both sympathetic
and parasympathetic nerves. Specifically, sympathetic nerve regulation
is dominant for the eyelids, cheeks, and chin region as a vasodilator and
the nose and ear regions as a vasoconstrictor (Drummond, 2012).
Therefore, we hypothesized that the effects of FBF on CBF differ across
individuals.

This study aimed to evaluate changes in FBF and the influence of FBF
on functional CBF in participants while performing VFT. Specifically, we
aimed to discuss the factors affecting FBF while performing a VFT, the
influences of FBF on CBF, and sex and age differences in the effects of
FBF on CBF regulation while performing a VFT.

2. Materials and methods
2.1. Participants

This study was approved by the Kyoto University Graduate School
and the Faculty of Medical Ethics Committee; moreover, it adhered to
the tenets of the Declaration of Helsinki. We included 25 healthy right-
handed Japanese volunteers who provided written informed consent
before participation. There were 11 men (mean age + standard devia-
tion [s.d.] = 45.5 + 12.6 years, 26-66 years) and 14 women (42.2 +
15.9 years, 23-67 years). The participants were divided into five groups
according to age, i.e., participants in their 20 s (24.5 £ 1.6; four women
and two men), 30 s (36.8 £ 4.5; two women and two men), 40 s (41.5 +
1.5; two women and four men), 50 s (56.0 + 1.8; two women and two
men), and 60 s (64.6 & 2.8; three women and two men).
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2.2. Verbal fluency tasks

A single trial LFT was used to examine stimulus-induced brain acti-
vation in each subject. In the LFT, each trial comprised a 30-s pre-task
control period, a 60-s task period, and a 70-s post-task control period.
During the control period, the participants were requested to repeatedly
verbalize five Japanese vowels (/a/, /i/, /u/, /e/, and /o/). During the
task period, the participants were requested to verbalize as many words
as possible that begin with one Japanese character (hiragana, indicating
a syllable) shown on a computer screen at 20-s intervals (three charac-
ters per 60-s task period). At the start, the characters /ko/, /ka/, and /si/
were shown on the screen. These are the most frequently used sounds at
the beginning of Japanese words, as indicated in the Japanese dictio-
nary, Sanseido Shin Meikai Kokugo Dictionary.

2.3. Multimodal NIRS measurements

We performed simultaneous measurements using a 19-channel NIRS
(FOIRE-3000, Shimadzu, Japan) and a laser Doppler flowmeter (LDF)
(FLO-C1, Omega Flow, Japan) at 0.07-s sampling intervals. The NIRS
was used as a master instrument; additionally, LDF signals (see below)
were input through analog input channels of the NIRS. Changes in the
concentrations (expressed as arbitrary units [a.u.]) of oxygenated
(A[oxy-Hb]) and deoxygenated Hb (A[deoxy-Hb]) using three NIR light
wavelengths (780, 805, and 830 nm) (Hori et al., 2017). We used seven
emitter and seven detector optodes (Fig. 1A). The emitter and detector
distances were set 3 cm apart in a 2-by-7 array (Oonishi et al., 2014).
The areas between each emitter and detector pair were defined as
measurement channels. The channels were assumed to correspond to
cortical regions located 2—-3 cm beneath the scalp surface (Seiyama et al.,
2004). We placed the optode-set on the forehead, with the lowest
optode-line being placed along the T4-Fpz-T3 line of the International
EEG system. This arrangement allowed measurements of changes in the
Hb concentrations in the bilateral prefrontal cortex (PFC), frontopolar
cortex, and anterior regions of the superior and middle temporal
cortices.

We attached one LDF probe to the left (or right) temple centered
between the corner of the left (or right) eye and the base of the left (or
right) ear. The FLO-C1 allowed measurement of the velocity (velocity
[LDF]. Subsequently, we calculated the number of red blood cells (RBCs)
simultaneously in a tissue (mass [LDF]) and the mass flow of RBCs (flow
[LDF]) as the product of the RBC number and velocity (see Fig. 1C). The
distance between the incident and detecting optical fibers was 500 pm;
further, the mean optical depth from the tissue surface was approxi-
mately 1 mm, which allowed measurement of hemodynamic parameters
only in the skin or scalp area (Kashima et al., 1994).

2.4. Signal processing

2.4.1. NIRS signal analysis using the modified Beer-Lambert Law (MBLL)

First, we estimated changes in the concentrations of Hb species
(A[oxy-Hbly, Aldeoxy-Hb] p, and Afltotal-Hbly (= Aloxy-Hbly +
A[deoxy-Hblyp)) from control conditions based on the MBLL (Seiyama
et al., 1988; Wray et al., 1988) using the extinction coefficient of chro-
mophores reported by Matcher et al. (1995). We processed the subse-
quent NIR signals as follows: a moving average with a time window of
4.2-s was applied to remove short-term motion artifacts in the
analyzed data. Based on the report by Takizawa et al. (2008), we set pre-
and post-task baselines as the mean across the last 10-s and 5-s of the
pre-task and post-task periods, respectively. We performed linear fitting
based on the data of the two baselines.

2.4.2. NIRS signals analyzed using the hemodynamic separation method
(HDSM)

The NIRS signals analyzed using the MBLL method were further
separated to the functional and forehead components according to the
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A. Probe positions and channels
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Fig. 1. NIRS probe positions. NIRS signals
estimated using the MBLL and LDF signals
along a typical common time course. (A) Probe
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method of Yamada et al. (2012). In brief, we used a fNIRS package
provided by the National Institute of Advanced Industrial Science
Technology (downloaded 2015). The functional components of NIRS
signals due to the change in CBF (A[oxy-Hb]¢ and A[deoxy-Hbl¢) and
the systemic components of NIRS signals those in the FBF (A[oxy-Hb]g
and A[deoxy-Hbly) were estimated assuming the presence of following
relations: A[deoxy-Hb]c = k.eA[oxy-Hb]c where k. (a constant func-
tional parameter) = — 0.6 and A[deoxy-Hb]r = kreA[oxy-Hb]y where
essentially 0< ks (a constant systemic parameter) < 1 (cf. Supplemen-
tary Fig S1) but we also counted cases of ky= 0 and >1 (cf., Supple-
mentary Fig S2) taking account of the systemic fluctuation originated by
arterial system and congestion in vascular beds, respectively.

The 19 channels were clustered into three groups; further, we syn-
thesized the NIRS signals in each cluster (see Fig. 1A and B). The first
cluster of 11 channels was approximately located at the frontopolar and
dorsolateral PFC. The second and third clusters comprised four channels
approximately located at the left and right ventrolateral PFC (L-VPC and
R-VPC, respectively). Channels containing artifacts, including appar-
ently large motion artifacts and/or low signal-to-noise ratios, were not
included in the analyses. The synthesized A[oxy-Hb] was used as an
index of brain functional activation and quantified using two visual
spatiotemporal indices; namely, the integral and centroid values (Taki-
zawa et al., 2014). The integral values of the A[oxy-Hbly, A[oxy-Hblc,
Aloxy-Hb]p (i.e., integral A[oxy-Hb]y;, integral A[oxy-Hb]c, and inte-
gral A[oxy-Hb]y) were the area under the curve of A[oxy-Hb] during the
task period; moreover, they were indices of the magnitude of the he-
modynamic response. The centroid values [unit, second (s)] are

Mass (LDF)

45

i A Mo

indicated by a perpendicular line from the centroid time, which yielded
half of the integral values of A[oxy-Hbly;, A[oxy-Hblc, or A[oxy-Hblg
throughout all the task periods.

2.5. Statistics

We performed correlation analyses among the time courses of NIRS
signals (A[oxy-Hb]y, Al[oxy-Hblc, Aloxy-Hblp) and the standardized
LDF signal using Spearman’s rank-order correlation coefficients. A cor-
relation coefficient (r;) > 0.500 indicated the presence of a significant
correlation. The centroid and integral values were expressed as the mean
=+ standard deviation (s.d.). We used the Wilcoxon t-test with Bonferroni
correction after Friedman’s 2 r-test to compare NIRS signals before and
after HDSM (i.e., A[oxy-Hb]y, A[oxy-Hblc, Aloxy-Hb]g). The Kruskal
Wallis H-test and joint Wilcoxon test were used to analyze differences
according to age. The Mann-Whitney U-test was used to compare sex
and age differences. Statistical significance was set at p < 0.05. Cohen’s
d was calculated to determine the effect size.

3. Results

3.1. Separation of hemoglobin in the forehead scalp and cerebral cortex
Fig. 1 A shows the positions of the optical probes and channels (see

Methods, the section regarding multimodal fNIRS measurements).

Fig. 1B shows typical examples of the time course of changes in NIRS
parameters (i.e., A[oxy-Hbly, A[deoxy-Hbly, and A[total-Hb]y)
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estimated using the MBLL method. Additionally, Fig. 1C shows the he-
modynamic LDF parameters [Velocity (LDF), Mass (LDF), and Flow
(LDF)] in the forehead simultaneously measured with LDF. For func-
tional analyses, A[oxy-Hb]y in 11 channels in the PFC (i.e., channels 2,
3, 4,5,9, 10, 11, 15, 16, 17, and 18 in Fig. 1A) were target signals;
moreover, we examined correlations between the A[oxy-Hb]y and the
LDF signals to estimate the effect of the forehead hemodynamic change
on the cerebral hemisphere. Among the LDF parameters, flow (LDF)
showed the highest correlation with A[oxy-Hb]y (averaged values of
correlation coefficient (rg) from the 11 channels was 0.735) (Fig. 3A).
The integral value of A[oxy-Hb]y during the task period (i.e., A[oxy-
Hb]y) was 512 (a.u.).

To separate Hb parameters in the cortex (A[Hb]c; i.e., Aloxy-Hblc,
A[deoxy-Hblc, and Aftotal-Hb]c) and those in the forehead scalp
(A[Hb]F; i.e., A[oxy-Hb], A[deoxy-Hb]p, and A[total-Hb]g) from those
estimated using the MBLL method (A[Hb]y; i.e., A[oxy-Hb]y, A[deoxy-
Hb]y;, and A[total-Hb]y), we applied the HDSM on the A[Hb]y;. Figs. 2A
and 2B shows typical examples of the time courses of A[Hb]c and
A[Hb]F, respectively. Results of the separation of A[oxy-Hb]y; to A[oxy-
Hbl¢ and A[oxy-Hb]r in 25 participants using HDSM are summarized in
Table 1. Each parameter was significantly separated.

To clarify the method, we compared the NIRS parameters and the
forehead scalp blood flow parameters measured using LDF, which reflect
the hemodynamic parameters in the surface of the forehead (~1 mm
from the skin surface). The r value between flow (LDF) and A[oxy-Hb]r
or that and A[oxy-Hb]c were 0.762 or 0.399, respectively (see Figs. 3B
and 3C). Changes in A[oxy-Hbl¢ and A[oxy-Hb]y during the VFT (i.e.,
integral Af[oxy-Hb]¢ and integral A[oxy-Hbls) were 85.2 and 426.8,
respectively; additionally, the ratio of integral A[oxy-Hb]r to integral
Aloxy-Hb]¢ was ca. 5.0.

Table 2 shows the correlation coefficients (r;) between the FBF
measured with the LDF (Flow [LDF]) and NIRS signals. First, we sepa-
rated the high rg group (n = 7), where rg > 0.500 (A[oxy-Hb]y vs. Flow
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[LDF]), and the low rs group (n = 18), where ry was below 0.500. We
defined the former and latter as the high- and low-FBF-influenced
groups, respectively (1st row in Table 2). Subsequently, we analyzed
Aloxy-Hb]r and A[oxy-Hb] in each group (2nd and 3rd row in Table 2).
In both groups, the values of ry were in the order of A[oxy-Hblg > A[oxy-
Hbly > Aloxy-Hblc.

NIRS signals are usually obtained using the MBLL method. However,
these signals contain Hb in both the cerebral cortex and forehead scalp.
To obtain accurate NIRS signals from the cerebral cortex and to allow
accurate diagnosis, it is important to separate Hb in the cerebral cortex
and forehead scalp. Table 3 shows the relationship between the integral
NIRS values before (i.e., MBLL only) and after HDSM. The ratio of in-
tegral A[oxy-Hb]¢ to integral A[oxy-Hb]y in the low rg group (mean
value of 0.683) was almost twice larger than that in the high ry group
(mean value of 0.326). Contrastingly, the ratio of integral A[oxy-Hb]r to
integral A[oxy-Hb] in the low rg group (mean value of 1.84) was almost
half of that in the high rg group (mean value of 3.84).

3.2. Sex differences in hemoglobin in the forehead scalp and cerebral
cortex

Figs. 4A and 4B show the distribution of integral A[oxy-Hb]y (closed
circle; i.e., before HDSM) and integral A[oxy-Hb]lc (open circle; i.e.,
after HDSM) of 11 male respondents and 14 female respondents,
respectively. Although there were no significant sex differences in the
distributions of integral A[oxy-Hbly (p = 0.309) and integral A[oxy-
Hbl¢ (p = 0.118), there were large effective size (d) values for integral
Aloxy-Hb]y and integral Aloxy-Hb]c (d = 0.468 and d = 0.655,
respectively).

Before HDSM, men had a larger distribution of integral A[oxy-Hb]y
(range: —78.9 to 521.0) than women (range: —16.7 to 185.0). However,
after HDSM, women had a larger distribution of integral A[oxy-Hb]¢
(range: —71.2 to 56.6) than men (range: —8.3 to 85.2) (see discussion).

A. CBF NIRS signals after HDSM
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B. FBF NIRS signals after HDSM
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Fig. 2. Time courses of NIRS signals of CBF and FBF after HDSM application. (A) A typical example of A[Hb]¢ obtained after the HDSM. (B) A typical example of
A[Hb]y obtained after HDSM application. The ranges and units in the vertical and horizontal axes are similar to those in Fig. 1B. Fig. 1B shows the original data
(A[Hb]y) before HDSM application. The right, middle, and lefts clusters are the same as those in Fig. 1B [R-VPC (Chs 1, 7, 8, and 14), FPC (Chs 2, 3, 4, 5, 9, 10, 11,

15, 16, 17, and 18), and L-VPC (Chs 6, 12, 13, and 19)].

46

_34_



A. Seiyama et al.

y=15.86x-006 +
r,=0735

0.05 0.1

Afoxy-Hbly (au)
B [ +HDsMm A [MBLLonly
(forehead)
8 8
y=20.01x-0.04 ,
6 r,=0.762 - 6
— 3
2 &
g 4
3 3
= i
—
-0.05 0.05 0.01
2 Aloxy-Hb Js (au) 2
Table 1
Separation of A[oxy-Hb]y to Aloxy-Hb]c and A[oxy-Hblr using HDSM.
Parameter Mean SD
Aloxy-Hbly 98.06 ** 120.9
Aloxy-Hb]r 78.76 * 101.4
Aloxy-Hblc 23.28"+ 32.8

** p < 0.01; Aloxy-Hb]y vs Af[oxy-Hblc (n = 25)
*, p < 0.05; Aloxy-Hb]y vs Aloxy-Hblg (n = 25)
++, p < 0.01; Aloxy-Hbl vs Aloxy-Hblg (n = 25)

Table 2

Correlation coefficients between time course changes in Flow (LDF) and NIRS

signals.

Time course in High ry Group (n =7)

Low rs Group (n =7)

Aloxy-Hbly 0.677 + 0.089
Aloxy-Hb]r 0.682 + 0.084
Aloxy-Hblc 0.362 + 0.190

0.287 £ 0.154
0.317 £ 0.131
0.225 + 0.138

Data are expressed as mean values + SD. The high r, group showed a correlation
coefficient ry > 0.500 between time course changes in Flow(LDF) and A[oxy-
Hb]y obtained using the MBLL method. A[oxy-Hblr and A[oxy-Hb]c denote
Aloxy-Hb] in the forehead scalp and cortex, respectively, after HDSM.

Table 3

Relationship between integral values of NIRS signals before (MBLL only) and

after HDSM.

Ratio of integral A[oxy-Hb]

High r; Group (n = 7)

Low r; Group (n = 18)

0.326 + 0.24
3.84 £3.30

Aloxy-Hb]c to A[oxy-Hbly
Aloxy-Hblr to Aloxy-Hbl¢

0.683 + 1.01
1.84 +1.07

Data are expressed as mean values + SD. A[oxy-Hb]y denote the integral values
of Aloxy-Hb] obtained using the MBLL method. A[oxy-Hblr and A[oxy-Hb]c
denote the integral values in the forehead scalp and cortex, respectively, after

HDSM.

Among women, all values of integral A[oxy-Hb] showed a left shift
from those of integral A[oxy-Hb]y (the values became small). Con-
trastingly, the values among men were within the range of 0-100 (see
the direction of arrows in the Figure (Figs. 4A and 4B)) (see discussion).
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Fig. 3. Correlation analyses between time
course changes in NIRS signals and Flow (LDF)
measurements. Typical example of correlation
analyses between NIRS and LDF signals before
[A, Aloxy-Hbly vs. Flow(LDF)] and after
HDSM application [B, Al[oxy-Hb]r vs. Flow
(LDF); C, Aloxy-Hb]c vs. Flow(LDF)]. Original
data are shown in Fig. 1B and 1C for A[oxy-
Hb]y vs. Flow(LDF) while those for A[oxy-Hb]g
vs. Flow(LDF) and A[oxy-Hb]c vs. Flow(LDF)
are shown in Figs. 2B and 2A, respectively.
Flow(LDF) was similar to that shown in Fig. 1C.

+HDSM
(cortex)

+ y=39.58x+033
r,=0.399

002 003 004

Aloxy-Hb]. (au)

3.3. Age differences in hemoglobin in the forehead scalp and cerebral
cortex

Fig. 5 shows an age-based comparison of the scatter plots of the
centroid (vertical axis) and integral values (horizontal axis) of A[oxy-
Hb] before HDSM (Fig. 5A) and after HDSM (Fig. 5B), where partici-
pants were classified as follows according to age: 20s (n=5), 30 s
(n = 4),40 s (n = 6), and 50-60 s (n = 5 for women and n = 4 for men).
In the 50-60 s cohort, men and women were divided given the presence
of menopause and post-menopause in women. In each group, the
centroid values (i.e., Centroid A[oxy-Hb]y in Fig. 5A and Centroid
Aloxy-Hb]¢ in Fig. 5B) showed no remarkable differences according to
age groups as well as before and after HDSM. However, there were two
remarkable findings regarding integral A[oxy-Hb]y and integral A[oxy-
Hb] as follows.

First, although we had observed two exceptions in men (see Fig. 4A
and the above section) in all age cohorts, the integral A[oxy-Hb]¢ after
removing the A[oxy-Hb]r in 23 participants were smaller than those of
integral A[oxy-Hbly (d > 0.599) (see discussion). Second, the distri-
bution of integral values for the 20 s group was larger than those for
other age cohorts, both before and after HDSM (see discussion).

4. Discussion

It is important to identify stimulus-induced neural activation by NIRS
based on functional hyperemia (neurovascular coupling) and changes in
A[deoxy-Hb] (Malonek et al., 1997; Strangman et al., 2002). Under
conditions of suppressed scalp blood flow, simultaneous NIRS mea-
surements and functional magnetic resonance imaging (fMRI) revealed
that balances between A[oxy-Hb] and A[deoxy-Hb] were dependent on
hemodynamic conditions in the cerebral microcirculation (Seiyama
et al., 2004). Stimulus-induced neural activation under normal condi-
tions is characterized by an increase in A[oxy-Hb] and a small decrease
in A[deoxy-Hb]; contrastingly, an increase in both A[oxy-Hb] and
A[deoxy-Hb] characterize the congestion condition. In the case of blood
flow interference in the extracortical regions, Yamada et al. (2012)
proposed HDSM for separating CBF and FBF (referred to as functional
and systemic components, respectively). They assumed that during task
performance, CBF showed an increase in A[oxy-Hb] and a decrease in
A[deoxy-Hb] according to the normal hemodynamic response. Con-
trastingly, the FBF showed an increase in both A[oxy-Hb] and A[deox-
y-Hb] due to passive dilation and changes in vascular bed compliance in
the extracortical regions. To clarify this method, we compared CBF
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Fig. 4. Sex differences in NIRS parameters before (MBLL only) and after HDSM
application. A comparison of scatter plots of the centroid (vertical axis) and
integral values (horizontal axis) of A[oxy-Hb]. The arrows denote the directions
of changes in parameters before (black circles) to after (white circles) HDSM
application. The blue and red arrows show the left- and right-shifts of the pa-
rameters, respectively. (A) Scatter plot of Centroid A[oxy-Hbly and Integral
A[oxy-Hb]y for men (i.e., before HDSM) are shown using closed circles while
those after HDSM (i.e., Centroid A[oxy-Hb]c and Integral A[oxy-Hblc) are
shown using white circles. (B) Scatter plot of Centroid A[oxy-Hb]y and Integral
Aloxy-Hb]y for women (i.e., before HDSM) are shown using closed circles
while those after HDSM (i.e., Centroid A[oxy-Hb]c and Integral A[oxy-Hb]c)
are shown using white circles.

parameters measured using NIRS and FBF parameters measured using
LDF, which reflects the hemodynamic parameters on the forehead sur-
face (~1 mm from the skin surface).

Table 2 and Fig. 3 indicate that the rg values were in the order of
Aloxy-Hb]g > A[oxy-Hbly > Aloxy-Hb]c. Table 3 shows the contribu-
tion of integral A[oxy-Hbly to integral A[oxy-Hb]¢ in the high rs group
was almost twice larger than that in the low rg group. This suggests that
the effect of the FBF on NIRS signals in the high ry group is more than
twice as large as that in the low rg group. There has been scarce research
on the influence of FBF on CBF since it was first developed for measuring
human brain functions (Hoshi and Tamura, 1993; Kato et al., 1993;
Villringer, 1993). However, a previous study (Chihara et al., 1998)
during the early stages of NIRS development indicated the requirement
of caution in its application. The FBF changes could be attributed to
several reasons. Specifically, the FBF in the forehead is influenced by
physiological, physical, and experimental/instrumental factors, which
result from the autonomic function of cardiac and respiratory oscilla-
tions, vasomotor action, pressure and gravitational influences, and
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A. NIRS signals before HDSM (MBLL only)
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Fig. 5. Age differences in NIRS signals before (MBLL only) and after HDSM
Comparison of scatter plots of the centroid (vertical axis) and integral values
(horizontal axis) of A[oxy-Hb] before (A) and after HDSM (B) are shown.

optode contact error (cf., Yamada et al., 2012).

Fig. 2 shows a typical example of NIRS signals after HDSM (the
estimated as CBF and FBF are shown in Figs. 2A and 2B, respectively),
whose original NIRS signals obtained with MBLL are shown in Fig. 1B.
The NIRS signals in the R-VPC and L-VPC are remarkably reduced or
disappear after HDSM (Fig. 2A), while those shown in Fig. 2B show large
amplitude and similar shape to the LDF signals, especially to flow(LDF),
shown in Fig. 1C.

It should be noted that the influences of FBF on NIRS signals obtained
using the MBLL method differ across individuals and tasks; moreover,
they may vary within the same participant and among experiments.
Further, it is unlikely that there is a constant influence of FBF during the
experiments, except in rare cases. Therefore, the influence of the FBF
should be minimized as possible. Our results suggest that judging from
the correlation analyses (A[oxy-Hb]r > A[oxy-Hb]y > A[oxy-Hblc, see
Fig. 3 and Table 2), the HDSM can separate the FBF and CBF in NIRS
signals obtained using the MBLL method as expected, although it should
be noted that in the present study, we adopted the HDSM proposed by
Yamada et al. (2012), which was based on several assumptions,
including that a linear negative relationship exists between changes in
cerebral oxy-Hb and cerebral deoxy-Hb, and that capillaries mainly
generate the functional component of NIRS signals, while arteries and
veins generate the systemic component; however, the assumptions
themselves required further evaluations.

In our study, all participants performed the VFT at the same level.
The task outcome of men and women were 17.8 & 5.5 and 17.9 &+ 5.6,
respectively, and there were no significant differences among genera-
tion. As for NIRS signals, the integral A[oxy-Hb]y and its distribution (s.
d.) showed lager values in men (129 + 164) (Fig. 4A, closed circle) than
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those of women (73 + 69) (Fig. 4B, closed circle), and after HDSM those
difference became small, the integral A[oxy-Hb]¢ and its distribution
were 34 + 29 for men (Fig. 4A, open circle) and 14 + 34 for women
(Fig. 4B, open circle). Although there was still no significant difference
in NIRS signals (i.e., integral A[oxy-Hb]) between men and women, the
effect size between sex difference changed from a medium value (d =
0.47) for the integral A[oxy-Hbly (U = 61, p = 0.390) to a relatively
large value (d = 0.65) for the integral A[oxy-Hb]¢ (U = 50, p = 0.076).
This result suggests that the presence of sex differences in the VFT-
induced changes in FBF and CBF, although further investigation with
increasing in number of participants is required.

As for sex difference in the VFT-induced CBF change, an fMRI study
conducted by Gauthier et al. (2009) have reported that during VFT tasks,
men showed larger neural activation, reflecting the increase in CBF,
than women in the left inferior temporal gyrus, cerebellum, anterior and
posterior cingulate cortices, right superior frontal gyrus, dorsolateral
PFC, lingual gyrus, and anterior cingulate cortices, regardless of the
performance. This indicates the presence of strong relationships among
neural circuits mediating cognitive, emotional, physiological, and
behavioral responses, and that their functional changes induce changes
in Aloxy-Hb] (Villringer et al., 1993).

On the other hand, sex difference in the VFT-induced FBF change
could be attributed to the following several factors as follows. Difference
in the thicknesses of the head and face soft tissue (men larger than
women) (Mori et al., 2003; He et al., 2021) could explain the larger
value of k; in women (0.38 & 0.14) than in men (0.17 £ 0.12) (U = 44,
p < 0.01, see also Supplementary Figs. 1 S and 2 S). Furthermore, the
relatively smaller value of FBF and its distributions (U = 48, p = 0.357,
d = 0.62) in women (64 + 54) than in men (127 + 140) could be
explained by a smaller number of perfused facial microvessels in women
than in men (Mayrovitz and Regan, 1993) and the differences in he-
matological variables such as hematocrit, RBC volume, blood volume

and hemoglobin concentration in the peripheral circulation (Dia-

z-Canestro et al., 2022).

In addition to the aforementioned factors, since the task was per-
formed while sitting in a chair, our findings could have been affected by
sex differences in the overall body size; length from the heart to the
forehead (Smulyan et al., 2001); and vascular compliance (Winer et al.,
2001), especially in venous compliance, since the smooth muscles of
veins and venules are thinner than those of arteries and arterioles. For
men with large bodies, the large distance from the heart and forehead
vessels results in a large increase (and thus large deviation) of blood flow
in the external carotid artery to the forehead microvessels. Moreover,
women have lower venous compliance than men (Winer et al., 2001),
which results in lower transmural pressure (Huxley and Wang, 2010) for
a given increase in venous volume as well as a quicker increase in hy-
drostatic pressure (Shore et al., 1995). These sex differences could affect
the influence of FBF on CBF and the interpretation of NIRS signals.
Therefore, it is important to separate the FBF from the CBF.

Compared with the other age cohorts, the 20 s age cohort showed a
tendency of large deviation in the values of integral A[oxy-Hb]\(97 +
212 of 20 s vs 98 + 84 of over 30 s, U = 38, p = 0.242 and d = 0.01)and
still in the integral A[oxy-Hb]¢ (4.6 +52.8 of 20 s vs 28.7 + 22.0 of over
30s, U=33, p=0.146 and d = 0.77)(see also Fig. 5). Regarding the
large deviations in 20 s, we may be able to consider both organic and
functional factors as follows. For organic factors, a magnetic resonance
study on participants aged 7-87 years revealed that dynamic changes in
neural structure occur during maturation in humans, with the main
changes being a non-linear decrease and increase in the frontal grey and
white matter density, respectively (Sowell et al., 2003). Further,
age-dependent declines of CBF, cerebral blood volume, and oxygen
utilization have also been reported (Leenders et al., 1990; Zhang et al.,
2010). Since the NIRS signals are less sensitive to the blood flow changes
in the white matter (Seiyama et al., 2004; Takahashi et al., 2011;
Haeussinger et al., 2011), the deviation of the vascular bed structure in
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the cerebral cortex among young individuals possibly causes a large
deviation in detected NIRS signals due to neurovascular coupling. For
functional factors, Nakazato and Shimonaka (1989) reported that both
state and trait anxiety decreased with age in a survey of individuals aged
25-92 years. They suggest that anxiety tends to decrease with age, with
old age appearing to be the most psychologically stable life period in
Japan. Costa et al. (1986) reported similar results based on a random
sampling survey of patients aged 23-88 years across the United States.
Therefore, we can’t deny the possibility that both FBF and CBF among
individuals in their 20 s reflect some type of task-related stress as well as
stresses resulting from the cognitive function generating verbal
expression.

This study has several limitations. We focused on the influence of the
FBF on the CBF in individuals during VFT performance; therefore, our
findings cannot be generalized to functional NIRS measurements. Future
studies should include various cognitive tasks and larger sample sizes.

In conclusion, our findings showed that the influence of the FBF on
the CBF differs across individuals. The FBF signal mostly results in CBF
overestimation, especially under vertical conditions in the sitting posi-
tion. Our findings suggest that it is important to separate Hb in the ce-
rebral cortex and forehead scalp to obtain accurate NIRS signals and
allow accurate examination of brain function in humans.
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Study
Hikari Otsuka't, Sayaka Okahashi't %" and Akitoshi Seiyama™>

Abstract - Sudden occurrences of disasters often agitate people emotionally and make their planned evacuation
activities difficult. However, the biological responses to natural disaster situations have not been investigated. This
study aimed to: 1) discover the difference in emotional responses between earthquake video-watching and neutral
video-watching conditions, and 2) investigate the relationship between emotional responses during watching an
earthquake video and subjective emotion assessment/individual anxiety traits. Healthy young adults (n = 12)
watched earthquake and neutral videos, and we measured biological signals and performed emotional assessment.
We measured biological signals, such as pulse rate and cerebral blood flow in the dorsolateral prefrontal cortex,
using a wearable two-channel near-infrared spectroscopy (NIRS) unit. Autonomic nerve indexes (sympathetic and
parasympathetic indexes) were calculated from the NIRS data. Subjective emotion assessment was made using the
Self-Assessment Manikin. The State-Trait Anxiety Inventory Questionnaire was also performed. We found that
sympathetic nerve activity was significantly lower in the earthquake video-watching condition than during the
neutral one. Biological indicators inferred both subjective emotion assessment during watching the earthquake
video and individual anxiety traits. Autonomic indices based on 2-channel NIRS data may be able to estimate

emotional responses to different stimuli.

Keywords : earthquakes, emotion, autonomic nervous activity, cerebral blood flow, anxiety traits
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Fig.2 An Example of Video Flow in the Main Trial and

Subjective Assessment Screenshot
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Atotal-Ho(R) I X M1 5= 45 /4 CT1X —0.01+0.01(a.u.), "5 M:
TIX—0.01£0.01(a.u.), LI IFHEESA:TIX 0.0420.06,
PESAE T 0.0540.07 THo7- (K 5).
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Mg 41T & B el Tid CSHITHBE S AT J5 23 ik 2 D 3 >OHEBUL O FEAEHHOFLLE L 2 dD ik
Lo bHEEINE) o7 (p=0.046,d= —065). —JF Mg O Y E BT ry FLTEY, Afsixs
T, CVI, CVI/CSI, WRHa%k, Atotal-Hb(L), Atotal-Hb(R), KBFEOEHEE T LTS,

LI iIZoWTiE, Wb A EZETR)r->72 (CVI:p = SAM @ JEIEHOF¥)E, HIFES T 6.9450.20,
0.90,d = —0.04 ; CVI/CSI : p=0.08, d = 0.55 ; 1%k : p RS CIE 3.1720.37, REREITHIESM TIL 6.17=
= 0.17, d = —0.44 ; Atotal-Hb(L) : p = 0.61, d = 0.15 ; 0.33, HMEGETIE 2.2540.20, FECEE I HE S T
Atotal-Hb(R) : p=0.89,d=0.04 ; LI : p=0.82,d = —0.07) 6.11+0.40, TMELMETIX 2251029 TH-72 (X6).
(M3~5). S CoOEETIE, EEM, TERE, XEEOWT
3.3 EEMEOEEE AUTBWTHHESGEO T AHERE LY b ERICE D
FEBRRHEORREZ X 6 12T, KR, x5 -7~ (p<0.001) (X6).
b =11
@ csto= ® evie=n 9 cviesi m=1 | THREC (D

(au)  —* (;3-:-) ns. . —_— w05,

1.4 "~ ] 100

1.2 4 61 &=——2 & 5] T

11 551 o 901 ¢&—3
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WwE it hmE i mE HwE it
_ 8 HRRREROARIERSR 4 AW IRENS O R
Fig.3 Autonomic Nervous Index during Video Watchlngg Fig.4 Pulse Rate during Video
FERBRFEOVHE (@) & 2B HEOELE (O) 2rT. Watching
*p <0.05, n.s.: not significant
(a) _ (b) (©
Atotal-Hb(L) (n=12) Atotal-Hb(R) (n=12) LI (n-12)
(a.u.) n.s. (a.u.) n.s. 0.5 -
0.08 - 0.08 4 —m—m 0-4 ]
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Fig.5 Cerebral Blood Flow Change during Video Watching
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Fig.6 Subjective Evaluatlon (\Valence, Arousal, Dominance) using SAM
**p<0.001
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3.4 HE{KIRIE L XM L DORYE

MU IZ 59 D AR GRS ih, RREEE, i
) & HMEE, HE R O MG R B O E (KRR
(CVICSI, LI) =LKL LIS AT v
BRI B AT > T2 i R 2 21RT. £72, BRI
Lo TTFMLIZHERO—F] (EAEM O T HIE & SZRIfE D
BItR) & 7ITRT. RRIEMN, REEE, XREOETE
HAEH & Lz EIRAOMEE EIZoWT, @2 D =
1.05, p=1.00, E7 Y D ¥ ¥2=1.03, p = 1.00, AJE
FeAs € =051, p = 1.00, ZEAIfE & TRIEDORERED R?
=093 ThH-oT-.

# 2 HUEMARINT 2 FBIHFHMTOZEn P27 1 v
Acr
Table 2 Multiple Logistic Regression Analysis of Subjective
Evaluation of Earthquake Video

HAZEE EEERE SEERE mARE Ay X

H#ECVI/CSI -0.20 0.37 0.59 0.82
- HELI -0.44 1.21 0.72 0.65
(re‘fagé{m) i CVI/CSI 0.12 0.22 0.59 1.13
thiL 0.33 0.95 0.73 1.38

i)y 0.36 1.49 0.81
#ECVI/CSI -0.24 0.37 0.52 0.79
HELI -0.34 1.21 0.78 0.71
(re%%éfﬁ) th{£CVI/CSI 0.16 0.22 0.47 1.17
thi{L 0.26 0.96 0.79 1.29

il 0.38 1.49 0.80

ref. R« BE 2 LD T2V L35, n=12

9 -
g .
7 1 ade
.
6 -
g
=
4 4
H+K 3 y=0.75x+1.77
RZ=0.86
2 4
1 4
O L] L} L} L} L] 1

60 1 2 3 4 5 6 7 8 9

TAIE

7 EAE GO TR & SEHIEOBIFR
Fig.7 Relationship of Estimated and Actual Values of Valence
oI LOWERE (RY) 1%, BHRYEEZ R
fli& L723BEOE. n=12

3.5 HEFEFELIAREELOBEE

R (REAL R VRFERZ D N—E ¥ A )L
) Z BAIZESk, HEE K O b e IR I oD A f S
(CVICSI, L) ZFHAEH L LS AT v
BB 2T o iR 2% IR T. £, EIRSHTIC

44—

Lo TTFML7ZTHIME & FREDOBIRZ X 8 1ZRT. IR
HER 22 L ORI AR 2 D —F v 2 A VAl BRI e L
7= EURROE A IOV T, BB D = 96.77, p = 0.00,
BTV D 208 y2= 84,75, p = 0.00, A C = 28.35,
p = 0.00, FEAIME & FRMORERELD R2= 091 ThH-
7.

£ 3 REEPEOZEO AT 4 v 7 [EIRSHT
Table 3 Multiple Logistic Regression Analysis of Anxiety
Traits

HPEER  RERRH FHERE AARE v X

HECVI/CSI -1.57 0.34 0.00 0.21
HZELI -2.27 1.25 0.07 0.10
thffCVI/CSI 0.94 0.24 0.00 2.55
L 1.03 0.85 0.22 2.80
1]y 4.81 1.01 0.00
n=12
a ™
@ REERZ
100 -
;\
~ 80 A
*
S 60 A
K] y=0.65x+4.86
| R2=0.33
2 40 1
L ]
$m] e o
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Fig.8 Relationship of Estimated and Actual Values of

Anxiety Traits
hoEwAd LOWRERK (RY) 1%, BRLEZE
()IREEARZ, (DFMHEARZ L LA, n=12



RIS REROETE NIRS £ AW EBHR

3.6 ChFEToOMERRICEY 2HEME

RER LI HBORKEEITI 3N 14, 4854, 559
W34, SHR 14, 6990 L4 THoT-. BB LI
T FE - BEYN 6 4 TREThoT. BFNXAED
B=E @4), BE G4) DIEICEZhoT-. IMEIZDON
T, BEx T 4), AL (64), Bk Ew (6 4),
i (54), BhiE - IRAEL 54), i B4) OIEICE
Mol BEOTFEICOWTIE, LRAHLT—7 10
TiZb <otz (B4), BBNELTEZ D RGHIN O
ni= 24), EXRLOTHES>T- 24) RZEL
TE AP NWIe—0, BEORMTHEBE TE oz (1
£), FRZE Lotz 34) LWIHRIZELH -T2,
BT 3AE [ TRRER L7 1~EE 2 OHIEEIC DWW T
X, BATE LTHEDEMN 74, HEOEEN 5L T
EEMHETRBR LTV, OEICSWTE, BE 6
4), fx (4 4), B 3 4), A% Q3 4), Oiid (3
4) OIEIZZ -T2, [TEINC W T, o s L
o7 (84), MABELTEZIRGHM»LEENT (3
4) DI o7z,

4 EE

AWFSED B, HUEICBIT D BRI O B Ak
TEECRIER, MM L S OERIES 2 F ¢ 2 %
NV NIRS 1L > THRLNAET—HITESHTHRIEL, #
PERL GRS & OLkik, RO D OAKRIEIE & 680
FEA GRCIEMN, REEEE, XEE) ROVRZRRRE L o R
ERAT 2L ThotTz.

TP, MEMGHTEEE O I 3 PRSI L 0 22
AR OIEE 2R3 CSI A RICET LTRY, Ik
WIZRBWTIE, AEEIIR)» -T2 O OHBESRM-D S 23
DI BEA (d = —044, I~HFOBHE) IThHoTz. I
TSI T, RPZRER IR -Om 4 84 % 52 1 72 B
XA L b DA T 5 & 9 ]ERIRAS,
72 Uil o 7o i & B U 2 S0 & R o BT BEEE 3~ 5
B, SR LA TLHEEDED T L0 I WERS
LM AE0 SAM % 72 B8 72 34 T I b EE ML
OFBFERBG LD SAEBICRREZE T, RRENEL,
XRENRRKRENVEWIFRRThH-TZ b b, AR5
TIHMUE SN2 AT ¢ 72BN K > TREAR R A
TL, IR\ LBIMER &Rl ERB DT,

—J7, BIZEARIEIE T H D CVI TIIMESIE & ik
SMETIEE AL EN R -T-Z &I LT, Berntson &
VRS AR & Bl A AR AR O TR B I FEAR B 22 40 ST U 72 3%
BETOLENH DL LHE LTINS Z LR, Kreibig
VX IE BN R OO B AR TR BN B A U A A Lo L
a2 —CB W TH RO YW BE S 2 B I L 5 Ik
O TIE, RSB DORE LD L0 A AR o B
BZ X - THI &R SN TWDAEEMENR H D & kT
U oD, RIFROERELRAT 4 7 72158
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WAL LT o> TR IR OIMSE LA T AL U2 b o L
Wi,

o8, MM k& (Atotal-Hb(L), A total-Hb(R),
LD) OEEREICET 2 HERM L TS MO I TITE R
FEIHB N 0T, B ORIE 2R LIZBRICEDNE
SRR EE BRSO R N B O oxy-Hb 23EEI L 7= &\ D
Marumo © DOELARL, Rif7e B HELERIZ Tl o4+
TIRTEERTEF O oxy-Hb 238801 L7= &5 Hoshi & O#eE
W% ZFF Lotz MEEAL & U7 SMATRTEE AT X
AREnH o B EE TH 0, IR RTEE R o7 P ATEE
MBI L CRAT ¢ 772G 28T 2 & &h a2
Flo, BRBMERRRE, BIREDBRERD T —
V% RAR T RO MIRTEHATEF O IR B S K E2 VAT L,
IHT 4 7 IR EBOREE S KB ICIE T Lz 2 &3t &
NTWBEL ZpZ Lhh, AR THRR LI BB
A SMAIRTEERTEA I & DA 2 H3E & L2 WERE %
TholzZeMNEZLND. SHRIZIVEANEKDD D
VR (Virtual Reality : {RABBI3E) Befg % A7z i35 o
B BRI 28R 5 2 &0, BRR AR TE)
72 & DOFRIGIE A LB & D EBREMF T CRHIATT O 72
EOFRDIAENLETH S.

WIZ, AR & EBBFHE & OBEIZO>WT, AR
fate (CVICSI, L) ZaiAEE L LeSEr 2T ¢
o 7 EUFATIC L VS SN ERET VI, FERE S T
HEORERE (R 28 093 L&, G, RWEEE
SCRLEE & o 7o RO TN A B AR IR SO AT B I M.
MELEDLELZE L Vo T BB R ERIBE CR LD

WS T =X OB RRS GO Ll fix
DB OREIFRE O A FIEITE S, SBARHEK

FHLLIE ) Z CORENLETHD.

RIS & RLRE L OBEIZ DV T, ERIEE
(CvICSl, LI) Z#ALHE LI-n Y RAT 4 v 7 EF
D THLNZET VBN TY, EHIEE TR %R
EMREL (R?) 2% 091 @<, FHAFHN & FARIZfE A
DR % A AR -CIN MR A L B A A EIC X
STHELED LV )T —F OB ERIE ST,
EHIT, MR & PR O B B R IEE O &5
EARTREMEE CHEMEN A DN, BEMREED %
HHE &, FRR»SEONIRERE & FERL O TH
ETIE, BERLZICHR LTS TEWR 2R Lz
D LiE, REARRIIARLEA U S DHPLICT LT
L2 —lMMEOREZTHY, FHERZIIMADOLE LR
ZEHATH D Z ERIEBET 2 L, AEMRBEIEA
DICKDORLZH I EHE LIFD Z LRl SNz, 4%,
R BEREPERT Z L CIDRMERIELTZWEEZD.

w%IT, ZAVE TOMERBICET 2B TR, &
B D LT HEOEESCEM THIE & &R L7z L BE
L7 AR EE BT &b, REIOHFZET
VX H BN E T B I 722 B RBRIF O A RS 2 2 2

-
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LHIELAEREEZD. T2, RUKEFECHERELTWT
b, DEISMEDRREIZ X o THEMGE RO L ZEB) A
H O IMAETERRTEF O UM IR AL B A2 D &\ 5 Wik
b 0 AT K EEO LA TENTIN 2 TORIIME
DEANZELED TRETHZLBROLND.

Doi &, EERITKIZ RS % RTEEATEF O K58
LR ORRIL, HERISOEANEOFREMH L, WY
TRREARIR B I RS 2 fERRIK - D RFEICEE L iR TWn %
RO 7=, FENZIEZ DAL LT, IR\EESCKEE
FE, &E%, HRIEER EORB R ERGEREE 50 b Ik
HEHET DV AT LORFBILR b HE I TED,
SEIOFERITZ NS DOREEHEE DR A DO IEB G
WHEXDHRTORBO—BhLentEX 5. 5%, L
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DB N E Y =7 7 7 VSR W TIE X, /=
71ZBfao T D N Em R BICE < 32 — L D B3
R0, RERFIR O TIHORIS O AZICEEST LR 70
PR 7 RS AR BB IS 83 B MERRIR - DREE 7 IR TV
EloneEEZS.

5. #&A

ARFIECIE, HUE R O PR 2 Vo SRR Al L
s FER & M RITAEWFN - FRN e BIEE VT,
BEWBEOEB SISOV TRE L. BET A YL
ZAAFED 2 F ¥ %0 NIRS THS L72F —Z (i<
SR G, RBARIEEII AT T ¢ 7R EE A M T 5
HEEMUS LM T THREBIIET L, Moz 55180
KT AESEEIEZED Z EN R ENnE. 0, Ik
WEIIHB RO F DB ER Th > e A EZEITR L,
A A SMAIRTER AT B O M e R I X R T EE A L D72
Mol Fiz, FEIMUREE O B AR A & OViK I T ZE
{LEDOEFFET & o THARIZ )T 2 EEARIE A O
TEH D ARZZREE & FLH T & 2 TS R X, HIE
PR AIEIRE D AR BB AN DR 2R B+ 5 2 &
NEZ LT,

AFFRIT DB O RE L DHEBNRRETCH D70,
LSBT RE R AN S E-REZFE L, X512 VR
Hitiz A7z LV BESREOH D FRERNR EORERIRR T
TOREDLETHD.

Flit 8 R OBR

AFSCCBI LT, il & R A S B IR 7

HiEt

IR ERRIZ I TR R R F B F L X —FL 22052
PO AR, (2B THAE R E R
ToAIGE BT P A I o0 | LA S AN, BING BB 5

ZA
[elics
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Acquisition of Research Funds in 2022-2023

Title: Development of shortwave infrared fluorescence molecular imaging for optical
diagnostics of human breast cancer

Project/Area Number: 22H03930

Research Category: Grant-in-Aid for Scientific Research (B)

Section: General

Review SectionBasic Section: 90110: Biomedical engineering-related
Research Institution: Institute of Physical and Chemical Research
Principal Investigator: Takashi Jin (RIKEN)

Co-Investigator (Kenkyl-buntansha): Akitoshi Seiyama (AlU)

Project Period (FY): 2022-04-01 — 2025-03-31

Title: Creation of "Virtual Art" through the practical fusion experiments of
"neuroscience and arts"

Project/Area Number: 21K00229

Research Category: Grant-in-Aid for Scientific Research (C)
Section: General

Review SectionBasic Section: 01070: Theory of art practice-related
Research Institution: AlU

Principal Investigator: Akitoshi Seiyama

Co-Investigator (Kenkyl-buntansha): Sayaka Okahashi (NIGG)
Project Period (FY): 2021-04-01 — 2024-03-31
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Editor’s Postscript

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

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

Thereby, 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.

March 31, 2023

Director of CreDDS Center
Akitoshi SEIYAMA

The FY2022 CreDDS Center logo shown on the cover is an image of
an elm tree, a popular and long-lived tree in Northern Japan. Because the
research papers published in 2022 were mainly related to human brain
function, the Editor selected an MRI image from his brain images that
resembles an elm tree in the hope that our CreDDS Center will continue
to grow like an elm.
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