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Abstract

Background The relationship between manual dexterity and cognitive function among older adults is well known;
however, few studies have focused on manual dexterity training that confirms cognitive load of training in older
adults through functional near-infrared spectroscopy (fNIRS) and verifies the effect of training. This study examined
the effects of home-based manual dexterity training on cognitive function in older adults using a digital trail-making
peg test device combining two conventional assessment tools namely, the peg and trail-making tests.

Methods For 12 weeks, 57 healthy older adults aged 65-88 years participated in a parallel-group, randomized
controlled trial, wherein home-based manual dexterity training was performed for approximately 20 min daily. To
quantify the cognitive load in different manual dexterity conditions, we assessed the cortical activation patterns of the
prefrontal cortex via a wearable four-channel fNIRS device. Participants in the control group were asked to continue
their usual daily routines during the intervention period. Cognitive function was assessed using the Stroop Color and
Word and Cognitive Impairment Tests. Manual dexterity was assessed using the Purdue Pegboard Test. All outcomes
were estimated before and after the intervention.

Results We observed significant differences in prefrontal cortical activation between the different manual dexterity
conditions. Only the intervention group showed a significant improvement in Stroop interference (169.0-108.9 ms,
p=0.032) and an executive function and assembly task of the Purdue Pegboard Test (22.5-26.4 counts, p <0.001).
Additionally, except the clock drawing task, cognitive function had a larger effect size (Cohen'’s d) in the intervention
group (d=0.26-0.45) than in the control group (d=0.11-0.28).

Conclusions Home-based manual dexterity training can improve performance in a complex manual dexterity task
and executive functioning in older adults.

Trial registration UMIN-CTR Clinical Trial, UMIN000047203. Registered 17 March 2022 — Retrospectively registered,
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summary&language=E
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Background

Among the many deleterious effects of aging, deteriora-
tion of manual dexterity is one that can lead to difficulty
in performing instrumental activities of daily living, such
as writing, cooking, gardening, working on crafts, and
opening a bottle [1-3]. These principal aging-associated
changes are observed in both men and women, especially
those older than 65 years [4—6]. Preserving manual dex-
terity is essential for daily living in older adults [2].

Previous studies have revealed that manual dexterity
is positively related to cognitive functions, particularly
the executive function, which includes inhibitory con-
trol, working memory, and cognitive flexibility [2, 4, 7,
8]. Manual dexterity is related to not only executive func-
tion but also muscle strength [2, 9]. Moreover, the per-
formance of executive functions is related to the motor
control performance (i.e., manual dexterity) of both
hands, especially the non-dominant hand in older adults
[3, 10, 11]. Manual dexterity is particularly important to
ensure independent living of older adults owing to its
association with the performance of instrumental activi-
ties of daily living [6].

Performing tasks that require manual dexterity acti-
vates the prefrontal cortex, primary motor cortex, and
primary sensorimotor cortex in older adults [1, 12, 13].
The primary motor cortex and corticomotoneuronal cells
that synapse directly onto spinal motor neurons, bypass-
ing the spinal interneurons, are involved in manual dex-
terity; hand movement with visual information involves
the primary motor cortex and associated neurons [1].
This corticomotoneuronal pathway is critical for indi-
vidual finger movements and for grasping behaviors in
primates, including humans [1]. Corresponding to this, a
cross-sectional epidemiologic study indicated that hand
use performance assessments, such as handgrip strength
[9] and manual dexterity [2], are useful tools not only in
estimating the status of cognitive function but also in
screening for mild cognitive impairment status in early
stages [10, 14, 15].

Additionally, manual dexterity has a training effect in
older adults [6, 16]. Our previous experimental study
showed that participants who performed an acute bout
of manual dexterity movement had higher executive
function than sedentary controls, and the effect size was
greater than that of step exercises and stretching per-
formed while sitting [17]. Another intervention study
lasting 2 months reported the effects of manual dexter-
ity training (i.e., involved finger extension, counting,
rotation, rock-paper-scissors, and shape generation) on
manual dexterity and cognitive function. Compared to
the only dominant training group, the training group
using both hands improved manual dexterity and dem-
onstrated a more pronounced activation of the primary
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motor cortex during a pegging task [12]. Based on pre-
vious studies [12, 17], it seems reasonable to hypothe-
size that manual dexterity training could have a positive
effect on manual dexterity and executive function in
older adults. Interestingly, an acute experimental study
revealed that compared to the easier task (control, and
trail-making test (TMT) part A), the difficult task (TMT
part B) shows greater activation of the prefrontal cortex
(PEC) in younger adults [18]. However, only a few inter-
vention studies exist that confirmed the cognitive load of
training in older adults through fNIRS and verified the
effect of training [3].

Based on the evidence provided by the abovemen-
tioned studies (e.g., [18]), we hypothesize that the PFC
can be stimulated by manual dexterity training [19], and
thus, the 12-weeks training would improve manual dex-
terity and cognitive function in older adults.

Methods

Study design

A parallel-group, randomized controlled trial was con-
ducted from September 2021 to February 2022 (Sup-
plementary Fig. S1). PFC activation of (i.e., cognitive
load) was confirmed during the three-mode (P-, A-, and
B-modes) digital trail-making peg test using fNIRS dur-
ing baseline measurement before randomization (Supple-
mentary Fig. S2). After randomization, manual dexterity
and cognitive function tests were performed by all partic-
ipants before and after the intervention (Supplementary
Fig. S1), and the results were recorded.

Participants

All participants were recruited using a local newspaper
that was distributed throughout Ibaraki Prefecture, Japan.
Initially, 164 older adults aged 65—88 years volunteered
for the study. We included adults aged>65 years who
were right-handed, had no color blindness, had no physi-
cian-imposed exercise restrictions, and were not involved
in any experimental research during the past year. Of the
remaining 73 people who were eligible, 60 were randomly
selected by a blinded third researcher using Excel version
1902. After intervention, individuals who were ambidex-
trous (n=1) or had considerable cognitive impairment
based on a Mini-Mental State Examination score of <26
(n=2) were excluded from the analysis (Supplementary
Fig. S1) [20]. All participants provided signed informed
consent and no monetary compensation was provided.
All protocols were approved by the ethics committee of
the University of Tsukuba (Ref. Tai 021-34; Tai 021-42).
The study protocol (UMIN000047203) was retrospec-
tively registered with the University Hospital Medical
Information Network Center (http://www.umin.ac.jp/
english/).
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Sample size

The optimal sample size was determined using
G*Power version 3.1 based on a 0.25-point effect size,
a level of p<0.05, and 95% power as analysis of vari-
ance (ANOVA) designs [21]. The results indicated that
24 participants were required for each group. Assum-
ing a 15% dropout rate, the minimum sample size was
determined to be 56 participants.

Randomization

Baseline measurements were collected. After stratifi-
cation by sex (female, n=43; male, n=17) [22], par-
ticipants were randomized into either the intervention
group (n=30) or control group (n=30) using the Excel
version 1902 randomizer function.

Interventions

The intervention consisted of a 12-week training pro-
gram that included seven different elements with
the aid of a training device that recorded the results.
We developed a digital trail-making peg test device
(Peg-Amore [41 cm x 35 cm x5 cm]; NEWCOM Inc.,
Saitama, Japan) (Supplementary Fig. S3). This train-
ing device, which combines the elements of both
the twenty-five-hole peg test [23] and TMT [24], was
used to evaluate manual dexterity and cognitive sta-
tus in occupational therapy areas in Japan (Japan Pat-
ent 2019-024,707) [25]. The device was provided to the
intervention group.

The participants were taught how to conduct the train-
ing and record the results. The training schedule required
the participants to exercise their right hand on Monday,
Wednesday, and Friday and their left hand on Tuesday,
Thursday, and Saturday; the non-dominant hand had to
be trained on Sunday. The daily training regimen would
take approximately 20 min daily. The training program
consisted of seven modes that were intended to stimulate
elements of executive, attention, memory, and dynamic
vision functions, as described in Supplementary Meth-
ods. After a familiarization period, the participants com-
pleted their dexterity training for each mode.

The digital trail-making peg test device was able to
record and store the participants’ data. After the inter-
vention period, all of the device’s data were cross-checked
with the participants’ self-reported training diary and
the adherence rate calculated. The training device had a
“guest” mode to distinguish the participants’ data from
that of a family member, friend, or guest who may have
used the device. The intervention group received per-
sonal feedback and encouragement from the researcher
every week via telephone.
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The control group was asked to perform their daily
activities as usual during the intervention period. For
ethical reasons, the control group received the same
training program after the intervention period was over.

Among all training modes, the A- and B-modes were
based on TMT-A and TMT-B (Supplementary Methods).
TMT is a widely used test of executive function, and the
calculated B-A time and B/A ratio are related to working
memory, processing speed, and general cognitive func-
tion [26, 27]. Our previous study confirmed the validity
and reliability of general cognitive function among older
adults in the A- and B-modes [28]. Thus, we adopted the
B-A time and B/A ratio using A-mode (trail-making peg
test part A) and B-mode (trail-making peg test part B)
during the intervention period.

Measurements

fNIRS data acquisition and analysis

To confirm the cognitive load of the manual dexterity
training, blood oxyhemoglobin, deoxyhemoglobin, and
total hemoglobin levels were measured using fNIRS. We
used the Hb-131S fNIRS device (Astem Corp., Fukuoka,
Japan) with four active channels (two colors of LEDs, )\1|2:
770|830 nm with average power 1 mW or less, and four
avalanche photodiode light detectors) sampled at 10 Hz.
Data were converted to concentration changes using the
modified Beer—Lambert law [29, 30]. Fpz in the 10-20
electrode system corresponds to the center of the fNIRS
cap [31] to estimate the PFC. Moreover, we removed
the movement artifact using the three axes accelerom-
eter data attached to the fNIRS and algorithms described
previously [32]. The concrete position and details of the
device have been described previously [33].

The participants’ cognitive load changes were meas-
ured during the P-mode (simple peg moving training),
A-mode (the participants grasp 25 pegs, one at a time
with one hand, and place them in vertically aligned holes
as rapidly as possible in the numerical order displayed on
the peg board [i.e., 1—>2—3, ..., 24— 25]), and, after
at least 5 s of rest, B-mode (i.e., using a combined num-
ber and Japanese characters Hiragana order, the partici-
pants grasp a peg and alternately move it to the correct
hole in the displayed order [1— [a] > 2— [i]] > 3 — [u],
..o, [shi] = 13]). In this study, we used a block design
with a 5-s-long baseline period and 25 sub-trials of each
test (P-mode, A-mode, and B-mode). The rest interval
between the task blocks was longer than 30s.

Owing to technical problems (i.e., data not calculated
for unknown reason), data were missing for four par-
ticipants of fNIRS data; 37 channels of cumulative 636
channels were omitted due to bad signal quality. Over-
all, the data of 53 fNIRS procedures were analyzed. The
fNIRS data were registered to the Montreal Neurological
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Institute space, and the channel location was measured
using the three-dimensional spatial position of the chan-
nels measured by a digitizer (FASTRAK, Polhemus Inc.,
Colchester, VT, USA).

Data processing was performed using the Open Plat-
form of Transparent Analysis Tools for fNIRS (Open
PoTATo) for MATLAB R2020a. All channels were pre-
processed with a low-pass filter using a cut-off frequency
of 0.2 Hz based on a similar previous study that meas-
ured fNIRS during the TMT [18]. We used a 5-s set zero-
level function for Open PoTATo. The calculated oxy-Hb
levels for each task are shown in Supplementary Fig. S2.
The actual elapsed times varied among the participants;
thus, we separated the average baseline oxy-Hb (5 s) and
average of each oxy-Hb quartile (25%, 50%, 75%, and
100%). All the Oxy-Hb and deoxy-Hb data are presented
in Supplementary Table S1.

Cognitive functions

Executive function was assessed using the Stroop
Color and Word Test consisting of neutral, congru-
ent, and incongruent trials [34]. Two rows of messages
appeared on the computer screen. The bottom row
consistently contained the words YELLOW, GREEN,
RED, or BLUE. In the neutral trial, the top row, dis-
played “XXXX” in one of four colors: red, blue, green,
or yellow. The bottom row words were printed in
black. In the congruent trial, the top row contained the
words RED, GREEN, BLUE, or YELLOW printed in a
color congruent with the words in the bottom row. In
the incongruent trial, the top row contained the words
YELLOW, GREEN, RED or BLUE in a color incongru-
ent with the text color of the bottom row words. In all
trials, participants were asked whether the name of the
color that appeared in the bottom row was the same
as the color of what appeared in the top row. Each ses-
sion consisted of 30 trials, including 10 neutral, 10
congruent, and 10 incongruent trials in random order
[35]. The average reaction time was used for analysis.
Stroop interference was calculated as the difference
between the reaction times of incongruent and con-
gruent tasks [34, 36].

Memory and judgment function were assessed using
the Cognitive Impairment Test, which is also one of the
tests required for driver license renewal among older
adults in Japan [37]. We adopted this cognitive test
since it was easy to generalize the changes in the scores
of Japanese older adults. Details of the test and scoring
have been described previously [38]. This test consists
of three tasks: orientation to time (0-15 points), free
and cued recall (0-32 points), and clock drawing (0-7
points). The total score is calculated using the following
equation:
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Total score = (1.15 X orientation to time)
+ (1.94 X free and cued recall)
+(2.97 X clock drawing)

Manualdexterity

The Purdue Pegboard Test (model 32,020; Lafayette
Instrument Co., Lafayette, IN, USA) was used to assess
manual dexterity. The Purdue Pegboard Test is widely
used in both clinical and research fields, and its meth-
ods, validity and reliability have been confirmed [39].
The number of pegs successfully pinned on the peg-
board in three trials lasting 30 s using the left, right, and
both hands was counted. The assembly task involved
assembling pins, washers, and collars alternately using
both hands for 60 s.

Potential confounding factors

Demographic variables included age, sex, body mass
index (kg/m?), medication history, smoking status (cur-
rent or past/never), drinking habits (daily/1-6 times
per week/<1-3 times per month), years of education,
and depressive symptoms (15-item Geriatric Depres-
sion Scale) [40]. Daily physical activity level, social
relationships, and sleep quality were assessed using
the Physical Activity Scale for the Elderly [41], Lubben
Social Network Scale [42], and Pittsburgh Sleep Quality
Index [43], respectively.

Statistical analysis

We intended to perform ANOVA; however, owing to
the presence of missing data (i.e.,, 37 channel data of
cumulative 636 channels data were omitted due to bad
signal quality), we analyzed the fNIRS signals during
the P-, A-, and B-modes using mixed-model ANOVA
instead. Group differences at baseline were determined
using unpaired ¢-tests and chi-square tests for continu-
ous and categorical variables, respectively. Two-way
repeated-measures ANOVA was performed to evaluate
the differences in the effect between groups (interven-
tion vs. control) and time (pre-test vs. post-test), and a
post hoc test was conducted on variables showing sig-
nificant group-by-time interaction. Missing data (eight
participants dropped out) were filled in with baseline
observations from the exit date using intention-to-treat
analysis [44]. We confirmed the normal distribution of
data using the Shapiro—Wilk test; however, certain out-
comes (Purdue Pegboard Test and Cognitive Impair-
ment Test) were not normally distributed. The average
value for each week was analyzed using mixed-model
ANOVA based on the recorded log-data of manual
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dexterity training tasks during the intervention period.
Bonferroni post hoc tests were used to correct for mul-
tiple comparisons.

Pearson’s correlation coefficients were calculated
using the changes in the primary outcomes (Stroop
task, Cognitive Impairment Test, and Purdue Peg-
board Test) and executive function (B-A time and B/A
ratio). Specifically, change in the primary outcomes was
defined as the amount of change from post-interven-
tion to pre-intervention, as determined by subtracting
the post-intervention results from the pre-intervention
results. The change in the executive function perfor-
mance using the digital trail-making peg test device
was defined as the difference between the average score
obtained during the 12th-week and the average score
obtained during the 1st-week period (a negative num-
ber indicated functional improvement). The correlation
coefficient was classified as no correlation (»=0-0.19),
low correlation (r=0.20-0.39), moderate correlation
(r=0.40-0.59), moderate high correlation (r=0.60-
0.79), and high correlation (r>0.80) [45]. Effect size
was determined using Cohen’s d [46]. The effect size
was classified as small (d=0.2), medium (d=0.5), and
large (d=0.8) [46].

Table 1 Participants'characteristics at baseline
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Statistical significance was set at p <0.05 (two-tailed).
All analyses were performed using SPSS for Windows
version 28.0 (IBM Corp., Armonk, NY, USA).

Results

Participant characteristics

Baseline participant characteristics are presented in
Table 1. Among 57 participants, 49 completed the study
(dropout rate, 14.1%). Attrition was due to personal and
environmental reasons (hospitalization [#=1], corona-
virus disease [n=1], and fear of contracting coronavirus
disease [n=6]); all factors were unrelated to the study
(Supplementary Fig. S1). The completion rate of this
training calculated based on log-data was 88.7+£13.9%
in the intervention group. Supplementary Figs. S4 and S5
show the improvement in each training mode during the
intervention period (all p values for trend were <0.001).

Assessment of fNIRS cognitive load data

The oxy-Hb concentration of all channels during tasks
showed significant effects of time (p<0.001), group
(p<0.001), and interaction (p<0.001) (Supplemen-
tary Table S1, and Fig. 1). Compared to the P-mode,
the A- and B-modes showed a significant increase
after 50-100%, and the post hoc analysis revealed that

Total participants

Intervention group

Control group (n=29) Unpaired t test or

(n=57) (n=28) chi-squarep value
Mean + SD Mean + SD Mean + SD
Age, years 736 + 6.1 729 + 56 744 + 6.5 0.348
Female, n (%) 39 (68.4) 19 (67.9) 20 (69.0) 0.928
Body mass index, kg/m? 228 + 36 23.1 + 3.1 225 + 40 0.503
Smoking habit, n (%) 1 (1.8) 1 (3.6) 0 0.305
Alcohol consumption (drinker), n (%) 20 (35.1) 12 (42.9) 8 (27.6) 0.227
Educational level, years 14.1 + 28 13.9 + 23 14.6 + 2.0 0.203
PASE score, points 1259 + 67.7 1419 + 858 1105 + 39.6 0.085
MMSE score, points 296 + 0.7 296 + 0.7 29.6 + 0.7 0.801
Medical history
None, n (%) 26 (45.6) 14 (50) 12 (414) 0514
Hypertension, n (%) 16 (23.5) 9 (32.1) 7 (24.1) 0.501
Hyperlipidemia, n (%) 10 (17.5) 5 (17.9 5 (17.9 0.951
Diabetes, n (%) 5 (8.8) 2 (7.1) 3 (103) 0.669
LSNS score, points 16.8 + 54 17.2 + 6.0 16.3 + 47 0.563
Social isolation (< 12 points), n (%) 10 (17.5) 5 (17.9) 5 (17.2) 0.951
PSQI score, points 5.0 + 24 49 + 26 5.1 + 23 0.829
Poor sleeper (> 5.5 points), n (%) 21 (36.8) 9 (32.1) 12 (41.4) 0470
GDS score, points 36 + 26 37 + 2.5 35 + 26 0814
Depression (>5 points), n (%) 18 (31.6) 9 (32.1) 9 (31.0) 0.928

SD Standard deviation, PASE, Physical Activity Scale for the Elderly, MMSE Mini-Mental State Examination, LSNS Lubben Social Network Scale, PSQ! Pittsburgh Sleep

Quality Index, GDS Geriatric Depression Scale 15
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Fig. 1 Distinct effect of frontal lobe activation during each mode. F-values are denoted according to the color bar. Y-axis unit indicates oxy-Hb
signal (mM - mm). Error bars indicate standard error. $, significant differences between P- and A-modes; *, significant differences between P- and

B-modes; # significant differences between A- and B-modes

the A- and B-modes were significantly higher than the
P-mode at 75% and 100% points in channels 1, 3, and
4. Channel 2 showed that only the B-mode was signifi-
cantly higher than the P-mode at the 75% point, and all
modes were significantly different at the 100% point (all
p<0.05) (Supplementary Table S1, and Fig. 1).

Cognitive function

Stroop interference showed significant effects of interac-
tion (p=0.025). The post hoc test showed a significant
improvement after training in the intervention group
(169.0£109.2 to 108.9+£110.9 ms; p =0.032). The reac-
tion time was not significantly different between the
neutral, congruent, and incongruent tasks; however,
the effect size of the neutral (d=0.22 and 0.13) and

incongruent tasks (d=0.46 and 0.19) was higher in the
intervention group than in the control group (Table 2).
The Cognitive Impairment Test did not show significant
differences; however, the effect size of total score in the
intervention group was higher than that in the control
group (d=0.27 and 0.12) (Table 2).

Manual dexterity

The assembly task showed significant effects of time
(p<0.001) and interaction (p=0.006). The post hoc
test showed significant improvement after training in
the intervention group (22.5+3.9 to 26.4+5.6 counts;
p<0.001). The effect size of manual dexterity variables in
the intervention group (d=0.32-0.81) was higher than
that in the control group (d=0.17-0.36) (Table 2).
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Table 2 Change in executive function, cognitive function, and manual dexterity during the intervention period

Intervention group (n=28)

Control group (n=29)

Interaction p Group effectp Time effectp

Mean + SD Effectsize Mean + SD Effect size
Cohen’sd Cohen’s d
Stroop Color and Word Test, ms
Neutral task Pre 11767 =+ 1537 022 11920 + 1686 0.13 0.630 0.596 0.067
Post 11386 =+ 1926 1169.6 + 1764
Congruent task Pre 11999 + 1382 0.16 12477 £ 1692 033 0.229 0.360 0.031
Post 11756 £ 1592 11919 + 1680
Incongruent task Pre 13689 + 1698 046 13501 £ 1552 0.19 0.349 0418 0.020
Post 12846 =+ 1966 13219 £+ 1365
Stroop interference task Pre 1690 £ 1092 0.55 1024 £ 1386 -0.19 0.025 0.395 0.395
Post 1089 &+ 110.9* 1299 £ 1552
Cognitive Impairment Test, points
Orientation to time Pre 146 + 09 045 14.8 + 04 0.28 0.224 0387 0.123
Post 149 + 03 149 + 03
Free and cued recall Pre 244 + 54 0.26 249 + 54 0.11 0.393 0910 0.034
Post 25.8 + 53 255 + 52
Clock drawing Pre 69 + 03 <0.01 6.8 + 05 <0.01 0423 0.739 0.989
Post 6.9 + 04 6.8 + 04
Total score Pre 846 + 111 0.27 85.7 + 111 012 0.379 0.908 0.024
Post 875 + 107 87.0 + 102
Purdue Pegboard Test, count
Right hand task Pre 124 + 19 0.32 12.0 + 21 0.22 0.746 0.390 0.006
Post 13.0 + 19 125 + 24
Left hand task Pre 125 + 14 036 11.8 + 19 0.25 0.966 0.087 0.018
Post 13.0 + 14 12.3 + 21
Both hand task Pre 96 + 14 057 9.5 + 19 0.36 0.944 0515 <0.001
Post 104 + 14 10.1 + 14
Sum of right-, left-,and  Pre 346 + 39 0.48 333 + 53 0.30 0.823 0.233 <0.001
both hand task Post 364 & 36 349  + 54
Assembly task Pre 225 + 39 0.81 228 + 51 0.17 0.006 0332 <0.001
Post 264 + 56* 237 + 57
" Significant differences between pre- and post-test
Cohen'’s d:0.2 =small; d:0.5=moderate; d:0.8 =large
SD Standard deviation; pre, pre-test; post, post-test
Changes in performance for manual dexterity training Discussion

mode in the intervention group
In the intervention group, improved B-A time was pos-
itively related to the reaction time of neutral (r=0.449,
p=0.041), congruent (r=0.497, p=0.022), and incon-
gruent trials (r=0.621, p =0.003), Stroop interference
(r=0.436, p=0.048), and the total score of the Cogni-
tive Impairment Test (r=0.450, p =0.041) (Fig. 2a—e).
The B/A ratio was favorably related to the reaction time
of neutral (r=0.434, p=0.049) and incongruent trials
(r=0.620, p=0.003) and Stroop interference (r=0.511,
p=0.018) (Fig. 2f-h).

The present study is one of the first intervention stud-
ies to examine the effects of home-based manual dex-
terity training (i.e., grasping and moving an object with
visual information) using a digital trail-making peg
test device on cognitive function and manual dexter-
ity among older adults. Compared to a previous study
using manual dexterity training [12], the present inter-
vention did not significantly enhance simple manual
dexterity (number of pegs on right, left, and both
hands) in the intervention group, although a moderate
effect size for the performance changes of both hands
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(Cohen’s d=0.57) was observed. In contrast, the per-
formance in the complex manual dexterity task (e.g.,
assembly task) improved in the intervention group
(Table 2). Visual guidance of manual dexterity involves
more widespread brain network than that of simple
hand movements [1]. Specifically, the grasping, peg
movement, and peg insertion tasks performed in this
study, all of which required attention to switch between
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Fig. 2 Correlation between training-induced primary outcomes ([post-test] — [pre-test]) and changes in executive variables. Stroop interference

calculated as ([incongruent — congruent] of post-test session) — ([incongruent — congruent] of pre-test session); B-A time calculated as ([difference

time of B- and A-modes] of last-week intervention period) — ([difference time of B- and A-modes] of first-time intervention period); B/A ratio

calculated as ([ratio of B- and A-modes] of last-time intervention period) — ([ratio of B- and A-modes] of first-time intervention period)

elements, help to activate not only the primary motor
area but also the pathways of the primary visual cor-
tex for the parietal reach region, dorsal premotor area,
anterior interparietal area, and ventral premotor area [1,
47]. Considering younger adults, an acute experimental
study investigating the effects of the different TMT con-
ditions on activation patterns of the PFC demonstrated
that, compared with the control condition, both TMT-A
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and TMT-B conditions are associated with higher acti-
vation of the PFC; however, no between-condition dif-
ferences between TMT-A and TMT-B were observed
[18]. In contrast, the results of the present study sug-
gest that task-related activation differences of the PFC
between different conditions of the used manual dexter-
ity tasks exist (see Supplementary Table S1 and Fig. 1).
Practically, manual dexterity tasks that involve grasping,
peg movement, and peg insertion may result in greater
stimulation of the PFC than the TMT.

Another experimental study revealed that manual dex-
terity training with visual neurofeedback activates the
anterior PFC more than training with visual neurofeed-
back [13]. We confirmed that the manual dexterity move-
ment prescribed in this study cumulatively increased the
cognitive load on the PFC in the P-, A-, and B-modes
(Supplementary Table S1 and Fig. 1). This result sup-
ported the increased cognitive load and activation in the
PEC [48].

We also found a moderate correlation between
improved B-A time and B/A ratio during Stroop task
training, which represents executive function (Fig. 2).
This study confirms the training effect on manual dex-
terity over 12 weeks, and this effect, in turn, partially
conveys a learning effect regarding all modes (Supple-
mentary Figs. S4 and S5) [49, 50]. However, because the
calculation is based on the same point performance dur-
ing the intervention period, the time difference between
B- and A-modes (B-A time) and the ratio of B- and
A-modes may indicate not only a learning effect but also
an improvement in executive functions [50, 51].

Executive functions include the ability to plan to con-
trol goal-directed behavior, directing and maintaining
attention, organization, regulation, task switching, and
motor control [2]. Our training mode requires the ability
to switch from tasks involving the order of numbers and
words to finding an answer (peg into a hole), memoriza-
tion, maintaining attention, and motor control (grasping
the peg, identifying a hole, and inserting it into a hole)
[28]. These training processes may enhance executive
function in older adults. In addition, a separate experi-
mental study demonstrated a high correlation between
the TMT-B and Stroop tasks, and that executive function
and working memory were mainly associated with speed
of rotational hand movements and movement speed in
younger adults [4]. The present study also demonstrated
a positive relationship with improved manual dexterity
and executive function in older adults using manual dex-
terity training, which have cognitive load.

Except executive function, other cognitive func-
tions (such as those associated with components of the
Cognitive Impairment Test) did not show significant
improvements following the intervention. The training
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effect on executive function has been demonstrated in a
relatively shorter period (1-3 months) [52] than that on
general cognitive function [53]. Since certain evidence
in the literature suggests that a longer training duration
and higher frequency of training sessions are associ-
ated with greater effects on measures of global cognitive
function among older adults [53], our relatively short
training duration might not be sufficient for measur-
able changes in global cognitive performance. Thus, it
is possible that long-term training will improve general
cognitive function among older adults. One previously
mentioned limitation was that the intervention period
was short. There are certain limitations that should be
considered when interpreting the study findings. First,
we did not perform follow-up assessments and thus
could not derive conclusions regarding the time course
of intervention-related effects (e.g., reversibility of the
effects, delayed effects). Second, our fNIRS systems
allow only the quantification of cortical activity changes
within the PFC. Moreover, we have used only a low-pass
filter based on a similar previous study [18]; thus, future
studies should use variable filters to remove systemic
physiological artifacts as recommended by the fNIRS
guidelines [54]. Since a previous study using functional
magnetic resonance imaging (fMRI) noticed that sev-
eral areas in the human brain exhibited changes in the
activation patterns following hand movement or dex-
terity training [12], we recommend that future studies
should assess and compare the pre- and post-training
activation patterns in other relevant brain areas (e.g.,
primary motor area, primary visual cortex for the pari-
etal reach region, dorsal premotor area, anterior inter-
parietal area, and ventral premotor area). Third, in the
current study, only healthy older adults were included,
which limits the generalizability of our findings. Based
on our promising results, further research should aim to
assess the effects of home-based manual dexterity train-
ing in other cohorts (e.g., older adults with mild cog-
nitive impairment). Finally, it was beyond the scope of
this study to examine sex differences [10], although we
stratified sex [22].

Conclusions

The findings of the current study suggest that home-
based manual dexterity training can improve the perfor-
mance in a complex manual dexterity task and executive
functioning in older adults. Cognizant of the limitations
of the present study, future studies should consider sex
differences and investigate the effects of manual dexterity
on cognitive function and manual dexterity among older
adults who are frail and have mild cognitive impairment,
dementia, or other impairments.
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