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Abstract: Sensory integration is an essential human function whose decline impacts quality of life,
particularly in older adults. Herein, we propose an arm‑reaching task based on a virtual reality head‑
mounted display system to assess sensory integration in daily life, and we examined whether reach‑
ing task performance was associated with resting‑state functional connectivity (rsFC) between the
brain regions involved in sensory integration. We hypothesized that declining sensory integration
would affect performance during a reaching taskwithmultiple cognitive loads. Using a task inwhich
a young/middle‑aged group showed only small individual differences, older adults showed large in‑
dividual differences in the gap angle between the reaching hand and the target position, which was
used to assess sensory integration function. Additionally, rsfMRI data were used to identify cor‑
relations between rsFC and performance in older adults, showing that performance was correlated
with connectivity between the primary motor area and the left inferior temporal gyrus and temporo‑
occipital region. Connectivity between areas is related to visuomotor integration; thus, the results
suggest the involvement of visuomotor integration in the decline of sensory integration function and
the validity of the gap angle during this VR reaching task as an index of functional decline.

Keywords: sensory integration; aging; rsFC; reaching task; virtual reality

1. Introduction
Sensory integration is an important function supporting the quality of human life [1].

Even trivial dailymovements, such as reaching for an object, are based on the integration of
multiple sources of sensory information, including visual and proprioceptive information,
and a decline in function affects the quality of life, especially in older adults [2]. In recent
years, extensive studies have been conducted worldwide to elucidate the mechanisms un‑
derlying age‑related decline [2,3].

Most studies have used performance [4,5], biological signals [6], and brain activity
measurements [7–9] during motor tasks as indices to investigate the relationship between
function and age. A representative example of amotor task is one that combines arm reach‑
ing (extending the arm from a fixed position toward a target) and a visuomotor rotation
paradigm; using such a task, the ability to detect a gap (mismatch) between visual and
proprioceptive feedback has been shown to decline with age [4,5]. In addition, muscle and
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brain activity signals measured during other motor tasks such as walking and tool manip‑
ulation show age‑related decreases in reaction time and changes in activity in the visual,
parietal, and motor cortical areas [6–9]. However, such indices are task‑dependent, specif‑
ically requiring motor tasks [10]; therefore, the use of resting‑state functional magnetic
resonance imaging (rsfMRI) [5,11–13] to investigate the brain functional networks under‑
lying sensory integration has attracted increasing interest in recent years. In particular,
the functional connectivity between brain regions has been extensively studied, includ‑
ing the relationship between age‑related decline in motor performance and resting‑state
functional connectivity (rsFC) across various age groups [11,13] and between motor per‑
formance and rsFC in children [12]. These results indicate that rsFC is a useful predictor
of exercise performance.

Based on these prior results, in the present study, we analyzed performance during
a motor task that combined arm‑reaching and visuomotor rotation paradigms using the
precise musculoskeletal robot KINARM as a sensory integration task, along with rsfMRI
data. The results demonstrated differences in the rsFC between motor‑related regions as‑
sociated with the ability to detect visuomotor rotation between participants in their 20s
and 60s [5]. These findings suggest that regular monitoring of performance in this motor
task may allow the early detection of sensory integration decline in old age.

To achieve routine detection, it is necessary to develop a system using economical
devices, such as commercially available personal computers and smartphones, rather than
relying on large and expensive research equipment such as the KINARM. Among these,
virtual reality (VR) systems, which have been increasingly adopted in recent years, are
gaining increasing attention for their potential in the rehabilitation of patients with stroke
and spinal cord injury [14,15]. Notably, VR systems allow the execution of motor tasks
without the participants directly viewing their hands, making it possible to design sensori‑
motor integration tasks similar to those conducted using KINARM. However, the design
of these motor tasks must consider the differences between the VR systems and KINARM.
In the present study, based on prior research, we employed a visuomotor rotation task as
the motor task, while adopting different performance metrics that considered the charac‑
teristics of VR head‑mounted displays (VR‑HMD), as well as the potential for home use.
The gap‑discrimination performance index used in conventional tasks is effective only for
experiments performed by fixing the face and hand positions in a known manner with
a precise exoskeleton robot, such as KINARM. Accordingly, considering that individuals
freely move their head and hands when using a VR‑HMD, we instead used the accuracy
of the reaching position under various disturbances as a performance index. This idea was
based on the fact that older adults show a significant decline in sensory integration in com‑
plex motor tasks [10,13,16] and that motor accuracy is widely known to be a valid proxy
for measuring sensory integration [13].

In the present study, we investigated whether a decline in sensory integration func‑
tion in older adults could be detected using a VR‑HMD, based on the aforementioned
considerations. First, as a preliminary experiment, we confirmed that there were no sig‑
nificant differences in the performance of the designed VR reaching task between young
and middle‑aged groups. Subsequently, in the primary experiment, we administered the
same task to an elderly group and examinedwhether differences in task performance corre‑
lated with rsFC associated with sensory integration function. If rsFC showed correlations
aligned with the regions identified in previous studies, the utility of the metrics used in
this study is suggested.

2. Materials and Methods
2.1. Participants

All the participants provided consent to participate in the experiment and allowed the
use of their experimental data by submitting a signed consent form. Only individuals with‑
out any injuries or conditions that could affect their performance in the VR reaching task
were enrolled in the experiment. Although we did not set specific criteria, we ensured that
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the participants confirmed on the day of the experiment that they had no minor ailments
or other issues that could have affected their task performance. In the preliminary experi‑
ment, 49 healthy young/middle‑aged adults (42± 11 years old, 40 males, all right‑handed)
participated in a VR reaching task. In addition, 40 healthy older adults (77 ± 6 years old,
15 males, all right‑handed) participated in the VR reaching task during the main experi‑
ment. The inclusion and exclusion criteria were based on the absence of disease at the time
ofmeasurement. The participantswere instructed to avoid caffeine, alcohol, and strenuous
exercise prior to the experiment. The daily physical activity level of the older adult group
was determined using a questionnaire and classified as follows: no daily physical activity
(level 0); light physical activity, such as walking at least once a week (level 1); strenuous
physical activity, such as sports at least once a week (level 2); and strenuous physical activ‑
ity, such as sports at least three times a week (level 3) (see Tables S1 and S2). This survey
was conducted to ensure that the index for the VR reaching taskwere not influenced by the
participants’ recent physical activity levels. The participants were also asked to report any
discomfort they felt during the experiment, and all participants reported that the device’s
weight did not pose any hindrance or other issues.

The rsfMRI measurements were performed on a group of 40 older adults who per‑
formed the VR reaching task, 19 of whom (76 ± 4 years old, 12 males) had no contraindi‑
cations and agreed to undergo MRI. The time of the visits varied across participants, ac‑
cording to their availability, but there were no correlations between the MRI acquisition
time and rsFCs, or between the VR testing time and the mean gap angles indicated in
the study. Therefore, this parameter was not included as a covariate in the general linear
model analysis used in this study. The time gap between the VR reaching task and the
MRI scan varied according to the availability of the participants, ranging from 0 to 60 days
(18–20 days). For the participants who performed the tasks on the same day, an MRI scan
was first conducted to avoid the effect of the VR reaching task on resting‑state brain activ‑
ity. The research protocol was approved by the Ethical Review Committee for Research
Involving Human Subjects of the Tokyo Institute of Technology (approval no. 2021172,
29 November 2021) and was conducted in accordance with the Declaration of Helsinki.

We confirmed that the participants did not have dementia or any other cognitive‑
function‑related diseases and that they could communicate effectively during the exper‑
iment and questionnaire survey. Additionally, because we focused on sensory integration
related to movement, we did not administer any intelligence tests. However, for the VR
reaching task, participants were excluded if their number of correct responses after each
trial exceeded three times the standard deviation from the mean or if they made incor‑
rect responses in all trials; they were considered to have misunderstood their duty in the
task. However, we also conducted rsFC analysiswithout applying the exclusion criteria for
the VR reaching task; the results are provided in the Supplementary Materials. For fMRI
measurements, participants were excluded if visual inspection of distortion‑corrected EPI
images revealed significant signal loss, indicating insufficient data quality.

2.2. VR‑HMD Arm‑Reaching Task
Sensory integration function was examined using the gap angle between the hand

reaching and target positions (Figure 1a, θ∠TOP90% ) while performing a VR reaching task
under multiple cognitive loads. The participants wore a VR HMD (MetaQuest 2, Meta
Platforms, Inc., Menlo Park, CA, USA) on their faces and held the two controllers with
their hands. In the VR space, they moved a red sphere (i.e., a cursor) representing their
right‑hand position from a blue sphere (i.e., the origin) to a green sphere (i.e., the target)
by moving their right arm (see Figure 1b and Video S1). Because the VR HMD covered
the entire field of view, the hands and controllers could not be seen directly. However, the
positions of the right hand, origin, and target could be recognized through the VR image.
The invisibility of the hands of the VRHMDwearers provided the advantage of being able
to performmotor tasks by relying on proprioceptive and visual feedback. The positions of
the origin/target were determined based on the arm length through a calibration process
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performed by each participant prior to initiating the experiment. The origin position was
fixed anterior to the chin and the target position was randomly determined per trial on an
arc centered anteriorly at 90% of the maximum distance from the origin.
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Figure 1. (a) Definition of the gap angle: the angle (θ∠TOP90% ) was formed by three points projected
on the horizontal plane: 90% position of the reach (P90%), origin (O), and target (T); (b) Overview
of the VR reaching task: a trial started by positioning the hand controller (red sphere) at the origin
(blue sphere) in front of the chin. A target (green sphere) was displayed on an arc centered anteriorly,
and the participants reached the target. In some trials, the red sphere was randomly rotated from
the actual hand position in the range of −25◦ to +24◦. Further, the red sphere disappeared when the
hand was extended by 50% of the distance between the origin and the target. At the end of the reach,
sound feedback was provided, according to the reaching speed. To answer whether the rotation was
applied during the trial, two white boxes appeared at the end of the trial. Visual feedback on the
reaching speed was displayed after the answering time.
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Older adults exhibit a marked decline in sensory integration during complex motor
tasks [10,13,16]. To investigate the reaching performance in situations that mimic every‑
day life, duringwhich participants pay attention to a variety of distractors, we created four
specifications that would interfere with reaching. First, the red sphere representing a par‑
ticipant’s right‑hand position was visually rotated from its actual position every two or
three trials. The rotation angle was randomly selected from 1◦ to 24◦ clockwise, or from 1◦
to 25◦ counterclockwise, around the vertical upward axis. After each rotated trial, one or
two non‑rotated trials were performed to wash out the after‑effects of the rotation. Second,
to prevent reaching by paying attention only to the proprioceptive senses, participants
were asked to respond whether the rotation was applied or not after each trial through a
question: “Identical to the hand?” Third, the red sphere disappeared when the arm was
extended to approximately 50% of its full reach, to prevent answering the question based
only on the difference between the end position of reaching and the target position. Fourth,
to draw attention towards maintaining a constant reaching speed, auditory feedback was
provided at the end of trial depending on the speed deviated from the specified value, and
a visual message of “too fast” or “too slow” was displayed.

This experimental application was developed by us using Unity software (version
2021.1.25f1). The APK file was uploaded to the VR‑HMD, and the experiment was sub‑
sequently conducted. All participants were instructed to reach the target by relying on
their own kinesthesia and not on the VR images, and they performed 108 task trials after
10 practice trials to familiarize themselves with the task. The participants were asked to
perform a practice session comprising 10 trials. As explained in the basic guidelines of VR
technology prior to the practice session, most participants learned to perform the task in
a single session. Another session was conducted with participants unable to perform the
task correctly after a single practice session. In all trials, hand positions were recorded at a
sampling rate of 72 Hz, and answers to questions and target positions were recorded once
for each trial.

2.3. Behavioral Data Analyses
2.3.1. Mean Gap Angle Calculation

To examine the movement accuracy in the VR reaching task, the mean of the angle
(θ∠TOP90%) was calculated across all trials for each participant (mean gap angle). The rea‑
son for using the 90% position rather than the end of the reach was to minimize the effect
of a certain number of participants who stopped reaching before reaching the target be‑
cause of the disappearance of the red sphere in the second half of the reach, which caused
an increase in the gap angle and did not reflect their reaching accuracy. In this task, the
participants were instructed to extend their arms and reach the target completely. Con‑
trary to expectations, some participants stopped halfway. This could be attributed to the
influence of VR on depth perception [17]. However, this task was intended to measure
horizontal motor accuracy rather than depth perception accuracy. To maximize the use of
the less noisy portion of the data for the desired analysis, we considered 90% of the data
to be optimal. The mean gap angle is calculated as follows:

Mean gap angle =
1

108∑108
trial=1

∣∣θ∠TOP90%

∣∣ = 1
108∑108

trial=1

∣∣∣∣∣∣∣∣cos
−1


→

OP90%·
→

OT∣∣∣∣ →
OP90%

∣∣∣∣∣∣∣∣ →
OT

∣∣∣∣

∣∣∣∣∣∣∣∣, (1)

where 1
108 ∑108

trial=1 represents taking the average of 108 trials. Additionally,
→

OP90% repre‑

sents the vector from the origin (O) to 90% of the reach (P90%), and
→

OT represents the vec‑

tor from the origin (O) to the target (T).
∣∣∣∣ →
OP90%

∣∣∣∣ and ∣∣∣∣ →
OT

∣∣∣∣ are the absolute values (vector
lengths) of

→
OP90% and

→
OT, respectively.
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We considered the mean gap angle as an index reflecting sensory integration function
and used it as an explanatory variable for rsFC analysis using rsfMRI measurement data
(see Section 2.5.5).

2.3.2. Statistical Analyses
To analyze the behavioral data, histograms of the mean gap angles were created for

the young/middle‑aged (preliminary experiment) and older adult groups (main experi‑
ment), and a normal distribution test (Shapiro‑Wilk test) was conducted. The results con‑
firmed that both groups deviated from normal distribution. Statistical tests were con‑
ducted using nonparametric methods. First, for the young/middle‑aged group, Spear‑
man’s correlation coefficient was applied to examine whether age and the time of mea‑
surement of the VR reaching task were related to the mean gap angle. We also used the
Mann–Whitney U test to determine whether there was a significant difference in the mean
gap angle between males and females. Next, for the older adult group, we used the same
method to check whether age, time of measurement, and physical activity level were re‑
lated to themean gap angle andwhether there was a significant difference in themean gap
angle betweenmen andwomen. Furthermore, for the four groups divided by the presence
of MRI data and sex, we used the Kruskal‑Wallis test to check whether there were signifi‑
cant differences in the mean gap angles between the groups.

2.4. MRI Acquisition
A 3 T Magnetom Prisma scanner (Siemens AG, Munich, Germany) was used to ac‑

quire the rsfMRI series and structural volumes. The participants were instructed to look at
the displayed crosshairs without thinking about specificmatters, and two sessions of 6min
resting‑state brain activity scans (functional images) and structural images (approximately
5 min) were acquired.

Functional images were further acquired using a T2*‑weighted gradient‑echo echo‑
planar imaging sequence (AP and PA phase encode directions) with the following param‑
eters: repetition time (TR) = 800 ms, echo time (TE) = 34.4 ms, flip angle (FA) = 52◦, field of
view (FOV) = 206.4 × 206.4 mm, matrix size = 86 × 86, 60 slices, slice thickness = 2.4 mm,
450 volumes. Functional images corrected for magnetic distortion were used for the MRI
data analysis. For the anatomical MRI acquisition, T1‑weighted magnetization‑prepared
rapid acquisition gradient echo (MP‑RAGE) sequence was used with the following param‑
eters (TR = 1.9 ms, TE = 2.52 ms, FA = 9◦, FOV = 256 × 256 mm; matrix size = 256 × 256,
224 slices, slice thickness = 1.0 mm).

2.5. MRI Data Analyses
We calculated the rsFC using the CONN toolbox [18] (RRID:SCR_009550) release

22.a [19] and SPM [20] (RRID:SCR_007037) release 12.7771.

2.5.1. Preprocessing
Functional and anatomical data were preprocessed using a flexible preprocessing

pipeline [21], including realignment with correction of susceptibility distortion interac‑
tions, slice‑timing correction, outlier detection, direct segmentation, Montreal Neurolog‑
ical Institute (MNI) space normalization, and smoothing. Functional data were realigned
using SPM [22] realign and unwarp procedures [23], where all scans were co‑registered
to a reference image (first scan of the first session) using a least‑squares approach and a
six‑parameter (rigid body) transformation [24], and resampled using b‑spline interpolation
to correct for motion and magnetic susceptibility interactions. Temporal misalignment be‑
tween different slices of the functional data (acquired in interleaved order) was corrected
following the SPM slice‑timing correction (STC) procedure [25,26] using sinc temporal in‑
terpolation to resample each BOLD time‑series slice to a common mid‑acquisition time.
Potential outlier scans were identified using artifact detection tools (ART) [27] as acquisi‑
tions with framewise displacement above 0.5 mm or global BOLD than three standard de‑
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viations [28,29]. A reference BOLD image was computed for each participant by averaging
all of the scans and excluding outliers. Functional and anatomical data were normalized
to the standard MNI space, segmented into gray matter, white matter, and cerebrospinal
fluid (CSF) tissue classes, and resampled to 2 mm isotropic voxels following a direct nor‑
malization procedure [28,30] using the SPM unified segmentation and normalization algo‑
rithm [31,32] with the default IXI‑549 tissue probability map template. Finally, functional
data were smoothed using spatial convolution with a Gaussian kernel of 8 mm full width
at half maximum (FWHM).

2.5.2. Denoising
The functional data underwent a noise reduction process using a well‑established de‑

noising protocol [33]. This protocol involved several steps to mitigate potential confound‑
ing effects. These included:
1. Regression of white matter timeseries (utilizing 5 CompCor noise components)
2. Regression of CSF timeseries (also using 5 CompCor noise components)
3. Accounting for motion parameters and their first‑order derivatives (12 factors) [34]
4. Removal of outlier scans (up to 41 factors) [29]
5. Adjustment for session and task effects, including their first‑order derivatives

(two factors)
6. Correction for linear trends (two factors) within each functional run

Following these regression steps, the BOLD timeseries underwent bandpass frequency
filtering [35], retaining frequencies between 0.008 Hz and 0.09 Hz. The CompCor [36,37]
noise components within the white matter and CSF were derived through a specific pro‑
cess. This involved calculating the average BOLD signal and identifying the principal com‑
ponents orthogonal to this average, the motion parameters, and the outlier scans. These
calculations were performed within the eroded segmentation mask of each participant.
Given the comprehensive nature of this denoising strategy, the effective degrees of free‑
dom of the BOLD signal after denoising were estimated. These estimates ranged from
103.4 to 110.1 across all participants, with an average of 108.4 [28]. This thorough denois‑
ing approach aimed to enhance the signal quality and reduce potential confounds in the
functional data, thereby improving the reliability of the subsequent analyses.

2.5.3. Regions of Interest (ROIs)
For this investigation, we used the atlas provided by CONN [18] (RRID:SCR_009550)

version 22.a [19]. To enhance the precision of our analysis in motor and sensory regions,
we substituted the precentral and postcentral gyri with 12 sensorimotor area templates (six
for each hemisphere), as defined in the Human Motor Area Template (HMAT [38]). This
modification resulted in 140 ROIs. Previous research has demonstrated that motor control
in elderly individuals often involves neural activity that extends beyond the brain areas
traditionally linked to motor function [39]. This expanded activation pattern is thought to
be a consequence of two age‑related phenomena: brain dedifferentiation [40] and compen‑
satory mechanisms [41]. Given these considerations, our study utilized a comprehensive
whole‑brain atlas. This method allowed us to explore a broad range of brain regions, en‑
abling us to identify areas that contributed to the observed decline in sensory integration in
old age. By adopting this whole‑brain perspective, we aimed to capture both conventional
and potentially novel brain areas involved in sensorimotor processing in older adults. This
approach acknowledges the complex and potentially widespread neural changes that oc‑
cur with aging, particularly in the context of sensorimotor functions.

2.5.4. First‑Level Analysis
To analyze patterns of functional connectivity across the 140 ROIs, we employed

two methods: seed‑based connectivity maps (SBC) and ROI‑to‑ROI connectivity matrices
(RRCs). The strength of functional connectivity was quantified using Fisher‑transformed
bivariate correlation coefficients. These coefficients were derived from a weighted general
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linear model (weighted GLM [42]), which was computed separately for each pair of seed
and target areas. This model was designed to assess the relationship between the BOLD
signal time series of paired regions. To account for potential transient magnetization ef‑
fects that may occur at the onset of each run, we implemented a weighting strategy for the
individual scans. This involved the use of a step function, which was convolved with an
SPM canonical hemodynamic response function and was subsequently rectified. This ap‑
proach allowed us to characterize functional connectivity patterns across the brain while
mitigating potential confounding factors related to scan acquisition. Using both the SBC
and RRCmethods, we were able to capture a comprehensive picture of the functional rela‑
tionships between different brain regions. Theweighted‑GLM approach provides a robust
framework for quantifying these relationships, considering the temporal dynamics of the
BOLD signal. Thismethod enabled us to generate detailed connectivitymaps andmatrices,
offering insight into the functional architecture of the brain across the studied ROIs.

2.5.5. Group‑Level Analyses
Group‑level analyses were performed using general linear models (GLM). In these

analyses, the RRCs obtained from the first‑level analysis served as dependent variables,
whereas age, sex, physical activity level, and mean gap angle calculated from the behav‑
ioral data analysis were used as independent variables. This approach aimed to estimate
the functional connections between different ROIs that were highly correlated with the
mean gap angle. The results were tested using an FDR‑corrected p‑value of <0.05. This
methodology allowed us to identify functional connections that significantly correlated
with the mean gap angle for 140C2 pairs, while controlling for the confounding effects of
age, sex, and physical activity level.

3. Results
3.1. Behavioral Difference between Older Adults and Young/Middle‑Aged Adults

None of the participants in either the preliminary or main experiments were ill at the
time of measurement. The daily physical activity levels for older adults were distributed
as follows: six at level 0, 24 at level 1, seven at level 2, and three at level 3. Eight par‑
ticipants in the young/middle‑aged group (preliminary experiment) were excluded from
the analysis based on the exclusion criteria. In the older adult group (main experiment),
five participants were excluded from the analysis. Finally, 41 participants (43 ± 11 years
old, 33 males) from the young/middle‑aged group and 35 participants (76 ± 5 years old,
12 males) from the older adult group were analyzed. Detailed information is summarized
in Tables S1 and S2.

Movement accuracy, defined as the mean gap angle between the reached hand and
the target positions, was calculated for each participant. For the young/middle‑aged group
(preliminary experiment), the mean ± standard deviation of the mean gap angle was
2.5 ± 0.8◦ (Figure 2a). There was no significant correlation between the mean gap angle
and either age or time of measurement in the VR reaching task (age: Spearman’s r = 0.01,
p = 0.9; time: Spearman’s r = 0.07, p = 0.7). There was no significant difference in the mean
gap angle between males and females (U‑statistic = 149, p = 0.6). For the older adult group
(this experiment), the mean ± standard deviation of the mean gap angle was 18.5 ± 12.6◦
(Figure 2a). Therewas no significant correlation between themean gap angle and age, time
of measurement, or physical activity level (age: Spearman’s r = 0.08, p = 0.6; time: Spear‑
man’s r = 0.04, p = 0.8; physical activity level: Spearman’s r =−0.14, p = 0.4). There was also
no significant difference in themean gap angle betweenmen andwomen (U‑statistic = 85◦,
p = 0.07). Furthermore, there was no significant difference in the mean gap angle among
the four groups divided by sex and availability of MRI data (statistic = 5.8, p = 0.12). While
all the participants in the young/middle‑aged group showed angles of less than 5 ◦, the
measurements in the older adult group varied widely, with 12 participants having <10◦
and 21 having >20◦. Participants with a large mean gap angle were unable to reach the tar‑
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get straight and tended to reach it bymeandering away from it (Figure 2b). The individual
mean map angles are listed in Table S3.
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Figure 2. (a) Histograms, scatter plots, and box plots of the mean gap angles in the older adult group 
(this experiment), with males represented by 〇 and females by ×. Participants with MRI data are 
shown in red, and those without are shown in black. There were no significant differences between 

Figure 2. (a) Histograms, scatter plots, and box plots of the mean gap angles in the older adult
group (this experiment), with males represented by 〇 and females by ×. Participants with MRI
data are shown in red, and those without are shown in black. There were no significant differences
between men and women, or among the four groups (between men and women: Mann–Whitney
U‑test, U = 85, p = 0.07; among the four groups: Kruskal‑Wallis test, H = 5.8, p = 0.12). Scatter plots
for the young/middle‑aged group (preliminary experiment) are shown in green to illustrate the large
individual differences in the older adult group; (b) Representative reaching trajectories of a single
trial in the older adult and young/middle‑aged groups. The reaching trajectories are shown as black
lines, and the cursor trajectories as red lines (when the visuomotor rotation angle is −22◦). Partici‑
pants in the older adult group tended to reach by meandering away from the target, whereas those
in the young/middle‑aged group reached straight toward the target.
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3.2. rsFC of Older Adults Reflecting the Mean Gap Angle
Of the nineteen older adult participants in the MRI experiment, three were excluded

from the analysis based on the exclusion criteria. Consequently, rsFC was analyzed for
16 participants (average age 76 ± 4 years, 10 males) in the older adult group. Detailed
information is provided in Tables S1 and S2.

The three pairs of rsFCs significantly correlated with the mean gap angle. The first
indicated the association of the left HMAT M1 with the left inferior temporal gyrus, tem‑
porooccipital part (toITG) (T(12) = −5.60, p‑FDR = 0.02); the second was the association
of the left superior temporal gyrus, posterior division (pSTG), and right superior frontal
gyrus (SFG) binding (T(12) = −5.69, p‑FDR = 0.02); and the third was the right HMAT M1
and binding of the left inferior temporal gyrus and temporooccipital part (toITG)
(T(12) = −4.98, p‑FDR = 0.03) (see Figure 3). All were negatively correlated, showing a
greater functional connectivity strength in participants with higher motor accuracy, that is
smaller mean gap angles.
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Figure 3. (a) Three pairs of rsFCs showing significant correlations with the corresponding mean
gap angles. One is the connection between the left HMAT M1 and the left inferior temporal gyrus,
temporo‑occipital part (toITG), and the second is the connection between the left superior temporal
gyrus, posterior division (pSTG), and right superior frontal gyrus (SFG). The third is the connection
between the right HMAT M1 and the left inferior temporal gyrus, temporo‑occipital part (toITG).
Numbers represent the position of the center of gravity in theMNI coordinate system; (b) Scatterplot
of the mean gap angle and ROI correlation coefficient for 16 participants. 〇 indicate males, and
× indicates females. The top figure shows the connection between left HMATM1 and left toITG, the
middle figure shows the connection between left pSTG and right SFG, and the bottom figure shows
the connection between right HMAT M1 and left toITG. The dotted lines represent approximate
straight lines.
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4. Discussion
In this study, to propose a task capable of assessing sensory integration in daily life at

home, we examined whether VR‑HMD‑based reaching task performance was associated
with rsFC between the brain regions involved in sensory integration. The task performance
was further assessed using the gap angle between the hand‑reaching and target positions
(i.e., the mean gap angle) during the VR reaching task with multiple cognitive loads. As
expected, the young/middle‑aged group showed small errors and small individual differ‑
ences, less than 5◦ for all participants, whereas the older adult group showed extensive
individual differences, with 12 participants having angles of less than 10◦ and 21 partici‑
pants having angles ofmore than 20◦. Participants in the older adult group, who had lower
motor accuracy, tended to reach bymeandering away from the target, whereas those in the
young/middle‑aged group reached straight towards the target (Figure 2b). Furthermore,
in the older adult group, a significant correlation was observed between the gap angle
and rsFC between the left/right HMAT M1 and the left ITG, indicating that the integrated
function of motor control and visual information processing is involved in the decline in
sensory integration in old age. In particular, as the rsFC between the left HMAT M1 and
the left ITG survived even without including daily physical activity level as a covariate of
GLM (T(12) =−5.55, p‑FDR = 0.02), this rsFC would be the best index to detect a decline in
sensory integration function in old age. Based on these results, daily arm‑reaching move‑
ments can be used as an index of declining sensory integration in old age. For routine de‑
tection, it is necessary to construct a system using an off‑the‑shelf, economical device that
can be used at home rather than KINARM, which is a large, research‑grade, and extremely
expensive device. This study demonstrates that it is possible to construct a system that sat‑
isfies these requirements, detecting functional decline without requiring a large space for
experiments, expensive equipment, or specialized knowledge. Although studies have uti‑
lized VR systems in the rehabilitation of patients with stroke and spinal cord injury [14,15],
no studies have yet examined the use of VR systems to assess individual differences in re‑
ductions in sensory integration among healthy elderly individuals. Therefore, we believe
that the system used in this study will be particularly useful.

In the present study, the mean ± standard deviation of the gap angle for the young/
middle‑aged group was 2.5 ± 0.8◦, whereas the older adult group showed a larger varia‑
tion of 18.5 ± 12.6◦. There was no significant correlation between the mean gap angle and
age in either group (young/middle‑aged group: Spearman’s r = 0.01, p = 0.9; older adult
group: Spearman’s r = 0.08, p = 0.6). These findings suggest that the mean gap angle de‑
tects individual differences in motor function in the elderly owing to a decline in sensory
integration function in old age. Additionally, there was no significant correlation between
the variation in the older adult group and the physical activity level (Spearman’s r =−0.14,
p = 0.4). This indicates that the mean gap angle is independent of recent physical activity
levels and reflects the sensory integration function of the participants. Although various
indices that indicate differences between young/middle‑aged, and older adult groups have
been studied [5–7,9,11,13], to the best of our knowledge, no studies have identified indices
for individual differences in the decline of sensory integration in healthy older adults, and
we consider the mean gap angle to be very useful.

It should be noted that the participants included in the analysis of this study com‑
prised 33 males and 8 females (80% male proportion) in the young/middle‑aged group
and 12 males and 23 females (34%) in the older adult group, representing a clear differ‑
ence in the sex ratio for each group. Regarding sex differences in fine motor movements,
studies have shown differences in motor tendencies during computer‑pointing tasks [43].
In contrast, a study examining sex differences in gross and fine motor movements and the
effects of aging found no significant sex differences in any of thesemovements, indicating a
strong effect of age [44]. In this study, there was no significant difference in the mean gap
angle between men and women in both the young/middle‑aged and older adult groups
(young/middle‑aged group: U‑statistic = 149, p = 0.6; older adult group: U‑statistic = 85,
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p = 0.07). Based on these results, we believe that the mean gap angle is useful, even when
sex bias is considered.

Next, assuming that the decline in sensory integration in old age is related to resting‑
state brain activity, three rsFCs that significantly correlatedwithmotor accuracywere iden‑
tified in older adults. The first was the connection between the left HMATM1 and left ITG.
The Left HMATM1 is the left primarymotor cortex [38] and is thought to play a major role
in motor control of the right arm [45]. The left ITG is thought to play an important role
in visual information processing. For example, the hemodynamics of the left ITG change
during active work and passive observation in a visual information task, suggesting that
the left ITG may be involved in visual information processing [46]. The functional connec‑
tivity between these two regions tended to be stronger in older adults with higher motor
accuracy, indicating that the integration of motor control and visual information process‑
ing through this connection is related to a decline in sensory integration function in older
adults. Visual processes such as visual acuity and depth perception have been found to
decline with age [3]. Age‑related declines in motor skills that require vision, such as catch‑
ing a ball [10] and reaction time to visual stimuli [16], have also been reported. Therefore,
we considered this connection to increase the reliability of mean gap angle as a measure
of sensory integration. In addition, this connection was obtained from individual differ‑
ences in the visuomotor abilities of healthy older adults, unlike the comparison between
young/middle‑aged, and older adult groups in previous studies. The mean gap angle may
serve as a new index for individual differences in the decline of sensory integration in
healthy older adults [3,10,16].

The second important connectivity was the connection between the left pSTG and
right SFG. The left pSTG plays an important role in phonological processing [47,48] and
the right SFG controls motor inhibition [49]. The functional connectivity between these
two areas also tended to be stronger in older adults with higher motor accuracy, suggest‑
ing that the connection between phonological processing and motor inhibitory control is
related to a decline in sensory integration in older adults. However, previous studies have
not yet implicated phonological processing in the decline of movement‑related sensory in‑
tegration. Therefore, we considered two interpretations of this connection. The first was
the effect of age‑related brain dedifferentiation and compensation. Dedifferentiation is
defined as the loss of functional brain localization and the diffusion of activity through‑
out the brain due to age‑related changes in neurotransmission [40]. Compensation refers
to compensating for the loss of function by activating more brain regions as we age [41].
These phenomena raise the possibility that activities other than those in brain regions gen‑
erally thought to be involved in motor control may also be involved in sensory integration
during old age. Several studies have suggested the dedifferentiation and compensation of
the motor system [39,50,51]. This dedifferentiation and compensation may improve motor
control by increasing left and right pSTG activity and compensating for the reduced mo‑
tor system function. The second factor was the effect of task dependence. In the present
study, the procedures for each step of themotor taskwere explained using visualmessages
in text in the VR space and auditory messages in the audio. Further research is required
to determine whether this connection is derived from understanding the task explanation
in a motor task without using these messages.

The third important connectivity was between the right HMAT M1 and left ITG. The
right HMATM1 is the right primarymotor cortex [38] and is thought to play amajor role in
motor control, particularly in the left arm. However, it has also been found to be involved
in the motor control of the right arm, and it has been noted that the involvement of the
ipsilateral arm of the primarymotor cortex in control increases with age [52,53]. One study
performing fMRI measurements during a tapping task with the fingers of the right hand
in various age groups confirmed that the amount of bilateral M1 activation increased with
age, with a significant increase in ipsilateral M1 activation [52]. In addition, a study using
transcranialmagnetic stimulation (TMS) showed that stimulation of the ipsilateral primary
motor cortex had no effect on the younger group, but increased the reaction time in the
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older group [53]. These studies suggested that primary motor cortex dedifferentiation and
compensation intensify with age. This third connectivity tends to be stronger in older
adults with higher motor accuracy, suggesting that it functions in the dedifferentiation
and compensation of the right primary motor cortex. The integration of motor control and
visual information processing plays an important role in enhancing sensory integration
during old age. We believe that this connectivity supports the idea that mean gap angle is
a useful index of declining sensory integration in older adults.

In the present study, a VR reaching task was proposed as a system for detecting the
age‑related decline in sensory integration. It has been suggested that the mean gap angle
during a task can serve as an effective index of functional decline. For the practical applica‑
tion of this index to detect sensory integration function in old age, it is necessary not only
to examine hand‑reaching movements using the VR reaching task in this study but also
to verify the relevance of the index to the decline in motor functions, such as walking and
stair climbing, that older adults experience in daily life. Future research should investigate
the extent of the relationship between mean gap angle and motor control abilities in real
space. In addition, because the task was designed with a focus on motor accuracy, only
the mean gap angle was used as an index to evaluate movement, to avoid complicating
the discussion. However, in VR‑based exercise tasks, other factors (e.g., reaction speed
and growth rate) may also be used as indices of decline in sensory integration function in
old age. These issues should further be investigated in relation to real‑space movements.
There is also room for further examination of task difficulty levels. The present study con‑
firmed that individual differences were small in the young/middle‑aged group, but large
in the older adult group. However, determining whether a task’s difficulty level is opti‑
mal for detecting a decline in sensory integration in old age requires further investigation,
such as comparing tasks with varying difficulty levels. Because the physical activity levels
in this study were based on the participants’ self‑reports, they may have been biased by
factors such as measurement errors [54], social desirability, or social approval [55]. In ad‑
dition, the time between the VR reaching task andMRImeasurements in this study ranged
from 0 to 60 days, depending on the participant. Given that older adults undergo signifi‑
cant brain changes within a short period, even in healthy subjects [56], differences in the
measurement period for each participant may have affected the results. It should also be
noted that the rsFC analysis in the present study was performed only in older adults. Al‑
though rsFC analysis detected significant connections related to the variation in the mean
gap angle in the elderly, whether this connection supports the decline in sensory integra‑
tion function in old age remains to be verified. The observed significance of the left ITG,
while the cerebellar cortex and angular gyrus, which are often reported in visuomotor
tasks, were not significant, is intriguing and requires further investigation. Zwergal et al.
suggested that aging maintains network function in the cerebellum and other regions, but
alters network function in the sensory system [57], which is expected to have an impact.
However, further analysis involving the young/middle‑aged group is required to verify
these findings.

In conclusion, this study proposed a VR reaching task system designed to detect de‑
clines in sensory integration function among older adults. Index derived from the VR
reaching task revealed individual differences inmotor accuracy among older adults, show‑
ing significant correlations with the rsFC related to sensory integration. Specifically, a sig‑
nificant correlation was observed between the connectivity of the left and right HMATM1
and that of the left to the ITG.Although the rsFC analysis in this study focused solely on the
older adult group, further validation with a larger sample size, including a young/middle‑
aged group, is required. Nonetheless, our findings suggest that the proposed VR system
has the potential to detect age‑related decline in motor control abilities in daily life.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/brainsci14080840/s1, Table S1: Participant information for the
young/middle‑aged group. * indicates that the participant was excluded from the analysis because
the number of false responses in trials with or without visuomotor rotationwasmore than three stan‑
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dard deviations above the mean of the responses after each trial of the VR reaching task. ** indicates
that the participant was excluded from the analysis because they answered incorrectly on all trials
with or without visuomotor rotation; Table S2: Participant information for the older adult group.
*** indicates that the participant was excluded from the analysis of the fMRI measurements because
the EPI images showed an obvious area of signal loss in the orbitofrontal region upon visual inspec‑
tion; Table S3: Mean gap angle of the VR reaching task for individual participants; Figure S1: Color
map illustrating the strength of connections between the left HMAT M1 and other brain regions. In
the color bar, red and orange indicate positive connections, whereas blue and cyan indicate nega‑
tive connections; Figure S2: Color map illustrating the strength of connections between the right
HMAT M1 and other brain regions. In the color bar, red and orange indicate positive connections,
whereas blue and cyan indicate negative connections; Figure S3: Results of the rsFC analysis con‑
ducted on data from 18 participants, without applying any exclusion criteria for the VR reaching
task. (a) Two rsFC pairs showed significant correlations with the mean gap angle: first, the connec‑
tion between the left HMAT and M1 and the left toITG (T(13) = −5.62, p‑FDR = 0.01); second, the
connection between the right HMAT and M1 and the left toITG (T(13) = −4.80, p‑FDR = 0.05). The
numbers indicate the positions of the centers of gravity in the MNI coordinate system. (b) Com‑
parison between the rsFC analysis with 16 participants and that with 18 participants. Similar to the
analysis with 16 participants, the analysis with 18 participants also revealed significant left‑to‑right
HMAT‑M1 and left‑to‑ITG connections; Video S1: VR‑HMD recording during the VR reaching task.
The participants moved their right hand from the blue sphere to the green sphere. After reaching,
they predicted the presence of a visuomotor rotation in each trial.
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