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Abstract

This study aimed to evaluate the effects of the participant’s attention target during repetitive passive movement
(RPM) intervention on reciprocal inhibition (RI) and joint movement function. Twenty healthy adults participated

in two experiments involving four attention conditions [control (forward attention with no RPM), forward attention
(during RPM), monitor attention (monitor counting task during RPM), ankle joint attention (ankle movement count-
ing task during RPM)] during 10-min RPM interventions on the ankle joint. Counting tasks were included to ensure
the participant’s attention remained on the target during the intervention. In Experiment 1, Rl was measured before,
immediately after, and 5, 10, 15, 20, and 30 min after the RPM intervention. In Experiment 2, we evaluated ankle joint
movement function at the same time points before and after RPM intervention. The maximum ankle dorsiflexion
movement (from 30° plantar flexion to 10° dorsiflexion) was measured, reflecting RI. In Experiment 1, the Rl func-
tion reciprocal la inhibition was enhanced for 10 min after RPM under all attention conditions (excluding the con-
trol condition. D1 inhibition was enhanced for 20 min after RPM in the forward and monitor attention conditions
and 30 min after RPM in the ankle joint attention condition. In Experiment 2, the joint movement function decreased
under the forward and monitor attention conditions but improved under the ankle joint attention condition. This
study is the first to demonstrate that the participant’s attention target affected the intervention effect of the RI
enhancement method, which has implications for improving the intervention effect of rehabilitation.
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Background

Decreases in spinal reciprocal inhibition (RI) function are
observed in patients with upper motor neuron disorders
[1-3] and older adults [4—9]. Decreases in RI function
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cause excessive simultaneous activity between antagonis-
tic muscles, impair smooth joint movement and walking
function, and increase the risk of falls [10, 11].

In recent years, several studies have used techniques
to enhance RI to inhibit excessive simultaneous muscle
activity [12-23]. Approaches for enhancing RI include
patterned electrical stimulation (PES) [15, 17, 21, 23, 24]
and repetitive passive movement (RPM) [12, 13] periph-
eral stimulation, which show longer intervention after-
effects than brain stimulation [14, 16, 18, 21]. In addition,
in peripheral stimulation, compared to the after-effects
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at 10 min after a 20 min PES intervention, the effects of
a 10 min RPM intervention persisted until 20 min after
the intervention, indicating improved after-effects with a
shorter intervention time [12, 13]. Furthermore, the com-
bined use of brain stimulation [transcranial direct current
stimulation (tDCS), intermittent theta burst transcranial
magnetic stimulation (iTBS)] and peripheral stimulation
synergistically improved the effects on RI after the inter-
vention [21, 23]. RI was also enhanced by the combined
use of motor imagery and peripheral electrical stimula-
tion [25], indicating that primary motor cortex activ-
ity and increased excitability of the corticospinal tract
enhanced the effects of peripheral stimulation.

Our research group focuses on simpler attention tech-
niques than motor imagery training. The active atten-
tion process has been shown to play an important role in
motor learning [26, 27] and motor performance [28, 29].
It has been reported that directing attention to behavior
during a simple motor task activates the prefrontal area,
cingulate cortex, supplementary motor area, premotor
area, and cerebellum [30, 31] and contributes to the con-
nection between the prefrontal and premotor areas [31].
It is recognized that motor-related areas are activated
when attention is directed to the intervention target. [32]
reported that attention to the index finger during move-
ment attenuated short-interval intracortical inhibition
(SICI) and increased corticospinal tract excitability.

Like brain stimulation and motor imagery, attention
to the intervention target during RI enhancement may
increase the intervention effect of peripheral stimuli.
From previous studies [12, 13], we can expect to achieve
enhanced intervention effects by directing attention to
the intervention target during RPM, which as a method
of RI augmentation can produce a large intervention
effect in a short time. Examining the combined effects of
RPM and attention to the intervention target will facili-
tate the development of more effective rehabilitation
methods for clinical application. In addition, among the
few reports on the post-intervention effect of the RPM
RI enhancement method, only walking, balance function,
and dynamic performance have been considered, and it
is necessary to examine the intervention effect on a basic
single joint movement. Because RI is the most important
function during joint movement, we examined the inter-
vention effect of the RI enhancement method on joint
movement function.

Therefore, the purpose of this study was to exam-
ine the effect of RI enhancement by focusing attention
on the target during the RPM intervention and evalu-
ate the intervention effect via joint movement func-
tion. The hypothesis of this study is that attention to the
intervention target during RPM intervention will inhibit
SICI, increase corticospinal tract excitability, activate
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RI-inhibitory interneurons, and enhance RI potentiation.
Moreover, we hypothesize that the joint movement func-
tion improvements will be modulated by RI enhance-
ment and corticospinal tract excitability.

Methods

We conducted two experiments to investigate how focus-
ing attention on the target during RPM intervention
affects RI and joint movement function. In Experiment
1, we set attention targets under four conditions during
the RPM RI enhancement intervention and assessed RI
before and after the intervention. In Experiment 2, the
same four conditions were set, and the joint movement
function was examined before and after the RPM inter-
vention to examine the effect of the intervention.

Study participants

Twenty healthy adults (age, 20.8+0.9 years; height,
166.7+7.8 cm; body weight, 57.5+8.2 kg; 10 females)
provided written informed consent to participate in this
study. The study was approved by the Ethics Committee
at the Niigata University of Health and Welfare (18,267—
190,918). All experiments were conducted in accordance
with the ethical standards of the Niigata University of
Health and Welfare and the 1964 Helsinki Declaration
and its later amendments.

Experimental protocol overview

The experimental protocol is illustrated in Fig. 1. In
Experiment 1, the stimulus intensities of the conditioned
stimulus and the test stimulus were set before the RI
measurement. RI was measured before (Pre), immedi-
ately after (Post), 5 min after (Post 5), 10 min after (Post
10), 20 min after (Post 20), and 30 min after (Post 30) the
RPM intervention. In both experiments, we applied four
attention conditions: control, forward attention, monitor
attention, and ankle joint attention. In Experiment 2, the
joint movement function was performed before and after
the RPM intervention to examine the intervention effect
on RI. Joint movement function was measured 5 min
after the end of the intervention when RI enhancement is
most apparent [12, 13]. A 5 min break was given between
each session.

Electromyography (EMG)

The distance between the Ag/AgCl electrodes (Blue Sen-
sor, METS, Tokyo, Japan) for the surface electromyogram
was 20 mm. The electrodes were placed on the tibialis
anterior (TA) and soleus (Sol) muscles according to the
surface EMG for non-invasive assessment of muscles
protocols [33]. A ground electrode was placed between
the electrical stimulation electrode and the TA surface
electromyogram electrode [34, 35]. Electromyographic
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Experiment 1
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Fig. 1 Experiment protocol. Four attention conditions, control, forward attention, monitor attention, and ankle joint attention, were randomly
performed during the 10 min repetitive passive movement intervention. Experimental interventions were performed with an interval of at least

3 days between the conditions. In Experiment 1, the motor thresholds of the soleus muscle (Sol) maximum M wave amplitude and tibialis anterior
muscle (TA) were measured before reciprocal inhibition (RI). Rl was measured under three conditions [single, conditioning stimulation-test
stimulation interval (CTI) 2 ms, CTl 20 ms]. The Rl measurement was performed before the attention condition intervention (Pre), immediately
after the intervention (Post), and 5 (Post 5), 10 (Post 10), 20 (Post 20), and 30 (Post 30) min after the intervention. In Experiment 2, after practicing
ankle dorsiflexion movement, the maximum voluntary contraction (MVC) of each muscle was measured to evaluate the joint movement function
before performing the ankle movement task. The ankle joint movement task was performed three times before and after the intervention

under the same attention conditions as Experiment 1 with a 10 s rest interval. Each session was rested for at least 5 min

activity was filtered at a bandpass filter of 10-1000 Hz
and amplified 100X (FA-DL-720-140; 4Assist, Tokyo,
Japan) before being digitally stored (10 kHz sampling
rate) on a personal computer for offline analysis. Data
analysis was performed using PowerLab 8/30 and Lab-
Chart 7 (both AD Instruments, Colorado Springs, CO,
USA).

RPM intervention

We adopted the RPM parameters that most effectively
enhanced RI in our previous studies [12, 13]; specifically,
an intervention time of 10 min, a movement speed of
160°/s, and a movement range of 30° ankle plantar flex-
ion to 10° dorsiflexion. The participant’s thighs and feet
were fixed to the seat surface and the foot plate, respec-
tively, to maintain the lower limb position throughout the
experiment (Takei Scientific Instruments, Niigata, Japan).

Attention conditions

Four attention conditions (control, forward attention,
monitor attention, and ankle joint attention) were ran-
domly applied during a 10 min RPM intervention, with

an interval of at least 3 days between each condition.
For the control condition, the participant was sat in a
chair for 10 min with attention to the front wall (with-
out RPM intervention). For the forward attention con-
dition, the participant’s attention was directed to the
anterior wall during the 10-min RPM intervention. For
the monitor attention condition, the participant’s atten-
tion was directed to the monitor in front of them during
the 10-min RPM intervention, and they were asked to
count the circles displayed on the monitor at 1 s inter-
vals. The circle was randomly displayed 25-35 times, hid-
den for 10 s, and then displayed again (Fig. 2). During the
period when the circle was not displayed, the participant
was asked to report to the examiner the number of times
the circle was displayed while also maintaining attention
to the monitor. For the ankle joint attention condition,
the participant was asked to count the number of ankle
joint movements during the 10-min RPM intervention.
The count was taken at the time of maximum ankle joint
dorsiflexion. The examiner instructed the participant
when to start and pause the count. The counting time
was a cycle in which the range of 25-35 s was randomly
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Fig. 2 Attention condition. The diagram illustrates the monitor attention condition. Participants were asked to count the circles randomly

presented on the monitor 25-35 times at 1 s intervals

counted. The counting was then paused for 10 s and
resumed at the signal of the examiner. The participant
reported the number of counts to the examiner dur-
ing the count pause, and the participant was instructed
to maintain attention to the ankle joint during the 10-s
count pause. The participants were asked to perform the
count to ensure that the ankle joint was being observed
[32]. The effect of the counting task was examined by
comparing the monitor counting attention condition
with the forward attention condition.

Rl measurement

The RI measurement method is described in detail in
our previous publications [12—14]. Briefly, an electrical
stimulation device (SEN-8203, Nihon Kohden, Tokyo,
Japan) was used to apply electrical stimulation (1 ms
duration, square wave) via an isolator (SS-104J, Nihon
Kohden, Tokyo, Japan). We measured the RI of the
pathway that inhibits Sol (test stimulus) from TA (con-
ditional stimulus). The conditioned stimulus stimulated
the common fibular nerve, which is the dominant nerve
of TA, and the stimulus intensity was set to the M wave
threshold (<100 pV). The test stimulus stimulated the
tibial nerve, which is the dominant nerve of Sol, and the
stimulus intensity was set to achieve a Sol H-reflex ampli-
tude value of 15-25% of the maximum M wave ampli-
tude value (Mmax). The RI stimulation conditions were
a 2 ms conditioning stimulation-test stimulation interval

(CT-interval 2 ms), a 20 ms conditioning stimulation-
test stimulation interval (CT-interval 20 ms), and a test
stimulus without a conditioned stimulus (single). The
stimulation frequency was 0.3 Hz. The CT-interval 2 ms
generates the largest amount of reciprocal Ia inhibition
[36, 37], and CT-interval 20 ms generates the largest
amount of D1 inhibition [36].

Joint movement function

The task movement of the joint movement function was
the ankle dorsiflexion movement. After 5 min of pre-
attention, the ankle dorsiflexion task was performed
three times before and after each attention condition with
a rest interval of 10 s between tasks. Like Experiment 1,
the task movement range was from 30° ankle plantar flex-
ion to 10° dorsiflexion. The participant was seated with
their arms folded in front of their chest and instructed
to quickly start the dorsiflexion with maximum effort in
their own timing after the examiner’s signal.

Data analysis

Experiment 1

For the RI data analysis, the peak-to-peak values of the
waveform amplitudes (12 waveforms) under each stimu-
lus condition were averaged, and the Sol H reflection
amplitude value and the M wave amplitude value were
calculated. The RI was calculated by dividing the Sol H
reflection amplitude value by the maximum M wave
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Table 1 Soleus background electromyography (uV) for each condition before (Pre), immediately after (Post), and 5 (Post 5), 10 (Post

10), 20 (Post 20), and 30 (Post 30) min after the intervention

Pre Post Post 5 Post 10 Post 20 Post 30
Control 28+0.1 2.8+0.1 27+0.1 27+0.1 2.7+0.1 26+0.1
Forward attention 2.7+0.1 2.7+0.1 2.7+0.1 2.7+0.1 2.7+0.1 2.7+0.1
Monitor attention 2.8+0.1 27+0.1 27+0.1 2.7+0.1 2.7+0.1 27+0.1
Ankle joint attention 28+0.1 28+0.1 28+0.1 26+0.1 2.7+0.1 2.7+0.1

Data are presented as the mean + standard error. Soleus background EMG is the EMG 30-50 ms before the test stimulus

amplitude value in percent notation (Sol H-reflex ampli-
tude as the percentage of Mmax). When comparing
the changes over time in each attention condition, the
H-reflex amplitude value of the test stimulus with the
conditioned stimulus was divided by the H-reflex ampli-
tude value of the test stimulus and presented as a per-
centage ([Amplitude of conditioned H-reflex amplitude/
test H-reflex amplitude] X 100).

Experiment 2

The analysis items for the ankle dorsiflexion task were
TA and Sol EMG, co-contraction index (CI), ankle dor-
siflexion peak torque (PT), and rate of joint movement
development (RJD). The analysis sections are (1), from
the start of TA EMG to the start of the joint movement;
(2), from the start of the joint movement to the end of
the joint movement; and (3), from the start of TA EMG
to the end of the joint movement. The starting point of
TA EMG was defined as the time point when the resting
mean EMG + 3 standard deviations (SD) was exceeded.
The EMG of TA and Sol was calculated as the average
EMG of each analysis range divided by the maximum
voluntary contraction (MVC). The ankle dorsiflexion PT
analyzed the maximum value of the ankle dorsiflexion
torque of the task movement. The RJD was calculated
by dividing the joint angle (40°) from the start to the end
of the movement task by the time (s). The CI calculation
method is as follows [38]:

2Izmt

total

Cl = x 100%

where I, is the area of the waveform on which the
antagonist muscles acted, calculated using the following
equation:

£2 t3
Iy = / EMGTA(t)dt + / EMGgy(t)
t1 £2
where ¢I to £2 indicate the period in which Sol EMG is
less active than TA EMG, and £2 to £3 indicate the period
in which TA EMG is less active than Sol EMG. [, is the
total integral value of Sol and TA EMG calculated using
the following formula:

t3
Liotar = / [EMGTa + EMGSOZ](t)
t1

Statistical processing

For Experiment 1, repeated measures three-way ANOVA
was performed to compare the attention condition (con-
trol, forward attention, monitor attention, ankle joint
attention) X the stimulus condition (single, CT-interval
2 ms, CT-interval 20 ms) X the measurement time (Pre,
Post, Post 5, Post 10, Post 20, Post 30). As a post-test, the
comparison of the stimulus conditions of each attention
condition was performed by applying the Bonferroni cor-
rection to the paired ¢ test. To compare the measurement
time of each attention condition, the Bonferroni cor-
rection was applied to the paired ¢ test. For Experiment
2, paired t tests were used to compare the pre and post
results in each analysis interval. The significance level
was set to 5% for all analyses.

Results

Experiment 1

Sol background EMG, Sol Mmax amplitude values, and
TA M wave amplitude values are shown in Tables 1, 2,
and 3. Representative Sol and TA waveforms are shown
in Fig. 3. The results of repeated measures three-way
ANOVA did not detect a significant effect of the attention
condition [F(3, 57)=2.575, p=0.063, partial #°=0.119],
but detected significant effects of the stimulus condi-
tion [F(2, 38)=176.473, p<0.001, partial #°=0.903], the
measurement time [F(5, 95)=8.822, p<0.001, partial
#*=0.317], and the interaction of three factors [F(30,
570) =4.426, p <0.001, partial #>=0.189].

There was no significant difference in the H-reflex
amplitude value under the single condition at each meas-
urement time under each attention condition (Table 4).
Therefore, the change in the Sol H-reflex amplitude value
with respect to the conditioned stimuli was not depend-
ent on the test stimulus intensity.

The single condition obtained at each measurement
time of each attention condition was compared with the
CT-interval conditions. The H-reflex amplitude value
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Table 2 Soleus maximum M wave amplitude values (mV) for
each condition

Control Forward attention  Monitor attention  Ankle joint
attention
931+0.77 9.40+0.60 9.53+047 9.69+0.57

Data are presented as the mean + standard error

was significantly lower under the CT-interval 2 ms and
CT-interval 20 ms conditions than under the single con-
dition at all measurement times under all attention con-
ditions (p <0.001, Table 4). The results demonstrated that
reciprocal Ia inhibition (CT-interval 2 ms) and D1 inhibi-
tion (CT-interval 20 ms) occurred under all conditions.
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The H-reflex amplitude value at the measurement
times under CT-interval 2 ms and CT-interval 20 ms
were compared with the Pre measurement (Fig. 4A, B).
Under CT-interval 2 ms, the control condition did not
show a significant difference in the H-reflex amplitude
value compared with Pre. In the forward attention con-
dition, monitor attention condition, and ankle joint
attention condition, the H-reflex amplitude value was sig-
nificantly reduced at Post 5 and Post 10 compared with
Pre (p<0.001). Similarly, the H-reflex amplitude values
under the control condition did not significantly differ
from Pre under CT-interval 20 ms. In the forward atten-
tion condition and the monitor attention condition, the

Table 3 Tibialis anterior M wave amplitude values (uV) for each condition before (Pre), immediately after (Post), and 5 (Post 5), 10 (Post

10), 20 (Post 20), and 30 (Post 30) min after the intervention

Pre Post Post 5 Post 10 Post 20 Post 30
Control 83.1+15 82.7+15 825+15 831413 833+14 83.1+£13
Forward attention 83.1+14 829+14 829+13 83.2+15 822+18 835+2.7
Monitor attention 82.7+14 828+14 822+15 82.7+14 826+15 827+14
Ankle joint attention 823+15 820+15 821+14 824+15 824+15 832+13

Data are presented as the mean +standard error
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Fig. 3 Soleus (Sol) and tibialis anterior (TA) raw data tracing. Representative raw data tracing of one participant for the ankle joint attention
condition. From top to bottom, the stimulation conditions were single, conditioning stimulation-test stimulation interval (CT-interval) 2 ms
(reciprocal la inhibition), and CT-interval 20 ms (D1 inhibition). The 12 waveforms of the Sol H-reflex are shown, and the bold black lines are
the summed averages of the 12 waveforms. The horizontal data show the change over time before (Pre), immediately after (Post), and 5 (Post 5), 10

(Post 10), 20 (Post 20), and 30 (Post 30) min after the intervention



Hirabayashi et al. European Journal of Medical Research (2023) 28:428

Page 7 of 12

Table 4 Soleus H-reflex amplitude (% of Mmax) for each condition before (Pre), immediately after (Post), and 5 (Post 5), 10 (Post 10), 20

(Post 20), and 30 (Post 30) min after the intervention

Pre Post Post 5 Post 10 Post 20 Post 30
Control single 204+03 204104 206104 19.9+04 20.5+05 204+04
CT-interval 2 ms 17.6+05% 17.8+0.6% 17.8+0.5% 173+05% 17.5+0.5% 17.6+0.5%
CT-interval 20 ms 15.2+04% 153+04% 153+04% 15.0+£04% 153+£05% 15.5+04+
Forward attention single 200+0.2 21.2+04 21.2+04 21.0+03 204+0.5 20.1+04
CT-interval 2 ms 173+0.3% 184+05% 17.2+05% 172+05% 17.6+0.6% 174+0.5%
CT-interval 20 ms 154+03% 164+0.5% 14.9+04% 15.1+04% 14.8+0.5% 15.6+£04%
Monitor attention single 19.7+£0.3 215+£04 21.0+£04 209+03 206+0.3 20.0+0.3
CT-interval 2 ms 17.1£0.3% 189+0.3% 17.3+04% 17.2+04% 17.9+04% 17.6+0.3%
CT-interval 20 ms 154+0.3% 17.0£0.5% 15.1+04% 15.1+04% 153+04% 15.7+03%
Ankle joint attention single 215+03 225402 215403 216+03 209+04 20.7£0.3
CT-interval 2 ms 19.2+04% 19.8+0.4% 176+0.5% 18.0+0.5% 183+0.6% 184+04%
CT-interval 20 ms 16.7+04% 17.3£0.5% 15.1+0.5% 15.2+0.5% 15.1+£04+ 15.1+£04%

Data are presented as the mean + standard error. Sol H-reflex and M wave amplitude values were calculated as the mean + standard error of the peak-to-peak values
of the amplitude of each waveform. This value represents H-reflex/Mmax x 100. Data were analyzed by comparing the H-reflex amplitude value of the single condition
(divided by Mmax) vs. the H-reflex amplitude value (divided by Mmax) for each of the two CT-interval conditions (2 and 20 ms). CT-interval, conditioning stimulation-

test stimulation interval; Mmax, maximum M wave amplitude

¥ p<0.001 (paired t test with Bonferroni correction)

H-reflex amplitude value was significantly lower at Post
5, Post 10, and Post 20 compared with Pre (p<0.001).
As for the ankle joint attention condition, the H-reflex
amplitude value was significantly reduced at Post 5, Post
10, Post 20, and Post 30 compared with Pre (p <0.001).

Experiment 2

Comparing the EMG Pre and Post results within each
attention condition revealed a significant increase in
EMG for TA (p<0.01) and a significant decrease in EMG
for Sol (p <0.05) for all analysis sessions in the ankle joint
attention condition (Fig. 5A-D).

Comparing the Pre and Post ankle dorsiflexion PT
within each attention condition, the ankle dorsiflexion
PT was significantly reduced under the forward attention
condition and the monitor attention condition (p < 0.001).
Under the ankle joint attention condition, the ankle dor-
siflexion PT was significantly increased (p <0.001).

Comparing the Pre and Post RJD within each attention
condition, the R]JD significantly decreased under the for-
ward attention condition and the monitor attention con-
dition (p<0.001). The RJD significantly increased under
the ankle joint attention condition (p <0.001).

Comparing the pre- and post-CI within each attention
condition, the CI decreased significantly in the analysis
sessions of ankle joint attention condition (2) (p<0.01)
and (3) (»<0.001).

Discussion

The results of this study demonstrated that the duration
of RI enhancement could be extended by focusing the
participant’s attention on the ankle joint targeted during
the RPM RI enhancement intervention. The joint move-
ment function evaluation revealed that the joint move-
ment function decreased with RPM intervention alone
and improved when the participant focused their atten-
tion on the ankle joint during the RPM intervention.

In this study, we instructed the participant to perform
a counting task to confirm that the participant’s atten-
tion was focused on the target. The results of Experiment
1 and Experiment 2 showed that the effects during the
counting of ankle joint movements (ankle joint attention
condition) were similar to those of the forward attention
condition and the monitor attention condition, which
involved counting the appearances of a circle on the
monitor, indicating the effect of counting was negligible.
This finding is consistent with the results of a previous
report [32], who showed that the effect of counting on
an attention task during index finger RPM was extremely
small.

In this study, the RI enhancement effect of RPM inter-
vention supported the results of our previous study [12,
13], i.e., reciprocal Ia inhibition is enhanced for 10 min
after the intervention, and D1 inhibition is enhanced for
20 min after the intervention, demonstrating that RPM
is a useful intervention method for RI enhancement.
The present study revealed that the participant’s atten-
tion to the RPM intervention target (the ankle joint)
extended the RI enhancement for up to 30 min after the
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Fig.4 Changes in reciprocal inhibition (RI) over time. A shows conditioning stimulation-test stimulation interval (CT-interval) 2 ms, and B shows
CT-interval 20 ms. The following four conditions are shown: a, control; b, forward attention; ¢, monitor attention; and d, ankle joint attention. The
thin solid line shows the change over time in 20 participants, and the thick solid line shows the average value. The vertical axis shows the amplitude
of the conditioning H-reflex/amplitude of the test H-reflexx 100. The horizontal axis shows the time points before the attention condition
intervention (Pre), immediately after the intervention (Post), and 5 (Post 5), 10 (Post 10), 20 (Post 20), and 30 (Post 30) mins after the intervention.
Bonferroni correction was applied to the paired t test for the comparison of Pre with the other measurement times. Filled circles are values

that were not significantly different from Pre. Open circles are values that were significantly different from Pre (p <0.05)

RPM intervention, supporting our hypothesis. The effect ~TA and activate RI-inhibitory interneurons, contribut-
of RPM alone on Rl is attributed to the repeated muscle  ing to the enhancement of RI. Similar results have been
lengthening and shortening, which increase the firing obtained using PES [15, 17, 21, 23, 24], a technique that
frequency of afferent Ia fibers from muscle spindles in the  specifically stimulates Ia fibers to enhance RI.
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Fig. 5 Joint movement function. A is the control condition, B is the forward attention condition, C is the monitor attention condition, and D

is the ankle joint attention condition. The bar graph shows the mean + standard error of electromyography (EMG), contraction index (Cl), ankle
dorsiflexion peak torque (PT), and rate of joint movement development (RJD) of the Soleus (Sol) and tibialis anterior (TA) muscles. Analysis sessions
are: (1), start of TA EMG to start of joint movement; (2), start of joint movement to end of joint movement; and (3), start of TA EMG to end of joint
movement. The numerical units on each vertical axis are % maximum voluntary contraction (MVC) for EMG, % for Cl, Nm for ankle dorsiflexion PT,
and °/s for RID. The gray bars show the pre-intervention values (pre), and the blue bars show the post-intervention values (post). A paired t test

was used to compare pre and post. *p < 0.05, **p < 0.01, p < 0.001

In addition, the activity of motor-associated corti-
cal areas activates RI-inhibitory interneurons and con-
tributes to RI enhancement, and the intervention effect
of peripheral stimulation is enhanced by brain stimu-
lation [14, 16-18, 21, 23]. The combination of brain
stimulation and peripheral stimulation is effective for
RI enhancement in Rl-inhibitory interneurons via the
convergent input from the motor cortex and the affer-
ent fibers of TA [39-42]. In this study, as an alternative
to brain stimulation, we focused the participant’s atten-
tion on the intervention target during RPM to easily
increase motor cortex excitability. A previous study by
our research group [32] showed that attention to the
intervention target during RPM increased the corticospi-
nal tract excitability of the target muscle. The increase

in corticospinal tract excitability caused by attention to
the target has been attributed to the inhibition of SICI
and short-latency afferent inhibition (SAI) [43, 44]. The
results of the present study suggest that the factors con-
tributing to RI enhancement when attention was focused
on the RPM intervention target may include motor cor-
tex activation, an increase in the descending input, and
RI-inhibitory interneuron activation, which prolonged
the post-intervention RI enhancement effect. Previous
studies have shown that motor imagery is an effective
intervention method for activating the motor cortex. The
RI enhancement effect achieved using motor imagery
during PES intervention was comparable to that achieved
using peripheral stimuli with attention directed to the
target [25]. Based on the findings of these previous
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studies, attention to the intervention target during RPM
enhanced RI and prolonged the post-intervention effect
to 30 min, which is the longest post-intervention effect
achieved with the shortest intervention time (10 min)
among the RI-enhancing methods that have been inves-
tigated. These findings will facilitate the development of
an effective and efficient intervention method for clinical
application.

The joint movement function evaluation in Experiment
2 revealed that the joint movement function decreased
under the forward attention condition and the monitor
attention condition and was improved under the ankle
joint attention condition. In addition, this is the first
study to evaluate joint movement function as a post-
intervention effect of the RPM RI enhancement method.
In the forward attention and monitor attention condi-
tions, the RI was increased by the RPM intervention,
but the joint movement function decreased, contrary to
our hypothesis. However, under the ankle joint atten-
tion condition, the RI was increased by the RPM inter-
vention, and the joint movement function was improved,
supporting our hypothesis. The reason for the decrease
in joint movement function under the forward attention
and monitor attention conditions could be the decrease
in the corticospinal tract excitability of the agonist mus-
cle, which may be caused by post-exercise depression
(PED). It has been reported that PED is induced by non-
fatigue active movement and passive movement [45-51].
PED is caused by the frequent repetition of activity in
the primary motor area (M1) and induced by increased
SICI, a measure of GABAergic intracortical inhibitory
circuit excitability [50—52]. It has been reported that SICI
is modulated by input from the proprioceptors [53]. The
results of this study suggest that RPM-induced proprio-
ceptor activity increased SICI, inhibited M1 excitability,
and decreased the joint movement function.

Under the ankle joint attention condition, TA EMG
increased during dorsiflexion after RPM intervention, the
CI decreased due to the decrease in Sol EMG, and the
joint movement function improved due to the increase in
ankle dorsiflexion PT and RJD. The results of this study
suggest that in addition to the RI enhancement (antago-
nist muscle EMG decrease during joint movement) by
RPM, attention to the RPM intervention target may have
increased M1 activity and thus the muscle output of the
main movement muscle, improving the joint movement
function. In a previous study [32], focusing attention on
the index finger during RPM of the index finger increased
the MEP and the excitability of the corticospinal tract.
Corticospinal tract excitability is caused by a decrease
in SAI due to attention [44] because SAI modulates the
effect of somatosensory input on motor cortex excit-
ability [54]. Studies have shown that SICI decreases with
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attention [43], and SICI is involved in the GABAergic
inhibition mechanism [55, 56]. Therefore, attention to the
ankle joint during RPM may have increased the excitabil-
ity of M1 by decreasing the excitability of intracortical
inhibitory circuits, which activated the main action mus-
cle (TA) during the ankle dorsiflexion task and inhibited
the antagonist muscle (Sol) by enhancing RI. Thus, the
joint movement function was improved by decreasing CI
and increasing ankle dorsiflexion PT.

One limitation of this study was that the excitability
of the corticospinal tract corresponding to the muscle
targeted for RPM intervention could not be evaluated.
However, in previous studies [32, 52, 57], the excitability
of corticospinal tracts and spinal anterior horn cells after
RPM was evaluated and examined under many param-
eters, including different speeds and numbers of RPM
movements and attention, and we believe that the find-
ings support the results of this study. The results of the
joint movement function evaluation in this study suggest
that similar corticospinal tract excitability results were
obtained during ankle joint RPM as in the previous study.

Clinical application

RPM is an effective and efficient RI enhancement inter-
vention method. In addition, the findings of this study
suggest that simply focusing attention on the RPM inter-
vention target can enhance RI potentiation and improve
joint movement function, which may be an effective
adjunct therapy for functional recovery after central
nervous system injury. Rl-enhancing methods other
than RPM have only shown effects for 10 min after inter-
ventions of 15 min or longer [14-23]. In this study, the
participant was asked to focus their attention on the
intervention target during RPM, and a 10 min interven-
tion resulted in a 30-min RI enhancement. Prolonging
the duration of the intervention effect using adjunct ther-
apy may improve rehabilitation. Future studies should
investigate the post-intervention effect and joint move-
ment function, gait, and balance function in patients.

Conclusions

In this study, we examined RI and joint movement func-
tion after RPM intervention, during which the partici-
pant’s attention was focused on different targets. As a
result, it was clarified that the RPM intervention effect
could be improved by focusing the participant’s attention
on the intervention target (in this case, the ankle joint)
during the 10-min RPM. Furthermore, the RI enhance-
ment lasted for 30 min after the intervention, and the
joint movement function improved.

Abbreviations
@ Contraction index
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MVC  Maximum voluntary contraction
PED  Post-exercise depression
PES Patterned electrical stimulation

PT Peak torque

RI Reciprocal inhibition

RID Rate of joint movement development
RPM  Repetitive passive movement

SAl Short-latency afferent inhibition

SD Standard deviations

Sicl Short-interval intracortical inhibition
TA Tibialis anterior

Acknowledgements
The authors would like to thank Enago (www.enago.jp) for the English
language review.

Author contributions

RH, ME, and HO designed the study. RH wrote the initial draft of the
manuscript. RH, ME, MT, YY, HY, CS, and HO contributed to the analysis and
interpretation of data and assisted in the preparation of the manuscript. All
other authors have contributed to data collection and interpretation and criti-
cally reviewed the manuscript. All authors approved the final version of the
manuscript and agree to be accountable for all aspects of the work, ensuring
that questions related to the accuracy or integrity of the work are appropri-
ately investigated and resolved.

Funding

This work was supported by the Grant-in-Aid for Young Scientists (20K19464)
from the Japan Society for the Promotion of Science (JSPS) and Grant-in-Aid
for Research A (R03C45) from the Niigata University of Health and Welfare,
2021,

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author, [R.H.], upon reasonable request.

Declarations

Ethics approval and consent to participate

All participants provided written informed consent to participate in this study.
The study was approved by the Ethics Committee at the Niigata University

of Health and Welfare (18267-190918). All experiments were conducted in
accordance with the ethical standards of the Niigata University of Health and
Welfare and the 1964 Helsinki Declaration and its later amendments.

Competing interests
The authors declare that they have no competing interests.

Received: 11 September 2022 Accepted: 30 September 2023
Published online: 12 October 2023

References

1. Hayashi A, Kagamihara Y, Nakajima Y, Narabayashi H, Okuma Y, Tanaka R.
Disorder in reciprocal innervation upon initiation of voluntary movement
in patients with Parkinson’s disease. Exp Brain Res. 1988;70:437-40.

2. KagamiharaY, Ohi K, Tanaka R. Disorder in reciprocal inhibition upon
initiation of voluntary ankle dorsiflexion movement in cerebellar motor
disorders. In M. Mano, I. Hamada, & M. Delong (Eds.), Role of the cerebel-
lum and basal ganglia in voluntary movement. 1993;33-40. New York, NY:
Elsevier Science.

3. Kagamihara, Tanaka R. Disorder of the reciprocal la inhibitory pathway in
spasticity. In: Recent Advances in Clinical Neurophysiology. 1996;859-62.

4. Nagai K, Yamada M, Uemura K, Yamada Y, Ichihashi N, Tsuboyama T. Dif-
ferences in muscle coactivation during postural control between healthy
older and young adults. Arch Gerontol Geriatr. 2011;53:338-43.

20.

21.

22.

23.

24.

25.

26.

Page 11 of 12

Hortobagyi T, Solnik S, Gruber A, Rider P, Steinweg K, Helseth J, et al.
Interaction between age and gait velocity in the amplitude and timing of
antagonist muscle coactivation. Gait Posture. 2009,29:558-64.
Hortobagyi T, Devita P. Mechanisms responsible for the age-associated
increase in coactivation of antagonist muscles. Exerc Sport Sci Rev.
2006;34:29-35.

Morita H, Shindo M, Yanagawa S, Yoshida T, Momoi H, Yanagisawa N.
Progressive decrease in heteronymous monosynaptic la facilitation with
human ageing. Exp Brain Res. 1995;104:167-70.

Morita H, Shindo M, lkeda S, Yanagisawa N. Decrease in presynaptic
inhibition on heteronymous monosynaptic la terminals in patients with
Parkinson’s disease. Mov Disord. 2000;15:830-4.

Baudry S, Maerz AH, Enoka RM. Presynaptic modulation of la afferents
in young and old adults when performing force and position control. J
Neurophysiol. 2010;103:623-31.

Bhagchandani N, Schindler-lvens S. Reciprocal inhibition post-stroke is
related to reflex excitability and movement ability. Clin Neurophysiol.
2012;123:2239-46.

. Fung J, Barbeau H. A dynamic EMG profile index to quantify muscular

activation disorder in spastic paretic gait. Electroencephalogr Clin Neuro-
physiol. 1989;73:233-44.

Hirabayashi R, Edama M, Kojima S, Miyaguchi S, Onishi H. Effects of repeti-
tive passive movement on ankle joint on spinal reciprocal inhibition. Exp
Brain Res. 2019,237:3409-17.

Hirabayashi R, Edama M, Kojima S, Miyaguchi S, Onishi H. Enhancement
of spinal reciprocal inhibition depends on the movement speed and
range of repetitive passive movement. Eur J Neurosci. 2020;52:3929-43.
Hirabayashi R, Kojima S, Edama M, Onishi H. Activation of the supplemen-
tary motor areas enhances spinal reciprocal inhibition in healthy individu-
als. Brain Sci. 2020;10(9):587.

Perez MA, Field-Fote EC, Floeter MK. Patterned sensory stimulation
induces plasticity in reciprocal ia inhibition in humans. J Neurosci.
2003;23:2014-8.

Roche N, Lackmy A, Achache V, Bussel B, Katz R. Impact of transcranial
direct current stimulation on spinal network excitability in humans. J
Physiol. 2009;587:5653-64.

Fujiwara T, Tsuji T, Honaga K, Hase K, Ushiba J, Liu M. Transcranial direct
current stimulation modulates the spinal plasticity induced with pat-
terned electrical stimulation. Clin Neurophysiol. 2011;122:1834-7.

Roche N, Lackmy A, Achache V, Bussel B, Katz R. Effects of anodal transcra-
nial direct current stimulation over the leg motor area on lumbar spinal
network excitability in healthy subjects. J Physiol. 2011;589:2813-26.
Jessop T, DePaola A, Casaletto L, Englard C, Knikou M. Short-term plastic-
ity of human spinal inhibitory circuits after isometric and isotonic ankle
training. Eur J Appl Physiol. 2013;113:273-84.

Kubota S, Hirano M, Morishita T, Uehara K, Funase K. Patterned sensory
nerve stimulation enhances the reactivity of spinal la inhibitory interneu-
rons. NeuroReport. 2015;26:249-53.

Yamaguchi T, Fujiwara T, Tsai YA, Tang SC, Kawakami M, Mizuno K,

et al. The effects of anodal transcranial direct current stimulation and
patterned electrical stimulation on spinal inhibitory interneurons

and motor function in patients with spinal cord injury. Exp Brain Res.
2016;234:1469-78.

Ritzmann R, Krause A, Freyler K, Gollhofer A. Acute whole-body vibration
increases reciprocal inhibition. Hum Mov Sci. 2018;60:191-201.
YamaguchiT, Fujiwara T, Lin SC, Takahashi Y, Hatori K, Liu M, et al. Priming
with intermittent theta burst transcranial magnetic stimulation promotes
spinal plasticity induced by peripheral patterned electrical stimulation.
Front Neurosci. 2018;12:508.

Takahashi Y, Fujiwara T, Yamaguchi T, Kawakami M, Mizuno K, Liu M. The
effects of patterned electrical stimulation combined with voluntary con-
traction on spinal reciprocal inhibition in healthy individuals. NeuroRe-
port. 2017;28:434-8.

Takahashi Y, Kawakami M, Yamaguchi T, Idogawa Y, Tanabe S, Kondo K,

et al. Effects of leg motor imagery combined with electrical stimulation
on plasticity of corticospinal excitability and spinal reciprocal inhibition.
Front Neurosci. 2019;13:149.

Passingham RE. Attention to action. Philos Trans R Soc Lond B Biol Sci.
1996;351:1473-9.


http://www.enago.jp

Hirabayashi et al. European Journal of Medical Research

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2023) 28:428

Hazeltine E, Grafton ST, Ivry R. Attention and stimulus characteristics
determine the locus of motor-sequence encoding. A PET study. Brain.
1997;120:123-40.

Liao CM, Masters RS. Analogy learning: a means to implicit motor learn-
ing.J Sports Sci. 2001;19:307-19.

Wulf G, Lewthwaite R. Optimizing performance through intrinsic motiva-
tion and attention for learning: the OPTIMAL theory of motor learning.
Psychon Bull Rev. 2016;23:1382-414.

Jueptner M, Stephan KM, Frith CD, Brooks DJ, Frackowiak RS, Passingham
RE. Anatomy of motor learning. I. Frontal cortex and attention to action. J
Neurophysiol. 1997;77:1313-24.

Rowe J, Friston K, Frackowiak R, Passingham R. Attention to action: spe-
cific modulation of corticocortical interactions in humans. Neuroimage.
2002;17:988-98.

Tsuiki S, Sasaki R, Pham MV, Miyaguchi S, Kojima S, Saito K, et al. Repeti-
tive passive movement modulates corticospinal excitability: effect of
movement and rest cycles and subject attention. Front Behav Neurosci.
2019;13:38.

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recom-
mendations for SEMG sensors and sensor placement procedures. J
Electromyogr Kinesiol. 2000;10:361-74.

Crone C, Hultborn H, Jespersen B, Nielsen J. Reciprocal la inhibition
between ankle flexors and extensors in man. J Physiol. 1987;389:163-85.
Takada Y, Miyahara T, Tanaka T, Ohyama T, Nakamura Y. Modulation

of H reflex of pretibial muscles and reciprocal la inhibition of soleus
muscle during voluntary teeth clenching in humans. J Neurophysiol.
2000;83:2063-70.

Mizuno 'Y, Tanaka R, Yanagisawa N. Reciprocal group | inhibition on triceps
surae motoneurons in man. J Neurophysiol. 1971,34:1010-7.

Nielsen J, Kagamihara Y. The regulation of disynaptic reciprocal la inhibi-
tion during co-contraction of antagonistic muscles in man. J Physiol.
1992;456:373-91.

Falconer K, Winter DA. Quantitative assessment of co-contraction at the
ankle joint in walking. Electromyogr Clin Neurophysiol. 1985;25:135-49.
Jankowska E, McCrea D, Rudomin P, Sykova E. Observations on neuronal
pathways subserving primary afferent depolarization. J Neurophysiol.
1981;46:506-16.

Meunier S, Pierrot-Deseilligny E. Cortical control of presynaptic inhibition
of la afferents in humans. Exp Brain Res. 1998;119:415-26.

Nielsen J, Petersen N, Deuschl G, Ballegaard M. Task-related changes in
the effect of magnetic brain stimulation on spinal neurones in man. J
Physiol. 1993;471:223-43.

Masakado Y, Muraoka Y, Tomita Y, Chino N. The effect of transcranial mag-
netic stimulation on reciprocal inhibition in the human leg. Electromyogr
Clin Neurophysiol. 2001;41:429-32.

Yamaguchi T, Moriya K, Tanabe S, Kondo K, Otaka Y, Tanaka S. Transcranial
direct-current stimulation combined with attention increases cortical
excitability and improves motor learning in healthy volunteers. J Neuro-
eng Rehabil. 2020;17:23.

Mirdamadi JL, Suzuki LY, Meehan SK. Attention modulates specific motor
cortical circuits recruited by transcranial magnetic stimulation. Neurosci-
ence. 2017;359:151-8.

Teo WP, Rodrigues JP, Mastaglia FL, Thickbroom GW. Changes in cortico-
motor excitability and inhibition after exercise are influenced by hand
dominance and motor demand. Neuroscience. 2012;210:110-7.

Teo WP, Rodrigues JP, Mastaglia FL, Thickbroom GW. Post-exercise
depression in corticomotor excitability after dynamic movement: a
general property of fatiguing and non-fatiguing exercise. Exp Brain Res.
2012;216:41-9.

Zanette G, Bonato C, Polo A, Tinazzi M, Manganotti P, Fiaschi A. Long-
lasting depression of motor-evoked potentials to transcranial magnetic
stimulation following exercise. Exp Brain Res. 1995;107:80-6.

Bonato C, Zanette G, Polo A, Bongiovanni G, Manganotti P, Tinazzi M,

et al. Cortical output modulation after rapid repetitive movements. Ital J
Neurol Sci. 1994;15:489-94.

Teo WP, Rodrigues JP, Mastaglia FL, Thickbroom GW. Modulation of cor-
ticomotor excitability after maximal or sustainable-rate repetitive finger
movement is impaired in Parkinson’s disease and is reversed by levodopa.
Clin Neurophysiol. 2014;125:562-8.

Miyaguchi S, Onishi H, Kojima S, Sugawara K, Tsubaki A, Kirimoto H, et al.
Corticomotor excitability induced by anodal transcranial direct current

51.

52.

53.

54.

55.

56.

57.

Page 12 of 12

stimulation with and without non-exhaustive movement. Brain Res.
2013;1529:83-91.

Miyaguchi S, Kojima S, Kirimoto H, Tamaki H, Onishi H. Do differences

in levels, types, and duration of muscle contraction have an effect on
the degree of post-exercise depression? Front Hum Neurosci. 2016 Apr
29;,10:159.

Sasaki R, Nakagawa M, Tsuiki S, Miyaguchi S, Kojima S, Saito K, et al. Regu-
lation of primary motor cortex excitability by repetitive passive finger
movement frequency. Neuroscience. 2017,357:232-40.

Rosenkranz K, Rothwell JC. Differential effect of muscle vibration on
intracortical inhibitory circuits in humans. J Physiol. 2003;551:649-60.
Tokimura H, Di Lazzaro V, Tokimura Y, Oliviero A, Profice P, Insola A, et al.
Short latency inhibition of human hand motor cortex by somatosensory
input from the hand. J Physiol. 2000;523:503-13.

Ziemann U, Lonnecker S, Steinhoff BJ, Paulus W. Effects of antiepileptic
drugs on motor cortex excitability in humans: a transcranial magnetic
stimulation study. Ann Neurol. 1996;40:367-78.

Ziemann U, Lonnecker S, Steinhoff BJ, Paulus W. The effect of lorazepam
on the motor cortical excitability in man. Exp Brain Res. 1996;109:127-35.
Sasaki R, Tsuiki S, Miyaguchi S, Kojima S, Saito K, Inukai Y, et al. Repetitive
Passive Finger Movement Modulates Primary Somatosensory Cortex
Excitability. Front Hum Neurosci. 2018;12:332.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Participant attention on the intervention target during repetitive passive movement improved spinal reciprocal inhibition enhancement and joint movement function
	Abstract 
	Background
	Methods
	Study participants
	Experimental protocol overview
	Electromyography (EMG)
	RPM intervention
	Attention conditions
	RI measurement
	Joint movement function
	Data analysis
	Experiment 1
	Experiment 2
	Statistical processing


	Results
	Experiment 1
	Experiment 2

	Discussion
	Clinical application

	Conclusions
	Acknowledgements
	References


