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Abstract

Muscle activity changes quantitatively and temporally during the motor learning process.
However, the association between variability in muscle electrical activity and the learning and
performance of dexterous hand movements is not well understood. Therefore, we undertook
this study to investigate the relationships between temporal and quantitative variabilities in
muscle activity and the learning of motor skills. Thirty-eight healthy participants performed
30 trials of a task that measured the time taken to rotate two cork balls 20 times using their
non-dominant hand. The electromyographic (EMG) activities of the abductor pollicis brevis
(APB), first dorsal interosseous, and extensor digitorum (ED) muscles were recorded. Tem-
poral and quantitative variabilities in the EMG activity were evaluated by calculating the coef-
ficient of variation of the duration and area of EMG activation. As motor learning proceeded,
the task was completed more quickly and the EMG variability decreased. For all three mus-
cles, significant correlations were observed between individual participants’ ball rotation time
and EMG variability. Furthermore, significant positive correlations were observed between
improvement in ball rotation time and reduction in EMG variability for the APB and ED mus-
cles. These novel findings provide important insights regarding the relationships between
temporal and quantitative variabilities in muscle activity and the learning of fine motor skills.

Introduction

Efficient and coordinated muscle activity plays an essential role in fine motor skills. Quantita-
tive changes in muscle electrical activity before and during movements occur in various
motor learning tasks [1-7]. In most of these studies, the electromyography (EMG) amplitude
decreases with motor learning [3-7]. With respect to the temporal aspect of the EMG changes,
several studies have revealed that latency [2, 4, 7], time to peak EMG activity [2], and duration
[3] of agonist EMG activity are reduced with motor learning. In addition, Bruecknera et al.
have shown that practice-related EMG intensity shifts from higher to lower frequency bands
in a dynamic balance learning task [6]. Recently, muscle synergy analysis has revealed that
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long-term motor training modifies the structure of the coordination patterns of muscles dur-
ing walking and balancing [8]. These findings suggest that changes in quantitative, temporal,
and coordinated patterns of muscle activity are closely related to motor skills or its learning.

For more than 30 years, studies have reported about the intra- and inter-individual variabil-
ities in muscle electrical activity during cyclical movements, such as walking [9], running [10],
and swimming [11]. A study that assessed changes in muscle electrical activity during the
development of walking reported that the variability in EMG activity during walking was
greater in healthy children than in adults [12]. A subsequent study demonstrated greater vari-
ability in EMG activity during walking in children aged 7-9 years than in those aged 13-16
years [13]. These findings suggest that variability in muscle electrical activity during walking
decreases with growth. On the other hand, there are few reports on the relationship between
variability in muscle electrical activity and motor skills or learning.

Two studies have reported that the variability in muscle activity decreases with simple
learning tasks involving single-joint movements [14, 15]. However, it remains unclear whether
variability in EMG activity is also reduced after acquiring dexterous hand motor skills, such as
the ball rotation task [16, 17]. We speculated that the extent to which each muscle contributes
to newly acquired dexterous motor skills might be reflected in the degree of change in its EMG
variability. Therefore, the primary purpose of this study was to determine whether temporal
and quantitative variability in EMG activity is reduced in the learning process of the ball rota-
tion task, which requires the coordinated activities of several muscles, and whether the degree
of reduction in EMG variability changes depending on the contribution of each muscle used
for the task. Moreover, it is unclear whether individual differences in EMG variability account
for individual differences in motor skills. If the variability in EMG activity is related to individ-
ual differences in motor skills, it may be useful as an index reflecting motor skills. Therefore,
the secondary aim of this study was to investigate whether individual differences in the vari-
ability in EMG activity are related to individual dexterous hand motor skills.

Methods
Participants

The study included 38 neurologically healthy participants (mean + SD age, 21.0 + 1.9 years; 24
men and 14 women). All participants were right-handed according to the Edinburgh Handed-
ness Inventory [18]. This study was performed in accordance with the recommendations of
the Declaration of Helsinki established by the World Medical Association. The protocol was
approved by the Ethics Committee of the Ibaraki Prefectural University of Health Sciences. All
subjects gave written informed consent in accordance with the Declaration of Helsinki.

Motor task

The motor task used in this study was the two-ball rotation task [16, 17]. Participants sat com-
fortably in a chair with their left forearm lying on a side table. Then, the participants were
instructed to rotate two cork balls (diameter, 40 mm) 20 times counterclockwise using their
left hand. According to the verbal instructions of the experimenter, the participants had to
open their left hand and place the two cork balls back and forth on their left palm with their
forearm on the table. They started this task after lighting of the LED. During this motor task,
participants were instructed to not drop the ball while rotating it as quickly as possible. A stop-
watch was used to record the ball rotation time (the time taken from LED lighting to the end
of the task). The ball rotation time (the time taken to complete a trial) is the speed at which a
trial was performed, and it is expected that the time would decrease with learning. If the partic-
ipants dropped the ball, the trial was terminated at that time. This trial was defined as an error
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trial, and an additional trial was performed. The error trials were not included in the analysis.
The participants practiced this motor task until they accomplished 30 successful trials. To
reduce the effects of fatigue on the motor performance, participants were given a 30-s break
between trials and a 5-min break after every 10 trials.

EMG recording

Before attaching the EMG electrodes, the participant’s skin was rubbed with alcohol and
abraded with an abrasive skin preparation gel. Custom-made Ag/AgCl bar electrodes (inter-
electrode distance, 10 mm, Unique Medical, Japan) were placed over the abductor pollicis
brevis (APB), first dorsal interosseous (FDI), and extensor digitorum (ED) muscles. We have
selected the APB and ED muscles as the most relevant muscles for this motor task and the FDI
muscle as a partly related muscle for the task. The EMG activity from other muscles was also
recorded during the experiment but was not used for analysis herein. The EMG signals were
amplified at a gain of 1000 using a Neuropack MEB-2300 system (Nihon Kohden, Japan) and
band-pass filtered at 10-1000 Hz. The signals were sampled at 2000 Hz and stored in a labora-
tory computer for offline analysis. Muscle activity was first measured during the maximum
voluntary contraction (MVC; 5 s isometric contraction, three times repetition) of each muscle
and was then recorded throughout the ball rotation task.

Analysis

For each participant, the average ball rotation time and number of errors in the initial stage
(trials 1-5), middle stage (trials 13-17), and final stage (trials 26-30) of the ball rotation task
were calculated.

Using a second—order digital Butterworth filter in both forward and backward direction in
time, created using the LabVIEW 2017 software (National Instruments, USA), the EMG activi-
ties recorded from the APB, FDI, and ED muscles were band-pass filtered (20-500 Hz), full-
wave rectified, and smoothed using a 5-Hz low-pass filter. The EMG signals were normalized
by dividing them by the EMG activity measured in each muscle at the MVC. The criterion for
the presence or absence of activity in a muscle was defined as 5% of the MVC for that muscle,
with the period during which muscle activity exceeded this threshold, defined as the “on-
phase”. The duration of the on-phases and the EMG area surrounded by the curve of the on-
phases and 5% MVC line for each trial were measured (Fig 1). We used 5% MVC as a criterion
because the total “on-phase” duration was approximately half of the ball rotation time in most
participants and was therefore suitable for judging the presence or absence of muscle activity.

To determine whether muscle activity decreases with task learning, as shown in many pre-
vious studies as well [3-7], we counted the number of EMG on-phases and calculated the total
EMG area (sum of all EMG areas under the curve) and average EMG area for each trial. As
shown in Fig 2, the EMG burst was not regular in the first trial; however, in the final trial, it
was temporal, with enhancement in the quantitative reproducibility of the EMG bursts. There-
fore, to investigate how temporal and quantitative variabilities in muscle electrical activity
change during the process of motor learning, the coefficient of variation (CV) of both on-
phase duration and on-phase area within a single trial was calculated. It was expected that
these data, particularly in the muscles that are closely relevant to the task, decrease with learn-
ing. The number of on-phases, total and average EMG areas, and CV of on-phase duration
and on-phase area were averaged for all the three stages. However, only a small number of
EMG on-phases were obtained for the trial if there was strong muscle activity that persistently
exceeded 5% MVC or if there was only weak muscle activity that never exceeded 5% MVC
during the task. If the number of EMG on-phases was 0 or 1, the CV of on-phase duration or
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Fig 1. Analysis of electromyographic (EMG) activity. Abductor pollicis brevis (APB) muscle of a typical participant. The raw EMG
trace for the APB shows phasic activity. The raw data were rectified and smoothed using a 5-Hz Butterworth low-pass filter. The
phases during which muscle activity was >5% maximum voluntary contraction (MVC) were defined as on-phases. For each trial, the
duration of each on-phase (within the limits of the two-way arrow) and the areas of the on-phases between the trace and the line
representing the 5% MVC level (shaded area) were calculated.

https://doi.org/10.1371/journal.pone.0236254.g001

area could not be calculated. Therefore, the data for the relevant muscles of a participant for
trials in which the number of EMG on-phases was 0 or 1 were not included in the analysis. As
a result, the EMG activity of the APB, FDI, and ED muscles for one, one, and two participants,
respectively, was excluded.

Trial 1

|50/.1V

2s

Trial 30 ‘JL
2s

Fig 2. Typical rectified and smoothed electromyographic activity of the abductor pollicis brevis muscle. This
figure shows that temporal and quantitative variabilities in muscle electrical activity are clearly reduced from the first

(trial 1) to the final trial (trial 30).
https://doi.org/10.1371/journal.pone.0236254.g002
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All statistical analyses were performed using SPSS version 22 statistical software (IBM,
Armonk, NY, USA). The level of statistical significance was set as p < 0.05. We performed the
Kolmogorov-Smirnov test to examine the null hypothesis stating that the obtained data were
normally distributed. As a result, because the null hypothesis stating that the variables included
in the number of EMG on-phases are normally distributed was not rejected, one-way repeated
measure ANOVA and Bonferroni’s multiple comparisons were performed. For all the other
statistical analysis, nonparametric tests were used since the null hypothesis of a normal distri-
bution was rejected. Friedman’s and Wilcoxon signed-rank tests for post-hoc comparisons
using Bonferroni’s correction were applied to evaluate the effect of stage factor (initial, middle,
and final stage) on the behavioral (ball rotation time and number of errors) and quantitative
changes in EMG activity (number of EMG on-phases and total and average EMG area) and
EMG variability (CV of on-phase duration and area). Spearman’s rank correlation analysis
was used to evaluate the relationship between the ball rotation time and CV of on-phase dura-
tion, and between the ball rotation time and CV of on-phase area for 30 trials for all partici-
pants. We also calculated the percent change in EMG activity and ball rotation time for both
the variabilities as follows:

100 — (average value of the final stage/average value of the initial stage) x 100%

We then used Spearman’s rank correlation analysis to evaluate the correlation between the
percent change of the variability in EMG activity and ball rotation time. In addition, we used
Fisher’s Z-method to examine whether the strength of these correlation coefficients varied
across muscles. Bonferroni’s correction was used for multiple comparisons.

Results

Behavioral changes

The ball rotation time decreased with the number of completed trials (Fig 3A). Friedman’s test
revealed a significant main effect of stage (initial, middle, and final) on the ball rotation time
[x 2 (2) = 39.5, p < 0.0005], with post-hoc multiple comparison tests confirming that the ball
rotation time decreased in the order of initial, middle, and final stages (Fig 3B). Friedman’s
test also revealed a significant main effect of stage on the number of errors [ 2 (2) = 19.3,

p < 0.0005, Fig 3C and 3D]. The post-hoc test revealed that the number of errors was signifi-
cantly lower in the middle stage than in the initial stage. There were no significant differences
in the number of errors between the initial and final stage and the middle and final stage.

EMG changes

One-way repeated ANOVA revealed a significant main effect of stage on the number of EMG
on-phases for all the three muscles [APB: F (2, 72) = 37.8, p < 0.0005; FDI: F (2, 72) = 46.7,

p < 0.0005; and ED: F (2, 70) = 29.8, p < 0.0005; Fig 4A-4C]. Post-hoc analysis confirmed that
the number of on-phases decreased in the middle and final stages compared with that in the
initial stage for all three muscles. Friedman’s test also revealed a significant main effect of stage
on the total EMG area for each of the three muscles [APB: 3  (2) = 19.0, p < 0.0005; FDI: y >
(2) = 6.00, p = 0.0498; and ED: g 2(2) =237 p = < 0.0005; Fig 4D-4F]. For the APB and ED
muscles, the total EMG area was significantly decreased in the middle and final stages com-
pared with that in the initial stage. For the FDI muscle, the total EMG area was significantly
decreased in the final stage compared with that in the initial stage, and there were no signifi-
cant differences between the initial and middle stage and between the middle and final stage.
For the APB muscle, the average EMG area in the final stage was significantly larger than that
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Fig 3. Results of behavioral changes. (A) Changes in the ball rotation time from trial 1 to 30. (B) Comparison of the
mean (+ SE) ball rotation time between the three stages (initial, trials 1-5; middle, trials 13-17; and final, trials 26-30)
(C) Changes in number of errors from trial 1 to 30. (D) Comparison of the mean (+ SE) number of errors between the
three stages. (** p < 0.01, * p < 0.05).

https://doi.org/10.1371/journal.pone.0236254.g003

in the initial and middle stages [APB: %(2) = 8.3, p < 0.016]. For the FDI muscle, the average
EMG area increased in the final stage compared with that in the initial stage [FDI: 2(2) =
13.7, p < 0.001]. However, for the ED muscle, there was no significant difference in the aver-
age EMG areas among the three stages [FDI: y 2(2)=23, p=0.32].

Friedman’s test revealed a significant main effect of stage on the CV of on-phase duration
for all three muscles [APB: % 2(2) =29.9, p < 0.0005; FDI: 2(2)=15.1, p=0.001; and ED: g 2
(2) = 11.5, p = 0.003; Fig 5A-5C]. For the APB and FDI muscles, the CV of on-phase duration
was significantly decreased in the middle and final stages compared with that in the initial
stage. In addition, it was significantly decreased in final stage compared with that in the initial
stage for the ED muscle. Similarly, a significant main effect of stage on the CV of EMG on-
phase area was noted for all three muscles [APB: i 2(2) =38.5, p < 0.0005; FDI: 2(2) =164,
p < 0.0005; and ED: y * (2) = 11.1, p = 0.004; Fig 5D-5F]. The CV of EMG on-phase area for
the APB and FDI muscles was significantly decreased in the middle and final stages compared
with that in the initial stage. For the ED muscle, it was significantly decreased in the final stage
compared with that in the initial stage.

Relationship between motor skills and EMG variability

Spearman’s rank correlation analysis showed significant correlations between the participants’
ball rotation time and the CV of on-phase duration for all three muscles (APB: p = 0.51,

p < 0.0005; FDI: p = 0.39, p = < 0.0005; and ED: p = 0.58, p < 0.0005; Fig 6A-6C). The corre-
lation coefficient between the ball rotation time and CV of on-phase duration was significantly
smaller for the FDI muscle than for the APB (z = 3.65, p = 0.001) and ED (z = 5.76, p < 0.001)
muscles. The ball rotation time was also significantly correlated with the CV of EMG on-
phase area for all three muscles (APB: p = 0.55, p < 0.0005; FDI: p = 0.43, p < 0.0005; and
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Fig 4. Changes in the number of electromyography (EMG) on-phases and total EMG area. (A-C) Comparison of
the mean (+ SE) number of EMG on-phases between the three stages (initial, trials 1-5; middle, trials 13-17; and final,
trials 26-30) in the abductor pollicis brevis (APB) (A), first dorsal interosseous (FDI) (B), and extensor digitorum (ED)
(C) muscles. (D-F) Differences in the mean (+ SE) EMG total area of the APB, FDI and ED muscles between the three
stages are shown in panels (D), (E), and (F), respectively. n = 37, 37, and 36 for APB, FDI, and ED, respectively (**;

p < 0.01,% p < 0.05).

https://doi.org/10.1371/journal.pone.0236254.g004

ED: p =0.61, p < 0.0005; Fig 6D-6F). The correlation coefficient between the ball rotation
time and CV of on-phase area was significantly smaller for the FDI muscle than for the APB
(z=3.70, p=0.001) and ED (z = 5.72, p < 0.001) muscles.

There were significant correlations between the percent change in ball rotation time and
the CV of on-phase duration for the APB and ED muscles but not for the FDI muscle (APB:
p =0.61, p < 0.0005; FDIL: p = 0.12, p = 0.471; and ED: p = 0.48, p = 0.003; Fig 7A-7C). The
correlation coefficient between the percent change in ball rotation time and CV of on-phase
duration was significantly smaller for the FDI muscle than for the APB muscle (z = 2.41,

p =0.048). Similarly, there were significant correlations between the percent change in ball
rotation time and CV of EMG on-phase area for the APB and ED muscles but not for the
FDI muscle (APB: p = 0.55, p < 0.0005; FDI: p = 0.02, p = 0.90; and ED: p = 0.50, p = 0.002;
Fig 7D-7F). The correlation coefficient between the percent change in ball rotation time and
CV of the on-phase area was significantly smaller for the FDI muscle than for the APB mus-
cle (z=2.46, p = 0.042).
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Fig 5. Changes in electromyography (EMG) variability. (A-C) Comparison of the mean (+ SE) coefficient of
variation (CV) of EMG on-phase duration between the three stages (initial, trials 1-5; middle, trials 13-17; and final,
trials 26-30) in the abductor pollicis brevis (APB) (A), first dorsal interosseous (FDI) (B), and extensor digitorum (ED)
(C) muscles. (D-F) The mean CV of EMG on-phase area for the APB, FDI, and ED muscles for the three stages are
shown in panels (D), (E), and (F), respectively. n = 37, 37, and 36 for APB, FDI, and ED, respectively (** p < 0.01, *

p < 0.05).

https://doi.org/10.1371/journal.pone.0236254.g005

Discussion

The results of this study demonstrated that the participants’ ball rotation time was significantly
shortened by performing the ball rotation task repeatedly. These improvements in motor skills
were accompanied by significant decreases in the variability in EMG on-phase duration and
area. These results suggest that repeatedly practicing a dexterous multi-finger movement
reduces temporal and quantitative EMG variability.

Moore and Marteniuk [14] reported that repeatedly practicing a task that involves a 45°
elbow extension in the horizontal plane reduces the EMG variability with a kinematic
improvement in motor performance. Gabriel et al. [15] investigated how kinematics and EMG
variability change during the process of learning an 80° elbow flexion task and reported that
variability in the EMG amplitude in the agonist muscle and that in motor time in both the ago-
nist and antagonist muscles decrease with kinematic improvement. The results of the present
study were consistent with these results. However, in daily life and sports activities, single-
joint movements investigated in the previous two studies are seldom used, and complex joint
movements using multiple muscles are required. Therefore, it is worth noting that, as shown
in the present study, repetitive practice gradually reduces temporal and quantitative variability
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Fig 6. Correlations between ball rotation rime and electromyography (EMG) variability. (A-C) Spearman’s
correlation coefficient between the ball rotation time and coefficient of variation (CV) of EMG on-phase duration for
the abductor pollicis brevis (APB) (A), first dorsal interosseous (FDI) (B), and extensor digitorum (ED) (C) muscles.
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https://doi.org/10.1371/journal.pone.0236254.g006

in muscle activity even for movements that require coordinated multi-finger muscle activity,
similar to the previous findings for single-joint movements.

Another finding of the present study was that the percent change in ball rotation time sig-
nificantly correlated with the percent change in CV of EMG on-phase duration and EMG area
for the APB and ED muscles, suggesting a reduction in the variability in EMG activity is closely
related to improvement in motor skills. Conversely, there was no observed similar significant
correlation for the FDI muscle. Furthermore, the correlation coefficients between percent
change in ball rotation time and percent change in CV of on-phase duration and area were sig-
nificantly smaller for the FDI muscle than for the APB muscle. These differences are reason-
able given the functional roles of each muscle in the task. The ball rotation task was usually
performed for abduction-adduction movements of the thumb and for flexion-extension
movements of the four fingers; therefore, the APB muscle, an agonist of thumb abduction, and
the ED muscle, an agonist of finger extension, would contribute strongly to this movement.
Conversely, the FDI muscle is an agonist of the abduction of the index finger; therefore, it
would not be strongly involved in ball rotation movement. As a result, differences in the
results for these muscles may reflect their specific contributions to the ball rotation task. These
assumptions are also supported by our results that the correlation coefficients between ball
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Fig 7. Correlations between the improvements in ball rotation time and reduction in electromyography (EMG)
variability. (A-C) Spearman’s correlation coefficient between the percent change (A) in ball rotation time and
coefficient of variation (ACV) of EMG on-phase duration in abductor pollicis brevis (APB) (A), first dorsal
interosseous (FDI) (B), and extensor digitorum (ED) (C) muscles. (D-F) Spearman’s correlation coefficient between A
ball rotation time and ACV of EMG on-phase area in the APB (D), FDI (E) and ED (F) muscles.

https://doi.org/10.1371/journal.pone.0236254.9007

rotation time and CV of on-phase duration and area were significantly smaller for the FDI
muscle than for the APB and ED muscles.

Correlation analysis also showed that the individual participants’ motor skills strongly cor-
related with the variability in EMG activity, particularly for the APB and ED muscles, suggest-
ing that the variability in EMG activity of a muscle that is strongly involved in a movement is
an indicator of the individual’s level of motor skills. Previous studies that have investigated the
relationship between motor skills and EMG activity have reported differences in muscle activ-
ity between experts and non-experts and between athletes and non-athletes, including differ-
ences in the EMG amplitude [19], EMG power spectrum [20], co-contraction patterns of
agonist and antagonist muscles [21, 22], and variability in the EMG activation time [21]. How-
ever, to the best of our knowledge, no study has reported a correlation between individuals’
motor skills and muscle activity patterns; therefore, we believe that the findings of the present
study provide novel insights regarding the cause of individual differences in motor skills.

Although there was an increase in the average EMG areas for the APB and FDI muscles,
the number of on-phases and the total EMG areas for all three muscles decreased significantly
via the motor learning process. These results suggest that a decrease in the number of on-
phases contributes to total EMG area reduction. We speculate that muscle activity, which
was observed in the initial stage when there was no need to be active, decreases as the motor
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learning process progresses. Such optimization of muscle electrical activity during the motor
learning process is consistent with the findings of previous studies. Gribble et al. [23] reported
the considerable co-contraction of multiple muscles during the early stage of motor learning
that decreases as motor learning progresses. Co-contraction of muscles plays a role in reducing
performance errors by enhancing joint viscoelasticity [24, 25]. It is thought that the co-con-
traction of muscles decreases gradually as individuals develop an internal model of the move-
ment through motor learning [24, 26-28]. We speculate that the acquisition of such internal
models with motor learning is related not only to the reduction in unnecessary muscle activity
but also to the reduction in the temporal and quantitative variability in EMG activity, similar
to the findings observed in the present study. However, further research is warranted to con-
firm this hypothesis.

One important limitation of this study is that the experimental design used in this study
investigated short-term learning effects. Therefore, whether the changes in EMG variability
obtained in this study are similarly observed in long-term learning is not clear. Future work is
needed to determine whether changes in the variability of EMG activity differ between long-
term and short-term learning.

Conclusions

The results of this study demonstrated that temporal and quantitative variability in EMG activ-
ity decreases with the progress of motor learning and that the extent of decrease is positively
correlated with the improvement in motor skills. These novel findings provide important
insights into the relationship between variability in muscle electrical activity and learning of
fine motor skills. Furthermore, the finding that variability in EMG activity is closely related to
individual motor skills suggests that variability in EMG activity should be a beneficial indicator
for the evaluation of the degree of an individual’s motor skills.
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