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Abstract. [Purpose] Sensorimotor experience modulates motor resonance, such as motor interference, which oc-
curs when observing others’ movements; however, it is unclear how motor resonance is modulated by intentionally 
imitating others’ movements. This study examined the effects of imitation experience on subsequent motor reso-
nance. [Subjects and Methods] Twenty-seven healthy participants performed horizontal arm movements while ob-
serving non-biological, incongruent (vertical) movements of a visual stimulus (triangle object) in pre- and post-test 
procedures. Thirteen participants in the imitation group imitated vertical movements (non-biological motion) of the 
triangle object between pre- and post-test procedures and fourteen participants in the non-imitation group observed 
that. [Results] Variance in the executed movements was measured as an index of motor resonance. Although there 
was no significant difference in the non-imitation group, there was a significantly smaller variance for post-test 
compared to pre-test in the imitation group. [Conclusion] Motor resonance was inhibited by intentionally imitating 
non-biological motions. Imitating movements different from one’s own motor property might inhibit subsequent 
motor resonance. This finding might be applied to selectively using motor resonance as a form of rehabilitation.
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INTRODUCTION

There has been much discussion about the effects of observing others’ movements on motor control. Previous studies 
have shown that observing others’ movements has an interference effect on executed movements1, 2). For example, variability 
in executed movements increases when an observer executes horizontal or vertical movements while observing others’ 
incongruent (horizontal or vertical) movements1). This motor interference effect occurs not only when observing human 
movements, but also when observing non-biological object’s movements. This has the property of linear motion with con-
stant velocity, which is distinct from human motor properties2, 3). The effects of observing others’ movements, such as the 
motor interference effect, are interpreted as motor resonance4).

Several studies have reported findings on motor resonance such as the synchronization of the postural sway between 
participants standing face-to-face5), and the enhancement of reaction speed on movements by observing others’ fast move-
ments6). Motor resonance has various effects on subconscious motor control; therefore, the motor control of patients with 
movement disorders might be improved by using motor resonance as a form of rehabilitation. However, the visual information 
of others’ movements may also disturb one’s own movement performances7, 8). To apply motor resonance in rehabilitation, it 
is necessary to clarify the requirements of motor resonance.

Some researchers have discussed that motor resonance is based on the mirror neuron system (MNS)1, 9–12). MNS comprises 
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human premotor and parietal cortices that matches observation and execution of actions13–15). The areas that comprise MNS 
are active, not only when actions are executed, but also when the same actions are observed15–17). Several studies showed 
that sensorimotor experience modulates MNS activity18, 19). Moreover, Capa et al. showed that providing participants with 
short-term visuo-motor experience in performing an action increases the subsequent motor interference effect20). It seems 
that motor resonance depends on MNS activity, and sensorimotor experience modulates the degree of motor resonance20–22).

However, it is unclear what kind of sensorimotor experience modulates motor resonance. Consequently, this study focused 
on imitation experience because many individuals who require motor learning will often intentionally imitate others’ move-
ments. Imitation is primarily based on MNS23–27). Imitation experience may affect subsequent motor resonance because both 
intentional imitation and automatic motor resonance depend on MNS activity. Therefore, examining the effects of imitation 
based on MNS is key to clarify the requirements of motor resonance. This study examined the effects of imitation experience 
on subsequent motor resonance by measuring the motor interference effect as an index of motor resonance.

SUBJECTS AND METHODS

Twenty-seven healthy undergraduate students (16 men, 11 women, mean age=19.8 ± 1.6 years) from Kobegakuin Uni-
versity (Kobe, Japan) participated in the study. All participants were randomly assigned to the imitation group (n=13, seven 
men, six women, mean age=18.5 ± 0.5 years) or the non-imitation group (n=14, nine men, five women, mean age=21.1 ± 
1.3 years). Each participant provided written, informed consent. This study was approved by the ethics committee of Kobe-
gakuin University (HEB16-06) and conducted in accordance with the ethical standards of the 1964 Declaration of Helsinki.

The experiment followed Kilner and colleagues’ paradigm1) to measure the motor interference effect. Participants stood 
1.3 m from the monitor (Hewlett-Packard, HP ZR2740w, 600 × 340 mm) and performed horizontal movements with their 
right arm at 0.5 Hz while observing the visual stimulus displayed on the monitor (Fig. 1). For horizontal movements, partici-
pants’ right shoulder joint was flexed about 90°, and their elbow joint was extended. A horizontal movement of participants’ 
shoulder joint was executed with an amplitude of 50 cm. Variability in movement trajectory in the vertical plane of horizontal 
movements was measured as an index of the motor interference effect. Participants’ fingertip position was recorded via an 
infrared sensor attached to the right index finger, using a 3D motion capture system (nac Image Technology Inc., MAC3D 
system) sampling at 120 Hz.

The experimental procedure followed a test-retest protocol. The measurements were conducted in the following order:  
(1) baseline 1, (2) pre-test, (3) post-test, and (4) baseline 2. Participants performed 13 cycles of horizontal movements in each 
phase. Participants became familiar with the task by practicing before performing in baseline 1. During practice, the sound 
of a metronome provided a rhythm at 0.5 Hz and the ruler presented 50 cm (i.e., amplitude); when participants understood 
the rhythm and amplitude, the practice was ended. The visual or auditory (sound of a metronome) stimuli were controlled by 
Hot Soup Processor 3.4 (Onion Software) installed on a Windows computer.

During baseline 1, participants performed horizontal movements according to the rhythm (0.5 Hz) provided by the sound 
of a metronome, without the visual stimulus. In the pre-test, the triangle object (▲), which moves in the vertical direction at 
0.5 Hz was displayed as a visual stimulus on the monitor (Fig. 1). The movement amplitude of the triangle object was 50 cm. 
The motor property of the triangle object was non-biological motion, which has the property of linear motion with constant 
velocity, which is distinct from human motor properties3). Participants performed horizontal movements orthogonal to verti-
cal movements of the triangle object. The post-test was conducted to investigate the change of motor interference effect from 
pre-test to post-test. Participants performed the same movement task as the pre-test in the post-test. Baseline 2 was conducted 
to investigate the influence of fatigue20). Participants performed the same movement task as baseline 1 in baseline 2.

The experience phase was set between pre-test and post-test procedures. There were 4 trials in the experience phase. For 
the imitation group, in each trial, participants imitated 13 vertical movements of the triangle object. For the non-imitation 
group, in each trial, participants observed 13 vertical movements of the triangle object, but did not execute any movements.

Concerning analysis, the first 2 cycles and the last 1 cycle of horizontal movements were removed from the data to 
minimize any initial asynchrony between observed and executed movements, and to discard potential inattention or muscular 

Fig. 1.  Experimental set up.
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fatigue effects, respectively21). The data of 10 cycles was split into segments of motion1, 2, 20). Therefore, there were 20 
movement segments per phase: 10 discrete movements from right to left, and 10 discrete movements from left to right. For 
each segment, variability was quantified by calculating the variance in the vertical plane1, 2, 20). For each phase, the mean of 
the variances was calculated across all 20 segments.

Since this study aimed to understand the effects of experiences on motor resonance in distinct conditions (i.e., imitation 
or observation), the final analysis only included individuals who demonstrated motor interference effect in the pre-test21) 
(defined as variance that was numerically larger for the pre-test compared to baseline 120)). To detect differences in baselines 
between groups, a mixed analysis of variance (ANOVA) was conducted with group (imitation group and non-imitation 
group) as the between-subjects independent variable, phase (baseline 1 and baseline 2) as the within-subjects independent 
variable, and variance as the dependent variable. Then, the mean of both baselines constituted the “mean-baseline”20). To 
detect differences in phases between groups, a mixed ANOVA was conducted with group (imitation group and non-imitation 
group) as the between-subjects independent variable, phase (mean-baseline, pre-test, and post-test) as the within-subjects 
independent variable, and variance as the dependent variable. The modified Bonferroni method was used for multiple com-
parisons. The significant level was set at p<0.05. All data analyses were conducted using R version 3.3.2 (R Foundation for 
Statistical Computing, Vienna, Austria).

RESULTS

Two participants (one in each group) who did not show a motor interference effect at pre-test were removed from the 
data analyses. In addition, data for one participant from the imitation group were removed from analyses because the mean 
variance was more than 2.5 standard deviations from the grand mean. Therefore, 12 participants (seven men, five women, 
mean age=18.5 ± 0.5 years) in the imitation group, and 12 participants (seven men, five women, mean age=21.0 ± 1.3 years) 
in the non-imitation group were included in analyses.

No main effect of group and phase (baseline 1 and baseline 2) or interaction effect was found (all ps>0.05) (Table 1). There 
was a significant interaction between groups and phases (mean-baseline, pre-test, and post-test) (F=4.11, p=0.023). Post hoc 
analysis showed that there was significantly larger variance for the pre-test compared to the mean-baseline (p=0.018) and to 
the post-test (p=0.018) in the imitation group, there was significantly larger variance for the pre-test compared to the mean-
baseline (p=0.0013), and for the post-test compared to the mean-baseline (p=0.011) in the non-imitation group (Table 2).

DISCUSSION

There was no significant difference between baseline 1 and baseline 2 between groups. This implies that the conditions 

Table 1.  Comparison of variance between baselines in the imita-
tion and non-imitation group

Imitation group 
(n=12)

Non-imitation group 
(n=12)

Baseline 1 (mm2) 95.7 ± 44.8 91.8 ± 97.0
Baseline 2 (mm2) 122.8 ± 86.5 71.2 ± 67.6
Values are presented as mean ± standard deviation.

Table 2.  Comparison of variance between phases in the imitation and 
non-imitation group

Imitation group 
(n=12)

Non-imitation group 
(n=12)

Mean-baseline (mm2) 109.3 ± 57.3 81.5 ± 81.6
Pre-test (mm2) 185.8 ± 103.9* 143.8 ± 103.6‡

Post-test (mm2) 109.1 ± 51.8† 152.7 ± 139.2§

Values are presented as mean ± standard deviation.
*Significant difference between mean-baseline and pre-test in the imi-
tation group (p=0.018).
†Significant difference between pre-test and post-test in the imitation 
group (p=0.018).
‡Significant difference between mean-baseline and pre-test in the non-
imitation group (p=0.0013).
§Significant difference between mean-baseline and post-test in the 
non-imitation group (p=0.011).
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of experience (i.e., imitation or observation) did not induce attentional or muscular fatigue effects in the post-test19). In 
comparison between pre-test and post-test, although there was no significant difference in the non-imitation group, there 
was significantly smaller variance for the post-test compared to the pre-test in the imitation group. This decreased variance 
indicates that imitating non-biological motions did not facilitate subsequent motor resonance, but rather induced inhibition 
of motor resonance.

One interpretation of this finding is the possibility that imitation experience directly inhibited the function of MNS. 
However, this interpretation is not supported by a previous study that showed that MNS is activated when imitating others’ 
movements26). Moreover, some studies showed that observing non-biological motion activates MNS28, 29). According to these 
findings, it is unlikely that imitating non-biological motion directly inhibited MNS activity.

This study suggests a hypothesis that is based on the computational theory of motor control. Some studies have shown that 
feedback control in motor control might be realized only when sensory feedback is attributed to the self7, 30) and that sensory 
self-attribution primarily depends on the forward model31–33). The forward model is a system that predicts sensory feedback 
by using a reference copy of the motor command in the brain34–36). Actual sensory feedback is compared with the sensory 
prediction based on the forward model34–36). Consequently, if actual sensory feedback matches the prediction, the sensory 
feedback will be attributed to the self31, 37), and be used for motor control (i.e., feedback control)7). Conversely, if the sensory 
feedback does not match the prediction, the sensory feedback would not be used for motor control. The forward model might 
explain the findings of the present study.

Although the movement direction of the visual stimulus (triangle object) had matched that of participants, the motor 
property of the triangle object did not match that of participants because the triangle object had a non-biological motion 
whose velocity and trajectory differed from that of a human3). The brain may process not only movement direction informa-
tion, but also kinesthetic information during action observation38). Therefore, the error between the visual feedback (i.e., 
triangle object’s movements) and the sensory prediction of self-movements may have been detected in participants’ brains 
while imitating non-biological motions. As a result of this error detection, participants may no longer have regarded the 
triangle object as an object used for motor control. It can be presumed that experience of the error detection induced sensory 
self-other distinction (i.e., distinguishing between participants’ movements and triangle object’s movements) and inhibited 
motor resonance at post-test.

This hypothesis suggests that when a patient is imitating a therapist’s accuracy movements, if the motor property of the 
patient is markedly different from that of the therapist due to movement disorders, the patient’s brain might induce sensory 
self-other distinction (i.e., distinguishing between patient’s movements and therapist’s movements), rather than using the 
visual information of the therapist’s accuracy movements for motor learning. On the other hand, it has been suggested that the 
error detection between sensory feedback and sensory prediction contributes to motor leaning39). Moreover, the results could 
also be interpreted as follows: imitating movements different from one’s own motor properties induces accuracy actions that 
are not interfered by those movements. The meaning of sensory self-other distinction on imitation should be studied further.

One of the limitations of this study is that it was unclear how many differences there were between participants’ motor 
properties and the triangle object. Even when a healthy individual imitates the movements performed by another healthy 
individual, it is unlikely that both individuals have the exact same motor properties. A further study about how much sensory 
self-other distinction on imitation depends on motor properties and what kinds should be conducted. For example, a study 
that experimentally manipulates the motor property of an object, such as changing its velocity profile to constant velocity 
(i.e., non-biological velocity), from the motor property of a human, would be of value.

Second, it was unclear whether brain activities other than MNS were involved in inhibition of motor resonance. Using a 
psychophysics approach, this study hypothesized a mechanism associated with inhibition of motor resonance by revealing 
changes in motor control. A continuous study of investigating brain activities, such as one that implements a neuroimaging 
approach, could demonstrate this mechanism. By solving these limitations, the finding of this study might be applied to 
selectively using motor resonance as a form of rehabilitation, such as modeling accurate movements for patients with move-
ment disorders.

This study examined the effects of imitation experience on subsequent motor resonance by using motor interference 
effect as an index. The results showed that there was significantly smaller variance after imitating non-biological motion in 
the imitation group. The findings indicate that imitating movements different from one’s own motor properties might inhibit 
subsequent motor resonance by detecting the error between visual feedback and self-movements based on the forward model 
in the brain.
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