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Disrupted triphasic electromyography (EMG) patterns of agonist and antagonist muscle pairs during fast goal-directedmovements
have been found in patients with hypermetria. Since peripheral electrical stimulation (ES) andmotor trainingmaymodulate motor
cortical excitability through plasticitymechanisms, we aimed to investigate whether temporal ES-assistedmovement training could
influence premovement cortical excitability and alleviate hypermetria in patients with spinal cerebellar ataxia (SCA). The EMG of
the agonist extensor carpi radialismuscle and antagonist flexor carpi radialismuscle, premovementmotor evoked potentials (MEPs)
of the flexor carpi radialis muscle, and the constant and variable errors of movements were assessed before and after 4 weeks of ES-
assisted fast goal-directed wrist extension training in the training group and of general health education in the control group. After
training, the premovement MEPs of the antagonist muscle were facilitated at 50ms before the onset of movement. In addition, the
EMG onset latency of the antagonist muscle shifted earlier and the constant error decreased significantly. In summary, temporal
ES-assisted training alleviated hypermetria by restoring antagonist premovement and temporal triphasic EMG patterns in SCA
patients. This technique may be applied to treat hypermetria in cerebellar disorders. (This trial is registered with NCT01983670.)

1. Introduction

The cerebellum has long been known to be a key structure in
the integration of descending motor command and ascend-
ing sensory feedback which account for the fluency and
coordination of movements [1]. In cerebellar degenerative
diseases such as spinal cerebral ataxia (SCA), the interlinked
neural network is interrupted causing abnormalities in the
excitation of targeted neurons which further worsen motor
performance. An increasing number of associated genetic

mutations have been identified in the past decade [2], of
which SCA3 is the most prevalent, comprising about 1/3 of
the general population [3]. At present, no known medical
treatment can cure SCA.

The clinical symptoms of SCA include progressive ataxia,
dysmetria, visual nystagmus, parkinsonism, muscular atro-
phy, spasticity, dysarthria, and hypotone [3]. Among these
symptoms, hypermetria in patients with dysmetria is mani-
fested as overshooting a predetermined target in limb move-
ment [4–6]. Therefore, fast goal-directed movements such
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Table 1: Basic data of the participants.

Groups
𝑃

Training Control
Number 10 10 —
Age (years) 47 ± 8 51 ± 9 0.34
Gender (F/M) 8/2 5/5 —
Onset duration (ms) 8.60 ± 6.16 10.20 ± 2.36 0.48

Type III SCA (𝑛 = 4) Type III SCA (𝑛 = 6)
Type VI SCA (𝑛 = 2) Unidentified (𝑛 = 4)
Unidentified (𝑛 = 4)

Finger-to-nose (times per 15 sec) 11.2 ± 2.5 10.7 ± 2.4 0.66
AG1-ANT latency (ms) 88.84 ± 24.34 81.55 ± 31.12 0.57
CE (%) 13.43 ± 3.81 15.93 ± 6.39 0.3
VE (%) 3.91 ± 1.37 4.49 ± 2.05 0.46

as in the finger-nose-finger test are used to examine limb
coordination movements in these patients. In hypermetria,
motor sequences are usually characterized by abnormal tim-
ing with delayed muscle activation and sudden interruptions
of movements followed by exaggerated corrections [7, 8].
These aberrations in both timing and coordination are often
due to inadequate control of agonist and antagonist muscles
[7, 8].

Healthy adults present with a specific triphasic elec-
tromyography (EMG) pattern when executing a fast goal-
directed movement [9]. In the first phase, an agonist burst
(AG1) initiates and accelerates the movement toward the
target. In the second phase, antagonist activation (ANT) halts
the movement at the exact target. A second agonist burst
(AG2) in the third phase then reduces the effect of ANT
to accurately place the limb at the predetermined endpoint
of movement. In SCA patients, the triphasic EMG pattern
is abnormal and shows a delayed onset of ANT [4, 10–
13]. Several studies have suggested that the triphasic EMG
pattern is centrally programmed [14, 15] in a feedforward
mode independent of any sensory feedback [14, 16], with the
cerebellum involved in the regulation of cortical premove-
ment activity [17]. Transcranial magnetic stimulation (TMS)
has shown that motor evoked potentials (MEPs) of agonist
muscles are facilitated around 70–100ms before the onset of
movement, which is also known as premovement facilitation
[15, 18, 19]. Our recent study on the preactivation of slow and
fast goal-directed wrist movements showed a delay between
the peaks of premovement facilitatedMEPs in the agonist and
antagonistmuscles and that the delaywaswell correlatedwith
the time course of triphasic EMG activation [20]. Therefore,
abnormal premovement facilitation may be an important
mechanism underlying hypermetria. Interventions which
can modulate premovement facilitation may therefore be
useful in improving hypermetria.

Fast goal-directed movement training has been shown
to enhance cortical excitability [21, 22]. In addition, ES
(electrical stimulation) of the afferent nerve has been shown
to enhance cortical excitability through plasticity-like mech-
anisms in healthy subjects and in SCA patients [23–26].
These findings raised the possibility that combining temporal

electrical afferent nerve stimulation and voluntarymovement
training may enhance premovement facilitation and improve
the triphasic EMG pattern of movement. We therefore
designed a temporal ES-assisted fast goal-directedmovement
training program for patients with SCA, under the hypothesis
that such a training program could improve the temporal
pattern of antagonist premovement facilitation, triphasic
EMG pattern, and hypermetria in individuals with SCA. To
the best of our knowledge, no clinical studies have focused on
the temporal control of cortical excitability, especially in the
premovement phase.

2. Methods

Thestudy subjects were recruited from the Taiwan Spinocere-
bellar Ataxia Association after responding to advertisements.
All of the study participants had been diagnosed with SCA
(Table 1). The inclusion criteria were showing hypermetria
during the finger-to-nose test, being able to sit independently
to complete the experiment, no previous history of neu-
romusculoskeletal diseases other than SCA, and no severe
tremors that would influence the recording ofMEPs. Twenty-
two subjects were screened, of whom 20 (age: 49±8.43 years,
7 males, 13 females) met the inclusion criteria (Figure 1).
The minimal sample size, which was estimated according to
the data published in a previous study [20] (alpha = 0.05,
power = 0.95), was 18. All of the study subjects provided
informed consent, and the testing protocols were approved
by our internal review board in accordance with the Helsinki
Declaration. All clinical tests were performed by a licensed
physical therapist who was blinded to group allocation. In
addition, the subjects were also blinded to the purpose of this
study.

2.1. Electromyography Recording. The experimental setup is
shown in Figure 1.The right hand of each subject was used for
the test, during which it was strapped to a custom-designed
wrist goal-directed movement test and training system. The
system included a laser pointer to show the wrist extension
angle and a target line for 30∘ wrist extension. As the subjects
performed the wrist movement, the laser pointer showed
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Figure 1: The flowchart of the study.

themovement angle in real time andprovided visual feedback
for the subjects.The forearmwas kept neutral (0∘ supination)
with the elbow at 80∘ flexion and the shoulder at 10∘ flexion.

The surface electromyography (EMG) of the flexor carpi
radialis muscle (FCR) and the extensor carpi radialis muscle
(ECR) was recorded by bipolar surface electrodes with a fixed
interelectrode distance of 2 cm (B&L Engineering, Canada).
The recording electrodes were located on the muscle belly of
the FCR and ECR, with the direction parallel to the muscle
fibers. A reference electrodewas placed on the styloid process.
The EMG activity was preamplified by a factor of 350 and
further amplified at the mainframe amplifier (Gould Inc.,
Valley View, OH, USA).The raw EMG data were fed through
a 60Hz notch filter and a band-pass (10–1000Hz) filter to
eliminate environmental interference and motion artifacts.
EMG activity wasmonitored on an oscilloscope and digitized
by a 12-bit resolution analog-to-digital converter (InstruNet
Model 100, Input/Output A/D System, USA) at 4000Hz.

2.2. TranscranialMagnetic Stimulation. TheMEPs of the FCR
were elicited by the TMS (Magstim 200, Magstim Co., Dyfed,
UK) using a round coil with a 9 cm outside diameter with an
anticlockwise-oriented current in the coil (side A facing up)
to stimulate the left motor cortex. The optimal scalp location
that consistently produced the largest MEPs in the target
muscle (FCR) at the lower intensity was marked, and this
location was used throughout the experiment. The coil was
manually maintained by a custom-designed fixation frame,
and the position and orientation of the coil were kept constant
throughout the experiment. The resting motor threshold was
defined as the minimum TMS intensity required to elicit
at least five of 10 MEPs greater than or equal to 50 𝜇V in
consecutive trials in the relaxed FCR [27, 28].The stimulation

intensity for the experiment was set at 20% above the resting
motor threshold.

2.3. Goal-Directed Movement Test. After practicing several
times, the subject’s right arm was trapped in a custom-
designed wrist goal-directed movement test and training
system to perform five fast goal-directed wrist extensions.
The system included two movable segments that were placed
and fixed around the wrist. An electrogoniometer (SG75,
Biometrics Ltd., UK) was mounted on these two segments
to record the angle during movement. A laser light beam
corresponding to the movement of the hand segment was
projected onto a screen to provide the subjects with real-
time visual feedback. The starting and target angles (30∘ of
wrist extension) were measured and marked and constantly
displayed on the screen. The subjects were instructed to
perform the wrist extension as quickly as possible and to stop
the movement when the laser pointer reached the targeted
line indicating 30∘ of wrist extension. The EMG of the ECR
(the agonist muscle) and FCR (the antagonist muscle) and
joint angle were recorded for further analysis. The reaction
time was also recorded for the following premovement MEP
test.

2.4. Premovement MEP Test. An audio warning signal fol-
lowed by an audio go-signal after 6–10 seconds was given
through an earphone.The subjects were asked to perform the
goal-directed movement test as mentioned above as soon as
the go-signal was heard. The MEPs were elicited by a single
pulse TMS at different time intervals in 10ms steps after
the go-signal. We wrote four sets of controlling programs,
the most suitable of which were selected to assess the MEPs
according to the subject’s reaction time to ensure that the
premovement MEPs were obtained at least 120ms before the
onset of movement (Table 2). After the assessment, theMEPs
were grouped according to the onset of the agonist muscle
(ECR) EMG into bins of 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, and 120ms before onset for analysis. Each of the intervals
was repeated five times and delivered in a random order.
Control MEPs were evoked by TMS without any audio signal
(Figure 2).

2.5. Temporal ES-Assisted Training. After the pretest, the
subjects in the training group received 4 weeks of temporal
ES-assisted training at home at a training frequency of
three sessions per week. During training, paired electrical
stimuli were delivered every 15 seconds for 30 minutes
through surface electrodes placed on the muscle bellies of
the FCR and ECR. The intensity of the stimulus was set to
the minimal intensity that would elicit a visible contraction
of the stimulated muscle, and the pulse duration was set
to 500𝜇s. Each stimulation pair included ECR stimulation
followed by FCR stimulationwith an interstimulus interval of
40ms. The 40ms interval was chosen because our previous
study on healthy subjects showed an average of a 40ms
delay between AG1 and ANT (AG1-ANT latency) in goal-
directed fast movements [20]. The subjects were asked to
perform the 30∘ fast goal-directed wrist extension movement
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Table 2: Stimulation protocol.

Program Reaction time of the subjects (ms) Stimulation intervals (ms after the go-signal)

1 Less than 200 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170,
180, 190, 200, 210, 220

2 180–250 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,
200, 210, 220, 230, 240, 250

3 200–270 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200,
210, 220, 230, 240, 250, 260, 270

4 240–310 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230,
240, 250, 260, 270, 280, 290, 300, 310

TMS

Go-signal

Prepare

Randomly

MEP
Antagonist

Agonist

Figure 2: The procedure of the premovement MEP test.

immediately after perceiving stimulation of the ECR. The
subjects in the control group received no training but some
general health education. Goal-directed movement and pre-
movementMEPswere assessed again after 4weeks of training
(training group) or in case of no training (control group),
with these assessments being performed 3 days after the last
training session.

2.6. Data Analysis and Statistics. The raw EMG data during
the fast movement were transformed to the root-mean-
square EMG (rmsEMG), and the onsets of ECR (AG1) and
FCR (ANT) activation were calculated through rmsEMG-
time curves. The onsets of ECR and FCR activation were
detected when the curve passed through the threshold which
was at the mean plus twice the standard deviation of the
baseline. AG1-ANT latency was calculated by subtracting the
ECR onset time relative to the FCR onset time and analyzed
only in the trials with goal-directed movement tests without
TMS or ES.

The peak-to-peak amplitude of the premovement MEPs
at various time points before the onset of movement was
normalized to the control MEPs. The normalized premove-
ment MEPs were then averaged by predetermined time bins
of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 120ms, before
the agonist muscle (ECR) EMG onset. The EMG onset of the
ECR was determined for each subject in the trials without
TMS in order to avoid the potential influence of TMS. The
premovement MEPs elicited 130ms before agonist muscle
EMG onset were not analyzed. Linear interpolation was

used to adjust the MEP amplitude if the MEPs were elicited
between the aforementioned predetermined time bins.

The quality of performance was analyzed in the trials of
the goal-directedmovement test without TMSor ES.Thefinal
angles used to calculate the constant errors (CEs) and variable
errors (VEs) were those at the end of the ballistic movement,
measured before any corrective movements were made by
the participant. The quality of performance was calculated
using CEs and VEs. CEs, which measured the errors of goal
setting, were calculated by the mean difference between the
goal-directed angle and each actually performed angle (1)
[29, 30]. VEs, which measured the inconsistency of repetitive
measures, were calculated by the standard deviation of the
difference between the goal-directed angle and each actually
performed angle (2) [29, 30]. Consider

CE = ∑ (𝑋𝑖 − 𝑇)
𝑛
, (1)

where 𝑋𝑖 is the angle at which the subject stopped, 𝑇 is the
target angle, and 𝑛 is the number of movements;

VE = √∑ (𝑋𝑖 −𝑀)
2

𝑛
, (2)

where 𝑋𝑖 is the angle at which the subject stopped,𝑀 is the
averaged angle, and 𝑛 is the number of movements.

Data were analyzed using SAS software version 9.1. Two-
way repeated-measures analysis of variance (ANOVA) with
factors of group (training and control) and time (before
and 4 weeks after) followed by the post hoc Tukey test
(when needed) was used to determine and compare the
effect of training on premovement MEPs, VEs, and CEs. If a
significant group and time interaction was found, the model
was further reduced by group. The significance level was set
at 𝑃 < 0.05.

3. Results

There were no between-group differences in any of the
measured parameters including CEs (hypermetria), AG1-
ANT latencies, and MEP at baseline. The 𝑃 values of the
baseline comparisons are listed in Table 1.

3.1. EMG Pattern of Goal-Directed Movement Test. ANOVA
showed a significant interaction between groups and time
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Figure 3:The latency of antagonist muscle activation (AG1-ANT latency) during fast goal-directed wrist extension movement in the training
group (a) and the control group (b). The upper panel shows the group means and standard deviations. The lower panel shows the individual
means and standard deviations. The black circle and bars indicate before training, and the gray circle and bars indicate after 4 weeks of
training. 𝑃 > 0.05 before and after 4 weeks.
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Figure 4:ThenormalizedMEP amplitudes before onset latency of the antagonistmuscle EMGof fast goal-directedwrist extensionmovement
in the training group (a) and the control group (b). The black circles indicate the group mean before training, and the white circles indicate
the group mean after the 4-week training program. The error bars indicate the standard deviations.

(𝐹 = 8.84, 𝑃 = 0.008). Before training, the AG1-ANT
latencies were not significantly different between the training
and control groups. However, after 4 weeks, the latency of
antagonist muscle activation was significantly decreased to
64.66 ± 34.56ms (𝐹 = 10.65, 𝑃 = 0.0098) for the training
group with no significant change in the control group (𝐹 =
1.37, 𝑃 = 0.2716) (Figure 3).

3.2. Premovement Facilitation. Figure 4 shows the premove-
mentMEPs before and after 4weeks of training in the training
and control groups. Before training, the premovement MEPs
of the antagonist muscle were not facilitated in either the
training or control group in the fast goal-directed wrist
movements. A significant group and time interaction (𝐹 =
5.4, 𝑃 = 0.0336) was found 50ms before the onset of
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Table 3: Group means ± standard deviation of premovement MEP, AG1-ANT latency, CE, and VE.

Time
Groups Statistical analysis

Training before Training after Control group before Control group after Group × time interaction
𝐹 𝑃

MEP (% of control MEP)
−120 110.0 ± 30.9 116.6 ± 22.5 149.0 ± 84.0 118.4 ± 14.1 1.38 0.26
−110 107.5 ± 25.9 117.8 ± 15.5 136.9 ± 72.1 123.1 ± 22.6 1.25 0.28
−100 103.4 ± 22.4 119.0 ± 17.7 134.9 ± 50.1 119.8 ± 27.1 3.87 0.07
−90 99.9 ± 17.5 118.8 ± 16.7 133.9 ± 32.2 122.5 ± 51.4 3.33 0.09
−80 94.8 ± 12.5 111.3 ± 47.2 130.8 ± 31.9 117.3 ± 63.8 2.15 0.16
−70 94.3 ± 12.5 106.0 ± 29.9 102.6 ± 27.4 122.4 ± 48.9 0.14 0.71
−60 92.1 ± 13.7 107.9 ± 23.2 91.0 ± 40.8 108.7 ± 33.1 0.02 0.89
−50 93.0 ± 24.3 126.2 ± 23.8

∗ 89.2 ± 37.6 85.8 ± 21.8 5.4 0.03
∗

−40 93.8 ± 27.9 108.9 ± 29.9 91.5 ± 52.0 75.1 ± 29.3 2.17 0.16
−30 87.2 ± 22.7 96.8 ± 30.2 65.9 ± 31.8 67.1 ± 19.4 0.22 0.65
−20 93.6 ± 29.1 105.4 ± 39.8 61.8 ± 32.8 61.7 ± 26.4 0.33 0.57
−10 82.0 ± 27.4 103.1 ± 28.9 61.8 ± 37.8 65.2 ± 36.9 0.96 0.34
0 81.1 ± 21.6 105.4 ± 34.2 56.9 ± 32.5 62.7 ± 40.5 0.77 0.39
AG1-ANT latency (ms) 88.9 ± 24.3 64.7 ± 34.6

∗ 81.6 ± 31.1 92.2 ± 40.1 10.65 0.01
∗

CE (%) 13.4 ± 3.8 10.2 ± 3.5
∗ 15.9 ± 6.4 18.2 ± 5.0 5.99 0.02

∗

VE (%) 3.9 ± 1.4 2.5 ± 0.7 4.5 ± 2.1 4.8 ± 1.6 3.27 0.09
∗ is significantly different from pretraining.
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Figure 5: The group means and standard deviations of the CE (a) and the VE (b) of the training group (black bars) and the control group
(gray bars) before and after 4 weeks.

movement (Table 3). In the training group, the premovement
MEPs were significantly enhanced from 92.98 ± 24.31% to
126.16 ± 23.77% (𝑃 < 0.05) 50ms before the onset of
movement. However, the normalized MEPs did not change
in the control group (𝑃 > 0.05).

3.3. Performance. Before training, there was no difference in
CEs between the training and control group (𝐹 = 1.123,

𝑃 = 0.303). Two-way ANOVA showed a significant group
and time interaction (𝐹 = 5.99, 𝑃 = 0.0249), with the
CE decreased to 10.16 ± 3.53 degrees in the training group
(𝐹 = 6.43, 𝑃 = 0.0319) but unchanged in the control group
(𝐹 = 1.48, 𝑃 = 0.2554) (Figure 5(a)). Before training, the
VEs were 3.91 ± 1.37 degrees and 4.49 ± 2.05 degrees in
the training and control groups, respectively (𝐹 = 0.565,
𝑃 = 0.462), compared to 2.52 ± 0.73 and 4.76 ± 1.56 degrees
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after 4 weeks. Two-way ANOVA showed no significant group
and time interaction (𝐹 = 3.27, 𝑃 = 0.0874) (Figure 5(b)).

3.4. Correlation Analysis. Spearman correlation coefficient
analysis showed a median but significantly negative cor-
relation between AG1-ANT latency and antagonist MEP
amplitude at 50ms before the onset of movement (𝑟 =
−0.4066, 𝑃 = 0.011). This suggests that the increase in
antagonist premovement facilitation was correlated with the
decrease inAG1-ANT latency. However, no other correlations
were found between the other parameters.

4. Discussion

In the present study, 4 weeks of temporal ES-assisted move-
ment training decreased CEs, indicating an alleviation of
hypermetria in the patients with SCA. In addition, the pro-
longed AG1-ANT latency was shortened toward the normal
range, suggesting that the training corrected the aberrant
triphasic EMG pattern in these patients. Furthermore, the
premovement facilitation of the antagonistmuscle, whichwas
previously absent in the patients, was reestablished after the
4-week temporal ES-assisted training program.

Corcos et al. applied goal-directed movement only train-
ing for 200 repetitions per day for 7 days and showed only
marginal improvement in accuracy in healthy subjects [31].
In the present study, we showed for the first time that a
combination of temporal ES andmovement training reduced
CEs, which evaluate a subject’s tendency to be directionally
biased when performing a skill relating to the goal setting
[29, 30], indicating that the coarseness of the movements
in dysmetria was improved. We suggest that the effect of
the temporal ES-assisted training program was through the
synergistic effect of the ES and motor training. Repeatedly
pairing stimulation with ES to the peripheral nerve and TMS
to the motor cortex is commonly used to induce plasticity in
the brain of conscious humans [32]. Hence, pairing ES and
motor training may also induce a change in plasticity in the
brain to enhance the training effect.

In the present study, the patients with SCA had a pro-
longed AG1-ANT latency compared to the healthy controls
[20]. Activation of the antagonist muscle has been reported
to change fast goal-directed movements [11, 33, 34]. The
delayed onset of antagonist muscle activation can explain
the hypermetria symptoms in patients with SCA. After 4
weeks of training, the AG1-ANT latency had significantly
decreased, which may, at least in part, explain why the CEs
improved, thereby resulting in better movement control by
alleviating dysmetria. In healthy subjects, only an earlier
peak of antagonist muscle EMG but no similar reduction in
AG1-ANT latency has been shown after movement training
[31, 35]. Instead, improvements in movement errors after
pure movement training have been explained by increased
recruitment rates of the antagonist muscle [35]. We suggest
that further studies are warranted to investigate reductions in
AG1-ANT latency.

We also found that the temporal ES-assisted train-
ing program partially restored premovement facilitation
towards a normal pattern [20], although the significance of

the facilitation at 50ms before activation was marginal. The
underlying mechanism remains to be elucidated. It is known
thatmovement training can enhance excitability of themove-
ment mapping cortical area [21, 22, 36], and it is generally
considered to function through a long-term potentiation-
likemechanism inwhich the horizontal synaptic connections
in the brain cortex are enhanced through motor learning
[22, 36–39].Moreover,McDonnell and Ridding reported that
subjects who received 1 hour of peripheral ES to the muscle
responsible for movement prior to movement training had
significant improvements in motor performance, suggesting
that the peripheral ES enhanced motor performance and
motor learning ability [40]. Peripheral ES has also been
reported to facilitate the MEPs of the corresponding inner-
vationmuscles through plasticity-likemechanisms in various
patients, including those with SCA [23–26].

Previous studies have indicated that the triphasic EMG
pattern is centrally programmed [15, 41–43] and stored in
the motor cortex [14, 17, 44]. The correlated enhancement
of premovement facilitation and the reduction of AG1-ANT
latency after temporal ES-assisted training in our study may
support the centrally programmed theory of triphasic EMG
pattern in ballistic movements. However, we failed to show
other significant correlations between measurements, and it
is possible that the relationship between the physiological
improvements and functional improvements is complex and
nonlinear.

Although VEs were slightly decreased after training, they
did not reach a statistically significant difference, in contrast
to the CEs. VE measures the inconsistency of performance
[29, 30], and no significant improvement in VE suggests
that the temporal ES-assisted fast goal-directed movement
training did not improve the variability between each trial.
The potential mechanism of the training effect in the present
study is that the temporal ES-assisted training helped to
rebuild the central program of the triphasic EMG pattern
through changes in plasticity in the neural network. The
fixed temporal pattern of ES that triggered the movement
improved the accuracy of the muscle contraction pattern
during the requested task resulting in better CEs. In contrast,
the extension range of the trainingmovement was not strictly
controlled or trained, and it is therefore not surprising to see
no improvements in VEs.

In the present study, we concentrated on the modulation
effect of the temporal ES-assisted fast goal-directed move-
ment training that improved the movement in the upper
limbs functionally and physiologically in patients with SCA.
However, it is unclear whether ES or movement training
alone can achieve a similar or different effect. Therefore,
further studies are warranted to explore the effect of ES
or movement training alone and in combination. Another
concern may be the relatively small subjects number (10
in each group) as compared to other physiological studies
[45, 46]. This limitation is due to the difficulty of recruiting
patients for a long-term training study.Hence,we cannot fully
exclude the possibility of the error and the accuracy problem
caused by the small sample size. Moreover, only single joint
movement with fixed angle, stimulus intensity, and interval
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was tested in the present study. Although the protocol was
effective, it is not warranted to be the best.

In conclusion, 4 weeks of movement training guided
by alternating temporal ES on the agonist and antagonist
muscles shortened the latency between agonist and antag-
onist muscle activities, restored premovement facilitation,
and improved movement accuracy in patients with SCA.
Therefore, temporal ES-assisted fast goal-directed movement
training can be considered to be a convenient and helpful
therapeuticmodality to improve hypermetria andmaypoten-
tially be useful for patients with dysmetria caused by diseases
including stroke, multiple sclerosis, multiple system atrophy
type C, and other brain lesions.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the Ministry of Science and
Technology, Taiwan (102-2314-B-182-030-MY3 and 103-2221-
E-182-036); the National Health Research Institutes of Tai-
wan (NHRI-EX103-10343NI); Chang Gung Memorial Hos-
pital (CMRPG381281, CMRPD1B0273, and BMRP844); and
Healthy Aging Research Center, Chang Gung University,
Taiwan (EMRPD1E1711).

References

[1] E. R.Kandel, J.H. Schwartz, andT.H. Jessell,Principles ofNeural
Science, McGraw-Hill, New York, NY, USA, 4th edition, 2000.

[2] E. Brusse, I. deKoning, A.Maat-Kievit, B. A.Oostra, P.Heutink,
and J. C. van Swieten, “Spinocerebellar ataxia associated with
a mutation in the fibroblast growth factor 14 gene (SCA27): a
new phenotype,” Movement Disorders, vol. 21, no. 3, pp. 396–
401, 2006.

[3] B.-W. Soong, “The genetics and clinical features of autosomal
dominant cerebellar ataxias: a review,” Acta Neurologica Tai-
wanica, vol. 11, no. 2, pp. 49–65, 2002.

[4] M. Manto, E. Godaux, J. Jacquy, and J. Hildebrand, “Cerebellar
hypermetria associated with a selective decrease in the rate of
rise of antagonist activity,” Annals of Neurology, vol. 39, no. 2,
pp. 271–274, 1996.

[5] M.Manto, “Pathophysiology of cerebellar dysmetria: the imbal-
ance between the agonist and the antagonist electromyographic
activities,” European Neurology, vol. 36, no. 6, pp. 333–337, 1996.

[6] M.Manto, “Mechanisms of human cerebellar dysmetria: exper-
imental evidence and current conceptual bases,” Journal of
NeuroEngineering and Rehabilitation, vol. 6, no. 1, article 10,
2009.

[7] E. D’Angelo and C. I. De Zeeuw, “Timing and plasticity in
the cerebellum: focus on the granular layer,” Trends in Neuro-
sciences, vol. 32, no. 1, pp. 30–40, 2009.

[8] M. Garwicz, “Spinal reflexes provide motor error signals to
cerebellar modules—relevance for motor coordination,” Brain
Research Reviews, vol. 40, no. 1–3, pp. 152–165, 2002.

[9] S. H. Brown and J. D. Cooke, “Amplitude- and instruction-
dependent modulation of movement-related electromyogram

activity in humans,” The Journal of Physiology, vol. 316, pp. 97–
107, 1981.

[10] J. Hore, B. Wild, and H.-C. Diener, “Cerebellar dysmetria at the
elbow, wrist, and fingers,” Journal of Neurophysiology, vol. 65,
no. 3, pp. 563–571, 1991.

[11] C. J. Forgaard, D. Maslovat, A. N. Carlsen, R. Chua, and I. M.
Franks, “Startle reveals independent preparation and initiation
of triphasic EMG burst components in targeted ballistic move-
ments,” Journal of Neurophysiology, vol. 110, no. 9, pp. 2129–2139,
2013.

[12] M.-U. Manto and P. Bosse, “A second mechanism of increase of
cerebellar hypermetria in humans,” The Journal of Physiology,
vol. 547, no. 3, pp. 989–994, 2003.

[13] S. H. Brown and J. D. Cooke, “Movement-related phasic muscle
activation. I. Relations with temporal profile of movement,”
Journal of Neurophysiology, vol. 63, no. 3, pp. 455–464, 1990.

[14] G. L. Gottlieb, “Muscle activation patterns during two types of
voluntary single-joint movement,” Journal of Neurophysiology,
vol. 80, no. 4, pp. 1860–1867, 1998.

[15] C. D. MacKinnon and J. C. Rothwell, “Time-varying changes
in corticospinal excitability accompanying the triphasic EMG
pattern in humans,” Journal of Physiology, vol. 528, no. 3, pp.
633–645, 2000.

[16] A. Berardelli, M. Hallett, J. C. Rothwell et al., “Single-joint rapid
arm movements in normal subjects and in patients with motor
disorders,” Brain, vol. 119, no. 2, pp. 661–674, 1996.

[17] K. Irlbacher,M.Voss, B.-U.Meyer, and J. C. Rothwell, “Influence
of ipsilateral transcranial magnetic stimulation on the tripha-
sic EMG pattern accompanying fast ballistic movements in
humans,”The Journal of Physiology, vol. 574, no. 3, pp. 917–928,
2006.

[18] T. Nomura, T. Takeshima, and K. Nakashima, “Reduced pre-
movement facilitation of motor evoked potentials in spinocere-
bellar degeneration,” Journal of the Neurological Sciences, vol.
187, no. 1-2, pp. 41–47, 2001.

[19] C. D. MacKinnon, M. Velickovic, C. Drafta, A. Hesquijarosa,
andM. F. Brin, “Corticospinal excitability accompanying ballis-
tic wrist movements in primary dystonia,”Movement Disorders,
vol. 19, no. 3, pp. 273–284, 2004.

[20] C. Y. Fang, B. R. Lee, andY. Chang, “The supraspinal excitability
modulation before rapid and slow goal-directed movements in
human,” Formosan Journal of Physical Therapy, vol. 39, pp. 42–
49, 2014.

[21] W. Muellbacher, U. Ziemann, B. Boroojerdi, L. Cohen, and
M. Hallett, “Role of the human motor cortex in rapid motor
learning,” Experimental Brain Research, vol. 136, no. 1, pp. 431–
438, 2001.

[22] E. Gallasch, M. Christova, M. Krenn, A. Kossev, and D. Rafolt,
“Changes in motor cortex excitability following training of a
novel goal-directed motor task,” European Journal of Applied
Physiology, vol. 105, no. 1, pp. 47–54, 2009.

[23] S. Khaslavskaia, M. Ladouceur, and T. Sinkjaer, “Increase in
tibialis anterior motor cortex excitability following repetitive
electrical stimulation of the common peroneal nerve,” Experi-
mental Brain Research, vol. 145, no. 3, pp. 309–315, 2002.

[24] Y.-J. Chang, T.-H. Hsieh, Y.-M. Huang, M.-J. Hsu, and A. M.-
K. Wong, “A Lack of modulation of motor evoked potential in
sensory-impaired individuals with spinal cord injuries,” Journal
of Medical and Biological Engineering, vol. 31, no. 1, pp. 37–43,
2011.



Neural Plasticity 9

[25] C. C. Chen, Y. F. Chuang, H. C. Yang, M. J. Hsu, Y. Z. Huang,
and Y. J. Chang, “Neuromuscular electrical stimulation of the
median nerve facilitates lowmotor cortex excitability in patients
with spinocerebellar ataxia,” Journal of Electromyography and
Kinesiology, vol. 25, no. 1, pp. 143–150, 2015.

[26] M. C. Ridding, B. Brouwer, T. S. Miles, J. B. Pitcher, and P. D.
Thompson, “Changes in muscle responses to stimulation of the
motor cortex induced by peripheral nerve stimulation in human
subjects,” Experimental Brain Research, vol. 131, no. 1, pp. 135–
143, 2000.

[27] A. Kaelin-Lang, A. R. Luft, L. Sawaki, A. H. Burstein, Y. H.
Sohn, and L. G. Cohen, “Modulation of human corticomotor
excitability by somatosensory input,”The Journal of Physiology,
vol. 540, no. 2, pp. 623–633, 2002.

[28] P. M. Rossini, A. T. Barker, A. Berardelli et al., “Non-invasive
electrical andmagnetic stimulation of the brain, spinal cord and
roots: basic principles and procedures for routine clinical appli-
cation. Report of an IFCN committee,” Electroencephalography
and Clinical Neurophysiology, vol. 91, no. 2, pp. 79–92, 1994.

[29] Y.-M. Huang, Y.-J. Chang, M.-J. Hsu, C.-L. Chen, C.-Y. Fang,
and A. M.-K. Wong, “Errors in force generation and changes in
controlling patterns following agonist muscle fatigue,” Journal
of Applied Biomechanics, vol. 25, no. 4, pp. 293–303, 2009.

[30] R. A. Magill, Motor Learning and Control: Concepts and Appli-
cations, McGraw-Hill, New York, NY, USA, 2001.

[31] D. M. Corcos, S. Jaric, G. C. Agarwal, and G. L. Gottlieb,
“Principles for learning single-joint movements. I. Enhanced
performance by practice,” Experimental Brain Research, vol. 94,
no. 3, pp. 499–513, 1993.

[32] K. Stefan, E. Kunesch, R. Benecke, L. G. Cohen, and J. Classen,
“Mechanisms of enhancement of humanmotor cortex excitabil-
ity induced by interventional paired associative stimulation,”
The Journal of Physiology, vol. 543, no. 2, pp. 699–708, 2002.

[33] D. Elliott, G. Binsted, and M. Heath, “The control of goal-
directed limb movements: correcting errors in the trajectory,”
Human Movement Science, vol. 18, no. 2-3, pp. 121–136, 1999.

[34] W. J. Wadman, J. J. Denier van der Gon, R. H. Geuze, and C. R.
Mol, “Control of fast goal-directed arm movements,” Journal of
Human Movement Studies, vol. 5, no. 1, pp. 3–17, 1979.

[35] N. Liang, T. Yamashita, Z. Ni et al., “Temporal modulations
of agonist and antagonist muscle activities accompanying
improved performance of ballistic movements,” Human Move-
ment Science, vol. 27, no. 1, pp. 12–28, 2008.

[36] U. Ziemann, W. Muellbacher, M. Hallett, and L. G. Cohen,
“Modulation of practice-dependent plasticity in human motor
cortex,” Brain, vol. 124, no. 6, pp. 1171–1181, 2001.
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