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Repetitive transcranial magnetic stimulation improves the recovery of upper limb motor dysfunction
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Both low-frequency and high-frequency
repetitive transcranial magnetic
stimulation can promote the recovery of
upper limb motor function after cerebral
infarction, but the effects between groups
were not significantly different.

Abstract

Studies have confirmed that low-frequency repetitive transcranial magnetic stimulation can decrease the activity of cortical neurons, and
high-frequency repetitive transcranial magnetic stimulation can increase the excitability of cortical neurons. However, there are few studies
concerning the use of different frequencies of repetitive transcranial magnetic stimulation on the recovery of upper-limb motor function after
cerebral infarction. We hypothesized that different frequencies of repetitive transcranial magnetic stimulation in patients with cerebral infarction
would produce different effects on the recovery of upper-limb motor function. This study enrolled 127 patients with upper-limb dysfunction
during the subacute phase of cerebral infarction. These patients were randomly assigned to three groups. The low-frequency group comprised
42 patients who were treated with 1 Hz repetitive transcranial magnetic stimulation on the contralateral hemisphere primary motor cortex
(M1). The high-frequency group comprised 43 patients who were treated with 10 Hz repetitive transcranial magnetic stimulation on ipsilateral
MLI. Finally, the sham group comprised 42 patients who were treated with 10 Hz of false stimulation on ipsilateral M1. A total of 135 seconds of
stimulation was applied in the sham group and high-frequency group. At 2 weeks after treatment, cortical latency of motor-evoked potentials
and central motor conduction time were significantly lower compared with before treatment. Moreover, motor function scores were significantly
improved. The above indices for the low- and high-frequency groups were significantly different compared with the sham group. However, there
was no significant difference between the low- and high-frequency groups. The results show that low- and high-frequency repetitive transcranial
magnetic stimulation can similarly improve upper-limb motor function in patients with cerebral infarction.

Key Words: nerve regeneration; brain injury; repetitive transcranial magnetic stimulation; cerebral infarction; low-frequency stimulation;
high-frequency stimulation; upper-limb motor function; cerebral cortex; stroke rehabilitation; motor-evoked potential; central motor conduction
time; primary motor cortex; neuroplasticity; neural reorganization; neural regeneration
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Introduction

Cerebral infarction is a common, and frequently genet-
ics-based, type of ischemic stroke that has a high rate of
disability and mortality, and is one of the main conditions
threatening health around the world. Patients often have
differing degrees of dysfunction that can make activities
of daily living difficult or impossible, requiring significant
family and societal input. Thus, reducing morbidity and
improving the quality of life in survivors is a priority. Re-
covery from cerebral infarction has attracted much atten-
tion in recent years (Weaver and Liu, 2015). Currently, a
combination of exercise and physical therapy is considered
the gold standard treatment for motor function recovery af-
ter stroke. However, even with high-intensity rehabilitation
training, 55-75% of patients are left with upper-limb motor
dysfunction (Hoyer et al., 2011), which significantly affects
quality of life (Levin et al., 2009). Transcranial magnetic
stimulation (TMS) has been shown to be beneficial for
motor function recovery in hemiplegic patients after stroke
by activating the cerebral cortex (Mansur et al., 2005; Alon-
so-Alonso et al., 2007; Koganemaru et al., 2010), achieved
mainly by changing the magnetic field to an electric field,
and passing a rapid current pulse through the stimulat-
ing coil (Pell et al., 2011; Li et al., 2016). The charged coil
generates an electromagnetic field, which is not attenuated
through the skin and skull, causing secondary currents
produced by adjacent nerve tissue to polarize cerebral cor-
tex neurons, thereby affecting brain activity (Thickbroom,
2007). Using repetitive stimulation can lead to restructur-
ing of cortical neurons and improvement in upper-limb
function, but the exact mechanism remains unclear (Sim-
onetta-Moreau, 2014; Michelle et al., 2015).

Presently, there are three main types of TMS stimulation:
single-pulse, double-pulse, and repetitive TMS (rTMS).
rTMS was developed on the basis that TMS can affect the
excitability of the cerebral cortex. Low-frequency (LF)-rTMS
can produce cortical inhibition, and high-frequency (HF)-
rTMS can increase cortical excitability (Fitzgerald et al.,
2006). Chang et al. (2010) showed that HF-rTMS combined
with exercise training can improve motor dysfunction in
patients with subacute stroke. After 10 days of treatment,
upper-limb muscle strength, motor function score, and grip
strength improved significantly, with the effects lasting for 3
months after treatment.

rTMS has been widely used in neuroscience as a neural
electrophysiological stimulation technique, and has the
following advantages: it is painless, non-invasive, produc-
es localized effects, and is simple and safe to use. In recent
years, rTMS has become an effective method to improve up-
per-limb dysfunction after stroke (Emara et al., 2010). Until
now, no study has used both HF- and LF-rTMS on different
hemispheres. The purpose of this study was to investigate
how different frequencies of rTMS affect upper-limb motor
function in patients with subacute cerebral infarction. By
comparing different efficacies and side effects among dif-
ferent groups, we aimed to clarify which treatment scheme
was more suitable for patients with upper-limb dysfunction

after cerebral infarction, and to provide a basis for further
research and clinical application of rTMS.

Subjects and Methods

Subjects

A total of 153 patients with cerebral infarction, who met in-
clusion criteria, were admitted to our hospital for hemiplegia
after stroke between September 2014 and December 2015.
They were equally and randomly divided into three groups
according to the consecutive order of admission using a
random number table: LF (1 Hz)-rTMS group, HF (10 Hz)-
r'TMS group, and sham group. The sham group used a false
coil (only noise, but no substantial stimulus effect). All pa-
tients were treated 5 days per week for 2 weeks.

This study was approved by the Clinical Trial Committee
of the Affiliated Hospital of Qingdao University of China.
This study was approved by the Hospital Ethical Committee
and performed according to the Declaration of Helsinki. All
patients gave informed consent prior to taking part in any
procedure in this study.

Inclusion criteria

(1) Age between 30 and 80 years, with upper-limb dysfunc-
tion; (2) diagnosis of cerebral infarction based on the Fourth
National Cerebrovascular Disease Conference (Chinese
Society of Neurological Department of Internal Medicine,
1996); confirmed using computed tomography or magnetic
resonance imaging; (3) vital signs stable; consciousness clear;
no cognitive deficits; cooperation with assessment and treat-
ment; (4) successful measurement of motor-evoked potential
(MEP) from the ipsilateral primary motor cortex (M1); (5)
patients or their families signed informed consent before the
study.

Exclusion criteria

(1) Metallic object in the head, cardiac pacemaker, or cochle-
ar implants; (2) history of seizure or epilepsy; (3) pregnancy,
severe cognitive or communication dysfunction, or inability
to express feelings; (4) refusal to sign the informed consent;
could not carry out training or cooperate with assessments;
(5) had any unstable disease that might affect participation.

Treatment methods
Instrument parameters and false coil: LF- or HF-rTMS was
conducted using a magnetic stimulator, YRD CCY-I (YRD
Company, Wuhan, China), connected to a prototype round
coil; 125 mm in diameter and a peak magnetic field of 3.0 T.
Parameters: the frequencies used were from 0.01 to 100 Hz,
continuously adjustable; wave width was 340 + 20 ps. We
used a false coil (offered by YRD Company) for the sham
stimulation, which delivered negligible magnetic output with
audible click-on discharge. As the patients had not previous-
ly undergone TMS treatment, they were naturally blinded as
to sham or actual treatment.

Conventional rehabilitation treatment: During the study,
all patients received the same conventional rehabilitation
treatment including occupational therapy for 40 minutes
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each day. Conventional physiotherapy (40 minutes to 1 hour
daily, 5 times per week) included task-oriented training that
involved active participation of the affected limb and indi-
vidualized motor task training. Subsequently, exercise train-
ing, including active-assistive range of motion exercise of the
affected extremity, holding, moving, releasing of cups and
cubes, was administered by the same therapists.

rTMS treatment: The LF-rTMS group received 1-Hz
stimulation to the “hot spot” of the primary cerebral cor-
tex, i.e., M1 region, in the contralateral hemisphere at 80%
of motor threshold. “Hot spots” were found by searching
for loci that triggered maximum MEP amplitude in the
contralateral abductor pollicis brevis (Jung et al., 2008).
The HF-rTMS group received 10-Hz stimulation to the M1
hot spot in the ipsilateral cerebral hemisphere at 80% mo-
tor threshold. The sham group was given HF stimulation
(10 Hz) through an attached false coil to the real coil, with
a 5-cm gap. The patients heard a “ta ta” sound, but there
was no stimulation.

During stimulation, the patient sat comfortably and re-
laxed, with the coil tangent to the skull over M1. The coil
in the HF-rTMS group was placed on the hot spot in the
ipsilateral cerebral hemisphere at 10-Hz stimulation for 1.5
seconds, followed by a 10-second rest, which was repeated
90 times, for a total of 1,350 stimulation pulses. The coil cen-
ter was aligned to the hot spot, and the handle was perpen-
dicular to the occipital side. The LE-rTMS group received
1-Hz stimulation for 10 seconds, followed by a 2-second rest,
which was repeated 100 times, for 1,000 stimulation pulses.
The coil was placed on the contralateral side on the same site
as in the HF-rTMS group. In the sham group, the false coil
was placed on the same site as the HF-rTMS group at the
same frequency. Patients in each group were treated once per
day for 20 minutes, 5 days per week (Monday to Friday), for
2 consecutive weeks.

Outcome assessment

The following neuro-electrophysiological indices and up-
per-limb function scores were assessed before and after the
2-week treatment in each group.

(1) Upper-limb Fugl-Meyer assessment (FMA) motor
function score (Sung et al., 2013): FMA was used to assess
flexion of the shoulder, elbow, wrist, and hand. FMA com-
prises nine categories, 33 sub-items, and three grades (0-2).
The total possible score is 66, where a higher score indicates
better function of the upper-limb.

(2) Wolf Motor Function Test (WMFT): The Motor As-
sessment Scale (MAS), based on the WMFT, was used to
assess upper-limb function, coarse hand movement, and
fine hand movement (Wolf et al., 2005). It is divided into six
grades (0-5), with each grade being recorded as one point.
A perfect score is 18, where a higher score indicates better
function of the upper-limb.

(3) MEP latency and central motor conduction time
(CMCT): The magnetic field coil was used to stimulate the
motor cortex and spinal nerve root. We recorded the incuba-
tion period in the target muscle. MEP latency was recorded
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from electrodes placed over the contralateral abductor pol-
licis brevis muscle in the upper-limb, with suprathreshold
intensity stimulation administered to the contralesional M1.
After five repetitions that generated large amplitude wave-
forms, mean MEP latency was calculated. CMCT was equal
to motor cortex incubation period-spinal nerve root incuba-
tion period (Ma et al,, 2011).

Statistical analysis

Data are presented as the mean + SD, and were analyzed
using SPSS 20.0 software (IBM Corporation, Armonk, NY,
USA). The data were checked for normal distribution. In-
ter-group comparisons after treatment were conducted using
one-way analysis of variance with the least significant differ-
ence post-hoc test. Paired t-tests were used for intra-group
comparisons before and after treatment. A value of P < 0.05
was considered statistically significant.

Results

Quantitative analysis of subjects

The trial enrolled 227 patients with cerebral infarction with
informed consent. According to the inclusion and exclusion
criteria, some patients were excluded: inclusion criteria
not met (n = 21); excluded (n = 32); refused participation
(n = 10); other reasons (n = 11). Finally, 153 patients were
selected, and were equally and randomly divided into three
groups. Twenty-six patients were withdrawn from the trial
for various reasons. Among them, seven patients received
botulinum toxin injection, nine patients were discharged
from hospital for personal and domestic reasons, six patients
felt no effect and requested to withdraw, and four patients
were unable to tolerate the pain caused by stimulation. The
remaining 127 patients completed the trial and were includ-
ed in statistical analyses (Figure 1). Sex, age, interval from
stroke onset, and affected hemisphere did not differ between
the three groups (P > 0.05; Table 1). There were 42 cases in
the LF-rTMS group, 43 in the HF-rTMS group, and 42 in the
sham group. No significant differences in assessment indices
were found between the groups before treatment (P < 0.05;
Table 2).

After 2 weeks of treatment, MEP latency and CMCT in the
HF-rTMS and LE-rTMS groups were significantly shorter
compared with pre-treatment, and significantly better com-
pared with the sham group (P < 0.05), but not significantly
different from each other (P > 0.05). In addition, MEP laten-
cy and CMCT in the sham group were significantly shorter
after treatment compared with before treatment (P < 0.05).

Changes in upper-limb function

After 2 weeks of treatment, FMA scores significantly in-
creased in the rTMS treatment groups compared with the
sham group (P < 0.05). FMA scores were better in the rTMS
treatment groups compared with the sham group (P < 0.05).
However, there were no significant differences between the
HEF-rTMS and LF-rTMS groups (P > 0.05). FMA scores in
the upper-limb significantly increased in all groups after
treatment (P < 0.05), but did not differ from each other (P >
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Figure 1 Study flow chart.

LFE-rTMS: Low-frequency repetitive transcranial magnetic stimulation; HF-rTMS: high-frequency repetitive transcranial magnetic stimulation;
MEP: motor-evoked potential; CMCT: central motor conduction time; FMA: Fugl-Meyer assessment; WMFT: Wolf Motor Function Test.

0.05; Table 2).

During treatment, no adverse reactions to LF-rTMS were
reported, but a few patients in the HF-rTMS group experi-
enced numbness in the scalp and facial muscles at the stimu-
lation site during the first few sessions of therapy. Numbness
was bearable, and disappeared when stimulation stopped.
No special treatment was needed and patients continued un-
til finished. No seizures occurred in any group.

Discussion

Upper-limb dysfunction is a common sequela of patients
with cerebral infarction. Recovery from upper-limb dys-
function is slower compared with recovery from lower-limb
dysfunction. Particularly, fine motor recovery often takes a
long time, and rehabilitation is not always satisfactory (Ohman
et al., 2008). Thus, patients and their families can lose confi-
dence in the rehabilitation process. The rehabilitation sessions
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Table 1 Baseline patient data

Sex (n) Affected hemisphere (1)
Group n Male Female Age (year) Interval from stroke onset (month) Left Right
Sham 42 28 14 53.13+13.72 1.58+1.52 18 24
LE-rTMS 42 30 12 57.87+12.89 1.86+1.12 20 23
HF-rTMS 43 29 14 54.00£13.35 1.36£1.48 21 22
p 0.984 0.589 0.611 0.380

Data including sex, age, and the course of disease among the three groups, and the affected hemisphere were not significantly different among
the groups (P > 0.05). LE-rTMS: Low-frequency repetitive transcranial magnetic stimulation; HF-rTMS: high-frequency repetitive transcranial

magnetic stimulation.

Table 2 Upper limb function and neuro-electrophysiological
parameters in the three groups before and after treatment

Before After 2-week
n treatment treatment

FMA scale (score)

Sham 42 28.73+14.54 33.13+14.38"

LE-rTMS 42 28.43+13.22 44.76+12.69"

HF-rTMS 43 29.27+13.21 44.81+11.88"
WMET scale (score)

Sham 42 6.26+3.56 7.91+3.83"

LE-rTMS 42 6.15+3.78 9.73+4.42"

HF-rTMS 43 6.33+3.49 9.91+3.86"
MEPs (ms)

Sham 42 25.12+0.83 24.79+0.84"

LF-rTMS 42 25.09+0.75 23.89+0.82"

HF-rTMS 43 25.21+0.66 23.96+0.75"
CMCT (ms)

Sham 42 11.47+0.51 11.08+0.54"

LF-rTMS 42 11.52+0.46 10.67+0.48™

HF-rTMS 43 11.43+0.47 10.61+0.44""

*P < 0.05, vs. before treatment; #P < 0.05, vs. sham group. Data are
presented as the mean + SD. Inter-group comparisons after treatment
were conducted using one-way analysis of variance with the least
significant difference post-hoc test. Paired t-tests were used for intra-
group comparisons before and after treatment. LF-rTMS: Low-
frequency repetitive transcranial magnetic stimulation; HF-rTMS:
high-frequency repetitive transcranial magnetic stimulation; FMA:
Fugl-Meyer assessment; WMFT: Wolf Motor Function Test; MEP:
motor-evoked potential; CMCT: central motor conduction time.

also tend to focus on rehabilitation of lower-limb function,
ignoring upper-limb function training to some extent.
Improvement in motor dysfunction is accompanied by
enhanced cortical excitability. Previous studies have demon-
strated that one mechanism of motor dysfunction after
stroke was due to excessive transcallosal inhibition of the
affected hemisphere by the unaffected hemisphere (Demir-
tas-Tatlidede et al., 2015). Normally, individuals maintain
a balance between the two cerebral hemispheres through
interactive inhibition. After cerebral infarction, this phys-
iological balance is disturbed and the affected hemisphere
is weakened by continued inhibition from the unaffected
hemisphere (Mello et al., 2015). Reciprocally, reduced inhi-
bition by the affected hemisphere leads to enhanced excit-
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ability of the unaffected hemisphere. Increasingly, evidence
suggests that disturbing the mutual inhibition of the cerebral
hemispheres causes decompensation of the central nervous
system (Simis et al., 2013).

rTMS is the repetition of clusters of regular TMS pulse
stimulation. Previous studies have shown that rTMS can
regulate the excitability of the cerebral cortex (Cassidy et
al., 2005), and can rebalance cortical excitability of both
hemispheres (Cassidy et al., 2005; Hsu et al., 2012), thus pro-
moting recovery of motor function after cerebral infarction.
LF-rTMS of the non-lesioned hemisphere has an inhibitory
effect (Fregni et al., 2006), and HF-rTMS to the affected
hemisphere has an excitatory effect (Khedr et al. 2009, 2010).
In this study, we showed that cortical excitability of LF-rTMS
and HF-r'TMS groups was significantly improved after treat-
ment compared with the sham group.

Because stimulation frequency is one of the most import-
ant parameters, many studies have compared low-frequency
stimulation of the contralateral hemisphere with high-fre-
quency stimulation of the affected side, and then observed
efficacy and side effects of different stimulus frequencies
(Mongabadi et al., 2013; Sasaki et al., 2014). Presently, many
studies use low-frequency subthreshold intensity stimu-
lation, because it not only improves motor function, but
is low-risk and well tolerated (Kakuda et al., 2010). In this
study, we used 1 Hz low-frequency stimulation in line with
current research (Yin et al., 2014). Some reports have shown
that high-frequency stimulation at certain intensities can
induce seizures, and the risk of adverse events is higher with
high-frequency stimulation (Lomarev et al., 2007). However,
Rossi et al. (2009) demonstrated that high-frequency stim-
ulation parameters (intensity, frequency, stimulation time,
and time interval) in published safety guidelines were safe,
and could increase the excitability of the cerebral cortex on
the affected side.

In a prior study, one daily session of rTMS for 5 consecu-
tive days was administered to nine patients in the high-fre-
quency (10 Hz) group, and 11 patients in the low-fre-
quency (1 Hz) group. The high-frequency group showed
significantly greater improvement compared with the
low-frequency group (Sasaki et al., 2013). Nevertheless, the
present study shows that neurophysiological scores in the
three groups improved after treatment, suggesting that both
rTMS and conventional regular therapy are effective ways
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to promote functional recovery in patients with cerebral
infarction. We also showed that functional recovery in the
two r'TMS groups improved more significantly compared
with the sham group; their levels of improvement were not
comparable with each other. This indicates that low-fre-
quency contralateral rTMS and high-frequency ipsilateral
rTMS can have equal effects, consistent with the results
reported by Kim et al. (2014). The possible reason may be
that both inhibiting contralesional M1 with low-frequency
stimulation and exciting ipsilateral M1 with high-frequency
stimulation can reset the balance of transcallosal inhibition,
which in turn improves the function of patients with up-
per-limb motor dysfunction.

In addition to physiological measurements, upper-limb
FMA scores improved in the three groups after treatment,
and significantly improved in the actual rTMS treatment
groups. The improvement was not different between the LF-
rTMS and HF-rTMS groups. These findings suggest that
these frequencies of rTMS promote motor function recovery
of the upper-limbs with equal efficacy.

We did not find any significant differences in upper-limb
MAS scores among any of the three groups. This might be
because the upper-limb portion of the MAS scale requires
recovery of fine motor skills, and is more difficult compared
with the FMA scale portion of the upper-limb assessment.
In addition, the small sample size and short treatment pe-
riod may also have contributed to the lack of significant
differences.

Despite the negative findings with respect to MAS scores,
this study shows that the effects of high- and low-frequency
r'TMS on electrophysiological parameters of patients with ce-
rebral infarction were positively correlated with upper-limb
FMA scores. This result indicates that rTMS is an effective
treatment method in patients with cerebral infarction (van
Kuijk et al., 2009).

Both HF-r'TMS and LE-rTMS therapies have a significant
effect on the recovery of motor function in patients with
cerebral infarction. To date, reports on the disadvantages
of r'TMS are few. However, in some patients, rTMS might
increase the risk of seizure (Lomarevm et al., 2007). There-
fore, indications and contraindications should be strictly
controlled in patients receiving clinical rTMS treatment. In
this study, no patient experienced seizure or aggravation
during treatment, and the stimulation parameters adopted
for the study were considered safe. Indeed, rTMS can be
considered a safe and efficient method for treatment of ce-
rebral infarction.

In conclusion, both HF- and LF-rTMS are equally effective
methods for improving motor function in the upper-limbs
of patients with cerebral infarction. As there were the lim-
itations of small sample size, short treatment period, and
differences among individual patients, further studies are
required to verify the findings reported here. Additionally,
further double-blinded clinical study and exploration should
be undertaken to validate the therapeutic approach, and find
optimal stimulation parameters.
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