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Background: Hemiplegic upper extremity activity obstacle is a common movement
disorder after stroke. Compared with a single intervention, sequential protocol or
combination of several techniques has been proven to be better for alleviating
motor function disorder. Non-invasive neuromodulation techniques such as repetitive
transcranial magnetic stimulation (rTMS) and motor imagery (MI) have been verified to
augment the efficacy of rehabilitation.
Methods: Participants were randomly assigned to 2 intervention cohorts: (1)
experimental group (rTMS+MI group) was applied at 1 Hz rTMS over the primary motor
cortex of the contralesional hemisphere combined with audio-based MI; (2) control
group (rTMS group) received the same therapeutic parameters of rTMS combined with
audiotape-led relaxation. LF-rTMS protocol was conducted in 10 sessions over 2 weeks
for 30 min. Functional measurements include Wolf Motor Function Test (WMFT), the
Fugl-Meyer Assessment Upper Extremity (UE-FMA) subscore, the Box and Block Test
(BBT), and the Modified Barthel index (MBI) were conducted at baseline, the second
week (week 2) and the fourth week (week 4).
Results: All assessments of upper limb function improved in both groups at weeks
2 and 4. In particular, significant differences were observed between two groups at
end-intervention and after intervention (p < 0.05). In these findings, we saw greater
changes of WMFT (p < 0.01), UE-FMA (p < 0.01), BBT (p < 0.01), and MBI (p < 0.001)
scores in the experimental group.
Conclusions: LF-rTMS combined with MI had a positive effect on motor function of
upper limb and can be used for the rehabilitation of upper extremity motor recovery in
stroke patients.
Keywords: stroke, upper limb, motor function, repetitive transcranial magnetic stimulation, motor imagery
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INTRODUCTION

assumed to enhance motor recovery in stroke rehabilitation (24).
Based on traditional rehabilitation training, MI training is more
effective than conventional training alone (17). For example,
Kang et al. and Xu et al. demonstrated an increase in neural
activity in the motor area during MI training (25, 26). And
Kawakami et al. also investigated changes of cortex in reciprocal
inhibition following MI in patients with chronic stroke, and
reported positive plastic changes during mental practice with
MI (27). In another pilot study, Mihara et al. demonstrated that
NIRS-mediated neurofeedback MI could enhance the ipsilesional
premotor area activation in correlation with MI training and
could have significant effects on the motor deficit recovery in
stroke patients. Besides these findings, they also found that the
change of cortical activation was related to the recovery of the
hand function (19).
In view of the fact that rTMS and MI have no strict restrictions
on the limb function of patients with chronic stroke, this study
intends to combine the two interventions to maximize the motor
function recovery of patients. As the author know, few studies
explore whether the effect of LF-rTMS can be enhanced by
combining with MI on upper extremity activity. In this study,
we hypothesize that combination therapy of LF-rTMS with MI
training will promote recovery from upper limb movement
disorder in patients after chronic stroke; we also predict that
activities of daily living might improve accordingly.
Therefore, the objective was to investigate the effects of LFrTMS combined with MI on improving motor functions of
hemiplegic upper extremity in chronic stroke patients.

Decreased mobility of hemiplegic upper limb is a common
dyskinesia after stroke. At present, clinical researchers have
established a number of treatments to improve upper extremity
motor function (1). Compared with a single intervention, a
combination approach of different techniques has been proven
to be better for alleviating movement disorder (2). Lots of trials
have shown that movement function improvement after stroke
can be enhanced by non-invasive brain stimulation techniques
combined with conventional clinical practice (3–6).
Repetitive transcranial magnetic stimulation (rTMS) is one
of non-invasive brain stimulations, and could modulate cortical
activity. Stroke is considered to be one possible reason for
imbalance of interhemispheric cortical inhibition. rTMS could
rebulid the interhemisphere balance by down-regulating the
excitability of the non-lesioned hemisphere with low frequency
stimulation or up-regulating the lesioned excitability by high
frequency stimulation (6). Randomized controlled trials have
shown that short courses of inhibitory, contralesional rTMS
can improve the motor function of hemiplegia after stroke (7,
8). Evidence suggested that maximum control of the lesioned
hemisphere is associated with better function (9, 10). Early
damage affected the ability of upper motor neurons to compete
with lateral neurons to dominate motor neurons (11). Inhibition
of contralateral primary motor cortex (M1) with 1 Hz rTMS may
enhance hemispheric motor function. This method has revealed
efficacy in the stroke rehabilitation for adults although they do
not share the same models (8). Recently, the positive effects
of HF-rTMS and LF-rTMS on movement disorder after stroke
have been supported by accumulating evidence (7). And LFrTMS has been confirmed to be in correlation with improved
function in patients with chronic stroke (12, 13). Nowadays, a
meta-analysis by Zhang et al. evaluated the therapeutic potential
of LF-rTMS on stroke-induced upper limb movement disorder
and cortex plasticity. This research supported that, as an addon therapy, LF-rTMS successfully alleviated the hemiplegic
upper limb motor deficit and significantly promoted upper limb
function improvement after stroke (14).
Another non-invasive neuromodulation technique-motor
imagery (MI), has been validated to increase the efficacy of
rehabilitation and improve the performance of tasks associated
with MI in patients after stroke (15–17). The functional recovery
of most stroke patients occurred mainly in the first 3 months, and
the functional gain obtained in the chronic phase was limited
(18). A possible cause of limited functional recovery in the
chronic phase is learned nouse. Patients with severe impairment
cannot use their paretic limbs in daily activities may be the
reason (19). MI is a dynamic state during which the subject
mentally simulates a specific movement without any obvious
movement (20). It means that MI has no strict restrictions on
the patient’s upper limb motor function, so it can be applied to
stroke patients with poor function in chronic phase. According to
previous studies, MI and motor execution share the same neural
networks related to motor function (17, 21, 22). These findings
support the idea that MI can be used as a substitute for physical
exercise which is difficult for patients to do (23). MI training was
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METHODS
Participants
We recruited chronic patients with ischemic stroke from
Shanghai Ruijin Rehabilitation Hospital over a 10 months
period. The inclusion criteria as follows: (1) being diagnosed
of ischemic stroke through neurological examination and CT
or MRI scans for the first time; (2) inpatients within 3 to 12
months from the onset of diagnosis of ischemic stroke; (3)
without upper-limb function impairments before this illness of
stroke; (4) being aged 21 or over but no more than 80; and
(5) Mini Mental State Examination score of 23 or more; (6)
signed the consent form before the study start. The exclusion
criteria were: (1) cerebral hemorrhage; (2) medically unstable
such as severe liver and kidney malfunction, cardiopulmonary
insufficiency, or malignant tumor; (3) aphasia, severe cognitive
impairment, history of mental illness; (4) a history of epileptic
seizures in the last 1 months or taking antiepileptic drugs
recently; (5) pregnant; (6) severe visual and hearing impairment;
(7) pacemaker, internal electrode, metal implants in vivo, and
skull defects.

Randomization
This study was a single-blinded randomized controlled trial;
patients were given a number by a computer-generated
randomization table when they were enrolled. Investigators who
evaluated the outcomes were blinded from the group to which
each patient was assigned. Patients did not know whether the
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audio-based MI delivered to them was specific or not. All
participants who met the criteria were assigned to two groups
according to their random number.
Participants were assigned to 2 intervention cohorts:
(1) rTMS+MI group was applied at 1 Hz rTMS over the
primary motor cortex of the contralesional hemisphere
combined with audio-based MI; (2) rTMS group received
same therapeutic parameters of LF-rTMS, and was applied
audiotape-led relaxation.
LF-rTMS was conducted in 10 sessions over 2 weeks for
30 min. Both groups received the same dosage of conventional
rehabilitation on top of their interventions. Details of the flow
diagram showed in Figure 1.

Audio-Based MI
Thirty minutes structured sessions were designed for audiobased MI training. All tasks were standard activities following
a detailed audio-based instructions that not allowed to be
individualized. The MI sessions developed in a quiet room in the
hospital, and all the participants were in supine position on the
bed. Structured details were presented as follows:
(i) The first 3 min of each session was reserved for preparation:
leading participants to immerse themselves in the imaginary
environment. As the audio-based instructions described,
participants closed their eyes, relaxed their breathing, and
gradually entered the imaginary state.
(ii) The next 10 min of per session was reserved for warm up
mental practice: let participants to imagine a variety of
elementary joint relaxation activity for the upper limb of the
affected side (such as raising of the arm, rotation of the wrist,
opening and closing of the hand, etc.) (30, 31).
(iii) A further 15 min per session was reserved for activities
of daily living: such as writing a person’s name on
paper, pushing the door open, folding a piece of
paper, drinking a bottle of water, open a book,
open the door with a key, turn the light on and off,
etc. (31).
(iv) The final 2 min of each session was reserved for cooling
down, leading participants to return to the real world from
the imaginary environment (30).

Interventions
The proposal was approved by Shanghai Ruijin Rehabilitation
Hospital Research Ethics Committee. The study was registered
in the Chinese Clinical Trial Registry (ChiCTR) on http://
www.chictr.org.cn/index.aspx. And the registration number is
ChiCTR-INR-17012845. All patients participating in this study
completed the consent form. The process of treatment didn’t
harm the participants. If there was any discomfort during
the treatment, the patient had the right to stop the process
at any time. We were assured that the patient had fully
understood the purpose of the study and were aware of
their rights, and then signed a written consent or fingerprint.
Forty-two patients were randomized into two groups. On
top of their interventions, all the participants received the
same standardized conventional clinical rehabilitation involved
physical therapy and occupational therapy for 120 min once
a day for 10 sessions (5 d/w, 2 weeks), these programs
included improving strength, posture, coordination, activities
of daily living, etc., and mainly focusing on upper limb
movements. But it’s important to note that any specific training
involved in mental practice with MI was not embedded in
physical therapy.

Audiotaped-Led Relaxation
To ensure that each subject was as relaxed as possible during the
mental practice with MI, soothing music was added to the audiobased instructions as the background. Considering that music
may have a certain impact on the final results (32), we set up a
audiotape-led relaxation program containing soothing music as
a placebo-controlled group.
(i) In the first 3 min, subjects were asked to immerse themselves
in imagination.
(ii) During the next 25 min, the subjects continued to maintain
their eyes closed and be relaxed.
(iii) The final 2 min of each session were consistent with audiobased MI group.

LF-rTMS Pattern
A TMS stimulator with by a 90 mm eight-shaped coil and CCYIV stimulator (Yi Ruide Company, Wuhan, China) was used.
The participants were in supine position on the bed. And 1 Hz
rTMS was applied to the unaffected hemisphere over the primary
motor cortex. Each rTMS session consisted of 1,500 pulses,
lasting 30 min. The stimulation site was defined as location where
the largest motor evoked potential (MEP) in the first dorsal
interosseous (FDI) muscle of the contralesional hemisphere was
elicited upon surface electromyography (sEMG).
The resting motor threshold (RMT) of the FDI muscle of the
contralesional upper extremity, by definition, was the minimum
stimulus intensity produced the minimal motor evoked response
of the muscle at rest (28, 29). And the amplitude of the MEP was
about 50 µV produced in at least 5 of 10 trials (7, 8). Based on the
measured RMT level, the stimulation intensity was set to 90% of
the RMT of the FDI muscle. As the RMT may change during the
whole study, we adjust the intensity for each session. Each patient
received a total of 10 sessions over 2 weeks (5 d/w).
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There were two highlights of this program: the music was all
about static objects such as buildings, animals, and landscape
rather than sports; and there was no requirement for the
participants’ imaginary content.
In order to verify their involvement in mental practice,
participants were asked open questions about the content of
imaginary sensations throughout the sessions. For example, the
researcher would ask whether the patient can imagine the specific
situation or not and the clarity of the imagination according
to the audiotaped-instructions. Furthermore, to ensure their MI
ability, each patient underwent a the Kinesthetic and Visual
Imagery Questionnaire (KVIQ-10) before the trial, and their
imaginary questionnaire scores were all >25 points (33). MI
training was applied at a total of 10 sessions for 2 weeks (5 d/w,
30 min/d).
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FIGURE 1 | Flow Diagram of the Trial.

were replaced by the last evaluation score of the variable. Any
statistical demographic and characteristics differences at baseline
were explored with one-way ANOVAs. The statistical analysis
was performed using SPSS 22.0. The Shapiro-Wilk test revealed
that the data were normally distributed in our study, and the data
also satisfied the test of homogeneity of variance. Independent
sample t-test was used to evaluate differences between groups;
paired sample t-test was used to test for differences between
pre-and post-interventions in each group. Data were presented
as means + standard deviation. p < 0.05 was considered
statistically significant.

After randomization, experimental group (rTMS+MI group)
received 1 Hz rTMS over the unaffected upper limb of
the primary motor area, and 30 min audio-guided mental
practice with MI in the meantime. Control group (rTMS
group) received 1 Hz rTMS over the primary motor area
of the contralesional hemisphere, and 30 min audiotape-led
relaxation simultaneously.

Outcome Measurements
Information about patients’ demographic characteristics and
medical history were collected. All evaluations were conducted
at baseline (the day before intervention), weeks 2 and 4. All
participants were conducted by an independent evaluator who
knew nothing about treatment or group’s task allocation.
Primary outcome measure: The motor functions of the
hemiplegic upper limb were measured by WMFT. Secondary
outcome measures included: UE-FMA subscore; MBI, and BBT.
The research procedure was approved by the Research ethics
Committee of the Shanghai Ruijin Hospital. All participants
completed and signed an informed written consent form before
enrollment in this study.

RESULTS
Subjects were randomly assigned to two groups and 42
patients (rTMS+MI group n = 21; rTMS group n =
21) had finished the trial. No participants dropped out
during the process and in the follow-up. No participants
reported severe side effects and no severe discomfort was
reported in the whole study. There were no significant
differences in the general characteristics of participants in the
experimental and control groups (Table 1). Recovery between
baseline and post-intervention were evident on all outcome
variables (Table 2).

Statistical Analysis
We chose the last observation when participants dropped out,
that means if the subject did not finish the study, missing values
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TABLE 2 | Pre- and post-intervention of clinical outcome measures.

TABLE 1 | Demographic and general characteristics of participants.
rTMS+MI group

rTMS group

n = 21

n = 21

63.38 ± 6.45

64.14 ± 4.49

P-value

DEMOGRAPHICS
Age (year), mean ± SD
Gender-Male (%)
Onset (month), mean ± SD

rTMS+MI group

rTMS group

n = 21

n = 21

PRIMARY OUTCOMES, MEAN ± SD
0.61

WMFT

16 (76%)

12 (57%)

0.19

Baseline

34.86 ± 6.68

34.43 ± 10.50

0.879

4.96 ± 1.07

5.13 ± 1.09

0.30

Week 2

54.10 ± 8.16### **

43.62 ± 10.3##

0.001

Week 4

52.90 ± 9.57### **

42.42 ± 10.14#

0.002

COMORBIDITIES
Hypertension n%

18 (86%)

17 (81%)

0.52

SECONDARY OUTCOMES, MEAN ± SD

Diabetes n%

16 (76%)

15 (71%)

0.40

UE-FMA

2 (9%)

4 (19%)

0.26

Atrial fibrillation n%

PRIMARY OUTCOMES, MEAN ± SD
WMFT

P-value

34.86 ± 6.68

34.43 ± 10.50

0.88

SECONDARY OUTCOMES, MEAN ± SD

Baseline

37.19 ± 5.78

35.86 ± 7.80

0.542

Week 2

50.52 ± 6.00### **

43.33 ± 7.86##

0.002

Week 4

49.24 ± 6.52### **

42.14 ± 7.81##

0.003

MBI

UE-FMA

37.19 ± 5.78

35.86 ± 7.80

0.54

MBI

64.81 ± 5.51

63.00 ± 9.29

0.46

BBT

5.95 ± 3.70

6.05 ± 6.50

0.96

Baseline

64.81 ± 5.51

63.00 ± 9.29

0.458

Week 2

86.90 ± 5.61### ***

72.57 ± 8.50##

0.000

Week 4

86.04 ± 6.33### ***

72.24 ± 9.51##

0.000

BBT

Wolf Motor Function Test

Baseline

6.05 ± 6.50

0.955

There was a significant difference baseline and post-intervention
in both groups (p < 0.05). In particular, significant differences
were observed between two groups at weeks 2 and 4 (p <
0.01) (Figure 2).

Week 2

18.42 ± 6.21### **

12.05 ± 7.66#

0.006

Week 4

17.67 ± 6.31### **

11.43 ± 7.50#

0.007

5.95 ± 3.70

#p

< 0.05 (compared with baseline).
< 0.01 (compared with baseline).
**p < 0.01 (compared with rTMS group).
### p < 0.001 (compared with baseline).
***p < 0.001 (compared with rTMS group).
p-value (rTMS+MI group compared with rTMS group).
WMFT, wolf motor function test; UE-FMA, Fugl-Meyer Assessment Upper Extremity; MBI,
modified Barthel index; BBT: box and block test.
## p

Fugl-Meyer Assessment Upper Extremity
UE-FMA increased from 37.19 ± 5.78 to 50.52 ± 6.00 (p < 0.001)
in the rTMS+MI group, from 35.86 ± 7.80 to 43.33 ± 7.86 (p <
0.01) in the rTMS group at week 2. And comparison between the
two groups suggested a significant difference at weeks 2 and 4 (p
< 0.01) (Figure 3).

Modified Barthel Index
With regard to the modified barthel index, a significant difference
was observed in both groups at week 2 (p < 0.01). At week 4,
MBI increased from 64.81 ± 5.51 to 86.04 ± 6.33 (p < 0.001) in
the rTMS+MI group, from 63.00 ± 9.29 to 72.24 ± 9.51 (p <
0.01) in the rTMS group. Comparison of the differences between
the groups revealed a significant difference at weeks 2 and 4 (p <
0.001) (Figure 4).

Box and Block Test
BBT increased from 5.95 ± 3.70 to 18.42 ± 6.21 (p < 0.001) in the
rTMS+MI group, from 6.05 ± 6.50 to 12.05 ± 7.66 (p < 0.05) in
the rTMS group at week 2. Significant differences between the
groups were found in the BBT at week 2 (p < 0.01) and week 4 (p
< 0.01) (Figure 5).

DISCUSSION

FIGURE 2 | Pre- and post-intervention changes in Wolf Motor Function Test.
**p < 0.01 (compared with rTMS group).

As aforementioned, a combination approach of different
techniques was better for improving movement function. For
instance, Koyama et al. combined NMES with rTMS in patients
with moderate to severe dysfunction after stroke, and they found
that the combination protocol was more beneficial for recovery
of stroke-induced motor function compared with the control
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group (34). Zheng et al. (35) made an investigation that whether
the combination of 1 Hz rTMS and virtual reality (VR) could
facilitate the motor function recovery of upper extremity in
patients after stroke. After intervention, they reported a better
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FIGURE 3 | Pre- and post-intervention changes in Fugl-Meyer Motor
Assessment Upper Extremity. **p < 0.01 (compared with rTMS group).

FIGURE 5 | Pre- and post-intervention changes in Box and Block Test.
**p < 0.01 (compared with rTMS group).

compared with rTMS group, greater changes of WMFT (p <
0.01), UE-FMA (p < 0.01), BBT (p < 0.01), and MBI (p < 0.001)
scores in the rTMS+MI group were showed in this study. And
these findings were similar to many researches: Mihara et al.
showed significant improvements in UE-FMA, and Zheng et al.
suggested improvements in WMFT (19, 35). More meaningful
is that our study addressed the hypothesis that a combination of
LF-rTMS and MI training had a positive effect on motor function
of upper limb and can be used for the rehabilitation of upper
extremity motor recovery in chronic stroke patients.
Clinical studies have found that patients with stroke have
altered their collaborative working ability of multiple brain
regions, such as decreased connectivity between the premotor
area and the primary motor area, increased inhibition of
the affected hemisphere, and functional connectivity of these
abnormalities are significantly correlated with the degree of
motor function decline (36–38). As we known, rTMS could
regulate the magnitude of transcallosal inhibition and influence
the information interaction of brain functional regions (14,
39). Studies have shown that the activation of the ipsilateral
primary motor area (M1) is associated with motor function
recovery and amelioration (40, 41). In Jin et al. study (42),
the effects of rTMS combined with motor training on brain
neural activities were investigated based on the method of
brain network. Electroencephalography in resting state with
eyes closed was recorded before and after rTMS combined
with motor training. They found that the changes of functional
connectivity could be detected mainly between functional
regions rather than inside regions. The functional connectivity
at lower frequency band (theta and alpha) was significantly
increased, and was opposite at higher frequency band (beta,
gamma1, and gamma2). Furthermore, they found that the rTMS
combined with motor training had a significant influence on the
functional connectivity between central region in non-dominant

FIGURE 4 | Pre- and post-intervention changes in Modified Barthel Index.
***p < 0.001 (compared with rTMS group).

improvement in upper limb motor function in LF-rTMS and VR
group compared with the control group who underwent sham
LF-rTMS of the unaffected hemisphere (35).
Since a combination of several rehabilitation techniques could
be better for improving the motor function in stroke patients,
then we investigated whether the combination 1 Hz rTMS and
mental practice with MI could alleviate the motor function
of the affected upper limb in patients with stroke. Because
numerous studies have reported the positive effects of LFrTMS for promoting motor recovery following stroke compared
with clinical rehabilitation, we did not design a conventional
practice group as control. The results showed that all functional
assessments of upper limb improved, and patient’s daily living
ability improved accordingly after the interventions. In addition,
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CONCLUSION

hemisphere and dominant frontal regions and non-dominant
frontal regions at alpha frequency. The sensorimotor cortex
(SMC) region, especially the primary motor area (M1) of the
anterior central gyrus, is closely related to the motor ability
(27, 43, 44). After 4 weeks of mental practice with MI, Sun Limin
et al. revealed two kinds of brain remodeling modes: recruitment
activation and concentrated activation of the ipsilateral SMC
region. With the recovery of upper limb motor function, there
was a tendency to activate the SMC on the affected hemisphere.
Therefore, the entire motor system saw a substantial increase
in the efficiency of information output owing to the increasing
activation of contralateral sensorimotor cortex (cSMC) (30).
In our findings, greater improvements in functional
assessments of upper limb was showed in the experimental
group. There are several possible reasons: compared with
audiotaped-led relaxation, MI training may enhance the sensory
information input; and repeated imaginary training accelerated
the formation of normal motor reflex arc, thereby improving
neuromuscular function. We assumed that, after 14 days of
rTMS combined with MI, the abnormal functional connection
between the brain regions may be changed to some extent. In
addition, because of the improvement of motor cognitive ability,
complicated motion could be completed with only low efficiency.
There are also several limitations in our study: this is a singlecenter trial, and the current sample size is not sufficient for
subgroup analysis of covariates such as location or sides of stroke
infarction. And limited follow-up time, does not provide us
with information on long-term rehabilitation effects. Besides, we
did not have a conventional clinical practice group as control,
the absence of a conventional rehabilitation group is a pity
of this study. Another limitation is that we did not perform
neuroimaging studies to describe the consistent results with
clinical scores. In the future, with the help of visualization
technology MI, we will make it more accurately and provide
further evidence including functional magnetic resonance (MR)
or neuro-electrophysiological technique to demonstrate plastic
changes in the brain following the intervention. In conclusion,
further studies including a larger number of subjects with longterm follow-up assessments are needed.

Inspite of the abovementioned limitations, this research proves
that the combination of LF-rTMS with MI may be a positive
method for improving motor function of upper limb in patients
after chronic stroke.
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Aşkin A, Tosun A, Demirdal Ü. Effects of low-frequency repetitive
transcranial magnetic stimulation on upper extremity motor recovery and
functional outcomes in chronic stroke patients: a randomized controlled trial.
Somatosens Mot Res. (2017) 34:102–7. doi: 10.1080/08990220.2017.1316254
Lefaucheur J, André-Obadia N, Antal A, Ayache S, Baeken C, Benninger
D, et al. Evidence-based guidelines on the therapeutic use of repetitive
transcranial magnetic stimulation (rTMS). Clin Neurophysiol. (2014)
125:2150–206. doi: 10.1016/j.clinph.2014.05.021
Hsu W, Cheng C, Liao K, Lee I, Lin Y. Effects of repetitive transcranial
magnetic stimulation on motor functions in patients with stroke: a metaanalysis. Stroke (2012) 43:1849–57. doi: 10.1161/STROKEAHA.111.649756
Staudt M. (Re-)organization of the developing human brain following
periventricular white matter lesions. Neurosci Biobehav Rev. (2007) 31:1150–6.
doi: 10.1016/j.neubiorev.2007.05.005
Eyre J, Smith M, Dabydeen L, Clowry G, Petacchi E, Battini R, et al. Is
hemiplegic cerebral palsy equivalent to amblyopia of the corticospinal system?
Ann Neurol. (2007) 62:493–503. doi: 10.1002/ana.21108

February 2019 | Volume 10 | Article 96

Pan et al.

Upper Limb Rehabilitation Following Stroke

11. Kirton A. Modeling developmental plasticity after perinatal stroke: defining
central therapeutic targets in cerebral palsy. Pediatr Neurol. (2013) 48:81–94.
doi: 10.1016/j.pediatrneurol.2012.08.001
12. Bashir S, Vernet M, Najib U, Perez J, Alonso-Alonso M, Knobel M,
et al. Enhanced motor function and its neurophysiological correlates after
navigated low-frequency repetitive transcranial magnetic stimulation over
the contralesional motor cortex in stroke. Restor Neurol Neurosci. (2016)
34:677–89. doi: 10.3233/RNN-140460
13. Hovington CL, Brouwer B. Guided motor imagery in healthy adults and
stroke: does strategy matter? Neurorehabil Neural Repair (2010) 24:851–7.
doi: 10.1177/1545968310374190
14. Zhang L, Xing G, Shuai S, Guo Z, Chen H, McClure M, et al. Lowfrequency repetitive transcranial magnetic stimulation for stroke-induced
upper limb motor deficit: a meta-analysis. Neural Plast. (2017) 2017:2758097.
doi: 10.1155/2017/2758097
15. Cantillo-Negrete J, Carino-Escobar R, Carrillo-Mora P, Elias-Vinas D,
Gutierrez-Martinez J. Motor imagery-based brain-computer interface
coupled to a robotic hand orthosis aimed for neurorehabilitation of stroke
patients. J Healthc Eng. (2018) 2018:1624637. doi: 10.1155/2018/1624637
16. Kim J, Cho Y, Park J, Kim W. Effect of motor imagery training and
electromyogram-triggered neuromuscular electrical stimulation on lower
extremity function in stroke patients: a pilot trial. J Phys Ther Sci. (2017)
29:1931–3. doi: 10.1589/jpts.29.1931
17. Guerra Z, Lucchetti A, Lucchetti G. Motor Imagery Training After Stroke: a
systematic review and meta-analysis of randomized controlled trials. J Neurol
Phys Ther. (2017) 41:205–14. doi: 10.1097/NPT.0000000000000200
18. Duncan PW, Goldstein LB, Horner RD, Landsman PB, Samsa GP, Matchar
DB. Similar motor recovery of upper and lower extremities after stroke. Stroke
(1994) 25:1181–8. doi: 10.1161/01.STR.25.6.1181
19. Mihara M, Hattori N, Hatakenaka M, Yagura H, Kawano T, Hino T, et al. Nearinfrared spectroscopy-mediated neurofeedback enhances efficacy of motor
imagery-based training in poststroke victims: a pilot study. Stroke (2013)
44:1091–8. doi: 10.1161/STROKEAHA.111.674507
20. Ietswaart M, Johnston M, Dijkerman H, Joice S, Scott C, MacWalter
R, et al. Mental practice with motor imagery in stroke recovery:
randomized controlled trial of efficacy. Brain (2011) 134(Pt 5):1373–86.
doi: 10.1093/brain/awr077
21. Guillot A, Collet C, Nguyen V, Malouin F, Richards C, Doyon J. Brain activity
during visual versus kinesthetic imagery: an fMRI study. Hum Brain Mapp.
(2009) 30:2157–72. doi: 10.1002/hbm.20658
22. Sharma N, Simmons LH, Jones PS, Day DJ, Carpenter TA, Pomeroy
VM, et al. Motor imagery after subcortical stroke: a functional
magnetic resonance imaging study. Stroke (2009) 40:1315–24.
doi: 10.1161/STROKEAHA.108.525766
23. Mihara M, Miyai I, Hattori N, Hatakenaka M, Yagura H, Kawano T,
et al. Neurofeedback using real-time near-infrared spectroscopy enhances
motor imagery related cortical activation. PLoS ONE (2012) 7:e32234.
doi: 10.1371/journal.pone.0032234
24. Pichiorri F, Morone G, Petti M, Toppi J, Pisotta I, Molinari M, et al. Braincomputer interface boosts motor imagery practice during stroke recovery.
Annals of neurology. (2015) 77:851–65. doi: 10.1002/ana.24390
25. Kang YJ, Ku J, Kim HJ, Park HK. Facilitation of corticospinal excitability
according to motor imagery and mirror therapy in healthy subjects and stroke
patients. Ann Rehabil Med. (2011) 35:747–58. doi: 10.5535/arm.2011.35.6.747
26. Xu R, Jiang N, Mrachacz-Kersting N, Lin C, Asin Prieto G, Moreno JC, et al. A
closed-loop brain-computer interface triggering an active ankle-foot orthosis
for inducing cortical neural plasticity. IEEE Trans BioMed Engineer. (2014)
61:2092–101. doi: 10.1109/TBME.2014.2313867
27. Kawakami M, Okuyama K, Takahashi Y, Hiramoto M, Nishimura A, Ushiba
J, et al. Change in reciprocal inhibition of the forearm with motor imagery
among patients with chronic stroke. Neural Plast. (2018) 2018:3946367.
doi: 10.1155/2018/3946367
28. Rossini PM, Berardelli A, Deuschl G, Hallett M, Maertens de Noordhout
AM, Paulus W, et al. Applications of magnetic cortical stimulation. The
International Federation of Clinical Neurophysiology. Electroencephalogr Clin
Neurophysiol Suppl. (1999) 52:171–85.
29. Rossini PM, Burke D, Chen R, Cohen LG, Daskalakis Z, Di Iorio R, et al. Noninvasive electrical and magnetic stimulation of the brain, spinal cord, roots

Frontiers in Neurology | www.frontiersin.org

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

and peripheral nerves: basic principles and procedures for routine clinical and
research application. An updated report from an I.F.C.N. Committee. Clin
Neurophysiol. (2015) 126:1071–107. doi: 10.1016/j.clinph.2015.02.001
Sun L, Wu Y, Yin D, Fan M, Zang L, Hu Y, et al. The effects of
motor imagery training on upper-extremity functional reorganization in
stroke patients: a fMRI study. Chin J Rehabil Med. (2015) 30:1217–22.
doi: 10.1007/s00234-013-1188-z
Dijkerman HC, Ietswaart M, Johnston M, MacWalter RS. Does motor imagery
training improve hand function in chronic stroke patients? A pilot study. Clin
Rehabil. (2004) 18:538–49. doi: 10.1191/0269215504cr769oa
Jun EM, Roh YH, Kim MJ. The effect of music-movement
therapy on physical and psychological states of stroke patients.
J Clin Nurs. (2013) 22:22–31. doi: 10.1111/j.1365-2702.2012.
04243.x
Malouin F, Richards CL, Jackson PL, Lafleur MF, Durand A, Doyon
J. The Kinesthetic and Visual Imagery Questionnaire (KVIQ) for
assessing motor imagery in persons with physical disabilities: a reliability
and construct validity study. J Neurol Phys Ther. (2007) 31:20–9.
doi: 10.1097/01.NPT.0000260567.24122.64
Koyama S, Tanabe S, Warashina H, Kaneko T, Sakurai H, Kanada Y,
et al. NMES with rTMS for moderate to severe dysfunction after stroke.
NeuroRehabilitation (2014) 35:363–8. doi: 10.3233/NRE-141127
Zheng C, Liao W, Xia W. Effect of combined low-frequency repetitive
transcranial magnetic stimulation and virtual reality training on
upper limb function in subacute stroke: a double-blind randomized
controlled trail. J Huazhong Univ Sci Technol Med Sci. (2015) 35:248–54.
doi: 10.1007/s11596-015-1419-0
Zhang J, Zhang Y, Wang L, Sang L, Yang J, Yan R, et al. Disrupted
structural and functional connectivity networks in ischemic stroke patients.
Neuroscience (2017) 364:212–25. doi: 10.1016/j.neuroscience.2017.09.009
Rondina JM, Park CH, Ward NS. Brain regions important for recovery after
severe post-stroke upper limb paresis. J Neurol Neurosurg Psychiatry (2017)
88:737–43. doi: 10.1136/jnnp-2016-315030
Tani M, Ono Y, Matsubara M, Ohmatsu S, Yukawa Y, Kohno M, et al. Action
observation facilitates motor cortical activity in patients with stroke and
hemiplegia. Neurosci Res. (2018) 133:7–14. doi: 10.1016/j.neures.2017.10.002
Meng Z, Song W. Low frequency repetitive transcranial magnetic stimulation
improves motor dysfunction after cerebral infarction. Neural Regen Res.
(2017) 12:610–3. doi: 10.4103/1673-5374.205100
Lam TK, Dawson DR, Honjo K, Ross B, Binns MA, Stuss DT, et al. Neural
coupling between contralesional motor and frontoparietal networks correlates
with motor ability in individuals with chronic stroke. J Neurol Sci. (2018)
384:21–9. doi: 10.1016/j.jns.2017.11.007
Gray WA, Palmer JA, Wolf SL, Borich MR. Abnormal EEG responses
to TMS during the cortical silent period are associated with hand
function in chronic stroke. Neurorehabil Neural Repair (2017) 31:666–76.
doi: 10.1177/1545968317712470
Jin J-N, Wang X, Lin Y, Zhang K, Li Y, Xiang F, et al. The effects of rTMS
combined with motor training on brain network in resting status. Chin J
Biomed Eng. (2018) 37:290–6. doi: 10.3969/j.issn.0258-8021.2018.03.005
Schulz R, Koch P, Zimerman M, Wessel M, Bonstrup M, Thomalla G, et al.
Parietofrontal motor pathways and their association with motor function after
stroke. Brain (2015) 138(Pt 7):1949–60. doi: 10.1093/brain/awv100
Liu H, Song L, Zhang T. Changes in brain activation in stroke patients after
mental practice and physical exercise: a functional MRI study. Neural Regen
Res. (2014) 9:1474–84. doi: 10.4103/1673-5374.139465

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Pan, Wang, Song, Sun and Xie. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

8

February 2019 | Volume 10 | Article 96

