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Abstract

Background: Somatosensory deficits are common symptoms post stroke. Repetitive transcranial magnetic stimulation (rTMS) over the
motor cortex is able to promote motor rehabilitation, whereby its impact on somatosensory functioning remains unknown. This study was
designed to evaluate the association between somatosensory deficits and corticospinal excitability following stroke, with the purpose to
provide insights on rTMS interventions for the management of somatosensory deficits. Methods: Somatosensory functioning and cor-
ticospinal excitability (motor-evoked potential, MEP; cortical silence period, CSP) were evaluated from a group of sixteen patients with
unilateral ischemic stroke in the acute or subacute phase. Results: Results indicated that the uncommon presentation of larger MEPs
in ipsilesional vs. contralesional motor cortex was associated with worse somatosensory function compared to those with a smaller
MEP in ipsilesional motor cortex. Moreover, increased MEP ratio (ipsilesional vs. contralesional motor cortex) was associated with
better somatosensory function in patients with well-preserved somatosensory function. Conclusions: In well-recovered patients, an in-
creasedMEP ratio between the ipsilesional and contralesional motor cortex could be an indicator of improved somatosensory functioning
following stroke.
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1. Introduction
Somatosensory deficits are common post-stroke

symptoms characterised by sensory loses, numbness. It
is estimated that about 50–80% of post-stroke survivors
demonstrate somatosensory deficits, which have clear
adverse influence on motor functioning and overall recov-
ery from stroke [1,2]. Repetitive transcranial magnetic
stimulation (rTMS) is a safe and non-invasive form of
brain stimulation which is able to induce neuroplastic
changes [3,4]. It has been used in the management of
depression [5,6], chronic pain [7,8], and post-stroke motor
rehabilitation [9,10]. Studies have been focussed on motor
rehabilitation with motor cortex rTMS (see reviews in
[11,12]), however, the potential benefits of rTMS on
somatosensory deficits remain unclear. Overall, there is
a lack of effective treatment for somatosensory deficits in
clinical settings [13–15].

Although most rTMS studies aimed at improving so-
matosensory function following stroke have focused on tar-
geting the primary somatorsensory cortex (S1) [16–18], the
primarymotor cortex (M1)may be an alternative target. Al-
though the motor cortex is predominantly involved in mo-

tor control, it is also responsible for somatosensation via
its anatomical and functional connections with somatosen-
sory cortices and the thalamus [19]. In fact, motor cortex
rTMS has a clear impact on the transmission of sensory in-
formation from the body parts [20–22]. This argument is
also consistent with findings that motor recovery following
stroke is positively associated with sensory functioning [2].
Moreover, motor cortex rTMS has demonstrated potential
benefits on motor rehabilitation following stroke [12], al-
though recent studies have called this argument into ques-
tion [23,24].

In addition to the site of stimulation, it is impor-
tant to determine the relationship between somatosensory
deficits and corticospinal excitability, in order to facilitate
the design of stimulation protocols for somatosensory im-
provement. Somatosensory deficits following stroke are
associated with the impairment of somatosensory path-
ways (e.g., the medial lemniscal pathway for discrimina-
tive touch and proprioception, the spinothalamic pathway
for pain and temperature) [25–27], which transmits sen-
sory signals from body parts. Our group has previously
demonstrated that bottom-up sensory transmission is able
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to inhibit corticospinal excitability measured by motor-
evoked potential (MEP) and cortical silent period (CSP)
[21]. MEP amplitude provides a simple and direct measure-
ment of the excitation of corticospinal pathways. Mean-
while, CSP is able to indicate intracortical inhibition sup-
ported by gamma-aminobutyric acid (GABAB) mediated
neurotransmission [28]. As rTMS can efficiently modulate
corticospinal excitability, building up the relationships be-
tween corticospinal excitability and somatosensory deficits
would provide direct insights into the management of so-
matosensory deficits with rTMS.

This study was designed to evaluate the association
between somatosensory deficits and corticospinal excitabil-
ity following stroke. Somatosensory functioning and corti-
cospinal excitability were evaluated from patients with uni-
lateral ischemic stroke. We have specified this study to
acute and subacute phases of stroke to reduce heterogeneity.
It is hypothesised that decreased corticospinal excitability
in the ipsilesional (vs. contralesional) motor cortex would
be associated with poorer somatosensory functioning.

2. Materials and Methods
2.1 Participants

A total of thirty-nine patients were screened, among
which sixteen participated in this study. All patients had
unilateral ischemic stroke observed on a diffusion-weighted
magnetic resonance imaging (MRI) scan. The inclusion cri-
teria were: (1) unilateral ischemic stroke in the acute and
subacute phase of stroke (<6 months) [11]; and (2) with
somatosensory deficits caused by ischemic stroke; and (3)
18–80 years old; and (4) were on regular stroke medicines.
The exclusion criteria were: (1) TMS contradictions such as
current or a history of seizure or implanted devices (pace-
maker, medical pumps) [29]; or (2) severe mental disor-
ders assessed with hamilton depression (HAMD) or anxi-
ety (HAMA) [30,31]; or (3) aphasia or cognitive disorders
assessed with the Mini-Mental State Examination (MMSE)
[32]; or (4) not able to communicate with a doctor; or (5)
severe disorders caused by other conditions such as tumour
or severe heart or lung malfunctioning; or (6) the modified
Rankin Scale (mRS) >2; or (7) somatosensory deficits not
caused by ischemic stroke, e.g., diabetes pain. mRS was
used to include mostly mild impairment as somatosensory
deficits are more prominent for these patients compared to
motor deficits in patients with severe stroke. All partic-
ipants provided a written informed consent before study
commencement. This study was approved by the Ethics
Committee in the Affiliated Hospital of Hangzhou Normal
University (2021-E2-HS-029) and was conducted in accor-
dance with the Declaration of Helsinki.

2.2 Study Design
This was an observational study (Fig. 1). All the

patients visited our research centre once. Somatosensory
function was evaluated during the testing, and corticospinal

excitability was recorded with single-pulse TMS-evoked
MEPs.

Fig. 1. Study design. Somatosensory function was initially eval-
uated on both sides of body. Corticospinal excitability was then
recorded from both hemispheres with single-pulse TMS-evoked
MEPs.

2.3 Somatosensory Functioning

Somatosensory functioning was evaluated using the
modified Fugl-Meyer and Lindmark Assessment [33,34],
which included superficial sensation (pain, temperature,
and touch), deep sensation (proprioception, motion percep-
tion, and vibration), cortical sensation (two-point discrimi-
nation, stereognosis), and subjective sensation. Subjective
sensation was added due to the fact that some patients (3/16
in this sample) tended to report somatosensory deficits that
could not be identified by any of the three sensory dimen-
sions (superficial, deep, and cortical sensation). The as-
sessment of somatosensory function systematically covered
trunk, limbs, and head with 29 items (superficial = 10; deep
= 13, cortical = 3, and subjective = 3), and had a total
score of 58 (three levels: 0, 1, 2). The score of somatosen-
sory functioning assessed both the ipsilesional and contrale-
sional sides, whereby deficit scores (determined by deficit
item and level) were deducted from the total score of 58
[27]. It is noted that motor functioning was not systemati-
cally evaluated with Fugl-Meyer Assessment (FMA) as this
type of patients generally had no complains on motor func-
tioning compared to somatosensory deficits during the visit
to our hospital.

2.4 Resting Motor Threshold (RMT) and Corticospinal
Excitability

Each session started with the assessment of resting
motor threshold (RMT). RMTwas defined as the minimum
intensity to induce motor-evoked potentials (MEPs) >0.05
mV of the first dorsal interosseous (FDI) muscle in 5/10
trials. Single pulses to the hand region of the motor cortex
(45° to the midline, handle pointing backward) at 5 s± 10%
jitter intervals were sent by a figure-eight coil connected to
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Table 1. Demographics and clinical information of patients. Higher numbers represent better somatosensory functioning in the
last column.

Gender Age Lesions Duration (month) Somatosensory function

F 69 Left thalamus 2 57
M 70 Right thalamus 1 51
M 68 Right temporal cortex 1 50
M 58 Left thalamus 0.1 49
F 68 Right pons 0.5 49
F 73 Left thalamus 1 48
F 52 Right pons 1 51
M 66 Right ventricle 5 55
M 67 Right basal ganglia 1 53
F 57 Left temporal cortex 0.1 50
M 56 Left pons 0.5 56
M 57 Left midbrain 1 54
F 59 Left ventricle 0.1 49
M 56 Left centrum semiovale 0.3 51
F 67 Right thalamus 0.1 56
M 67 Right thalamus 0.1 51

a Magstim Rapid2 system (Magstim Company Ltd, Whit-
land, UK). RMT over the ipsilesional and contralesional
motor cortex were assessed respectively.

Corticospinal excitability was measured with MEP
amplitude and CSP at rest and during a sustained voluntary
FDI muscle contraction respectively [21,35]. A total of 40
single pulses (20 of each) were consecutively delivered to
the hand region of the motor cortex at 110% RMT (45° to
the midline, handle pointing backward). It is worth not-
ing that CSP was evaluated following MEP as the muscle
contraction during CSP may have an impact on MEP am-
plitude [36]. Corticospinal excitability was evaluated from
both sides of the brain respectively and the sequence was
counterbalanced across hemispheres.

2.5 Data Analyses
MEP amplitude was calculated by peak-to-peak am-

plitude. The calculation of CSP duration was based on
the Mean Consecutive Difference (MCD) [37], which was
highly recommended by a recent expert review [35]. The
MCD methodology is briefly described here: (1) All silent
period trials were rectified using the absolute value and then
were averaged; (2) The MCD of 100 ms EMG data before a
TMS pulse was calculated, in which the MCD is the mean
successive difference between individual data points; (3)
Thresholds were set at: ±MCD × 2.66 (i.e., 3 standard de-
viations), which covers 99.76% of possible pre-TMS EMG
data points; (4) Silent period onset was determined as the
time point at which the post-TMSEMG falls below the vari-
ation threshold for three consecutive data points, while the
silent period offset was defined as the point at which the
post-TMS EMG returns above the variation threshold for
three consecutive data points.

2.6 Statistical Analyses
Paired T-tests were performed to compare the ipsile-

sional and contralesional motor cortex in terms of RMT,
MEP amplitude, and CSP. We have also calculated the ra-
tio between the ipsilesional and contralesional motor cortex
in terms of corticospinal excitability and associated them
with somatosensory function using bivariate correlations
and partial correlations controlling for covariates. Indepen-
dent T-tests were performed where possible when patients
were categorised based on results from corticospinal ex-
citability (i.e., MEP ratio, see Results section). All the sig-
nificant statistics were reported at p< 0.05. Somatosensory
function was further broken down into sensory dimensions
to explore the sensory profiles.

2.7 Supplementary Analyses
In addition to MEP amplitude and CSP, we have also

evaluated MEP latency and its association with somatosen-
sory functioning. MEP latency was defined as the time
point where rectified EMG signals exceeded two standard
deviations of the mean background EMG of 100 ms before
the stimulus artifact [38,39]. A paired T-test was performed
to compare MEP latency from the ipsilesional and contrale-
sional motor cortex.

3. Results
The demographics and clinical information of patients

were presented in Table 1. Patients had a mean age of 63.13
(male vs. female, 9:7). Lesions of the brain were mainly
distributed in the thalamus, followed by damages to the
brainstem and cortical regions such as the temporal cortex.
Somatosensory functioningwas overall preserved in our pa-
tients with a mean score of 51.88 out of a total score of 58.
Patients had normal (5, n = 9/16) or slightly impaired (4, n
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Fig. 2. Corticospinal excitability and the association with somatosensory function. (a) group comparison indicated decreased so-
matosensory functioning in patients with higher MEP amplitude on the ipsilesional (vs. contralesional) motor cortex. (b) A linear model
was fitted between MEP ratio and somatosensory function in patients with a larger MEP amplitude in the ipsilesional compared to the
contralesional motor cortex. This model was not significant potentially due to a small sample size. (c) In patients with well preserved
somatosensory function, increased MEP ratio was associated with better somatosensory function. * denotes p < 0.05; MEP denotes
motor-evoked potential.

= 7/16) muscle strength as indexed by the muscle strength
grading scale (0–5).

A paired T-test indicated comparable MEP amplitude
(p > 0.05), CSP (p > 0.05), and RMT (p > 0.05) in the
ipsilesional vs. contralesional motor cortex. There was a
negative correlation between theMEP ratio (ipsilesional vs.
contralesional motor cortex) and somatosensory function-
ing (r = –0.50, p = 0.04) (Fig. 2a). Raw values were used
here but this result remained the same when z-scores were
used.

It is clear that this negative relationship between MEP
ratio and somatosensory function was driven by the uncom-
mon presentation of patients with even larger MEPs in ip-
silesional vs. contralesional motor cortex. An independent
T-test (decided by equal MEP amplitude) was further per-
formed on somatosensory function, which revealed worse
somatosensory function in patients with a larger MEP am-
plitude in the ipsilesional compared to the contralesional
motor cortex (t10.77 = –2.50, p = 0.03) (Fig. 2b).

We further performed curve estimation between MEP
ratio and somatosensory function. A cubic model could
best fit the relationship between MEP ratio and somatosen-
sory function (R2 cubic = 0.81, p = 0.01), in a sample
consisting of patients with well-preserved somatosensory
function (>median, n = 6) and patients with a larger ip-
silesional MEP (n = 4) (Fig. 2c). Piecewise linear func-
tions further revealed a positive relationship in patients with
well-preserved somatosensory function (R2 linear = 0.67),
as well as a negative relationship in patients with a larger
ipsilesional MEP (R2 linear = 0.27).

No significant relationship was found between CSP
changes and somatosensory functioning (p > 0.05). There
was a significant covariance between changes in MEP ra-
tio and CSP ratio (r = 0.50, p = 0.02). There was also no
significant association between somatosensory functioning
and RMT ratio or RMT in either side (ps > 0.05), but we

did observe a strong negative correlation between RMT ra-
tio (ipsilesional vs. contralesional motor cortex) and MEP
ratio (r = –0.78, p = 0.001).

A breakdown of somatosensory functioning indicated
most damage to subjective sensations (percent change =
29.33%), followed by superficial sensations (16.65%), deep
sensations (5.69%), and cortical sensations (1.67%).

Supplementary analyses indicated no significant dif-
ference in MEP latency between the ipsilesional and con-
tralesional motor cortex (t20 = –1.03, p = 0.32). Further
correlation analysis revealed no significant relationship be-
tween MEP latency and somatosensory functioning (p >

0.05).

4. Discussion
This study was designed to evaluate the relation-

ship between corticospinal excitability and somatosensory
deficits following stroke. Results indicated that the un-
common presentation of larger MEPs in ipsilesional vs.
contralesional motor cortex was associated with worse so-
matosensory function compared to those with a smaller
MEP in ipsilesional motor cortex. Moreover, increased
MEP ratio (ipsilesional vs. contralesional motor cortex)
was associated with better somatosensory function in pa-
tients with well preserved somatosensory function. MEP
and CSP changes in the ipsilesional (vs. contralesional) mo-
tor cortex were parallel following stroke.

Our data indicated a negative relationship between
MEP ratio (ipsilesional vs. contralesionalmotor cortex) and
somatosensory functioning. However, this finding does not
necessarily have clinical implications for somatosensory
improvement as it was driven by patients with larger MEPs
in ipsilesional vs. contralesional motor cortex. Our data in-
dicated individual differences in MEP ratio whereby some
patients (4/16, 25%) demonstrated an even larger MEP am-
plitude in the ipsilesional vs. contralesional motor cortex
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(see Fig. 2). Further analysis demonstrated a significant
lower somatosensory functioning in patients with a larger
MEP amplitude in the ipsilesional motor cortex compared
to those with a smaller one. This result highlights the clini-
cal implications forMEP ratio inwhich a largerMEP ampli-
tude in the ipsilesional veusus contralesional motor cortex
indicates more prominent somatosensory deficits following
stroke. The ipsilesional motor pathway is believed to gen-
erate a smaller MEP compared to the contralesional hemi-
sphere [40]. However, it remains to be determined why a
certain proportion of patients respond with a reverse pattern
of MEP amplitude between the two hemispheres [41]. We
also tried to model the relationship and present a potential
negative relationship between MEP ratio and somatosen-
sory functioning in patients with a larger MEP amplitude
in the ipsilesional motor cortex. If this model reaches sta-
tistical significance in future studies with a larger sample,
our preliminary finding could indicate the significance for
somatosensory improvement by rebalancing corticospinal
excitability between two hemispheres.

In addition, an increased MEP ratio (ipsilesional vs.
contralesional motor cortex) was associated with better so-
matosensory function in patients with well-preserved so-
matosensory function as determined by the median of the
overall sample. As discussed earlier, the effects of motor
cortex rTMS have not been evaluated on somatosensory
deficits in spite of a relatively large body of evidence on
motor rehabilitation [11,12]. Our data therefore provide
novel findings that increasing MEP ratio (ipsilesional vs.
contralesional motor cortex) may be able to indicate so-
matosensory improvement following stroke. In line with
the motor recovery with rTMS, this could be achieved by
excitating the ipsilesional motor cortex and/or inhibiting
the contralesional motor cortex [9,10]. Overall, our pre-
liminary findings demonstrate the potential of corticospinal
excitability in guiding rTMS treatments for somatosensory
deficits following stroke.

It is interesting to find somatosensory functioning to
be associated with MEP ratio but not with CSP ratio. It is
consistent with our previous study in which sensory trans-
mission was able to inhibit corticospinal excitation (i.e.,
MEP) rather than inhibition (i.e., CSP) [21]. Although we
observed a significant covariance between changes in MEP
ratio and CSP ratio, CSP measurements were not able to
predict changes in somatosensory functioning whatsoever.
These results indicate that MEP is more directly associ-
ated with changes in somatosensory functioning following
stroke which could serve to direct TMS interventions for
somatosensory improvement.

It would be more straightforward to consider target-
ing the primary sensory cortex (S1) for the improvement
of somatosensory function following stroke. There is ex-
tensive evidence indicating TMS to be able to modulate S1
response in healthy subjects (for a review see [16]). For in-
stance, a line of evidence indicates that stimulation of the

sensory cortex is able to drive somatosensory cortex ex-
citability and tactile sensations [42–44]. In stroke patients,
one study further demonstrated daily S1-TMS for five days
to facilitate motor learning [17], and one recent study com-
bined S1-TMS with sensory stimulation (including sen-
sory training, mirror therapy, and transcutaneous electrical
nerve stimulation) to improve somatosensory function [18].
Overall, the efficacy of S1 stimulation is well supported
for the improvement of somatosensory function following
stroke. Moreover, stimulation of the dorsolateral prefrontal
cortex is also able to modulate sensations like pain expe-
rience [45–47]. These findings are not mutually exclusive
with our data. Future studies may wish to evaluate rTMS
efficacy in post-stroke somatosensory functioning by tar-
geting different brain regions.

This study was limited as it only evaluated MEP and
CSP of the corticospinal pathway. Other protocols like
short interval intracortical inhibition (SICI) and intracorti-
cal facilitation (ICF) are further able to evaluate GABAA-
mediated and glutamatergic neurotransmissions of the cor-
ticospinal pathway [48–50]. In addition, somatosensory
deficits could also be evaluated with neurophysiological
techniques such as MRI, and TMS [51–53]. Although it is
well established that motor impairments could change cor-
ticospinal excitability [54], a quick assessment of muscle
strength revealed fairly normal to normal muscle strength
of our patients and thus no relationship with corticospinal
excitability was revealed in our data. However, motor func-
tioning was not systematically examined with Fugl-Meyer
Assessment (FMA) here [33,34]. Althoughmuscle strength
had no clear impact on the relationship between MEP ratio
and somatosensory function, it remains to be determined
how specific domains of motor impairments evaluated by
FMA could modulate this pattern of relationship. It is noted
that the cubic model could significantly fit the relation-
ship between MEP ratio and somatosensory function in pa-
tients with well-preserved somatosensory function or pa-
tients with a larger ipsilesional MEP. The rest of the pa-
tients did not fit into the model. Nonetheless, the above
two groups of patients had clear clinical implications.

Our findings provide insights for future studies. Our
findings indicate the need for future investigations with a
larger sample and more diversity in the phase of stroke.
Building on these findings, future TMS protocols could be
designed to improve somatosensory deficits by targeting
corticospinal excitability following stroke.

5. Conclusions
To conclude, MEP ratio between the ipsilesional and

contralesional motor cortex could indicate the improvement
for somatosensory functioning following stroke. These
findings indicate the importance to increase MEP ratio in
patients with a lower ipsilesional MEP amplitude, as well
as to rebalance corticospinal excitability in patients with an
excessive ipsilesional MEP amplitude.

5

https://www.imrpress.com


Availability of Data and Materials
The datasets used and/or analyzed during the current

study are available from the corresponding author (XC) on
reasonable request.

Author Contributions
ZG, JW, and XC contributed to study design, data

collection, data analysis, and writing-up. QC, HF, JH,
ZH, YJ, BT, YW, and YC contributed to data collection
and manuscript drafting. All authors listed here have con-
tributed significantly to this study and have agreed for this
study to be published. All authors read and approved the
final manuscript.

Ethics Approval and Consent to Participate
This study was approved by the Ethics Committee

in the Affiliated Hospital of Hangzhou Normal University
(2021-E2-HS-029) and was conducted in accordance with
the Declaration of Helsinki. All participants provided a
written informed consent before study commencement.

Acknowledgment
Not applicable.

Funding
ZG was supported by the Hangzhou Munici-

pal Health Commission (2022WJCY011). XC was
supported by the National Natural Science Founda-
tion of China (4045F41120040), the Key Research
and Development Program of Zhejiang Province
(2022C03038), and Hangzhou Municipal Health Commis-
sion (2021WJCY130). JH was supported by the Hangzhou
Municipal Health Commission (2022WJCY012), and
Huzhou Science and Technology Bureau (2021GY63).
The authors declare no competing financial interests.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Krause T, Asseyer S, Taskin B, Flöel A, Witte AV, Mueller K,

et al. The Cortical Signature of Central Poststroke Pain: Gray
Matter Decreases in Somatosensory, Insular, and Prefrontal Cor-
tices. Cerebral Cortex. 2016; 26: 80–88.

[2] Bolognini N, Russo C, Edwards DJ. The sensory side of post-
stroke motor rehabilitation. Restorative Neurology and Neuro-
science. 2016; 34: 571–586.

[3] Pascual-Leone A, Tarazona F, Keenan J, Tormos JM, Hamilton
R, CatalaMD. Transcranial magnetic stimulation and neuroplas-
ticity. Neuropsychologia. 1999; 37: 207–217.

[4] Che X, Cash R, Chung SW, Bailey N, Fitzgerald PB, Fitzgibbon
BM. The dorsomedial prefrontal cortex as a flexible hub medi-
ating behavioral as well as local and distributed neural effects of
social support context on pain: A Theta Burst Stimulation and
TMS-EEG study. NeuroImage. 2019; 201: 116053.

[5] Chen L, Thomas EHX,Kaewpijit P,Miljevic A, Hughes R, Hahn

L, et al. Accelerated theta burst stimulation for the treatment of
depression: A randomised controlled trial. Brain Stimulation.
2021; 14: 1095–1105.

[6] Fitzgerald PB, George MS, Pridmore S. The evidence is in:
Repetitive transcranial magnetic stimulation is an effective, safe
and well-tolerated treatment for patients with major depressive
disorder. The Australian and New Zealand Journal of Psychia-
try. 2022; 56: 745–751.

[7] Hosomi K, Sugiyama K, Nakamura Y, Shimokawa T, Oshino S,
Goto Y, et al. A randomized controlled trial of 5 daily sessions
and continuous trial of 4 weekly sessions of repetitive transcra-
nial magnetic stimulation for neuropathic pain. Pain. 2020; 161:
351–360.

[8] Attal N, Poindessous-Jazat F, De Chauvigny E, Quesada C,
Mhalla A, Ayache SS, et al. Repetitive transcranial magnetic
stimulation for neuropathic pain: a randomized multicentre
sham-controlled trial. Brain. 2021; 144: 3328–3339.

[9] Hosomi K, Morris S, Sakamoto T, Taguchi J, Maruo T,
Kageyama Y, et al. Daily Repetitive Transcranial Magnetic
Stimulation for Poststroke Upper Limb Paresis in the Subacute
Period. Journal of Stroke and Cerebrovascular Diseases. 2016;
25: 1655–1664.

[10] Guan Y, Li J, Zhang X, Wu S, Du H, Cui L, et al. Effective-
ness of repetitive transcranial magnetic stimulation (rTMS) af-
ter acute stroke: A one-year longitudinal randomized trial. CNS
Neuroscience & Therapeutics. 2017; 23: 940–946.

[11] Lefaucheur J, André-Obadia N, Antal A, Ayache SS, Baeken C,
Benninger DH, et al. Evidence-based guidelines on the therapeu-
tic use of repetitive transcranial magnetic stimulation (rTMS).
Clinical Neurophysiology. 2014; 125: 2150–2206.

[12] Lefaucheur J, Aleman A, Baeken C, Benninger DH, Brunelin J,
Di Lazzaro V, et al. Evidence-based guidelines on the therapeu-
tic use of repetitive transcranial magnetic stimulation (rTMS):
An update (2014-2018). Clinical Neurophysiology. 2020; 131:
474–528.

[13] Schabrun SM, Hillier S. Evidence for the retraining of sensation
after stroke: a systematic review. Clinical Rehabilitation. 2009;
23: 27–39.

[14] Connell LA, Lincoln NB, Radford KA. Somatosensory impair-
ment after stroke: frequency of different deficits and their re-
covery. Clinical Rehabilitation. 2008; 22: 758–767.

[15] Carlsson H, Gard G, Brogårdh C. Upper-limb sensory impair-
ments after stroke: Self-reported experiences of daily life and re-
habilitation. Journal of Rehabilitation Medicine. 2018; 50: 45–
51.

[16] Borich MR, Brodie SM, Gray WA, Ionta S, Boyd LA. Under-
standing the role of the primary somatosensory cortex: Opportu-
nities for rehabilitation. Neuropsychologia. 2015; 79: 246–255.

[17] Brodie SM, Meehan S, Borich MR, Boyd LA. 5 Hz repetitive
transcranial magnetic stimulation over the ipsilesional sensory
cortex enhances motor learning after stroke. Frontiers in Human
Neuroscience. 2014; 8: 143.

[18] de Freitas Zanona A, Romeiro da Silva AC, do RegoMaciel AB,
Gomes do Nascimento LS, Bezerra da Silva A, Bolognini N,
et al. Somatosensory Cortex Repetitive Transcranial Magnetic
Stimulation and Associative Sensory Stimulation of Peripheral
Nerves Could Assist Motor and Sensory Recovery After Stroke.
Frontiers in Human Neuroscience. 2022; 16: 860965.

[19] Nudo RJ, Milliken GW, Jenkins WM, Merzenich MM. Use-
dependent alterations of movement representations in primary
motor cortex of adult squirrel monkeys. The Journal of Neuro-
science. 1996; 16: 785–807.

[20] Che X, Fitzgibbon BM, Ye Y, Wang J, Luo H, Fitzgerald PB,
et al. Characterising the optimal pulse number and frequency
for inducing analgesic effects with motor cortex rTMS. Brain
Stimulation. 2021; 14: 1081–1083.

6

https://www.imrpress.com


[21] Liu Y, Yu L, Che X, Yan M. Prolonged Continuous Theta Burst
Stimulation to Demonstrate a Larger Analgesia as Well as Cor-
tical Excitability Changes Dependent on the Context of a Pain
Episode. Frontiers in Aging Neuroscience. 2022; 13: 804362.

[22] Cavaleri R, Chipchase LS, Summers SJ, Schabrun SM. Repeti-
tive transcranial magnetic stimulation of the primary motor cor-
tex expedites recovery in the transition from acute to sustained
experimental pain: a randomised, controlled study. Pain. 2019;
160: 2624–2633.

[23] Di Pino G, Pellegrino G, Assenza G, Capone F, Ferreri F,
Formica D, et al. Modulation of brain plasticity in stroke: a
novel model for neurorehabilitation. Nature Reviews. Neurol-
ogy. 2014; 10: 597–608.

[24] McDonnell MN, Stinear CM. TMS measures of motor cortex
function after stroke: A meta-analysis. Brain Stimulation. 2017;
10: 721–734.

[25] Castillo EM, Boake C, Breier JI, Men D, Garza HM, Passaro A,
et al. Aberrant cortical functionality and somatosensory deficits
after stroke. Journal of Clinical Neurophysiology. 2008; 25:
132–138.

[26] Kessner SS, Schlemm E, Cheng B, Bingel U, Fiehler J, Gerloff
C, et al. Somatosensory Deficits After Ischemic Stroke: time
course and association with infarct location. Stroke. 2019; 50:
1116–1123.

[27] Chen L, Luo T, Wang K, Zhang Y, Shi D, Lv F, et al. Effects of
thalamic infarction on the structural and functional connectiv-
ity of the ipsilesional primary somatosensory cortex. European
Radiology. 2019; 29: 4904–4913.

[28] Werhahn KJ, Kunesch E, Noachtar S, Benecke R, Classen J. Dif-
ferential effects on motorcortical inhibition induced by blockade
of GABA uptake in humans. The Journal of Physiology. 1999;
517: 591–597.

[29] Rossi S, Hallett M, Rossini PM, Pascual-Leone A. Screening
questionnaire before TMS: an update. Clinical Neurophysiol-
ogy. 2011; 122: 1686.

[30] Hamilton M. Development of a rating scale for primary depres-
sive illness. The British Journal of Social and Clinical Psychol-
ogy. 1967; 6: 278–296.

[31] Hamilton M. The assessment of anxiety states by rating. The
British Journal of Medical Psychology. 1959; 32: 50–55.

[32] Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A
practical method for grading the cognitive state of patients for
the clinician. Journal of Psychiatric Research. 1975; 12: 189–
198.

[33] Lindmark B, Hamrin E. Evaluation of functional capacity af-
ter stroke as a basis for active intervention. Presentation of a
modified chart for motor capacity assessment and its reliabil-
ity. Scandinavian Journal of Rehabilitation Medicine. 1988; 20:
103–109.

[34] Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, Steglind S. The
post-stroke hemiplegic patient. 1. a method for evaluation of
physical performance. Scandinavian Journal of Rehabilitation
Medicine. 1975; 7: 13–31.

[35] Hupfeld KE, Swanson CW, Fling BW, Seidler RD. TMS-
induced silent periods: A review of methods and call for con-
sistency. Journal of Neuroscience Methods. 2020; 346: 108950.

[36] Conforto AB, Z’Graggen WJ, Kohl AS, Rösler KM, Kaelin-
Lang A. Impact of coil position and electrophysiological moni-
toring on determination of motor thresholds to transcranial mag-
netic stimulation. Clinical Neurophysiology. 2004; 115: 812–
819.

[37] Garvey MA, Ziemann U, Becker DA, Barker CA, Bartko JJ.
New graphical method to measure silent periods evoked by tran-
scranial magnetic stimulation. Clinical Neurophysiology. 2001;
112: 1451–1460.

[38] Hirano M, Kubota S, Koizume Y, Tanaka S, Funase K. Differ-
ent Effects of Implicit and Explicit Motor Sequence Learning
on Latency of Motor Evoked Potential Evoked by Transcranial
Magnetic Stimulation on the Primary Motor Cortex. Frontiers in
Human Neuroscience. 2017; 10: 671.

[39] Jo HJ, Perez MA. Changes in motor-evoked potential latency
during grasping after tetraplegia. Journal of Neurophysiology.
2019; 122: 1675–1684.

[40] Lotze M, Beutling W, Loibl M, Domin M, Platz T, Schminke U,
et al. Contralesional motor cortex activation depends on ipsile-
sional corticospinal tract integrity in well-recovered subcortical
stroke patients. Neurorehabilitation and Neural Repair. 2012;
26: 594–603.

[41] Cleland BT, Madhavan S. Ipsilateral Motor Pathways and
Transcallosal Inhibition During Lower Limb Movement After
Stroke. Neurorehabilitation and Neural Repair. 2021; 35: 367–
378.

[42] Pleger B, Ragert P, Förster A, Nicolas V, Dinse H, Tegenthoff
M. rTMS elicits tactile discrimination improvement and parallel
plastic reorganization in human SI. Aktuelle Neurologie. 2004;
31: V151.

[43] Ragert P, Becker M, Tegenthoff M, Pleger B, Dinse HR. Sus-
tained increase of somatosensory cortex excitability by 5 Hz
repetitive transcranial magnetic stimulation studied by paired
median nerve stimulation in humans. Neuroscience Letters.
2004; 356: 91–94.

[44] Vidoni ED, Acerra NE, Dao E, Meehan SK, Boyd LA. Role of
the primary somatosensory cortex in motor learning: An rTMS
study. Neurobiology of Learning and Memory. 2010; 93: 532–
539.

[45] Ye Y, Wang J, Che X. Concurrent TMS-EEG to reveal the neu-
roplastic changes in the prefrontal and insular cortices in the
analgesic effects of DLPFC-rTMS. Cerebral Cortex. 2022; 32:
4436–4446.

[46] Che X, Cash RFH, Luo X, Luo H, Lu X, Xu F, et al. High-
frequency rTMS over the dorsolateral prefrontal cortex on
chronic and provoked pain: A systematic review and meta-
analysis. Brain Stimulation. 2021; 14: 1135–1146.

[47] Li J, Xu K, Guo Y, Chen X, Li G, Qi L, et al. Case evidence of
repetitive transcranial magnetic stimulation in the management
of refractory irritable bowel syndrome with comorbid depres-
sion. Brain Stimulation. 2022; 15: 434–436.

[48] Ziemann U, Rothwell JC, Ridding MC. Interaction between in-
tracortical inhibition and facilitation in humanmotor cortex. The
Journal of Physiology. 1996; 496: 873–881.

[49] Vucic S, Howells J, Trevillion L, Kiernan MC. Assessment of
cortical excitability using threshold tracking techniques. Muscle
& Nerve. 2006; 33: 477–486.

[50] Kujirai T, Caramia MD, Rothwell JC, Day BL, Thompson PD,
Ferbert A, et al. Corticocortical inhibition in human motor cor-
tex. The Journal of Physiology. 1993; 471: 501–519.

[51] Oliveri M, Rossini PM, Cicinelli P, Traversa R, Pasqualetti P,
FilippiMM, et al. Neurophysiological evaluation of tactile space
perception deficits through transcranial magnetic stimulation.
Brain Research Protocols. 2000; 5: 25–29.

[52] Hatem SM, Attal N, Ducreux D, Gautron M, Parker F, Plaghki
L, et al. Assessment of spinal somatosensory systems with dif-
fusion tensor imaging in syringomyelia. Journal of Neurology,
Neurosurgery, and Psychiatry. 2009; 80: 1350–1356.

[53] Lv Q, Zhang J, Pan Y, Liu X, Miao L, Peng J, et al. Somatosen-
soryDeficits After Stroke: Insights FromMRI Studies. Frontiers
in Neurology. 2022; 13: 891283.

[54] Veldema J, Nowak DA, Gharabaghi A. Resting motor threshold
in the course of hand motor recovery after stroke: a systematic
review. Journal of Neuroengineering and Rehabilitation. 2021;
18: 158.

7

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Participants
	2.2 Study Design
	2.3 Somatosensory Functioning
	2.4 Resting Motor Threshold (RMT) and Corticospinal Excitability
	2.5 Data Analyses
	2.6 Statistical Analyses
	2.7 Supplementary Analyses

	3. Results
	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

