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Effects of low frequency
repetitive transcranial magnetic
stimulation on motor recovery in
subacute stroke patients with
different motor evoked potential
status: a randomized controlled
trial
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Miao Wu?, Chen Xie!, Yaoying Zhang?, Xianming Long?*,
Surong Qian'* and Yan Gong'*

!Department of Rehabilitation Medicine, Gusu School, The Affiliated Suzhou Hospital of Nanjing
Medical University, Suzhou Municipal Hospital, Nanjing Medical University, Suzhou, China,
2Department of Rheumatology and Immunology, The Affiliated Suzhou Hospital of Nanjing Medical
University, Suzhou Municipal Hospital, Gusu School, Nanjing Medical University, Suzhou, China

Objectives: To explore the effects of low-frequency repetitive transcranial
magnetic stimulation (LF-rTMS) on motor function and cortical excitability in
stroke patients with different motor evoked potential (MEP) status.

Methods: A total of 80 stroke patients were enrolled in this randomized
controlled trial and divided into two groups according to MEP status (— or +)
of lesioned hemisphere. Then, each group was randomly assigned to receive
either active or sham LF-rTMS. In addition to conventional rehabilitation, all
participants received 20 sessions of rTMS at 1Hz frequency through the active
or the sham coil over 4 weeks. Fugl-Meyer Assessment (FMA), National Institutes
of Health Stroke Scale (NIHSS), Shoulder Abduction Finger Extension (SAFE) and
Barthel Index (BI), bilateral resting motor threshold (rMT), amplitude of Motor
evoked potential (MEP) and Central Motor Conduction Time (CMCT), and
Interhemispheric asymmetry (IHA) were blindly assessed at baseline, 4 weeks
and 8 weeks after treatment, respectively.

Results: At 4weeks after intervention, FMA and NIHSS changed scores in 1Hz
MEP(+) group were significantly higher than those in the other three groups
(o <0.001). After receiving 1Hz rTMS, stroke patients with MEP(+) showed
significant changes in their bilateral cortical excitability (p <0.05). At 8 weeks after
intervention, 1 Hz MEP(+) group experienced higher changes in NIHSS, FMA, SAFE,
and Bl scores than other groups (p <0.001). Furthermore, 1Hz rTMS intervention
could decrease unaffected cortical excitability and enhance affected cortical
excitability of stroke patients with MEP(+) (p <0.05). The correlation analysis
revealed that FMA motor change score was associated with decreased unaffected
MEP amplitude (r =-0.401, p =0.010) and decreased affected rMT (r =—-0.584,
p <0.001) from baseline, which was only observed in the MEP(+) group.

Conclusion: The effects of LF-rTMS on motor recovery and cortical excitability
were more effective in stroke patients with MEP than those with no MEP.
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Introduction

Stroke is a prevalent neurological disease with high disability
and mortality (1). Stroke is the second leading cause of mortality
worldwide, with nearly 7 million deaths, and is the third leading
cause of disability globally (2). In 2020, there were more than 17.8
million stroke patients, 3.4 million new cases of stroke, and 2.3
million stroke deaths among people aged 40 or older in China
(3). Stroke often causes a variety of neurologic deficits, including
motor dysfunction. In addition, motor dysfunction is a frequent
neurological dysfunction after stroke and an important
contributory factor to a patient’s ability to live independently (4).
In generally, the spontaneous neurobehavioral recovery in stroke
patients often follow a logical pattern of reaching a plateau in the
first 10 weeks after stroke (5). Patients with stroke often suffer
from limited activities of daily living and restricted participation
due to motor impairment. Despite undergoing intensive
rehabilitation therapies, most stroke survivors still suffer from
motor impairment (6). Therefore, novel neurorehabilitation
strategies are required to promote motor recovery in
stroke patients.

Repetitive transcranial magnetic stimulation (rTMS) is one of
noninvasive brain stimulation (NIBS) and has been extensively
investigated for motor recovery after stroke as a neural
electrophysiological stimulation technique (7). Based on the
interhemispheric inhibition (IHI) model, low-frequency rTMS
(LF-rTMS) over the contralesional primary motor cortex (M1)
could normalize imbalanced interhemispheric inhibition by
suppressing the contralesional M1 and then promote motor function
recovery after stroke (7). However, some studies reported that
LFE-rTMS over the contralesional M1 did not significantly improve
motor recovery in patients with subacute stroke (8) and those with
severe hemiplegia (9, 10). Although the IHI theoretical model is
widely accepted as a recommendation for the application of rTMS
in motor recovery after stroke, it is not applicable to all patients,
especially those with severe motor impairment (11, 12). The motor
evoked potential (MEP) evoked by TMS serves as an indicator of the
functional corticospinal tract (CST) (13, 14). Compared to
functional magnetic resonance imaging (fMRI), MEP can
be conveniently and routinely tested in stroke patients. Currently,
MEP has been studied to evaluate brain injury severity and predict
motor recovery in stroke patients (13, 15). However, the connection
between MEP status and the therapeutic effects of LF-rTMS remains
unclear (9, 13, 16).

Therefore, this research aimed to investigate the effects of
LF-rTMS on motor function and cortical excitability in stroke patients
with different MEP status, which would guide the clinical application
of rTMS. In this study, considering that the optimal time window for
neuroplasticity is the subacute phase after stroke (17), we recruited
patients with the subacute phase of stroke. We hypothesized that
LE-rTMS over the contralesional M1 would produce greater motor
function recovery in subacute stroke patients with MEP than in
patients with no MEP.
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Methods

This study was a randomized, controlled, prospective, single-blinded
clinical trial. Participants with stroke were recruited from the
Rehabilitation medicine department of our hospital. The following criteria
had to be met for inclusion: (1) a first unilateral stroke within the region
of the middle cerebral artery as identified by MRI (18), (2) the patient’s
age ranged from 30 to 80years, and (3) the patient’s duration of stroke was
within 1-3 months of its onset. The following patients were excluded: (1)
those with limb dysfunction caused by other nervous system diseases, (2)
those with a history of seizures, (3) those with severe cognitive impairment
(Mini-mental state examination < 9 scores) or severe aphasia dysfunction
(Boston diagnostic aphasia examination < 1 grade), (4) those who were
contraindicated for TMS, such as epilepsy, metal implants, and pregnancy,
(5) those who used benzodiazepines or antidepressants, and (6) those
who used muscle relaxants. This study protocol was approved by the
Institutional Review Board of our hospital. All participants provided
informed consent prior to participation. Each patient was informed about
the possibility of being randomized to the sham rTMS group.

Stroke patients were divided into two groups according to MEP
status of lesioned hemisphere, including MEP (—) (patients who did
not show MEP) and MEP (+) (patients who showed MEP) groups.
Then, each group was randomly assigned to receive either active or
sham LF-rTMS. Therefore, participants were assigned to one of four
groups: sham MEP (—), 1 Hz MEP (), sham MEP (+), and 1 Hz MEP
(+) groups. The MEP was obtained from bilateral abductor pollicis
brevis muscles (APB) in a relaxed state and the single pulse TMS
stimulation of affected APB was used to evaluate MEP status (19).
When there was a slight voluntary muscle contraction, the MEPs was
recorded. If the patient was unable to perform the affected hand or
arm muscle, they were asked to activate the corresponding muscle on
the unaffected side. MEP(+) was defined as a minimum peak-to-peak
amplitude of 200 nV for at least two of the three responses (20). A
study coordinator who wasn'’t involved in the screening handled the
randomization procedure for patients receiving either active or sham
LF-rTMS. The opaque envelopes with sequential numbers were used
to store the randomized blocks, and the order of randomization was
produced by a computer. The blinding of patients and intervention
providers cannot be maintained due to the specificity of this
experiment. Nonetheless, the study’s statisticians and evaluators
continued to be blinded. This study had following phases: (1)
randomization and baseline assessment (TO0), (2) assessment after the
fourth week of treatment (T1), (3) follow-up 8 weeks after treatment
(T2). The participant flowchart is illustrated in Figure 1.

Patients underwent real or sham 1 Hz rTMS protocol administered
using the MagproR30 magnetic stimulation instrument produced by
Magventure Company in Denmark. Before rTMS treatment, a detailed
risk assessment and emergency management measures were conducted.
Wearing earplugs and other hearing protection devices were also
recommended. Additionally, the hotspots over the primary motor cortex
(M1) in both hemispheres were identified in the baseline assessment
session and an electroencephalogram cap was worn for tracer marking
during treatment. In real rTMS, the coil was placed tangentially in a
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FIGURE 1

Flow chart of the study shows the patient enrollment, intervention, and analysi
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posterior anterior plane over the motor representation. The contralesional
M1 was stimulated in each session for 20min at a frequency of 1Hz and
an intensity of 100% of the patient’s contralesional rMT, achieving 1,200
stimuli. The stimulation duration was 4 weeks. In sham rTMS, the coil was
perpendicular to the scalp on contralesional M1 with the same intensity
and frequency as that in real rTMS. All participants received the same
intensity of conventional physical rehabilitation and occupational therapy
after the intervention, which mainly included muscle stretching, passive-
assisted motor training, neuromuscular facilitation training, and task-
oriented training. Each training lasted approximately 40 min, once a day,
5 days a week, continuous training for 4 weeks, conducted by the same
therapists blinded to group allocation. Moreover, all participants
completed the identical routine exercise training after sham or 1Hz
r'TMS treatment.

All assessments were conducted by two therapists blinded to
group allocation at baseline, 4 weeks, and 8 weeks after treatment.
Demographic data such as gender, age, time since stroke, dominant
hand, type of stroke, and stroke location were collected at baseline.
The assessment of bilateral cortical excitability and motor function
were the primary outcome measures. Motor function was measured
by using the Fugl-Meyer Assessment (FMA) (21), the National
Institutes of Health Stroke Scale (NIHSS) (22), Shoulder Abduction
Finger Extension (SAFE) (13), and Barthel Index (BI).

Bilateral motor cortical excitability was assessed through single-pulse
TMS in both hemispheres, including rMT, amplitude of MEP, central
motor conduction time (CMCT), and interhemispheric asymmetry
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(IHA) (16, 19, 23). In this study, we adopted magnetic stimulation
electromyography (EMG) attachment MEP monitor of single-channel
EMG acquisition, sampling 100ks/s 16bit, and selected the APB as the
target muscle by stimulating the central motor area. Then, the Magpro
family software was used for data collection and analysis. Firstly, the tMT
was defined as the lowest stimulation intensity that produced at least 50
pv of MEP for at least 5 of 10 consecutive stimulations through EMG
recording (24, 25). Secondly, the MEP amplitude was measured by
recording 10 averaged MEPs evoked from the M1 hotspot by using a
stimulation intensity of 120% rMT measured at baseline (24). Thirdly, the
CMCT refers to the time from cerebral cortex to spinal cord after single
pulse TMS stimulation. Magnetic stimuli were applied over the lower
cervical spine to measure peripheral conduction time. Then, CMCT
values of bilateral hemispheres were calculated by subtracting the
peripheral motor conduction time from the shortest corticomotor latency
(9). Finally, the THA was defined as the ratio of paretic MEP amplitude
minus non-paretic MEP amplitude to the sum of both hemispherical
MEP amplitudes (16).

The statistical software package SPSS 24.0 version was used for
statistical analysis of the data. The measurement data with normal
distribution and homogeneity of variance assumptions were expressed as
mean tstandard deviation. Data were then analyzed separately using
repeated-measures and multivariate ANOVA with between-subjects
factor group, and within-subjects factor time as well as multiple
comparisons with LSD corrections. In addition, the measurement data
and grade data with non-normal distribution were expressed by the
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median (interquartile range), and independent-samples Kruskal-Wallis
test was used to compare these data. The correlation analysis was
conducted to identify whether there were correlations between motor
improvement and changes in cortical excitability at 8 weeks follow-up
after interventions. A difference that was deemed statistically significant
was defined as a p value less than 0.05.

Results

A total of 102 patients underwent eligibility screening. Seven
patients were excluded because they did not meet the requirements
for inclusion. Three patients declined to participate in the study. In
addition, four patients were also excluded because they were unable
to tolerate rTMS intervention and were lost to follow-up. Ultimately,
only 88 patients were included in this study. The participants’
flowchart is shown in Figure 1. The patients’ baseline characteristics
with MEP and no MEP were displayed in Tables 1, 2 respectively.
Four groups were well matched on basic demographics and variables,
including age, gender, and cognitive function. There were no
significant differences in baseline demographic variables or outcome
measures between the sham and 1 Hz rTMS groups under different
MEP conditions. Furthermore, apart from five transient head
headaches at the start of the stimulation, no side effects such as
seizures were observed in this study.

At four-week follow-up after the intervention, motor function and
cortical excitability data before and after the intervention are shown
in Table 3. These data showed differential changes in outcome
measures of motor function and cortical excitability in four groups.
Regarding motor performance, there were no significant differences
in motor function and cortical excitability between the sham MEP(—)
and 1Hz MEP(-) groups (all p> 0.05). Compared with the sham
MEP(+) group, the NIHSS values of 1 Hz MEP(+) group decreased
obviously (t=2.522, p=0.016), while the FMA values of 1 Hz MEP(+)

TABLE 1 Characteristic stroke patients with no MEP.

10.3389/fneur.2024.1460925

group increased significantly (t=-2.298, p=0.027). Furthermore,
NIHSS and FMA scores between sham MEP(+) and 1 Hz MEP(+)
groups changed significantly (t=7.397, p< 0.001, and t=-5.983,
Pp<0.001, respectively). Moreover, the 1 Hz MEP(+) group resulted in
considerably greater changes in NIHSS, FMA, SAFE, and BI scores
than the 1 Hz MEP(—) group after 1 Hz rTMS treatment (all p <0.05).
However, there were no different changes in motor function in the
MEP(—) group after 1 Hz rTMS treatment, including the scores of
NIHSS, FMA, SAFE, and BI (all p>0.05) (Figure 2).

There was no significant change in contralesional cortical
excitability between sham MEP(—) and 1Hz MEP(—) groups at the
four-week follow-up. Compared to the sham MEP(+) group, the 1 Hz
MEP(+) group showed prolonged contralateral CMCT (t=-2.293,
p=0.027), increased ipsilesional MEP amplitude (z=-2.259,
p=0.024), and a shortened ipsilesional CMCT (t=—2.485, p=0.017).
Furthermore, there were significant changes in bilateral cortical
excitability of patients with MEP(+) after 4-week of 1Hz rTMS
treatment. Compared with the 1 Hz MEP(—) group, the contralateral
rMT value of the 1 Hz MEP(+) group was significantly increased
(z=-2.357, p=0.018), and contralateral CMCT was prolonged
(t=-2.660, p=0.011). However, no significant changes in the cortical
excitability of bilateral hemispheres were observed in these patients
with no MEP after 4-week of 1 Hz rTMS treatment (Table 3).

At eight-week follow-up after the interventions, the pre-to post-
intervention data of motor function and cortical excitability were
presented in Table 4. Moreover, the changes in the outcome measures of
motor function and cortical excitability of four groups were also
presented. Regarding motor performance, after administration of 1 Hz
r'TMS to patients with MEP(—), there were no significant changes in the
motor function and cortical excitability indices of these patients with
MEP(-) (all p >0.05). After administration of 1 Hz TMS to patients with
MEP(+), the 1Hz MEP(+) group had lower NIHSS scores (¢ =2.430,
p =0.020), higher SAFE scores (t =—3.804, p =0.001) and FMA scores
(t=-3.197, p =0.003) than the sham MEP(+). Furthermore, the BI scores

Variables Sham MEP(-) 1Hz MEP(-) p value
N 20 20

Gender (male/female) 15/5 14/6 0.723
Age (years) 59.65+14.45 60.35+12.77 0.872
Time since stroke (days) 47.75+12.30 43.05+11.74 0.224
Dominant hand (right/left) 19/1 18/2 0.548
Type of stroke (infract/hemorrhage) 14/6 15/5 0.723
Paretic limb (left/right) 11/9 11/9 1.000
Stroke location (subcortical/cortical involvement) (n) 17/3 16/4 0.548
NIHSS 9.60+1.57 10.05+2.18 0.459
SAFE 2.00+0.92 2.05+0.60 0.587
FMA motor scores 24.55+4.83 23.60+4.07 0.506
BI 33.80+6.76 34.45+4.61 0.725
rMT (unaffected) (%) 36.80+8.04 37.75+11.22 0.760
MEP amplitude (unaffected) (uv) 715.2 (464.2-891.3) 742.2 (662.1-1156.0) 0.102
CMCT (unaffected) (ms) 7.54+0.87 7.66+0.83 0.646

MEP, Motor evoked potential; MEP(—), Patients who showed no MEP; NIHSS, National Institute of Health stroke scale; FMA, Fugl-Meyer assessment; BI, Barthel index; rMT, Resting motion

threshold; MEP, Motor evoked potential; CMCT, Central motor conduction time.
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TABLE 2 Characteristic stroke patients with MEP.

Variables Sham MEP(+) 1Hz MEP(+) p-values
N 20 20

Gender (male/female) 17/3 13/7 0.144
Age (years) 61.55+10.67 59+9.35 0.427
Time since stroke (days) 43.15+11.19 42.75+10.62 0.491
Dominant hand (right/left) 20/0 19/1 0.311
Type of stroke (infract/hemorrhage) 14/6 13/7 0.736
Paretic limb (left/right) 10/9 11/9 0.752
Stroke location (subcortical/cortical involvement) (n) 18/2 18/2 1.000
NIHSS 7.70+1.49 7.6+1.78 0.849
SAFE 3.55+£0.82 3.40+0.59 0.515
FMA motor scores 36.10£6.56 38.35+£7.07 0.304
BI 52.75+9.79 53.40+6.41 0.805
rMT (unaffected) (%) 44.95+7.57 43.45+6.61 0.481
MEP amplitude (unaffected) (uV) 574.0 (448.4-936.1) 563.5 (356.9-947.6) 0.655
MEP latency (unaffected) (ms) 24.70£1.54 24.89+2.24 0.761
CMCT (unaffected) (ms) 7.92+1.03 8.13+0.99 0.503
rMT (affected) (%) 69.25+£9.77 70.45+12.08 0.732
MEP amplitude (affected) (uV) 222.3 (175.20-252.97) 246.8 (162.4-294.62) 0.441
CMCT (affected) (ms) 12.74+1.69 13.08+1.21 0.466
THA —0.45+0.20 —0.42+0.21 0.663

MEP, Motor evoked potential; MEP(+), Patients who showed MEP; NIHSS, National Institute of Health stroke scale; FMA, Fugl-Meyer assessment; B, Barthel index; rMT, Resting motion
threshold; MEP, Motor evoked potential; CMCT, Central motor conduction time; THA, Interhemispheric asymmetry.

TABLE 3 Changes in motor function and cortical excitability between baseline and 4 weeks.

Variables Sham MEP(-) 1Hz MEP(-) Sham MEP(+) 1Hz MEP(+)

Motor function HR (95%ClI) HR (95%Cl) HR (95%Cl) HR (95%Cl) Statistic value p value

NIHSS —0.40 (=0.63,-0.16) = —0.65 (=0.92,-0.37) = —0.60 (=0.83,-0.36) | —1.80 (—2.04, —1.55)> 28.641 <0.001

FMA motor scores 2.90 (2.39, 3.40) 3.10 (2.40, 3.79) 3.60 (2.91,4.28) 6.25 (5.62, 6.87)" 26.541 <0.001

SAFE 0.35 (0.12, 0.58) 0.45 (0.21, 0.69) 0.65 (0.27, 1.03) 1.00 (0.66, 1.34)° 3.903 0.012

BI 6.30 (4.85,7.74) 7.10 (5.93, 8.26) 7.50 (5.56, 9.43) 9.50 (8.45, 10.54)" 3913 0.012

Cortical excitability

rMT (unaffected) (%) 1.50 (0.94, 2.06) 2.00 (1.54, 2.45) 1.40 (0.766, 2.03) 2.75(1.97, 3.52)° 4.398 0.007

MEP amplitude —13.40 (=26.62, —26.45 (~119.95, —14.20 (=22.21, —29.80 (=63.75, 10.713 0.013

(unaffected) (uv) —8.52) —12.75) —7.65) —12.25)¢

CMCT (unaffected) 0.46 (0.35,0.57) 0.77 (0.54, 1.01) 0.59 (0.41,0.78) 1.04 (0.63, 1.44)° 4.178 0.009

(ms)

tMT (affected) (%) - - —11.9 (-13.79, —18.15 (=21.86, 3.135 0.003
~10.00) —14.43)°

MEP amplitude - - 21 (11.92, 37.10) 55.5 (46.27, 71.35)° -3.571 <0.001

(affected) (uv)

CMCT (affected) (ms) - - —0.81(—1.05,-0.56) = —2.19 (~2.58, —1.79)° 6.169 <0.001

THA - - 0.06 (~1.11, —0.02) 0.13 (~1.11, —0.02)° -3.021 0.004

“The p-values of Sham MEP(+) vs Sham MEP(-) >0.05.

"The p-value of 1 Hz MEP(+) vs 1 Hz MEP(—) <0.05.

“The p-value of 1 Hz MEP(+) vs Sham MEP(+) <0.05.

“The p-values of 1 Hz MEP(-) vs Sham MEP(-)>0.05.

MEP, Motor evoked potential; MEP(—), The absence of MEP; MEP(+), The presence of MEP; NIHSS, National Institute of Health stroke scale; FMA, Fugl-Meyer assessment; BI, Barthel index;
rMT, Resting motor threshold; CMCT, Central motor conduction time; IHA, Interhemispheric asymmetry.
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FIGURE 2
Changes in mean rating scores of motor function indexes from baseline to 8 weeks. (A) NIHSS scores, (B) FMA motor scores and unaffected rMT,
(C) SAFE scores, (D) Barthel Index scores.

of 1 Hz MEP(+) group obviously increased (t =—2.677, p =0.011). On the
other hand, the changes in NIHSS, FMA, SAFE, and BI scores were
greater in the 1 Hz MEP(+) group than in the other three groups (all
P <0.01), which were illustrated in Figure 2.

As for the cortical excitability at the eight-week follow-up after the
intervention, there was still no obvious change in the cortical
excitability of the contralateral side between the sham MEP (—) group
and 1 Hz MEP (—) group. Compared to the sham MEP(+) group, the
1 Hz MEP(+) group manifested decreased ipsilesional rMT (t=2.667,
p=0.011), increased ipsilesional MEP amplitude (t=-2.945,
p=0.005), shortened ipsilesional CMCT (t=2.566, p=0.014), and
decreased IHA (t=-2.877, p=0.007) at 8-week follow-up. On the
other hand, there were significant changes in the indices of bilateral
cortical excitability between the sham MEP(+) group and 1Hz
MEP(+) group (all p<0.05). Furthermore, these patients with MEP(+)
showed greater changes in the contralateral CMCT than the patients
with MEP(—) after 1Hz rTMS treatment (t=-3.304, p=0.002).
Nonetheless, no significant changes in the cortical excitability of
bilateral hemispheres were found in these patients with no MEP at
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8weeks follow-up after 1 Hz rTMS treatment. Collectively, 1 Hz rTMS
intervention could improve unaffected cortical excitability and inhibit
affected cortical excitability of subacute stroke patients with MEP(+)
compared to those patients with MEP(—) (Table 4).

To explore the associations between motor function and motor
cortex excitability at 8 weeks follow-up after interventions, statistical
analysis showed a significant correlation between the NIHSS and
unaffected rtMT (r =-0.326, p =0.003) (Figure 3A), NIHSS and
unaffected CMCT (r =0.314, p =0.005) (Figure 3B), FMA and
unaffected rMT (r=0.363, p =0.001) (Figure 3C), FMA and unaffected
CMCT (r=0.368, p <0.001) (Figure 3D). Also, a positive association
between the BI score and unaffected rMT (r =0.411, p <0.001)
(Figure 3E), between the BI scores and unaffected CMCT (r =0.434,
p <0.001) (Figure 3F) were observed. In addition, the associations
between motor function improvement and motor cortex excitability
changes at 8 weeks follow-up after interventions were further explored
in this study. The correlation analysis revealed that FMA motor change
score was associated with decreased unaffected MEP amplitude
(r =—0.401, p =0.010) and decreased affected rMT (r =—0.584,

frontiersin.org


https://doi.org/10.3389/fneur.2024.1460925
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Qian etal.

10.3389/fneur.2024.1460925

TABLE 4 Changes in motor function and cortical excitability between baseline and 8 weeks.

Sham MEP(-)
HR (95%Cl)

1Hz MEP(-)
HR (95%ClI)

Variables

Motor function

Sham MEP(+)
HR (95%Cl)

1Hz MEP(+)

HR (95%Cl) Stastistic value

p value

NIHSS —1.10 (—1.64, —0.55) = —1.40 (-1.75,-1.04) = —1.70 (—=1.96, —1.43)* —2.65 (=3.15, —2.14)>¢ 10.481 <0.001

FMA motor scores 8.75 (7.97,9.52) 10.30 (8.91, 11.68) 12.45 (11.23, 13.66)° 16.45 (15.09, 17.80)> 33511 <0.001

SAFE 1.05 (0.76, 1.33) 1.35(1.00, 1.69) 2.20 (1.78, 2.61) 3.40 (3.04, 3.75)"¢ 38.728 <0.001

BI 9.55(7.91,11.18) 11.70 (10.00, 13.39) 15.05 (12.61, 17.48)* 18.90 (16.89, 20.90)" 18.868 <0.001

Cortical excitability

rMT (unaffected) (%) 3.50 (2.57, 4.43) 4.75 (3.35, 5.96) 3.65 (2.48, 4.82) 5.90 (4.92, 6.87)¢ 4.695 0.005

MEP amplitude —33.0 (—45.30, —46.20 (—192.10, —26.45 (—36.25, —51.30 (—74.25, 6.317 0.001

(unaffected) (uv) —23.35) —36.65) —19.32)* —39.85)°

CMCT (unaffected) (ms) 0.60 (0.40, 0.80) 0.69 (0.52, 0.85) 0.79 (0.50, 1.08) 1.26 (0.69, 1.83)> 3.264 0.026

rMT (affected) (%) - - —14.4 (—16.38, —23.7 (—18.75, —=15.32)¢ 4.531 <0.001
—12.41)

MEP amplitude - - 114.05 (75.02— 144.5 (113.32, 213.42)° —3.327 0.004

(affected) (uv) 127.60)

CMCT (affected) (ms) - - —1.98 (—2.33, —-1.62) —3.35 (—3.84, —2.86)° 4.728 <0.001

THA - - 0.18 (—0.27, —0.08) 0.36 (—-0.27, —0.07)¢ 3.713 0.001

“The p-value of Sham MEP(+) vs Sham MEP(—) <0.05.
"The p-value of 1 Hz MEP(+) vs 1 Hz MEP(—) <0.05.
“The p-value of 1 Hz MEP(+) vs Sham MEP(+) <0.05.
4The p-values of 1 Hz MEP(-) vs Sham MEP(-)>0.05.

MEP, Motor evoked potential; MEP(—), The absence of MEP; MEP(+), The presence of MEP; NIHSS, National Institute of Health stroke scale; FMA, Fugl-Meyer assessment; BI: Barthel index;
rMT, Resting motor threshold; CMCT, Central motor conduction time; IHA, Interhemispheric asymmetry.

p <0.001) from baseline, which was only observed in the MEP(+)
group (Figure 4).

Discussion

The current study aimed to demonstrate the effects of LF-rTMS
on short-and long-term neurobehavioral and neurophysiology in
subacute stroke patients with different MEP status. This study showed
that LE-rTMS could improve motor function and regulate bilateral
cortical excitability in subacute stroke patients with MEP, whereas
LF-rTMS had no significant effects on motor function and bilateral
cortical excitability in subacute stroke patients with no MEP. The
results of the 8-week follow-up elucidated that LE-rTMS may be more
effective in subacute stroke patients with MEP than in patients with
no MEP. Moreover, the motor function improvement was closely
related to the change of bilateral cortical excitability for these patients
with MEP. Therefore, it is required for stroke patients to detect MEP
status before rTMS treatment, which is beneficial to quickly evaluate
the response of stroke patients to rTMS.

Based on recent advances in our understanding of brain plasticity and
electrophysiological treatment strategies for stroke, rTMS has gradually
been used to treat motor dysfunction after stroke (7). In various rTMS
protocols, LF-rTMS has been applied to the contralateral M1 in attempts
to normalize imbalanced interhemispheric inhibition (IHI) by
suppressing the over-inhibition of the contralesional M1 toward the
ipsilesional hemisphere (26). In addition, LE-rTMS is widely used in
clinical treatment and in most studies due to the low risk of seizures (22).
Although LF-rTMS is recommended for motor rehabilitation in subacute
stroke patients (7), LF-r'TMS treatment is not broadly used for all stroke

Frontiers in Neurology

patients. Many factors contribute to differences in the therapeutic effects
of LF-rTMS, such as the duration of a stroke, severity of motor
impairment, and hemispheric dominance (27). Considering subacute
stage was the optimal time window for neuroplasticity and recovery after
stroke, most studies selected these patients with subacute stroke. However,
it is still contradictory that the effects of LE-rTMS on motor recovery in
subacute stroke patients have been investigated in previous studies (8, 10,
16). Several studies reported that stroke patients receiving LF-rTMS had
better motor recovery than sham controls (28, 29). In contrast, some
studies reported that there was no significant improvement in motor
function in stroke patients treated with low-frequency rTMS (27). In line
with the above previous studies, we also found that not all stroke patients
treated with LF-rTMS had better motor recovery compared to sham
controls, as assessed by the NTHSS, FMA, SAFE, and BI at 4 and 8-week
follow-up after intervention. In this study, only the stroke patients with
MEP manifested great motor recovery after 1Hz rTMS treatment,
especially at the eight-week follow-up after treatment. In contrast, there
were no significant changes in motor function after 1 Hz TMS treatment
in stroke patients with no MEP. Therefore, these findings suggested that
the response of stroke patients to LF-rTMS treatment may be related to
the presence or absence of MEP after stroke.

The MEP evoked by TMS is a new and promising technique in the
field of stroke rehabilitation. The use of MEP parameters is a non-invasive,
and relatively safe technique and has the potential to provide information
about the integrity of central motor pathways and motor cortical
excitability (30). These parameters were also included as observational
indicators in this study, such as rMT, MEP amplitude, CMCT, and
THA. The MEP has been used to assess the severity of brain injury and
predict motor recovery in stroke patients (13, 15), and MEP status
contribute to assessing the proportion of motor recovery in subacute
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FIGURE 3
Scatter plot showing the relationship between motor function (increased FMA motor score) and unaffected cortical excitability in all patients at 8
weeks after intervention. (A) NIHSS scores and unaffected rMT, (B) NIHSS scores and unaffected CMCT, (C) FMA motor scores and unaffected rMT,
(D) FMA motor scores and unaffected CMCT, (E) Bl scores and unaffected rMT, (F) Bl scores and unaffected CMCT.

stroke patients (13). However, previous studies have reported that there
was a high false-negative incidence for MEP status in predicting motor
recovery in the acute stage of stroke (31). MEP status in the subacute stage
of stroke is more reliable for evaluating motor dysfunction or predicting
of motor recovery (32). Therefore, we selected patients with subacute
stroke to participate in this study. In our study, stroke patients with MEP
manifested relatively lower severity of motor dysfunction than patients
with no MEP, such as low NIHSS, high FMA, SAFE, and BI scores. This
is consistent with previous studies showing that MEP status is related to
motor recovery after stroke (33). Recently, the MEP has been widely used
as a predictor of functional recovery and outcomes after stroke. However,
it remains unknown whether MEP status is associated with response to
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rTMS in stroke patients. Our positive findings in stroke patients with the
presence of MEP are consistent with some previous studies on subacute
stroke with less severity of motor impairment (28, 34). However, the
effects of LE-TMS on motor recovery of stroke patients with the absence
of MEP were not significant, which is also consistent with previous studies
on subacute stroke with severe motor dysfunction (35). Therefore, the
effects of LE-TMS on motor recovery after stroke are closely related to the
severity of stroke, and individual TMS treatment parameters should
be considered based on the different severity of brain injury.

Recently, the theory of rTMS for the treatment of stroke is mainly
based on the IHI model. The balance between the affected and
unaffected hemispheres after stroke is disrupted, and it is usually
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decreased affected rMT.

Scatter plot showing the relationship between motor function improvement (increased FMA motor score) and bilateral cortical excitability in MEP(+)
group at 8 weeks after intervention. (A) Increased FMA motor score and decreased unaffected MEP amplitude, (B) increased FMA motor score and

manifested by reduced cortical excitability in the affected hemisphere
and increased cortical excitability in the unaffected hemisphere (36),
which were also detected by bilateral rMT, MEP amplitude, CMCT,
and THA of stroke patients with MEP in our study. Moreover, in these
stroke patients with MEP, cortical excitability of unaffected hemisphere
was effectively inhibited, while the cortical excitability of the affected
hemisphere was significantly improved after the 4 weeks of LE-rTMS
treatment. Nevertheless, no significant changes in cortical excitability
were found after inhibitory LF-rTMS in stroke patients with no MEP,
which is in consistent with previous studies (11, 37). Our results
support the concept that inhibitory LE-rTMS of the contralesional
motor cortex can reduce interhemispheric asymmetry, but only in
these stroke patients with MEP. The changes in cortical excitability of
those stroke patients with no MEP are still uncertain. The negative
findings in stroke patients with no MEP can be explained by several
reasons. First, the IHI model does not apply to all stroke patients (11,
38), such as stroke patients with no MEP. Second, the effects of
LF-rTMS may vary depending on the severity of motor impairment.
Recently, it has been proposed that a bimodal balance-recovery model
can tailor individualized rTMS treatment based on brain injury
severity and individual residual network. Our results also suggest that
inhibition of the unaffected hemisphere by LF-rTMS may be more
related to promoting motor recovery in patients with MEP than in
patients with no MEP.

Research has demonstrated that the TMS-evoked MEP can
be used to predict motor recovery and evaluate the extent of brain
damage in stroke patients (13, 39). However, its role in determining
the response of LE-rTMS on motor recovery remains to be further
determined. To our knowledge, this is the first study to investigate the
effects of LF-rTMS on motor recovery in stroke patients with different
MEDP status. Nevertheless, there were also some limitations to this
study. The findings of this research can only be applied to patients who
have similar clinical characteristics as those in our study, such as
middle cerebral artery subacute stroke patients. The research was a
single-center trial with a comparatively small sample size. To confirm
the findings, a multicenter study with a larger sample size may
be required. In addition, it is necessary to apply functional magnetic
resonance imaging or near infrared functional imaging to provide
more reliable and objective evidence.
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Conclusion

The main implications of this clinical trial are that the effects of
LF-rTMS on motor recovery and regulating bilateral cortical excitability
seems more effective in stroke patients with MEP than those with no
MEP. The findings revealed that the response of stroke patients to
LF-rTMS was related to MEP status after stroke. Moreover, the presence
of MEP may suggest that LF-rTMS is effective in improving motor
function and regulating bilateral cortical excitability after stroke.
Therefore, electrophysiological detection of MEP status in stroke patients
before rTMS treatment is beneficial to evaluate rTMS responsiveness and
therapeutic effects. In the future, it is recommended to conduct
electrophysiological evaluations before rTMS treatment for stroke patients
to achieve effective therapeutic effects, such as MEP status.
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