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Abstract

Background: Transcranial magnetic stimulation (TMS) has attracted plenty of attention as it has been proved to be
effective in facilitating motor recovery in patients with stroke. The aim of this study was to systematically review the
effects of repetitive TMS (rTMS) and theta burst stimulation (TBS) protocols in modulating cortical excitability after
stroke.

Methods: A literature search was carried out using PubMed, Medline, EMBASE, CINAHL, and PEDro, to identify studies
that investigated the effects of four rTMS protocols—Ilow and high frequency rTMS, intermittent and continuous TBS,
on TMS measures of cortical excitability in stroke. A random-effects model was used for all meta-analyses.

Results: Sixty-one studies were included in the current review. Low frequency rTMS was effective in decreasing indi-
viduals'resting motor threshold and increasing the motor-evoked potential of the non-stimulated M1 (affected M1),
while opposite effects occurred in the stimulated M1 (unaffected M1). High frequency rTMS enhanced the cortical
excitability of the affected M1 alone. Intermittent TBS also showed superior effects in rebalancing bilateral excitability
through increasing and decreasing excitability within the affected and unaffected M1, respectively. Due to the limited
number of studies found, the effects of continuous TBS remained inconclusive. Motor impairment was significantly
correlated with various forms of TMS measures.

Conclusions: Except for continuous TBS, it is evident that these protocols are effective in modulating cortical excit-
ability in stroke. Current evidence does support the effects of inhibitory stimulation in enhancing the cortical excit-
ability of the affected M1.

Keywords: Stroke, Transcranial magnetic stimulation, Cortical excitability, Motor-evoked potentials, Interhemispheric
imbalance

Background

Extensive investigations by means of transcranial mag-
netic stimulation (TMS) have provided pivotal insights
into the cortical neurophysiology of patients who have
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suffered a stroke. Immediately after a stroke, impaired
motor function accompanies substantial changes
within the affected primary motor cortex (M1)—spe-
cifically, decreased corticospinal excitability, which
can be reflected by the absence of recordable motor
evoked potentials (MEPs)/decreased MEP amplitudes
and increased resting/active motor thresholds (rMT/
aMT) [1]. Besides, it is also evident that persistent
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disinhibition is detectable, regardless of chronicity [1],
which is believed to have a facilitatory role in motor
recovery [2]. For instance, the effects of rehabilitation
training correlate with reduced intracortical inhibition,
reflected by reduced short-interval intracortical inhibi-
tion (SICI) and long-interval intracortical inhibition [3,
4]. With respect to the cortical reorganization within
the unaffected M1, as suggested by neuroimaging stud-
ies, the unaffected M1 in stroke patients became over-
activated during movement execution of the affected
hand [5]. Along with recovery of motor functions,
stroke patients tend to regain the interhemispheric bal-
ance over the bilateral sensorimotor cortices [6]. How-
ever, meta-analyses found nonsignificant differences in
a series of TMS measures, such as rMT, aMT and MEP
amplitudes, compared to healthy controls [1].

In view of the association between cortical excitabil-
ity and motor impairment of the hemiplegic arm, non-
invasive brain modulation by repetitive TMS (rTMS)
has attracted plenty of attention as it is effective in
facilitating motor relearning and motor recovery after
stroke. In accordance with the interhemispheric imbal-
ance model, hemiparesis is caused not only by damaged
corticospinal output from the affected M1, but also by
excessive transcallosal inhibition from the unaffected
to the affected M1 which can be measured by inter-
hemispheric inhibition (IHI) and the ipsilateral silent
period (iSP) [7]. Therefore, two unilateral modulatory
approaches have been proposed—exciting or inhibit-
ing the affected and unaffected M1—to counterbal-
ance bilateral cortical excitability [8]. Early studies have
revealed that both a single session of low frequency
rTMS (LF-rTMS) and high frequency rTMS (HEF-
rTMS) were effective in improving the motor perfor-
mance of the hemiparetic hand when they were applied
to the unaffected and affected M1 [9, 10], respectively.
From a neurophysiological perspective, LE-r'TMS was
shown to significantly reduce the MEPs of the unaf-
fected M1 and the IHI from the unaffected to affected
M1 [9, 10], while HF-rTMS had a direct facilitatory
effect on the affected M1 [10].

Theta burst stimulation (TBS) is a unique form of rTMS
that is usually delivered at subthreshold intensities over
a short conditioning period [11, 12]. In healthy people,
intermittent TBS (iTBS) was shown to enhance cortical
excitability outlasting the stimulation period by almost
30 min, while opposite effects were shown after continu-
ous TBS (cTBS) [13]. In stroke, iTBS to the affected M1
and cTBS to the unaffected M1 were shown to increase
and decrease the MEPs, respectively [14]. Clinical stud-
ies suggested that both iTBS and cTBS were effective in
modulating modulate the cortical excitability in patients
with acute stroke [15]; iTBS, but not ¢TBS, was also able
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to change the cortical excitability in patients with chronic
stroke [14, 16, 17].

Since the early introduction of TMS in the treatment
of stroke [9], the clinical effects of various rTMS proto-
cols have been well reviewed [18], and LF-rTMS to the
unaffected M1 was shown to be the most effective form
of treatment [19]. However, previous meta-analyses and
reviews have generally focused only on clinical effects;
effects from a neurophysiological perspective were less
systematically and statistically reviewed [18]. Because of
the inextricable relationship between cortical reorganiza-
tion and motor recovery, it is necessary to consider how
rTMS modulates cortical excitability, and whether the
interhemispheric imbalance model is a valid hypothesis
underlying the two therapeutic approaches. Therefore,
the current systematic review and meta-analysis were
conducted to evaluate the effects of four forms of rTMS
(namely, LE-rTMS, HF-rTMS, iTBS, and cTBS) on a
range of TMS measures of cortical excitability, including
rMT, aMT, MEPs, SICI, intracortical facilitation (ICF),
and iSP of bilateral M1s. Moreover, not only the accu-
mulated effects of multiple sessions of rTMS, but also
the effects of a single session of stimulation were evalu-
ated. We also summarize the correlation between cortical
excitability and motor improvement after multiple ses-
sions of stimulation.

Methods

This study was reported in accordance with the preferred
reporting items for systematic reviews and meta-analysis
statements [20].

Search strategy

A systematic literature search was conducted by the first
author using the following electronic databases: PubMed,
Medline, EMBASE, CINAHL, and PEDro. The keyword
combination of “((stroke) OR cerebrovascular accident)
OR (hemiparesis) OR (hemiplegia)) AND ((transcranial
magnetic stimulation) OR (TMS) OR (rTMS))” was used
for the literature search. A manual search was also con-
ducted, including screening the reference lists of previous
systematic reviews and searching for the same keywords
in Google Scholar. The last search was conducted on Jun
5,2021.

Selection criteria and data extraction

This study concerns the effects of both a single session
and multiple sessions of rTMS. Therefore, the applied
inclusion criteria were: (1) for studies investigating
multiple sessions of rTMS, appropriate control groups
must be employed; for studies investigating a single ses-
sion of rTMS, a comparison between pre-rTMS and
post-rTMS measures was indispensable; (2) studies
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using rTMS targeting the MI1; (3) studies enrolling
adult patients with a unilateral stroke; (4) studies hav-
ing TMS measures of cortical excitability; (5) studies
were published in English. Studies were excluded if they
met any of the following exclusion criteria: (1) rTMS
was applied in combination with other techniques; (2)
bilateral TMS protocols; (3) studies in which necessary
data regarding TMS measures were missing.

Once the study selection was completed, two authors
independently extracted relevant data which were
entered into two customized forms. Any discrepan-
cies regarding data extraction were resolved through
discussion.

Quality assessment

A checklist proposed for critically appraising the qual-
ity of TMS procedures was used for all the studies
[21]. Moreover, the Physiotherapy Evidence Database
(PEDro) rating scale was used to appraise the general
methodological quality of the studies with a parallel-
group design [22].

Data analysis

With respect to those studies ineligible for meta-
analysis (e.g., skewed data), their main findings were
qualitatively analyzed and integrated with the results
of the meta-analyses. If there were two or less studies
identified for a single analysis objective, we would not
perform a meta-analysis but qualitatively described
the results only. Since most studies investigating a sin-
gle session of rTMS normalized the post-rTMS MEP
amplitude to the pre-rTMS value, expressed as a per-
centage and SD, our meta-analyses computed a pooled
mean of the percentage and its 95% confidence intervals
(CI). Otherwise, absolute change scores were used to
compute Hedges’ g, which corrected the possible bias
of the small sample sizes. The Higgins’ I statistic was
used to check heterogeneity across studies; an I value
below 50% was considered to reflect low levels of het-
erogeneity, while an I* value above 50% indicated high
levels of heterogeneity. Given that the characteristics
among the included studies were not exactly identical,
a random-effects model was used for all the meta-
analyses [23]. Publication bias was statistically exam-
ined using Egger’s linear regression test and by visually
inspecting the funnel plot. The level of significance was
set at p <0.05 for all statistical analyses. Comprehensive
Meta-analysis 3.0 software (Englewood, NJ, USA) was
used to perform all the meta-analyses in the current
study.
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Results

Study characteristics

The literature search process is presented in Fig. 1.
Finally, 61 original studies were included, of which 45
studies were used for the meta-analyses. The characteris-
tics of studies investigating a single session [9, 10, 14-17,
24—42] and multiple sessions [43-78] of rTMS are pre-
sented in Table 1 and Table 2, respectively.

The methodological quality of the TMS procedures is
presented in Supporting Information (Additional file 1:
Tables S1 and S2). Overall, the characteristics of the
participants, coil type, and intensity were well reported.
However, medication, CNS drugs, coil orientation, cur-
rent direction, pulse shape, time interval between MEPs,
and subject attention were missing in most studies. In
addition, only a few studies used a navigation system to
monitor the real-time position of coils in relation to the
head of the participants. The PEDro score indicated that
the included studies with a parallel-group design had
good general methodological quality (Table 3), with a
mean score of 7.2 (SD=1.18). The funnel plots used in
the publication bias examination are presented in Sup-
porting Information (Additional file 1: Figs. S1 to S17).

Low frequency rTMS to the unaffected M1

Pomeroy et al. applied one Hz rTMS to the affected M1,
rather than to the unaffected M1, and found that MEP
responses of the hemiparetic arm were more frequently
evoked after receiving real rTMS than sham rTMS [46].
Recently, Wang et al. found that HF-r'TMS applied to
the unaffected M1 yielded greater improvement on the
MEP amplitude than LE-rTMS, suggesting a compensa-
tory role of the unaffected M1 in the motor recovery of
severe-impaired patients [75].

The effects after a single session and multiple sessions
of LE-rTMS were evaluated by 11 [9, 24-26, 28, 31, 32,
34, 36, 41, 42] and 24 [44, 46, 47, 49-51, 5460, 62, 63, 65,
67-71, 74, 76, 78] studies, respectively. Dos Santos et al.
found that 10 sessions of LF-rTMS increased the corti-
cal excitability of the unaffected M1, measured using an
intensity tracking measuring approach that the intensity
inducing MEPs of 1 mV by a single-pulse TMS stimula-
tion was determined in the study to represent corticospi-
nal excitability [69]. Moreover, LE-rTMS was found to be
effective in rebalancing bilateral excitability by increasing
the MEP amplitude of the affected M1 and decreasing the
MEP amplitude of the unaffected M1 [56].

Resting/active motor threshold
Previously, significant modulatory effects on rMT
induced by a single session of LF-rTMS were not found
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[24, 28, 36]. However, our meta-analysis has shown
the significant effect of multiple sessions of LF-rTMS
in decreasing the rMT of the affected M1 (Hedges’
g=—061, 95% CI=—108 to —0.14, p=0.011,
*=66.21%; Fig. 2), and no publication bias was identified
(p=0.187). It suggested that the decreased rMT could
be sustained for three months after the intervention
[50, 62], while no significant long-term effects were also
reported [58]. Likewise, multiple sessions of LF-rTMS
also decreased the aMT of the affected M1 immediately
47, 71].

Conversely, the rMT of the unaffected M1 significantly
increased after multiple sessions of LF-rTMS (Hedges’
g=0.579, 95% CI=0.26—0.90, p<0.001, I2=37.36%),
but significant publication bias was identified (p <0.001).
Inconsistent findings were reported with respect to its
long-term effects [50, 55, 58, 62]. Although LF-rTMS
also tended to increase the aMT of the unaffected M1,
the pooled Hedges’ g value was not significant (Hedges’
g=1.25, 95% CI=-0.03-2.53, p=0.055, 12=88.40%);
the publications bias was not significant (p =0.422).
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Table 1 Characteristics of studies investigating the effects of a single session of rTMS
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Study n Stroke rTMS protocol TMS measures
Takeuchi et al. (2005) 10 >6mth  Contra-FDI, 90% rMT, 1 Hz, 1500 pulses UH: MEP; iSP (UH — AH)
Kim et al. (2006) 8 >3 mth Ipsi-FDI, 80% rMT, trains of 20 pulses at 10 Hz, Tl AH: MEP
of 685, 160 pulses;
Talelli et al. (2007) 6 >1vyear Ipsi-FDI, 80% aMT, iTBS, 600 pulses Bilateral: MEP;
Contra-FDI, 80% aMT, cTBS, 600 pulses
Di Lazzaro et al. (2008) 12 <10days Ipsi-FDI, 80% aMT, iTBS, 600 pulses Bilateral: rMT, aMT, MEP
Contra-FDI, 80% aMT, cTBS, 600 pulses
Takeuchi et al. (2008) 10 >6mth  Contra-FDI, 90% rMT, 1 Hz, 1500 pulses; Bilateral: rMT; MEP; AH: SICI
Jayaram et al. (2009) 9 >11mth Contra-low limb, 120% aMT, 1 Hz, 600 pulses Bilateral: MEP
Takeuchi et al. (2009) 10 >6 mth (Conta-sham + Ipsi-FDI, 90% rMT, 10 Hz, 50 Bilateral: MEP; AH: SICI
pulses) x 20
Ackerley et al. (2010) 10 >6 mth Ipsi-FDI, 90% aMT, iTBS, 600 pulses AH: MEP
Contra-FDI, 90% aMT, cTBS, 600 pulses
Di Lazzaro et al. (2010) 17 <10days Ipsi-FDI, 80% aMT, iTBS, 600 pulses Bilateral: rMT, aMT, MEP
Takeuchietal. (2012) 9 >6mth  Contra-FDI, 90% rMT, 1 Hz, 1200 pulses; Bilateral: rMT, MEP; iSP (UH — AH), iSP (AH — UH)
Massie et al. (2013) 8 >6mth  Ipsi-FDI/APB, 70% rMT, trains of 30 pulses at AH: rMT, SICI, ICF
3 Hz, ITI of 30 5,900 pulses
Massie et al. (2013) 6 >6mth  Ipsi-FDI/APB, 70% rMT, trains of 30 pulses at AH: SICI, ICF
3 Hz, ITIof 305,900 pulses
Ackerley et al. (2014) 13 >6mth  Ipsi-FDI, 90% aMT, iTBS, 600 pulses Bilateral: MEP
Contra-FDI, 90% aMT, cTBS, 600 pulses
Vongvaivanichakul et al. (2014) 7 >6mth  Contra-APB, 90% rMT, 1 Hz, 1200 pulses UH: MEP
Cassidy et al. (2015) 1 >6mth  Contra-Sham 6 Hz priming 4+ Contra-1 Hz (FDI, ~ AH: SICI, ICF, CSP; IHI (UH — AH), IHI (AH — UH)
90% rMT, 1 Hz, 600 pulses)
Goh et al. (2015) 10 >6mth  Ipsi-FDI, 90% r/aMT, trains of 50 pulses at 5 Hz, ~ AH: MEP
[Tl of 30's, 1200 pulses
Tretriluxana et al. (2015) 9 >6mth  Contra-EDC, 90% rMT, 1 Hz, 1200 pulses UH: MEP
Uhm etal. (2015) 16,6 >6mth Ipsi-FDI, 90% rMT, trains of 50 pulses at 10 Hz, ITI  AH: MEP
of 55's, 1000 pulses
Ipsi-FDI, 110% rMT, trains of 50 pulses at 10 Hz,
[Tl of 55's, 1000 pulses
Bashir et al. (2016) 8 >6mth  Contra-FDI, 90% rMT, 1 Hz, 1200 pulses Bilateral: rMT, MEP, CSP, SICI, ICF
Di Lazzaro et al. (2016) 15,20 <10days Ipsi-FDI, 80% aMT, iTBS, 600 pulses Bilateral: rMT, aMT, MEP
Murdoch et al. (2016) 12 >6mth  Ipsi-FDI, 80% aMT, iTBS, 600 pulses AH: MEP, SICI
Diekhoff-Krebs et al. (2017 14 >12mth Ipsi-FDI, 80% aMT, iTBS, 600 pulses Bilateral: MEP
Khan et al. (2017) 15 <3mth  Ipsi-FDI, 60% rMT, iTBS, 600 pulses AH: rMT, MEP, CSP
Hanafi et al. (2018) 8 >6mth  Contra-FDI, 90% rMT, 1 Hz, 1200 pulses Bilateral: MEP
Ipsi-FDI, 80% rMT, trains of 50 pulses at 10 Hz, ITI
of 255, 1000 pulses
Tretriluxana et al. (2018) 8 1—6 mth  Contra-EDC, 90% rMT, 1 Hz, 1200 pulses UH: MEP

TMS = transcranial magnetic stimulation, rTMS=repetative TMS, mth months, Contra contralesional, Ipsi ipsilesional, FDI first dorsal interosseous, UH unaffected
hemisphere, AH affected hemisphere, MEP motor-evoked potential, iSP iplilateral slient period, /Tl inter-train interval, iTBS intermittent theta burst stimulation, cTBS
continuous theta burst stimulation, aMT, active motor threshold, rMT resting motor threshold, SICI short interval intracortical inhibition, APB abductorr pollicis brevis,
ICF intracortical facilitation, CSP cortical slient period, /H! interhemisperic inhibition, EDC extensor digitorum communis

Amplitude of motor-evoked potentials

A single session of LF-rTMS significantly increased
the MEP amplitude of the affected M1 by 22.14% (95%
CI=16.26%—28.01%, p<0.001, 1°=30.51%) and no
publication bias was identified (p=0.070). Similar
results were also found after multiple sessions of stimu-
lation (Hedges’ g=0.81, 95% CI=0.51—1.11, p<0.001,
I>=41.51%), although the publication bias was significant

(p<0.001). It was noted that the increased MEP ampli-
tude could be sustained for almost three months [62, 63,
68].

Conversely, the MEP amplitude of the unaffected M1
decreased by 21.29% (95% CI=-—27.17% to —15.41%,
p<0.001, ?=56.88%) immediately after a single ses-
sion of LF-rTMS, in line with two other studies [41,
42]; however, the publication bias was significant
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Study N (E,C) Chronicity E intervention Cintervention rTMS protocol TMS measures
Khedr et al. (2005) 26 26 Acute Ipsi-rTMS 4 Conv Ipsi-Sham rTMS + Conv - ADM, 120% rMT, trains ~ AH: MEP presented
of 30 pulses at 3 Hz, ITI  or not
of 50's, 300 pulses, 10
sessions
Fregni et al. (2006) 10 5 >1lyr Contra-rTMS Contra-Sham rTMS FDI, 100% rMT, 1 Hz, Bilateral: rIMT
1200 pulses, 5 sessions
Malcolm et al. (2007) 9 10 =1lyr Ipsi-rTMS + CIMT lpsi-Sham rTMS 4+ CIMT ~ FDI, 90% rMT, trains of ~ AH: rMT
40 pulses at 20 Hz, Tl
of 28's, 2000 pulses, 10
sessions
Pomeroy etal. (2007) 6 1—12 wk Ipsi-rTMS +VMC Ipsi-Sham rTMS+VMC  Triceps, 120% rMT, MEP frequency
4 Ipsi-rTMS + Sham-VMC  Ipsi-Sham trains of 40 pulses at
TTMS - Sham-VMC 1 Hz Tlof 3 min, 200
pulses, 8 sessions
Khedr et al. (2009) 1212 7—20days Contra-rTMS Ipsi-Sham rTMS Contra: FDI, 100% rMT,  Bilateral: aMT, MEP
1 Hz, 900 pulses, 5
sessions
12 Ipsi-rTMS Ipsi: FDI, 130% rMT,
trains of 30 pulses at
3 Hz ITIof 25,900
pulses, 5 sessions
Khedr et al. (2010) 9 8 5—15days Ipsi-rTMS (3 Hz) Ipsi-Sham rTMS 3 Hz FDI, 130% rMT, Bilateral: rMT, aMT, MEP
trains of 15 pulses at
3 Hz, 750 pulses, 5
sessions
9 Ipsi-rTMS (10 Hz) 10 Hz: FDI, 100% rMT,
trains of 20 pulses at
10 Hz, 750 pulses, 5
sessions
Theilig et al. (2011) 1212 2w—58mth  FNMS+Contra-rTMS ~ FNMS+ Contra-sham  FDI, 100% rMT, 1 Hz, UH: MEP
rTMS 900 pulses, 10 sessions
Avenanti et al. (2012) 8 14 >6mth Contra-rTMS + PT Contra-Sham FDI, 90% rMT, 1 Hz, Bilateral: rMT; iSP
rTMS +PT 1500 pulses, 10 ses- (UH— AH)
sions
Wang et al. (2012) 12 12 >6mth Contra-rTMS +Trask Contra-Sham Rectus femoris, 90% Bilateral: MEP
training rTMS +Task training rMT, 1 Hz, 600 pulses,
10 sessions
Dilazzaroetal. 2013) 4 4 >1yr Contra-cTBS +PT Contra-Sham cTBS+PT FDI, 80% aMT, cTBS, Bilateral: rMT, aMT, MEP
600 pulses, 10 sessions
Hsu et al. (2013) 6 6 2—4wk Ipsi-iTBS + conv Ipsi-Sham iTBS+conv  APB/ECR, 80% aMT, Bilateral: aMT; AH: MEP
iTBS, 1200 pulses, 10
sessions
Sung et al. (2013) 15 14 3—12mth Contra-rTMS + ipsi- Contra-Sham rTMS: FDI, 90% rMT, Bilateral: rMT, MEP
iTBS rTMS + ipsi-Sham 1 Hz, 600 pulses, 10
12 Contra-Sham 5€s5I10Ns
o iTBS, 600 pulses, 10
13 Contra-rTMS + ipsi- sessions
Sham iTBS
Rose et al. (2014) 9 10 >6mth Contra-rTMS +Trask Contra-Sham ECR, 100% rMT, 1 Hz, UH: rMT, SICI
training rTMS +Trask training 1200 pulses, 16 ses-
sions
Wang et al. (2014a) 16 14 3—12mth Contra-rTMS Contra-Sham rTMS FDI, 90% rMT, 1 Hz, 600 Bilateral: rMT, MEP
pulses, 10 sessions
Wang et al. (2014b) 17 16 2—6mth Contra-rTMS +ipsi- Contra-Sham rTMS: FDI, 90% rMT, Bilateral: rMT, MEP
iTBS I'TMS +ipsi-Sham iTBS 1 Hz, 600 pulses, 10
15 lpsi-iTBS + Contra- sesslons

rTMS

iTBS: FDI, 80% aMT,
iTBS, 600 pulses, 10
sessions
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Study

N (E, Q)

Chronicity

E intervention

Cintervention

rTMS protocol

TMS measures

Blesneag et al. (2015)

Ludemann-Podubecka
etal. (2015)

Mello et al. (2015)

Srikumari et al. (2015)

Du et al. (2016a)

Du et al. (2016b)

Volz et al. (2016)

Chaetal. (2017)

Guan et al. (2017)

Huang et al. (2018)

Watanabe et al. (2018)

Dos Santos et al. (2019)

Du et al. (2019)

30

15

12

13

10

13

18

10

20

30

20

10 days

<6 mth

5—45 days

10d—1 mth

3—30d days

<2mth

<2 wk

<6 mth

<1 wk

10—90 days

<7 days

>6 mth

<2 wk

Contra-rTMS

Contra-rTMS 4 stand-
ard treatment

Contra-rTMS

Ipsi-rTMS + conv

Ipsi-rTMS + PT

Contra-rTMS + PT

Ipsi-rTMS + conv

Contra-rTMS 4 conv

lpsi-iTBS (APB, M1) +PT

ITMS + exercise

lpsi-rTMS

Contra-rTMS + PT

lpsi-iTBS +PT+OT

Contra-rTMS +PT+OT

Contra-rTMS + PT

lpsi-rTMS + PT

Contra-rTMS + PT

Contra-Sham rTMS

Contra-Sham
ITMS + standard treat-
ment

Contra-Sham rTMS

Ipsi-Sham rTMS + conv

Contra-Sham
ITMS+PT

Contra-Sham
rTMS + conv

Ipsi-iTBS (parieto-
occipital vertex) + PT

Excise

Ipsi-sham rTMS

Contra-sham rTMS +PT

Ipsi-sham
iTBS+PT+OT

Contra-sham rTMS +PT

Contra-Sham
rTMS+PT

APB, 120% rMT, 1 Hz,
1200 pulses, 10 ses-
sions

FDI, 100% rMT, 1 Hz,
900 pulses, 15 sessions

APB, 90% rMT, 1 Hz,
1500 pulses, 10 ses-
sions

APB, 80% rMT, trains of
20 pulses at 10 Hz, ITl
of 58's, 160 pulses, 5
sessions

lpsi: APB, 80—90%
rMT, trains of 30 pulses
at3Hz ITlof 10's, 1200
pulses, 5 sessions

Contra: APB,
110—120% rMT, trains
of 30 pulses at 1 Hz, Tl
of 2's, 1200 pulses, 5
sessions

lpsi: mylohyoid, 90%
rMT, trains of 30 pulses
at 3 Hz, ITlof 10's, 1200
pulses, 5 sessions
Contra: mylohyoid,
100% rMT, trains of 30
pulsesat 1 Hz, [Tl of 25,
1200 pulses, 5 sessions
70% aMT, iTBS, 600
pulses, 10 sessions
Soleus, 90% rMT, trains
of 100 pulses at 1 Hz,
[Tl of 2's, 1000 pulses,
40 sessions

ADM, 120% rMT, trains
of 20 pulses at 5 Hz, ITI
of 25,1000 pulses, 10
sessions

Rectus femoris, 120%
aMT, 1 Hz, 900 pulses,
15 sessions

FDI, 80% rMT, iTBS, 600
pulses, 10 sessions
FDI, 110% aMT, 1 Hz,
1200 pulses, 10 ses-
sions

FDI, 110% rMT, 1 Hz,
1500 pulses, 10 ses-
sions

Ipsi: APB, 100% rMT,
trains of 40 pulses at
10 Hz, [Tl of 40's, 1200
pulses, 5 sessions
Contra: APB, 100% rMT,
trains of 120 pulses at
1 Hz, [Tl of 40's, 1200
pulses, 5 sessions

Bilateral: rMT

UH: MEP

UH: rMT, SICI, ICF

AH: rMT

Bilateral: rMT, MEP

Bilateral: MEP

AH: rMT, MEP

AH: MEP

AH: rMT

UH: aMT, MEP

AH: MEP

UH: intensity inducing
MEPs of 1 mv

Bilateral: rMT, MEP
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Table 2 (continued)

Page 8 of 18

Study N (E,C) Chronicity E intervention

Cintervention rTMS protocol TMS measures

El-Tamawy et al. 2019) 20 20 44—4.5mth Contra-rTMS +PT

Neva et al. (2019) 12 12 >6mth Contra-cTBS

Wang et al. (2019) 8 6 >6 mth Ipsi-rTMS + treadmill

training

Zhang et al. (2019) 16 14 <2mth Ipsi-rTMS + NMES

15 Contra-rTMS +NMES

Contra-HF-
rTMS+PT+OT

Wang et al. (2020) 15 15 2wto3 mth

15 Contra-LF-
TMS+PT4+OT

Hassan et al. (2020) 12 8 576(055) mth Ipsi-rTMS

9 Contra-rTMS

Ke et al. (2020) 16 16 <2wk Ipsi-rTMS 4 conv

16 Ipsi-rTMS + conv

Gong et al. (2021) 16 16

<30days Contra-rTMS

PT FDI, 90% aMT, 1 Hz, Bilateral: aMT
1200 pulses, 10 ses-
sions

Contra-ECR, 80% cTBS,

600 pulses

Contra-sham cTBS Bilateral: rMT, aMT, SICI,
ICF; iSP (UH — AH), iSP

(AH— UH)

Tibialis anterior, 90% Bilateral: MEP
rMT, trains of 60 pulses
at 5 Hz, [Tl of 48 s, 900

pulses, 9 sessions

Ipsi-sham
r'TMS 4+ treadmill
training
Ipsi-sham Bilateral: MEP
rTMS +NMES

lpsi: mylohyoid, 110%

rMT, trains of 30 pulses
at 3 Hz, [Tl of 27 s, 900

pulses, 10 sessions

Contra: mylohyoid,
80% rMT, 1 Hz, 900
pulses, 10 sessions

APB, 100% rMT, trains
of 10 pulses at 10 Hz,
[Tlof 10's, 1000 pulses,
10 sessions

APB, 100% rMT, trains
of 10 pulses at 1 Hz, Tl
of 35,1000 pulses, 10
sessions

FDI, 80% rMT, trains of
50 pulses at 10 Hz, ITl
of 255, 1000 pulses, 10
sessions

FDI, 90% rMT, 1 Hz,
1200 pulses, 10 ses-
sions

ABP, 110% rMT, trains
of 40 pulses at 20 Hz,
[Tl of 8'5, 1200 pulses,
10 sessions

ABP, 110% rMT, trains
of 40 pulses at 20 Hz,
[Tl of 28 5, 1200 pulses,
10 sessions

Contra-sham HF-rTMS UH: MEP

Sham-rTMS AH: MEP

Sham-rTMS + conv AH: MEP

Sham Trains of 40 pulses at  Bilateral: rMT, MEP
1 Hz ITlof 25,1200

pulses, 10 sessions

E experimental group, C control group, wk weeks, mth months, yr years, TMS transcranial magnetic stimulation, rTMS repetative TMS, Conv conventional treatment,
MEP motor-evoked potential, Ipsi ipsil, ADM abductor digiti minimi, /T/ inter-train interval, AH affected hemisphere, Contra contralesional, FD/ first dorsal interosseous,
rMT resting motor threshold, CIMT constraint-induced movement therapy, VMC voluntary muscle contraction, aMT, active motor threshold, FNMS functional
neuromuscular stimulation, UH unaffected hemisphere, PT physical therapy, cTBS continuous theta burst stimulation, iSP iplilateral slient period, iTBS intermittent
theta burst stimulation, SIC/ short interval intracortical inhibition, APB abductor pollicis brevis, ECR extensor carpi radialis, ICF intracortical facilitation, M1 primary

motor cortex, OT occupational therapy, HF high frequency, LF low frequency

(p=0.040). Likewise, the MEP amplitude of the unaf-
fected M1 decreased after multiple sessions of LE-rTMS
(Hedges’ g=—0.54, 95% CI=—10.78 to —0.30, p<0.001,
12=126.05%), with no significant publication bias identi-
fied (p=0.502). In terms of its long-term effects, the
decreased MEP amplitude could be sustained for three to
six months after the intervention [59, 62, 63].

Intracortical inhibition/facilitation

Despite the heterogeneity of the inter-stimulus intervals
and intensities, four studies consistently found no signifi-
cant changes in regard to the SICI [24, 26, 32, 36], cor-
tical silent period [32, 36], and ICF [32] of the affected
M1 after a single session of LE-rTMS. Similarly, no sig-
nificant changes were found in the unaffected M1 [36, 55,
60]. Only one study conducted by Mello et al. revealed



Bai et al. Journal of NeuroEngineering and Rehabilitation (2022) 19:24 Page 9 of 18

Table 3 PEDro scores of the included studies with a parallel-group design

Authors PEDro items Total
1 2 3 4 5 6 7 8 9 10 11
Khedr et al. (2005) 1 1 0 1 1 0 1 1 1 1 1 8
Fregni et al. (2006) 1 1 0 1 0 0 0 1 1 0 1 5
Malcolm et al. (2007) 1 1 0 0 1 1 0 1 1 1 1 7
Pomeroy et al. (2007) 1 1 1 1 0 0 1 1 1 0 1 7
Khedr et al. (2009) 1 1 0 1 1 0 1 1 1 0 1 7
Khedr et al. (2010) 1 1 0 1 1 0 1 1 0 1 1 7
Theilig et al. 2011) 1 1 0 1 0 0 1 1 1 1 1 7
Avenanti et al. (2012) 1 1 0 1 1 1 1 1 1 1 1 9
Wang et al. 2012) 1 1 1 1 1 0 1 1 0 1 1 9
Di Lazzaro et al. (2013) 1 1 0 1 1 1 0 1 1 1 1 8
Hsu et al. (2013) 1 1 0 1 1 0 1 1 1 1 1 8
Sung et al. (2013) 1 1 1 1 0 1 1 1 1 1 1 9
Rose et al. (2014) 1 1 0 0 0 1 0 1 0 1 1 6
Wang et al. (2014a) 1 1 0 1 0 1 0 1 1 1 1 7
Wang et al. (2014b) 1 1 1 1 0 1 1 1 1 1 1 9
Blesneag et al. (2015) 1 1 0 0 0 0 1 1 1 1 1 6
Ludemann-Podubecka et al. (2015) 1 1 1 1 1 0 1 1 1 1 1 9
Mello et al. (2015) 1 1 0 1 1 0 0 1 1 1 1 7
Srikumari et al. (2015) 1 1 0 0 0 0 0 1 1 1 1 5
Du et al. (2016a) 1 1 1 1 1 0 1 1 0 1 1 8
Du et al. (2016b) 1 1 1 1 1 1 1 1 0 1 1 9
Volz et al. (2016) 1 0 0 1 0 0 1 1 1 1 1 [§
Chaetal. (2017) 1 1 1 1 1 0 1 1 1 1 1 9
Guan et al. (2017) 1 1 1 1 0 1 1 0 0 1 1 7
Huang et al. (2018) 1 1 0 1 1 0 1 1 1 1 1 8
Watanabe et al. (2018) 1 1 1 1 0 0 1 1 1 1 1 8
Dos Santos et al. (2019) 1 1 1 1 0 1 1 1 0 1 1 8
Duetal. (2019) 1 1 1 1 1 1 1 1 0 1 1 9
El-Tamawy et al. (2019) 1 1 0 1 0 0 1 1 1 1 1 7
Neva et al. (2019) 1 0 0 1 1 0 0 1 0 1 1 5
Wang et al. (2019) 1 1 0 1 1 0 1 1 1 1 1 8
Zhang et al. (2019) 1 1 0 1 0 0 1 1 0 1 1 7
Wang et al. (2020) 1 1 0 1 0 0 1 1 1 1 1 7
Hassan et al.(2020) 1 1 1 1 0 0 0 1 1 1 1 7
Ke et al. (2020) 1 1 0 1 0 0 1 1 1 1 1 7
Gong et al. (2021) 1 1 1 1 0 0 1 1 0 1 1 7

1 =eligibility criteria. 2 =random allocation. 3 = concealed allocation. 4 = baseline comparability. 5= blind subjects. 6 =blind therapists. 7 =blind assessors.
8 =adequate follow-up. 9 =intention-to-treat analysis. 10 = between-group comparisons. 11 = point estimates and variability

(See figure on next page.)

Fig. 2 Meta-analyses indicating the effects of low frequency repetitive transcranial magnetic stimulation (LF-rTMS) to the unaffected M1 in
modulating bilateral cortical excitability. The meta-analysis showed that LF-rTMS was significantly effective to decrease (a) and increase (b)

rMT of the affected and unaffected M1 after multiple sessions of stimulation, respectively. Although LF-rTMS also tended to increase the aMT

of the unaffected M1, the pooled Hedges'g value was not significant (c). A single session of LF-rTMS significantly increased the MEP amplitude
of the affected M1 by 22.14% (d); similar results were also found after multiple sessions of stimulation (f). Conversely, the MEP amplitude of the
unaffected M1 significantly decreased by 21.29% immediately after a single session of LF-rTMS (e); similarly, the MEP amplitude of the unaffected
M1 significantly decreased after multiple sessions of LF-rTMS (g). rMT resting motor threshold; aMT active motor threshold, MEP motor-evoked
potentials
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Study name Statistics for each study Hedges's g and 95% CI
Study name Statistics for each study Hedges's g and 95% CI Hedges's Lower Upper
9 -

Hedges's Lower Upper limit  limit p-Value

g imit  limit p-Value Fregni et al. (2006) 2095 0837 3354 0.001
! Avenanti et al. (2012) 0690 -0.170 1.550 0.116
. 1704 -2884 -0524 O,

Fregni etal. (2006) 04 -2864 -0.524 0005 Sung etal. (2013)1 0223 0516 0961 0555
Avenanti et al. (2012) -2.335 -3418 -1.251  0.000 Sung etal. (2013)2 0052 0680 0784 0.889
Sung etal. (2013)1 -0676 1434 0082 0.081 Rose et al. (2014) 0804 0084 1701 0079
fv”"geﬂa'i(zfgfﬁ 'g-fgg 'g-gzi g-ig? g-g Wang et al. (2014b) 0143 0524 0810 0673
ang et al. (2014b) 0186 -0. - - Blesneag et al. (2015) 1381 0338 2424 0009
Blesneag et al. (2015) 0787 -0179 1752 0.110 Melloetal. (2015) 0352 0583 1286 0461
Duetal. (2016a) 0466 -1250 0318 0244 Duetal. (2016a) 0560 0220 1348 0.164
Duetal. (2019) 0623 -1416 0169 0.123 Duetal. (2019) 1163 0323 2002 0.007
Gong et al. (2021) 0636 -1.329 0057 0072 Gong et al. (2021) 0176 -0.500 0.853 0.609

0609 -1.081 -0.137  0.011 > 0579 0262 0895 0.000 L 2

4,00 00 2,00 400

2,00 0.00 2.00 4.00 4,00 2,00 0.
|2 =66.21 % Control LF-rTMS |2 = 37,36% Control LF-rTMS
Egger’s test: B = -4.48, standard error = 3.06, p = 0.187 Egger’s test: B = 6.25, standard error = 1.14, p < 0.001
a. rMT of the affected M1 after multiple sessions b. rMT of the unaffected M1 after multiple sessions
Study name Statistics for each study Mean and 95% CI
o Lower Upper
Study name Statistics for each study Hedges's g and 95% CI Mean limit limit  p-Value
"e"ges's '-I‘i’m’ ”If;f{ pValue Takeuchi et al. (2008) 19.915 10.790 29.040  0.000 -
Jayaram et al. (2009) 27.791 4.344 51239  0.020
Khedr et al. (2009) 1487 0608 2367 0001 Takeuchi etal. (2009) 19.075 12220 25930  0.000 =
:I":"g etal. (2(118;0 " g:‘;i ’?':zg g';: gfmsf Takeuchi etal. (2012) 23721 15848 31.594 0000
FTamawy etal. (2019) e o o Bashir etal. (2016)  67.826 25389 110264  0.002
Eaaie : ) 22137 16261 28012  0.000 &

400 200 000 200 400 -60.00 -30.00 0.00 30.00 60.00

12 = 88.40% Control LF-rTMS 12=30.51% Control LF-rTMS
Egger’s test: B = 13.29, standard error = 10.38, p = 0.422 Egger’s test: B = 1.93, standard error = 0.70, p =0.070
¢. aMT of the unaffected M1 after multiple sessions d. MEPs of the affected M1 after a single session
Study name Statistics for each study Hedges's g and 95%CI
Hedges's Lower Upper
g limit  limit p-Value
Khedr et al. (2009) 0932 0115 1748 0.025 ——
Study name Statistics for each study Mean and 95% CI Wang et al. (2012) 0915 0100 1730 0.028 ——
Lower Upper Sung et al. (2013)1 0972 0191 1752 0.015 ——
Mean limit limit p-Value Sung et al. (2013)2 0.269 -0467 1.004 0474 ——
Takeuchi et al. (2005) -21.575 -20.676 13474 0000 He- Diang e (32"0(12601)4°) ppseing ool i
Takeuchi et al. (2008) 20454 -35245 5663  0.007 +u— Epo (20162) 031 049 1197 o417 ] ..
Jayaram et al. (2009) -10.859 -16631 -5.087  0.000 =» Cractal, (2017) 1914 0885 2942 0000 =
Takeuchi et al. (2009) 22015 -30.952 -13.078  0.000 HE- Du etal. (2019) 0664 0131 1458 0102 =
Takeuchi et al. (2012) 21.379 -27.514 -15245  0.000 - Zhang et al, (2019) 0815 0172 1202 0442 Im
Vongvaivanichakul et al. (2014)  -51.852 -80.935 -22.769  0.000 Hassan et él (2020) 2'793 1' 490 4.096 0‘000 — =
Tretriluxana et al. (2015) -34.070 -61614 -6526 0.015 Gong etal é021 0‘748 0.048 1.448 0‘036
Bashir et al. (2016) 30522 -51.995 9048 0005 — ng etal. (2021) 0306 0504 1107 0000 ‘.
21290 -27.171 15408 0.000 * . . . . 4.00 2.00 0.00 2.00 4.00
-60.00 -30.00 0.00 30.00 60.00 : : ’ : ’
2 =41.51% Control LF-rTMS
12 = 56.88% LF-rTMS Control I ALY ontrol
Egger's test: B = -2.14, standard error = 0.82, p = 0.040 Egger’s test: § = 6.93, standard error = 1.24, p < 0.001
e. MEPs of the unaffected M1 after a single session f. MEPs of the affected M1 after multiple sessions
Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit  limit p-Value
Khedr et al. (2009) -0.697 -1.494 0.100 0.087
Theiling et al. (2011) -0.196 -0.971 0578 0.620
Wang et al. (2012) -0.820 -1.627 -0.014 0.046
Sung etal. (2013)1 -0.679 -1.437 0.079 0.079
Sung etal. (2013)2 -0.998 -1.777 -0.219  0.012
Wang et al. (2014b) -0.322 -0.992 0.349 0.347

Luemann-Podubecka et al. (2015)1 -0.143 -0.933 0.646 0.722
Luemann-Podubecka et al. (2015)2 -0.307 -1.217 0.602 0.508

Duetal. (2016a) -0.307 -1.009 0.395 0.392
Duetal. (2016b) -0.056 -0.896 0.783 0.895
Huang etal. (2018) 0.724 -1523 0075 0.076
Duetal. (2019) 0.134 -0.907 0640 0.735
Zhang et al. (2019) -1.854 -2.668 -1.040 0.000
Gong etal. (2021) -0.401 -1.084 0281 0249
-0.537 -0.777 -0.297  0.000 L =
-2.00 -1.00 0.00 1.00 2.00
12 =26.05% Control LFATMS

Egger’s test: B = -2.79, standard error = 4.03, p = 0.502
g. MEPs of the unaffected M1 after multiple sessions
Fig. 2 (See legend on previous page.)

that the ICF of the unaffected M1 was upregulated after  Transcallosal inhibition
10 sessions of LF-rTMS in patients with stroke at the A limited number of studies have suggested that iSP
acute/subacute stage [60]. recorded in the affected hand reduced immediately after
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a single session [9, 28] and 10 sessions [50] of LE-rTMS.
For the unaffected hand, no significant effects on iSP
were found [28, 32]. By measuring IHI, decreased inhi-
bition from the unaffected to the affected M1 was also
noted [32].

High frequency rTMS to the affected M1

Seven [10, 26, 29, 30, 33, 35, 41] and 13 [43, 45, 47, 48,
61-63, 66, 70, 73, 74, 76, 77] studies evaluated the effects
of a single session and multiple sessions of HF-rTMS
on the affected M1 in cortical excitability, respectively.
Khedr et al. showed that more patients presented MEP
responses after receiving 10 sessions of real HF-rTMS
than sham [43]. However, this comparison did not yield
statistical significance.

Resting/active motor threshold

A single session of HF-r'TMS was shown to decrease the
rMT [29] and aMT [47, 48] of the affected M1; a meta-
analysis also supported the notion that multiple sessions
of HE-rTMS could decrease the rMT of the affected M1
(Hedges’ g=—1.27, 95% CI=—2.28 to —0.26, p=0.014,
=89.28%; Fig. 3) without evident publication bias
(p=0.454). The effects on the unaffected M1 were less
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investigated and inconsistent results were reported [47,
48, 62, 70].

Amplitude of motor-evoked potentials

A single session of HF-r'TMS did not show any effects on
the MEP amplitude of the unaffected M1 [26, 41], while it
significantly increased that of the affected M1 [10, 41]. A
meta-analysis showed an MEP increment of 73.11% (95%
CI=11.76%-134.45%, p=0.019, 1*=94.85%); however,
significant publication bias was identified (p=0.027).
Likewise, meta-analyses of multiple-session studies also
supported the notion that HF-rTMS had no effects on the
MEP amplitude of the unaffected M1 (Hedges’ g=0.24,
95% Cl=—0.15-0.63, p=0.235, 1>=46.61%), but sig-
nificantly increased that of the affected M1 (Hedges’
g=0.73, 95% CI=0.17 —1.28, p=0.010, I*=73.38%). No
publication bias was identified in the former (p=0.412)
and latter (p=0.145) analyses.

Intracortical inhibition/facilitation

It was consistently found that a single session of HEF-
rTMS did not change the SICI or the ICF of the affected
M1 [26, 29, 30].

Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value

Malcolm et al. (2007)
Khedr et al. (2010)
Srikumari et al. (2015)
Du et al. (2016a)
Guan et al. (2017)
Duetal. (2019)

-1.609 -2.610 -0.608  0.002
-0.635 -1.459 0.190 0.132
-3613 -4.430 -2796  0.000
-0.684 -1.391 0.023 0.058
-0.114 -0.847 0619 0.760
-1.012 -1.836 -0.188 0.016
-1.268 -2.276 -0.261 0.014

I
-4.00 -2.00 0.00 200 4.00

12 = 89.28% HF-rTMS
Egger’s test: B = -10.00, standard error = 12.08, p = 0.454

Control

Study name Statistics for each study Mean and 95% Cl
Lower Upper
Mean  limit limit  p-Value
Takeuchi etal, 2009 -3.599 -8.906 1708 0.184
Gohetal., 2015 134.375 87.503 181.247  0.000

153.300 66.564 240.036  0.001

0.000 -

0.019
-150.00 -75.00 0.00 75.00 150.00

Uhm et al., 2015(1)
Uhmetal, 2015(2) ~ 45300 20.702 69.898

73.105 11.764 134.446

12 =94.85% Control
Egger’s test: B = 5.03, standard error = 0.84, p = 0.027

HF-rTMS

a. rMT of the affected M1 after multiple sessions

Study name Statistics for each study Hedges's g and 95%Cl
Hedges's Lower Upper

g limit  limit p-Value
Khedr et al. (2009) 0347 0540 1235 0443
Khedr et al. (2010) 0684 -0.144 1512 0.105
Du et al. (2016a) 0520 -0.178 1219 0.144
Du et al. (2016b) 0395 -0421 1211 0342
Du etal. (2019) 0.789 -0.015 1.593 0.055
Wang et al. (2019) 0163 -0.829 1156 0.747
Zhang et al. (2019) 0510 -0339 1.359 0.239
Hassan et al. (2020) 0.021 -0.836 0878 0.962
Ke et al. (2020) 3467 2382 4552 0.000

0727 0173 1281 0010 L 2

-4.00 -2.00 0.00 2.00 4.00

|2 =733 8% Control HF-rTMS

Egger’s test: B = 8.26, standard error = 5.04, p = 0.145

b. MEPs of the affected M1 after a single session

Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper

g limit  limit p-Value
Khedr et al. (2009) 0.165 -0.609 0.938 0.677
Khedr et al. (2010) -0292 -0.885 0.301 0.334
Du et al. (2016a) 0.000 -0.686 0.686 1.000
Du et al. (2016b) 0.141 -0.667 0.950 0.732
Duetal. (2019) 0264 -0.512 1.040 0.505
Wang et al. (2019) 0221 -0.774 1.215 0.663
Zhang et al. (2019) 1291 0545 2.036 0.001

0236 -0.154 0627 0.235

-200 -1.00 000 1.00 2.00

I2=46.61% Control HF-rTMS

Egger’s test: B = 3.28, standard error = 3.67, p = 0.412

c. MEPs of the affected M1 after multiple sessions

d. MEPs of the unaffected M1 after multiple sessions

Fig. 3 Meta-analyses indicating the effects of high frequency repetitive transcranial magnetic stimulation (HF-rTMS) to the affected M1 in
modulating bilateral cortical excitability. A meta-analysis indicated that multiple sessions of HF-rTMS applied to the affected M1 significantly
decreased the rMT of the affected M1 (a). A single session of HF-rTMS significantly increases MEP amplitudes of the affected M1 by 73.11% (b).
Multiple sessions of HF-rTMS also significantly increased MEP amplitudes of the affected M1 (c). However, multiple sessions of stimulation had no
effects on the MEP amplitude of the unaffected M1 (d). rMT resting motor threshold, MEP motor-evoked potentials
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Intermittent theta burst stimulation to the affected M1

The effects of a single session of iTBS were extensively
studied [14-17, 27, 37-40], and four studies investigated
the effects of multiple sessions of iTBS on cortical excit-
ability [53, 54, 57, 64, 68]. iTBS was given at subthresh-
old intensities, and almost all the studies delivered 600
pulses, except the study by Hsu et al. in which patients
received 1200 pulses [53].

Resting/active motor threshold

Meta-analyses indicated that a single session of iTBS
tended to decrease the aMT (Hedges g=—0.26, 95%
CI=-0.64 to 0.13, p=0.189, 12=54.92%) and rMT
(Hedges” g=—10.48, 95% CI=—1.00 to 0.03, p=0.063,
12=77.21%) of the affected M1, and increase the aMT
(Hedges’ g=0.14, 95% CI=-0.10 to 0.38, p=0.257,
[2<0.001%) and rMT (Hedges’ g=0.15, 95% CI=—0.09
t0 0.39, p=0.215, I?<0.001%) of the unaffected M1; how-
ever, none of the pooled Hedges’ g values was significant
(Fig. 4). No publication bias was identified in any of the
meta-analyses (all p values > 0.05).

For the effects of multiple sessions of stimulation, iTBS
combined with physical therapy was beneficial to the
rMT and aMT of the bilateral M1s [53, 54, 57, 64]. It is
noteworthy that the post-iTBS measurements were con-
ducted one day after the last session of the intervention
in two studies [53, 64], rather than immediately after the
stimulation in those studies investigating the effects of a
single session of iTBS.

Amplitude of motor evoked potentials

A single session of iTBS significantly increased the MEP
amplitude of the affected M1 (Hedges’ g=0.44, 95%
CI=0.24 to 0.64, p<0.001, I*=25.59%) and decreased
that of the unaffected M1 (Hedges’ g=—0.42, 95%
CI=-0.62 to —0.21, p<0.001, I*<0.001%). Significant
publication bias was identified in the former analysis
(p=0.029), but not in the latter one (p=0.241).

Largely inconsistent findings were reported regard-
ing the MEP amplitudes of the bilateral M1s after mul-
tiple sessions of iTBS [53, 54, 57, 64]. For the long-term
effects, a previous study revealed that iTBS had superior
effects in sustaining the increased cortical excitability in
the affected M1 for almost three months [68].

Intracortical inhibition

Preliminary evidence did not support the modulatory
effects of iTBS on SICI [38] and the cortical silent period
of the affected M1 in patients with stroke [40].
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Continuous theta burst stimulation to the unaffected M1

A study conducted by Di Lazzaro et al. suggested that
a single session of cTBS to the unaffected M1 had simi-
lar effects as iTBS to the affected M1, simultaneously
increasing the rMT and aMT of the unaffected M1
and decreasing those of the affected M1 [15]. How-
ever, another study, also conducted by Di Lazzaro et al.
showed that 10 sessions of ¢cTBS did not effectively mod-
ulate cortical excitability, reflected by the nonsignificant
changes in the rMT, aMT, and MEP amplitudes of the
bilateral M1s [52]. These nonsignificant findings were
also confirmed by Neva et al. in which neither the SICI,
the ICF, nor the iSP of the bilateral M1s benefited from
cTBS [72].

Correlation between the changes in TMS measures

and motor improvement

A total of 12 studies performed various correlation analy-
ses between TMS measures and motor impairment [43,
48-50, 56, 57, 59, 61-63, 70, 71, 75]. Cross-sectional
analyses indicated positive correlations between the cor-
tical excitability of the affected M1 and the severity of
motor impairment of the hemiplegic arm [61, 63], while
that of the unaffected M1 was negatively correlated with
motor impairment of the hemiplegic arm [71]. Further-
more, motor improvement was significantly correlated
with a reduction in the cortical excitability of the unaf-
fected M1 [56, 57, 59]. The decrease in iSP from the
unaffected to the affected M1 and the increase in MEP
amplitudes in the affected M1 were correlated with arm
motor improvement [50, 62]. A previous study has also
shown the predictive value of MEP amplitudes for subse-
quent motor improvement [48].

Two studies conducted these analyses in patients with
severe arm impairments. Positive correlation between
the cortical excitability of the unaffected M1 and arm
motor impairment was noted after receiving LF-rTMS
[49]. The changes in MEP latency in the unaffected M1
were negatively correlated with motor improvement [75].

Discussion

The aim of the current study was to systematically
review the effects of four commonly used rTMS proto-
cols on the cortical excitability of patients with a uni-
lateral stroke lesion. LF-rTMS to the unaffected M1 is
the most extensively investigated one in the literature.
Our meta-analyses indicated that it was effective in
increasing the MEP amplitude and decreasing the rMT
of the affected M1, with opposite effects regarding the
unaffected M1. Applying HF-rTMS to the affected M1
increased cortical excitability of the stimulated M1,
while no significant effects were found on that of the
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Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit  p-Value
Di Lazzaro et al., 2008 -0056 -0.583 0470 0.834
Di Lazzaro et al., 2010 -0701 -1211 -0.190 0.007
Di Lazzaro et al., 2016 -0086 -0410 0239 0.605
-0.258 -0642 0.127  0.189
-2.00 -1.00 0.00 1.00 2.00
iTBS Control

12 =54.92%
Egger’s test: B = -2.81, standard error = 4.51, p = 0.645

Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Di Lazzaro et al. (2008) 0.045 -0482 0571 0.868
Di Lazzaro et al. (2010) 0301 -0.163 0.765 0.203
Di Lazzaro et al. (2016) 0.092 -0232 0417 0577
0.137 -0.100 0.375 0.257

-200 -1.00 000 1.00 200

Control

12<0.001% iTBsS
Egger’s test: B = 0.58, standard error = 2.19, p = 0.837

a. aMT of the affected M1 after a single session

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Lower Upper

g limit  limit p-Value

Di Lazzaro et al. (2008) -0.114 -0642 0415 0673
Di Lazzaro et al. (2010) -0.866 -1405 -0.328  0.002
Di Lazzaro et al. (2016) -0.034 -0358 0290 0.837
Khan et al. (2017) -1.062 -1.673 -0451 0.001

-0484 -0995 0.026  0.063

-200 -1.00 000 1.00 200

Control

2=77.21% iTBs
Egger’s test: B = -5.68, standard error = 2.91, p = 0.190

b. aMT of the unaffected M1 after a single session

Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit  p-Value
Di Lazzaro et al. (2008) 0.044 -0482 0571 0.870
Di Lazzaro et al. (2010) 0405 -0.068 0.878 0.093
Di Lazzaro et al. (2016) 0.071 -0.253 0.39%6 0.666
0.151 -0.088 0.389 0.215

-200 -1.00 000 1.00 200

Control

12<0.001% iTBS
Egger’s test: B = 1.32, standard error = 3.05, p = 0.741

¢. rMT of the affected M1 after a single session

Study name Statistics for each study Hedges's g and 95%Cl

Hedges's Lower Upper

g limit limit  p-Value
Talelli et al. (2007) 1.043 0.147 1938 0.023
Di Lazzaro et al. (2008) 0215 -0.318 0.749 0429
Ackerley et al. (2010) 0750 0.095 1.405 0.025 —l——
Di Lazzaro et al. (2010) 0739 0.223 1.256 0.005 —
Ackerley et al. (2014) 0654 0.086 1.221 0.024 —l—
Di Lazzaro et al. (2016) 0.149 -0.177 0475 0.370
Murdoch et al. (2016) 0.032 -0.495 0.558 0.906
Diekhoff-Krebs et al. (2017) 0.604 0.063 1.145 0.029 ——
Khan et al. (2017) 0.480 -0.028 0.989 0.064

0.440 0.236 0.644 0.000 L 2

200 -1.00 000 100 200

12 =25.59% iTBS Control

Egger’s test: B = 3.14, standard error = 1.14, p = 0.029

d. rMT of the unaffected M1 after a single session

Study name Statistics for each study Hedges's g and 95%Cl
Hedges's Lower Upper

g limit limit  p-Value
Di Lazzaro et al. (2008) -0.174 -0.705 0.357 0.521
Di Lazzaro et al. (2010) -0.605 -1.101 -0.109 0.017 ——
Ackerley et al. (2014) -0.665 -1.234 -0.095 0.022 -
Di Lazzaro et al. (2016) -0.257 -0.586 0.072 0.126
Diekhoff-Krebs et al. (2017) -0.642 -1.190 -0.095 0.021 —_—

0.415 -0622 -0.207  0.000 &

-200 -1.00 0.00 1.00 2.00

Control

12<0.001% iTBS
Egger’s test: -2.50, standard error = 1.72, p = 0.241

e. MEP of the affected M1 after a single session

threshold; MEP motor-evoked potentials

Fig. 4 Meta-analyses indicating the effects of intermittent theta burst stimulation (iTBS) to the affected M1 in modulating bilateral cortical
excitability. Meta-analyses indicated that a single session of iTBS tended to decrease the aMT (a) and rMT (c) of the affected M1 and increase the
aMT (b) and rMT (d) of the unaffected M1. However, none of the pooled Hedges' g values were significant. A single session of iTBS significantly
increased the MEP amplitude of the affected M1 (e) and decreased that of the unaffected M1 (f). rMT resting motor threshold; aMT active motor

f. MEP of the unaffected M1 after a single session

unaffected M1. Unlike the modulatory effects of HF-
rTMS, iTBS not only increased the cortical excitability
of the affected M1, but also decreased that of the unaf-
fected M1. A limited number of studies investigated
cTBS in stroke and a firm conclusion cannot be drawn.
Motor impairment of the hemiplegic arm was signifi-
cantly correlated with various forms of TMS measures.

The meta-analysis conducted by McDonnell et al. sug-
gested that the unaffected M1 of patients with stroke
was not hyperactivated during active contraction and
resting, indicated by the nonsignificant differences on
aMT, rMT, and MEPs compared with healthy controls
[1]. Most recently, a longitudinal study revealed that
the premovement IHI did not significantly differ from
that of healthy controls at the acute/subacute stage

of stroke, however, the premovement IHI was abnor-
mally higher at the chronic stage [79]. Therefore, the
authors argued that the excessive IHI in chronic stroke
patients may be a consequence of cortical reorgani-
zation, but it was not causally associated with motor
impairment [79]. To the best of our knowledge, this
study suggested that motor impairment at the acute/
subacute stage was not caused by excessive premove-
ment. However, the study by Xu et al. [79] cannot rule
out the possibility that the interhemispheric imbalance
developed at the chronic stage, presumably caused by
the maladaptation of cortical reorganization or learned
non-use, may prevent the recovery of motor function,
since many studies have supported the clinical effects
of LF-rTMS to the unaffected M1 in chronic stroke
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patients. In our meta-analyses, we found that LE-rTMS
to the unaffected M1 could significantly increase the
cortical excitability of the affected M1, accompanied by
decreased cortical excitability of the unaffected M1. A
small number of studies also documented that reduced
iSP and IHI after LE-rTMS were highly correlated with
motor improvement [9, 28, 50], which would further
reinforce the interhemispheric imbalance model.

In a large-scale randomized controlled trial by Har-
vey et al. [80], the authors failed to find superior effects
of LE-rTMS applied to the unaffected M1 against sham
stimulation in improving poststroke upper limb motor
functions. The failure to reject the null hypothesis points
out the importance of studying the characteristics of treat-
ment responders to LE-r'TMS. Carey et al. found that the
responders to LF-r'TMS (applied to the unaffected M1) had
greater hand function and greater preservation volume of
the ipsilesional posterior limb of the internal capsule at
baseline, compared with the nonresponders [81]. Besides,
disrupting either the unaffected M1 or the unaffected dor-
sal pre-motor cortex by TMS worsened the contralateral
motor performance in stroke patients with severe motor
impairment [82], and that HF-rTMS applied to the unaf-
fected M1 could facilitate motor improvement in stroke
patients with severe motor impairment [75]. These studies
suggested that the unaffected hemisphere plays different
roles in motor recovery according to the severity of motor
impairment [75, 81, 82]. Di Pino et al. proposed a bimodal
balance-recovery model to explain the differential roles
of the unaffected hemisphere in poststroke motor recov-
ery [8]. Patients with mild motor impairment can benefit
from inhibitory brain stimulation applied to the unaffected
hemisphere due to high level of structural preservation,
whereas the unaffected hemisphere, because of substantial
damage to the ipsilesional corticospinal tract, has a signifi-
cant role for compensation. Recently, Lin et al. found that
IHI from the unaffected to affected M1 was negatively cor-
related with upper limb function in less impaired patients,
while positive correlation was found in more impaired
patients [83]. This supports further the bimodal balance—
recovery model. In our current systematic review, only one
study in which HF-rTMS was applied to the unaffected
M1 in patients with severe motor impairment, and this
study showed that improvement in upper limb function
was correlated with shortened latency of unaffected MEP
[75]. Because MEPs from the affected M1 was not detect-
able [75], it remained unknown whether the excitability of
the affected M1 was altered after HF-rTMS applied to the
unaffected M1. Regarding the mechanism, recent stud-
ies are still debating the pathway of the unaffected M1 in
facilitating motor recovery via callosal connections, or
direct pathway from the unaffected hemisphere [84, 85].
Traditional measures of intracortical and interhemispheric
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excitability/inhibition rely highly on electromyography
outputs, which are usually not detectable in patients with
severe motor impairment. Alternatively, combining TMS
and electroencephalography can directly probe the cortical
reactivity after TMS pulses [86, 87], which might be useful
in the investigation of interhemispheric communication
for those patients with severe motor impairments.

As aforementioned, the neurophysiological effects
of LF-rTMS to the unaffected M1 can be explained by
the mechanism of rebalancing interhemispheric inhibi-
tion. It is necessary to understand whether hyperactiv-
ity or excessive inhibition flow from the unaffected M1
is a prerequisite for LF-rTMS applied to the unaffected
M1 aiming to modulate the cortical excitability of the
affected M1. Healthy people are assumed to have bal-
anced interhemispheric inhibition. However, many previ-
ous studies have found that LF-rTMS and cTBS not only
suppressed the MEP amplitude of the simulated M1, but
also enhanced that of the non-stimulated M1 [88, 89].
Increased cortical excitability within the non-stimulated
M1 is likely relevant to the elevated intrinsic excitability
of the excitatory interneurons responsible for glutamater-
gic non-NMDA receptors [90]. Given the above findings
in healthy people, it is reasonable to expect the cortical
excitability of the affected M1 to benefit from inhibitory
stimulation to the unaffected M1, even though the unaf-
fected M1 is not hyperactivated or does not inhibit the
affected M1 excessively during resting and premovement
at the acute and subacute stages after stroke [1, 79]. If this
is the case, the interhemispheric imbalance model may
not be the unique hypothesis of inhibitory stimulation to
the unaffected M1, and future studies are warranted.

A large body of evidence suggests that the cortical
excitability of the affected M1 decreased after stroke,
and motor improvement is associated with the increase
of excitability in the affected M1 [1]. Our meta-analyses
indicated that both HF-rTMS and iTBS are useful in
increasing the cortical excitability of the unaffected M1.
Furthermore, the effect of simultaneously suppressing
the unaffected M1 was noted after iTBS, but not after
HF-rTMS. For a direct comparison, a previous study
has shown the superior effects of iTBS in increasing the
MEPs of the stimulated M1, compared to HF-rTMS in
healthy people [88], but comparable effects were also
reported [91]. Animal studies suggested that different
TMS protocols may have specifically different effects in
modulating neurogenesis and protein expression, which
may potentially account for the different effects across
neurophysiological and clinical measures [92].

In addition to unilateral-hemispheric stimulation, some
new protocols integrating these regular forms of rTMS
have been studied in stroke. For instance, the dual-hem-
isphere stimulation consisting of inhibitory rTMS to the
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unaffected M1 and excitatory rTMS to the affected M1 was
more effective in enhancing motor performance and cor-
tical excitability [74] and reducing the SICI of the affected
M1 than unilateral-hemispheric stimulation [26]. Another
protocol, LE-rTMS primed with HF-rTMS, also showed
encouraging effects in reducing intracortical inhibition
within the affected M1 [32]. Besides, functional rTMS trig-
gered by electromyogram may induce greater excitability
changes than passive stimulation protocols [29].

Limitations

This review was not free from limitations. First, we must
be cautious when interpreting the findings relevant to
LE-rTMS. The high IHI elicited by paired-pulse TMS was
found during the premovement period but the majority of
previous TMS measures were conducted at rest. There-
fore, the outcomes—paired-pulse induced IHI at rest and
single-pulse induced iSP during sustained isometric con-
tractions, in our review might not be conclusive in explain-
ing excessive inhibition driving from the unaffected M1
[89]. Second, substantial heterogeneity and publication
bias were identified in some meta-analyses, probably due
to the small sample sizes in most included studies and the
way in which the patient characteristics, TMS protocols,
and methodologies were not identical. Third, the available
studies mostly focused on the effects on TMS measures,
which may limit our findings to patients with mild to mod-
erate impairments only. This is because the MEPs of the
affected M1 are usually not recordable in stroke patients
with severe motor impairments.

Conclusions

The current study systematically reviewed existing
research investigating the effects of four forms of rTMS
in modulating the cortical excitability of bilateral Mls.
LE-rTMS to the unaffected M1 is the most extensively
studied protocol, while c¢TBS is the least studied one.
Although recent studies have argued for the rationale of
inhibitory stimulation applied to the unaffected M1, our
analyses suggested that LF-r'TMS not only suppressed the
cortical excitability of the unaffected M1 but also simul-
taneously enhanced that of the affected M1. HF-rTMS
enhanced the cortical excitability of the affected M1 only.
Preliminary evidence also supported the effects of iTBS
in rebalancing bilateral cortical excitability in stroke. Our
findings support the bimodal balance—recovery model in
patients with mild motor impairment, more studies are
needed to investigate the neurophysiological effects of
HF-rTMS applied to the unaffected M1 in patients with
severe motor impairment.
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