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Combined effect of repetitive transcranial magnetic 
stimulation and physical exercise on cortical plasticity

Introduction
Stroke is a major cause of long-standing disability globally 
(Feigin et al., 2014). Hemiplegia of the upper extremities, 
which is the most prevalent form of stroke-induced dysfunc-
tion, has persistent and disabling consequences for stroke 
patients that affect quality of life and productivity (Winstein 
et al., 2016). Although the human brain has the spontaneous 
capacity to protect neurons and restore damaged neuronal 
function, this does not substantially improve survival quality 
or motor recovery.

Neural plasticity refers to the ability of the brain to adjust 
its function to adapt to new environments. From a neuro-
physiological point of view, neuroplasticity is primarily a 
stimulus-dependent synaptic phenomenon (Dayan and Co-
hen, 2011; Small et al., 2013). Plasticity is related to the bal-
ance between gamma-aminobutyric acid (GABA) inhibition 
and glutamatergic excitation in intracortical circuits (Benali 
et al., 2008). Regarding stroke, it includes the modulation 
of neural activation within the remaining motor network to 
maximize neural resources and resume function (Maldonado 
et al., 2008).

Functional recovery following stroke is associated with 
changes in the anatomy and function of the brain (Wang 
et al., 2010; Dijkhuizen et al., 2014; Wu et al., 2015). The 
changes in structure and function after stroke occur in the 
motor cortex and other brain areas (Chen and Schlaug, 
2013; Fan et al., 2013; Cai et al., 2016; Tik et al., 2017). These 
structural changes include the restriction of dendritic and 
axonal branches, the formation of synapses, and the gener-
ation of new neuronal connections (Sampaio-Baptista et al., 

2018). Structural plastic changes occur near the lesion, while 
anterograde or retrograde degeneration can occur in axons 
associated with the damaged area (Reitmeir et al., 2011). In 
the post-stroke rodent model, a large number of axonal fiber 
tracts recombine along the infarct edge, and pyramidal tract 
axons survive at the distal end of the ischemic brain injury 
area, with damaged axonal sprouting in the ipsilateral and 
contralateral pyramidal tract system. In addition, modifica-
tion of the transcallosal projections between the two motor 
cortices has been observed (Hermann and Chopp, 2012). 

Functional changes have been found to occur in response 
to learning and experience via the regulation of existing 
connections, for example, as the result of changes in pre-
synaptic release levels of neurotransmitters, or the insertion 
or removal of presynaptic or postsynaptic receptors (Sam-
paio-Baptista et al., 2018). Practicing a particular movement 
is a process of motor learning (Wenger et al., 2017). Xu et al. 
(2009) found that practicing the reaching task caused out-
put pyramidal neurons in the contralateral motor cortex to 
rapidly (within 1 hour) form a post-synaptic dendritic spine. 
They concluded that rapid synaptic reorganization is closely 
related to motor learning. Furthermore, different sets of syn-
apses appear to encode different motor skills. Indeed, many 
studies have shown that stroke-induced changes in neural 
plasticity are an important foundation for the recovery of 
motor function (Andres et al., 2011; Reitmeir et al., 2011; 
Hermann and Chopp, 2012). With regard to brain plasticity 
after stroke, Van Meer et al. (2012) proposed the following 
four points: (1) Improved sensorimotor function is asso-
ciated with the reorganization of functional connectivities 
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between hemispheres and the normalization of the bilateral 
sensorimotor cortical network, (2) the gradual restoration 
of sensory motor function following stroke is related to in-
creased structural integrity in the ipsilesional corticospinal 
tract (CST), (3) the recovery of functional connectivities be-
tween the bilateral sensorimotor cortices is associated with 
improved structural integrity in the unilateral CST, and (4) 
excellent functional outcomes are correlated with the reten-
tion or repair of structural integrity within the ipsilesional 
CST (van Meer et al., 2012). Indeed, the recovery of motor 
function following stroke is a complicated process in which 
both the integrity of the ipsilesional CST and remodeling of 
brain network connectivities appear to play a significant role.

Motor training has been recommended for stroke sur-
vivors to reduce limb paralysis (Billinger et al., 2014). Be-
havioral interventions, such as physical exercise, aim to 
improve motor function by shaping neural reorganization. 
As reported by some neurobehavioral studies with animals 
and humans, this exercise-dependent reorganization can 
occur at multiple levels of the central nervous system, rang-
ing from molecular to synaptic levels, to cortical maps and 
broad-scale brain networks. The molecular pathways acti-
vated by behavioral interventions can induce remodeling 
of the damaged brain through angiogenesis, neurogenesis, 
axon plasticity, and dendritic plasticity (Zhang and Chopp, 
2009). Stroke can deteriorate physiological brain maps in the 
cortex surrounding the infarct and then remap the motor 
and sensory functions in that area. The degree of function-
al remapping in the peri-infarct cortex is closely related 
to recovery (Carmichael, 2012). For instance, as a form of 
stroke rehabilitation therapy, constraint-induced movement 
therapy has been widely recognized as an effective treatment 
(Thrane et al., 2014). The theoretical basis of the treatment is 
the “learned non-use” of impaired limbs (Taub et al., 2006). 
With the goal of limiting the effects of the “learned non-
use” phenomenon, constraint-induced movement therapy 
increases the patient’s use of their affected limb and thus al-
ters certain neuronal changes driven by experience with the 
contralateral limb. The mechanisms of this treatment involve 
the remodeling of the structure and function of the central 
nervous system, and include processes such as angiogenesis, 
changes in brain metabolic intensity, neuronal renewal, brain 
activation, and protein expression (Kempf et al., 2014; Qu et 
al., 2014; Blicher et al., 2015; Ishida et al., 2015; Urushidani 
et al., 2018). However, exercise training alone is often not 
sufficient to resume normal function, although the outcome 
can be improved by combining exercise training with other 
treatments.

Transcranial magnetic stimulation (TMS), which is based 
on the principle of electromagnetic induction, a current gen-
erated by a magnetic stimulation coil placed on the surface 
of the head activates neurons in the cortical and subcortical 
regions, causing neuronal depolarization (Kobayashi and 
Pascual-Leone, 2003). A single TMS pulse can depolarize 
inhibitory or excitatory axons. This causes changes in the 
excitability and permeability of cells (Ridding and Rothwell, 
2007), thus influencing cortical plasticity (Müller-Dahlhaus 

and Ziemann, 2015). When TMS pulses are repeatedly ap-
plied, they can up-regulate or down-regulate cortical excit-
ability in accordance with the parameters of the stimulation. 
These changes can exceed the duration of the stimulation 
and even persist as long-term effects (Hsu et al., 2012; 
Chervyakov et al., 2015). Although the physiological bases 
of the long-term effects of repetitive TMS (rTMS) remain 
unclear, evidence from animal studies has indicated that the 
mechanisms may be relevant to long-term potentiation (LTP) 
and long-term depression (LTD) (Di Lazzaro et al., 2010). 
The duration of the after-effect is typically 30 to 60 minutes, 
and depends on the stimulus parameters, such as the num-
ber of applied pulses, stimulation frequency, number of ses-
sions, and the intensity of each stimulus (Lefaucheur et al., 
2014).

Through the mechanisms mentioned above, rTMS and 
physical exercise have been found to have synergistic effects 
on synaptic and network plasticity. Thus, a combination 
of rTMS and exercise training may enhance the function-
al changes that could be obtained by either therapy alone. 
Physical exercise can guide the activation of particular neu-
ral networks to correlate with target behaviors. After isch-
emic stroke, improved plasticity is often observed for 1 to 3 
months, and both spontaneous and intervention-mediated 
recovery is maximal within this period (Zeiler and Krakauer, 
2013). rTMS may help to prolong this time window, provid-
ing greater opportunities for appropriate behavioral therapy 
to enhance functional recovery. Therefore, in this review, 
we considered the mechanisms of recovery with respect to 
neural plasticity after stroke and proposed targets for future 
trials, as well as protocol design. We searched experimental 
studies and reviews on neural plasticity after stroke in the 
PubMed, GeenMedical, and Google Scholar search engines 
using the key words “neural plasticity”, “cortical plasticity”, 
“stroke”, “rTMS”, “motor training”, and “physical exercise”. 
The time range for the publications was set as 1990–2019. 

Mechanisms of Repetitive Transcranial 
Magnetic Stimulation Associated with 
Neuroplasticity
rTMS is a promising non-invasive brain stimulation tech-
nique that promotes functional recovery by modulating neu-
ral plasticity and reorganizing post-stroke motor network 
connectivity (Grefkes and Fink, 2012). The motor system 
comprises a complex network of cortical and subcortical re-
gions that interact through excitatory and inhibitory circuits. 
Stroke impresses the interaction between motor areas, and 
then triggers changes in connectivity that are correlated with 
motor impairments (de Vico Fallani et al., 2009; Almeida et 
al., 2017). Inhibitory rTMS applied over the contralesional 
primary motor cortex (M1) was found to correlate with an 
clear reduction in pathological connectivity between the 
ipsilesional and contralesional M1 when compared with a 
control stimulation site (Grefkes et al., 2010). Furthermore, 
enhanced neural connectivity between the ipsilesional M1 
and ipsilesional supplementary motor area was implicated 
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in motor recovery (Grefkes et al., 2010). Hence, it appears 
that in addition to changing the connectivity of the targeted 
region, rTMS can also alter that of remote areas. This sug-
gests that the stimulation-induced behavioral effects rely on 
the reorganization of the whole network rather than that of a 
certain motor region. Coinciding with this conclusion, other 
studies have indicated that rTMS can simultaneously regu-
late the excitability of the motor and non-motor cortex. The 
brain regions in the motor network mainly include the M1, 
premotor cortex, and supplementary motor area. Non-mo-
tor cortex regions, such as the cerebellum, thalamus, and 
dorsolateral prefrontal cortex, have also been implicated in 
motor recovery after stroke (Cramer, 2008). More thorough 
integration of the ipsilesional M1 into the motor network 
structure may be a key factor in improving motor function 
in stroke patients after rTMS (Grefkes et al., 2010). This con-
clusion is consistent with the observation via resting state 
functional magnetic resonance imaging analysis that sponta-
neous recovery over time is related to increased connectivity 
of the ipsilesional M1 (Wang et al., 2010).

The utilization of rTMS following stroke is largely based 
on interhemispheric inhibition. Interhemispheric inhibition 
refers to the neuronal excitability in each cerebral hemi-
sphere that inhibits that in the contralateral hemisphere, 
allowing brain activity to be balanced between hemispheres 
(Nowak et al., 2009). However, a stroke-induced structural 
lesion may significantly disturb the complex hemispheric 
balance by reducing the inhibition effects in the non-le-
sioned hemisphere and increasing inhibition in the lesioned 
hemisphere. This can result in overactivation of the contral-
esional hemisphere compared with the lesioned hemisphere 
(Nowak et al., 2009). According to the rTMS parameters, 
LTD or LTP of cortical excitability can be induced: low-fre-
quency rTMS (≤ 1 Hz) usually leads to a decrease in cortical 
excitability, and thus inhibitory effects, while high-frequency 
rTMS (> 1 Hz) results in an increase in cortical excitability, 
and therefore excitatory effects (Lefaucheur et al., 2014). The 
possible mechanisms involved in rTMS-induced LTP or LTD 
are discussed in the following sections: 

Modulation of neurotransmitters and receptors
Niimi et al. (2020) found that levels of D-serine, which is a 
N-methyl-D-aspartic acid (NMDA) receptor-related amino 
acid, were lower in the rTMS group compared with a control 
group. This indicates that rTMS can regulate NMDA recep-
tor-related amino acids, and that this regulation is associated 
with beneficial treatment effects (Niimi et al., 2020). Besides, 
an animal experiment found that 5 days of electromagnetic 
radiation exposure led to high levels of the neuromediators 
named as nitric oxide and cyclic guanosine monophosphate 
in the cerebral cortex, hippocampus, and gyri (Cho et al., 
2012). 

Effects on gene expression 
Aydin-Abidin et al. (2008) examined the effects of low-fre-
quency rTMS and high-frequency rTMS on the genetic 
expression of zif268 and c-Fos. Low-frequency rTMS and 

high-frequency rTMS both increased the expression of the 
c-Fos gene in all tested cortical regions, but 10-Hz rTMS had 
this effect only in the motor and sensory cortices. Although 
1-Hz rTMS and sham stimulation did not affect the expres-
sion of zif268, sham stimulation increased c-Fos expression 
in the limbic zone (Aydin-Abidin et al., 2008). Furthermore, 
Funamizu et al. (2005) revealed that rTMS influences the ex-
pression of tyrosine hydroxylase and NeuN in the substantia 
nigra. Previous research has clearly demonstrated that TMS 
signaling stimulates and induces gene expression and in-
creases the production of many enzymes. These effects may 
be the basis for the lasting effects of TMS (Simis et al., 2013). 

Promotion of BDNF generation 
Low-intensity stimulation (1.14 T, 1 Hz) was found to cause 
sudden axonal sprouting and growth, as well as increase the 
density of synaptic contacts in hippocampal cell cultures (Ma 
et al., 2013). In contrast, high-intensity stimulation (1.55 T, 1 
Hz) had a devastating effect, decreasing the number of den-
drites, synapses, and axons in the damaged neuronal areas. 
The authors revealed that these results were correlated with 
the brain-derived neurotrophic factor (BDNF)-tyrosine ki-
nase B (TrkB) signaling system (Ma et al., 2013). Moreover, 
5-Hz rTMS daily for 5 days significantly increased serum 
levels of BDNF (mature BDNF + proBDNF) in healthy par-
ticipants, giving rise to the activation of BDNF-TrkB signal-
ing (Wang et al., 2011). The Val66Met polymorphism of the 
BDNF gene has been found to have a negative impact on the 
effects of rTMS for upper limb hemiplegia after stroke (Chang 
et al., 2014). These findings indicate that the observed 
changes in peripheral blood flow are due to rTMS-induced 
regulation of BDNF-TrkB signaling (Wang et al., 2011).

The available data indicate that rTMS applied over the in-
tact hemisphere in stroke patients does not merely remodel 
neural connectivity in the whole network, but can also lead 
to more adaptive plasticity. 

Mechanisms of Physical Exercise Associated 
with Changes in Plasticity
Reorganization and repair of the injured brain is based on 
the regulation of experience-dependent plasticity (Sam-
paio-Baptista et al., 2018). In motor systems, plastic reor-
ganization is primarily driven by physical practice. Reorga-
nization of the brain involves a unique pattern of activity. 
Because axonal sprouting is a responsive process (Harms 
et al., 2008), the post-stroke emergence of adaptive and 
maladaptive activity patterns may influence the formation 
of new connections. One of the most important features of 
mammalian brain activity is that it can change with expe-
rience. At the organizational level, the adaptive benefits of 
experience-dependent change are the basis of our learn-
ing capacity. However, persistent experience-dependent 
maladaptive effects are of equal importance, including the 
formation of benign habits and adaptation to destructive 
conditions. In the aforementioned circumstances, these 
changes appear at the level of neural circuitry and individ-
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ual neurons, and involve the reordering of gene expression, 
synaptic strength, and circuit connectivity (Allred and Jones, 
2008b, a). Stroke induces unique gene expression in sprout-
ing neurons or transcriptomes. Gene expression comprises 
a network of integrated signaling systems involving growth 
factors, cell surface receptors, intermediate cytoplasmic cas-
cades, transcription factors, and epigenetic regulators (Li et 
al., 2010). Lee et al. (2013) found that in an animal model of 
stroke, functional recovery varied according to the rehabili-
tation time and lesion size. During the post-stroke recovery 
period, repetitive training of the affected forelimb reduced 
the size of motor representations in the intact hemisphere 
(Barbay et al., 2013). The underlying mechanism may in-
volve contralesional CST plasticity and transcallosal axonal 
sprouting (Lee et al., 2013).

Behavioral experience can elicit the growth and regres-
sion of dendrites, changes in synaptic efficacy, modification 
of the vascular and glial systems, and can sometimes cause 
neurons to be added or lost (Kleim and Jones, 2008). Animal 
experiments have indicated that exercise training can not 
only up-regulate BDNF transcription and translation levels 
in healthy animals, but that it can also promote BDNF ex-
pression in the hippocampus, cortex, and cerebellum after 
ischemic stroke (Gomez-Pinilla et al., 2008). Furthermore, 
blocking BDNF via gene mutations or neutralization of anti-
bodies can notably reduce the expression of cyclic adenosine 
monophosphate response-element-binding protein, and 
then eliminate exercise-induced recovery of motor learning 
memory (Ploughman et al., 2009). Exercise training has 
been found to promote plastic changes in the damaged mo-
tor network, specifically in M1, the premotor cortex, and the 
posterior parietal cortex (Youssofzadeh et al., 2016; De Vico 
Fallani et al., 2017). Physical exercise, particularly in paretic 
limbs, could reduce activity in the contralesional M1 and al-
ter the activity of related brain regions (Barbay et al., 2013). 
Furthermore, physical activity training is able to facilitate 
changes in synaptic plasticity, including LTP and LTD (Citri 
and Malenka, 2008). 

The evidence suggests that synaptic strength in the motor 
cortex is modifiable, and that synaptic strength could provide 
a basis for shifting the topography of motor cortical maps via 
rehabilitative interventions such as physical exercise.

Combined Repetitive Transcranial Magnetic 
Stimulation and Physical Exercise to Enhance 
Neuroplasticity and Motor Function
As described above, both rTMS and exercise training can 
regulate neural plasticity, and both play a role in remodel-
ing brain networks (Figure 1). Thus, combined rTMS and 
exercise training may have a synergistic effect, enabling 
maximization of their respective therapeutic effects. Some 
experimental studies have provided initial support for this 
hypothesis. In the following section, we review several stud-
ies examining the integration of motor training and rTMS.

Kim and Yim (2018) found that acute stroke patients 
who received high-frequency rTMS (20 Hz) and completed 

task-oriented mirror therapy showed more positive changes 
in motor evoked potential and hand function compared with 
those who underwent high-frequency rTMS only. This indi-
cates that the combination of therapies had a more advanta-
geous effects in terms of regulating cortical excitability and 
enhancing hand function (Kim and Yim, 2018).

A recent study of subacute stroke patients reported similar 
results. The researchers found that Manual Function Test 
subscores of hand motor function and grip power were dis-
tinctively improved in participants who completed both mir-
ror therapy and high-frequency rTMS therapy rather than 
high-frequency rTMS alone. Thus, the combination of rTMS 
with action observation may be more helpful in improving 
upper limb function (Noh et al., 2019).

Studies of chronic post-stroke patients reached simi-
lar conclusions. Avenanti et al. (2012) divided 30 chronic 
stroke patients into rTMSreal-physical therapy, physical 
therapy-rTMSreal, rTMSsham-physical therapy, and phys-
ical therapy-rTMSsham groups. They found that physical 
therapy induced by inhibitory rTMS (1 Hz) most strongly 
promoted use-dependent plasticity and rebalanced the excit-
ability of the two hemispheres. Thus, this combination mode 
of physical therapy and rTMS was advantageous in terms 
of motor function recovery and the restoration of cortical 
excitability. Chang et al. (2012) showed that in post-stroke 

Homeostatic plasticity Activity-dependent plasticity

Neural plasticity

rTMS Physical exercise

LTD/LTP LTD/LTP

Modulation of 
neurotransmitters and 
receptors

Effect of gene 
expression

Promote the 
generation of BDNF 

Gene expression

Synaptic strength

Circuit connectivity

Figure 1 A schematic outline of the mechanisms by which rTMS and 
physical exercise induce plastic changes. 
When rTMS is combined with physical exercise, two types of plasticity 
occur: homeostatic plasticity and activity-dependent plasticity. BDNF: 
Brain-derived neurotrophic factor; LTD: long-term depression; LTP: long-
term potentiation; rTMS: repetitive transcranial magnetic stimulation.
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patients, a 10-day high-frequency rTMS (10 Hz) treatment 
course in a combination with a finger-attack training task 
improved motion accuracy by modulating activity in the 
cortical-basal ganglia-thalamic cortex circuit. This suggests 
that rTMS combined with hand function training could af-
fect the neuroplasticity of various brain networks. 

The above evidence indicates that a combined interven-
tion strategy is optimal for regulating cortical plasticity and 
enhancing motor function in post-stroke patients. In addi-
tion to rTMS and exercise training conducted sequentially, 
studies on the effect of rTMS applied during exercise train-
ing also found enhanced cortical excitability and clinical 
outcomes. The application of rTMS during exercise training 
is based on Hebbian theory (Hebb, 1949), which describes 
the basic principles of synaptic plasticity as the continuous 
repetitive stimulation of postsynaptic neurons by presynap-
tic neurons, inducing synaptic transmission and enhancing 
function.

A study based on Hebbian theory investigated the hy-
pothesis that synchronous application of TMS and a mo-
tor training task might improve use-dependent plasticity. 
During physical exercise, repetitive practice of particular 
movements can build up motor memory, which is a form of 
use-dependent plasticity (Classen et al., 1998). The research-
ers found that motor memory encoded with use-dependent 
plasticity could be improved by synchronized Hebbian stim-
ulation over the motor cortex (Bütefisch et al., 2004). This 
study opened the door to a new modality of non-invasive 
brain stimulation for post-stroke patients. Buetefisch and 
colleagues (Buetefisch et al., 2011) also tested whether motor 
training combined with Hebbian-type stimulation over M1 
could improve M1 reorganization in stroke patients. They 
concluded that Hebbian-type stimulation over M1 was feasi-
ble in stroke patients and that it induced map recombination 
that was correlated with decreases in GABAergic inhibition 
(Buetefisch et al., 2011). 

However, Todd et al. (2009) found that the relationship 
between voluntary movement and rTMS-induced plasticity 
in the motor cortex is complex. They applied high-frequency 
rTMS (6 Hz) for 5 seconds, repeated every 30 seconds for 
10 minutes. The size of the resting motor evoked potential 
was inhibited for 15 minutes after the rTMS intervention. 
Surprisingly, rTMS applied during voluntary muscle con-
tractions did not change the maximal finger tapping speed 
or motor performance, or behavior in a visuomotor tracking 
task. In contrast, Yin et al. (2015) concluded that both 5-Hz 
rTMS alone and 5-Hz rTMS integrated with maximum vol-
untary muscle contractions were able to improve excitability 
in the motor cortex of healthy subjects, although the syn-
chronous combination produced a more apparent enhance-
ment than that of rTMS alone, and had a longer-lasting 
effect. A study based on chronic stroke patients reached sim-
ilar conclusion. A study randomly assigned 18 chronic stroke 
survivors into a functional rTMS (electromyogram-triggered 
rTMS, 10 Hz) group or passive rTMS (rTMS only; control) 
group. The results indicated that functional rTMS reduced 
short-interval intracortical inhibition and increased intra-

cortical facilitation, while passive rTMS reduced abductor 
pollicis brevis muscle activity and the coefficient of variation 
of the force. However, no changes were observed in the rel-
evant measurements (electromyogram, intracortical facil-
itation, short-interval intracortical inhibition) of the first 
dorsal interosseus. The authors concluded that compared 
with passive rTMS, functional rTMS promoted greater ex-
citatory changes and selectively modulated agonistic muscle 
activity (Massie et al., 2013a). In the same year, the research 
team found enhanced cortical excitability and improved sta-
bility after both single and repeated functional rTMS, while 
passive stimulation tended to reduce excitability and did not 
improve stability (Massie et al., 2013b).

The aforementioned studies confirmed the effectiveness 
and feasibility of rTMS synchronized with exercise training, 
thus providing a new intervention mode for future research. 
However, the existing studies mainly examined healthy par-
ticipants and chronic stroke patients. Future studies should 
investigate the effects of Hebbian-type stimulation on acute 
and subacute stroke patients and further attempt to detect 
the underlying mechanisms.

In addition to further clarifying the effectiveness of syn-
chronous integration of the two interventions, exploring 
optimization of the two techniques is an important direction 
for future research. 

Repetitive Transcranial Magnetic Stimulation 
in Combination with Physical Exercise: 
Methods for Optimizing Functional 
Enhancement
At present, few clinical trials have examined the combina-
tion of exercise training and rTMS, and there is a particular 
lack of large-sample and multi-center clinical studies. Thus, 
it is difficult to make predictions regarding the clinical utility 
of this intervention method. 

rTMS alone does not lead to long-term behavioral chang-
es in humans, but must be combined with physical exercise 
to enhance movement performance. When rTMS is applied 
for treatment of motor impairment following stroke, dif-
ferent types of plasticity should be considered to optimize 
the positive effects. There are three main types of plasticity: 
spontaneous plasticity, homeostatic plasticity, and activi-
ty-dependent plasticity (Hebbian plasticity; Schambra, 2018; 
Figure 1).

Spontaneous plasticity refers to the neuroplastic response 
to the damaged areas and remote interconnected regions. It 
is time-limited, and generally lasts for a period of weeks in 
stroke patients (Schambra, 2018). Rehme et al. (2011) exam-
ined interhemispheric and intrahemispheric connectivity 
during different courses of stroke. Their results showed that 
during the acute phase, positive coupling of the supplemen-
tary motor area and premotor cortex in the affected hemi-
sphere decreased, and the negative impacts of damaged areas 
on M1 were reduced in the unaffected hemisphere. During 
the subacute stage, positive effects were expressed from the 
contralesional M1 to the ipsilesional M1. While the negative 
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impact of activity in the affected area on the contralateral M1 
subsequently returned to normal, patients with poor progno-
ses in the chronic phase showed increased negative coupling 
between the M1 in the two hemispheres (Rehme et al., 2011). 
This indicates that the course of disease should directly in-
fluence the selection of rTMS parameters, especially in terms 
of stimulation frequency. A meta-analysis indicated that the 
effectiveness of rTMS declined gradually according to the 
stroke stage: acute > subacute > chronic (Zhang et al., 2017). 
Therefore, to maximize the benefits, rTMS should be applied 
as early as possible to influence spontaneous plasticity.

The severity of stroke and the lesion site is also a factor 
influencing treatment efficiency. The standard approach to 
brain stimulation in stroke patients is based on the idea that 
the ipsilesional M1 is necessary for motor function of the 
paretic upper limb (Nudo and Milliken, 1996), while the 
contralesional M1 competes with the ipsilesional M1. As a 
result, facilitation of the ipsilesional M1 and/or inhibition of 
the contralesional M1 is typically advocated, and is widely 
applied among stroke patients to enhance motor perfor-
mance (Lefaucheur et al., 2014). However, this approach fails 
to elicit substantial improvement in severely affected stroke 
patients, who may have highly damaged ipsilesional path-
ways. Thus, simulating the ipsilesional M1 may not be the 
optimal approach (Talelli et al., 2012; Levy et al., 2016). One 
study found that mildly affected stroke patients showed im-
proved reaching task performance with standard inhibition 
of the contralesional M1, while severely affected patients 
showed improvements with a novel method involving fa-
cilitatory 5-Hz rTMS of the contralesional dorsal premotor 
cortex (Sankarasubramanian et al., 2017). An increasing 
number of clinical trials have reached similar conclusions 
(McCambridge et al., 2018; Harrington et al., 2020). The 
stroke severity illustrated here is important for selecting can-
didates for tailored stimulation in future studies, such that 
patients with different stroke severity levels may optimally 
benefit in terms of paretic upper extremity function. Hence, 
for patients with mild motor impairments, M1 may be the 
most appropriate stimulation site. For patients with serious 
impairments, the contralesional dorsal premotor cortex may 
be a better choice.

Stroke is usually classified as cortical stroke or subcorti-
cal stroke, according to the lesion site. Emara et al. (2009) 
showed that subcortical stroke patients benefited more from 
1 Hz rTMS stimulation than cortical stroke patients. Ameli 
et al. (2009) investigated the effects of 10-Hz rTMS over the 
ipsilesional M1 on cortical and subcortical stroke patients. 
They found that 14 of 16 patients with subcortical stroke 
showed enhanced movement kinematics while no improve-
ment was detected in cortical stroke patients (Ameli et al., 
2009). Furthermore, a meta-analysis indicated that rTMS 
was more favorable for subcortical stroke survivors in terms 
of restoring upper limb motor dysfunction (Hsu et al., 2012; 
Zhang et al., 2017). Thus, both excitatory and inhibitory 
rTMS are beneficial for subcortical stroke patients in terms 
of recovering upper limb motor function.

rTMS can be used to “prime” patients in terms of homeo-

static plasticity, preparing them for the subsequent inter-
ventions. One study provided Class I evidence that using 
low-frequency rTMS before physical therapy was more ben-
eficial than applying physical therapy before low-frequency 
rTMS or a sham stimulation (Avenanti et al., 2012). Higgins 
et al. (2013) found that delivering low-frequency rTMS fol-
lowed by motor training benefited more that 75% patients in 
the experimental group, who displayed increased excitability 
of the motor cortex at the end of the first stimulation session. 
Moreover, another study reported that compared with hand 
training performed 2 hours after low-frequency rTMS, hand 
training immediately after low-frequency rTMS led to more 
rapid enhancement in the motor power of hands (Park et al., 
2018).

Further research is needed to determine the best options 
for optimizing the effects of rTMS with physical exercise. 
Relevant factors may include not only the severity of disease, 
stimulation sites, the course of disease, and the intervention 
time of physical exercise, but also the integrity of the ipsile-
sional CST and treatment parameters related to rTMS, such 
as stimulation frequency and stimulation interval. 

Previous studies have indicated that the integrity of the 
CST is closely tied to motor function (Sterr et al., 2014). 
Yarossi et al. (2019) suggested that the patients presence 
of motor evoked potentials enhanced more apparent than 
those absence of motor evoked potentials compared with the 
change of the Wolf Motor Function Test, box and block test, 
and the active range of finger motion scores between base-
line and post-intervention. This result illustrates that motor 
recovery likely relies on the integrity of the CST in the affect-
ed hemisphere.

As for the parameters of rTMS, frequency is always 
the most important parameter in a rTMS protocol. Both 
high-frequency rTMS and low-frequency rTMS have been 
widely used in stroke patients to restore motor impairments. 
The 2014 European Guideline on the therapeutic utilization 
of rTMS proposed a Level B recommendation for low-fre-
quency rTMS of the contralesional M1 in chronic stroke 
patients and a Level C recommendation for high-frequency 
rTMS of the ipsilesional M1 in (post-)acute and chronic 
stroke patients (Lefaucheur et al., 2014). The Guideline 
added new data and proposed a level A recommendation 
for low-frequency rTMS used for hand function recovery 
in acute stroke patients and a level B recommendation for 
high-frequency rTMS for restoration of motor function in 
post-acute stroke patients (Lefaucheur et al., 2020). Recently, 
an animal study elucidated the impact of high-frequency 
rTMS and low-frequency rTMS in an acute-ischemic stroke 
model at a cellular and molecular level. The results illustrat-
ed that high-frequency rTMS (20 Hz) had more positive 
outcomes than low-frequency rTMS (1 Hz) in both acute 
and subacute mouse models of ischemic stroke. Specifically, 
high-frequency rTMS enhanced functional recovery by de-
creasing the infarct volume and rate of apoptosis, as well as 
activating neuronal survival, neurogenesis, neuronal plastici-
ty, and regional cerebral blood flow (Caglayan et al., 2019). A 
meta-analysis also indicated that directly facilitating ipsile-
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sional M1 excitability may be more effective than suppress-
ing contralesional M1 excitability for enhancing post-stroke 
motor recovery (McDonnell and Stinear, 2017). With respect 
to the safety of different stimulation frequencies, published 
guidelines indicate that in individuals without known risk 
factors, high-frequency (> 1 Hz) rTMS is less likely to cause 
seizures (Lerner et al., 2019). Future studies are needed to 
identify the most favorable stimulation frequencies for dif-
ferent cases. 

The stimulation interval is a crucial and easily adjusted pa-
rameter in terms of modulating cortical excitability. Previous 
studies have reported that low-frequency rTMS can inhibit 
the excitability of the unaffected hemisphere, while high-fre-
quency rTMS can increase the excitability of the affected 
hemisphere. A study of 14 healthy participants found that 
continuous high-frequency rTMS (5 Hz) tended to have an 
inhibitory effect while stimulation with the traditional block 
design tended to have a facilitatory effect (Rothkegel et al., 
2010). Further exploration is necessary to identify the most 
beneficial rTMS protocol. 

Activity-dependent plasticity arises from interventions in 
which rTMS is applied during physical exercise. Previous 
studies have demonstrated the feasibility of activity-depen-
dent rTMS for use with stroke patients (Bütefisch et al., 2004; 
Edwardson et al., 2013). However, in addition to the type 
of rTMS protocol, the form of physical exercise is also im-
portant. For patients with severe dysfunction, robot-assisted 
rehabilitation training represents a promising treatment 
strategy (Radder et al., 2019). Post-stroke patients with mild 
motor impairments can engage in various active movements, 
such as constraint-induced movement and task-oriented 
motor training. Individual differences in treatment response 
are also an important consideration for future research. 

In summary, evidence to date suggests that patients with 
smaller lesions have greater potential for recovery and a 
stronger response to rehabilitation programs. Measures of 
cortical connectivity, such as electroencephalography, are 
useful, along with other biomarkers, for stratifying stroke 
patients, enabling the delivery of optimized personalized in-
terventions. A future challenge is the development of a suite 
of rehabilitation approaches, with different programs opti-
mized for different stroke patient groups, including those 
with severe damage (Sampaio-Baptista et al., 2018).

Conclusion
Stroke patients may be responsive to a variety of external 
interventions, including behavioral training and neuro-
modulation methods such as rTMS. Our understanding of 
the underlying mechanisms of treatments involving rTMS 
and physical exercise is increasing along with our ability 
to regulate neuroplasticity. In this review, we presented the 
mechanisms by which rTMS combined with physical exer-
cise induce changes in neuroplasticity. Both of these treat-
ment approaches are able to regulate synaptic plasticity and 
further cause LTP or LTD. Furthermore, they can be used 
to remodel brain networks and reorganize the functional 

connections between brain regions, further promoting the 
recovery of motor function in stroke patients. Preliminary 
research has mainly focused on the combination of these 
approaches, and reported advantages in terms of regulating 
cortical excitability and improving motor performance. In 
recent years, an increasing number of experiments have ex-
amined the synchronous combination of these approaches 
in regulating activity-dependent plasticity. However, future 
work regarding the use of rTMS in combination with phys-
ical exercise is necessary, especially in terms of the disease 
course, lesion site, severity of stroke, and integrity of the 
CST. Moreover, large-sample and multi-center trials are 
needed to optimize rTMS protocols and produce more evi-
dence to facilitate the development of individualized treat-
ment programs.
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