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After long-term use of levodopa, Parkinson’'s patients almost inevitably develop
dyskinesia, a kind of drug side effect manifesting as uncontrollable choreic
movements and dystonia, which could be crippling yet have limited therapeutic
options. Transcranial magnetic stimulation is the most widely studied non-invasive
neuromodulation technology to treat levodopa-induced dyskinesia. Many studies have
shown that transcranial magnetic stimulation has beneficial effects on levodopa-induced
dyskinesia and is patient-tolerable, barely with reported adverse effects. Changes in
brain connectivity, neuroplasticity, neurotransmitter, neurorestoration, and blood flow
modulation could play crucial roles in the efficacy of transcranial magnetic stimulation
for levodopa-induced dyskinesia. The appearance of new modes and application
for emerging targets are possible solutions for transcranial magnetic stimulation to
achieve sustained efficacy. Since the sample size in all available studies is small,
more randomized double-blind controlled studies are needed to elucidate the specific
treatment mechanisms and optimize treatment parameters.

Keywords: transcranial magnetic stimulation, Parkinson’s disease, dyskinesia, mechanism, treatment

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease characterized by the degeneration of
substantia nigra dopaminergic neurons. Levodopa is the mainstay drug choice in the clinical
management of PD. However, long-term levodopa supplements convert Parkinson’s patients
from akinetic state to hyperkinetic state, namely levodopa-induced dyskinesia (LID), with its
severity ranging from mild and barely noticeable to severely disabled. After 4-6 years of levodopa
administration, the occurrence rate of dyskinesia is 40%, while after 15 years, the occurrence rates
can be up to 94% (1).

Modifying dopaminergic therapy to provide more continuous dopaminergic stimulation
is helpful for the management of LID. Apart from dopaminergic drugs, amantadine is
currently regarded as the most effective drug for LID treatment (2). Although the efficacy of
amantadine has been proved to be long-lasting and remarkable, its use might induce/exacerbate
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unacceptable hallucinations and also is contraindicated in
patients with end-stage renal disease (3). Discontinuation of
this drug is even associated with a significant risk of worsening
dyskinesias (3). These undesirable effects limited the long-
term use of amantadine. Several other chemicals targeting
adenosine, adrenergic, glutamatergic, and serotonergic receptors
have significantly decreased dyskinesias in animal models but not
in parkinsonian patients (3). For patients refractory to medical
management, neurosurgical approaches are also the procedure
of choice. Among them, deep brain stimulation has been widely
studied and recommended as one priority procedure for LID
patients who need surgery. However, deep brain stimulation costs
much, needs regular follow-up appointments over several years,
and bears a danger of possible adverse effects after electrode
placement (4). Surgical ablation of the globus pallidus has been
reported to have remarkable efficacy in treating contralateral
dyskinetic symptoms, while its efficacy is more petite than
bilateral subthalamic nucleus deep brain stimulation in one case
of a randomized controlled trial (4). A new minimally invasive
approach using magnetic resonance-guided focused ultrasound
to ablate globus pallidus has only been shown to improve
dyskinesia in a case report (4).

In contrast, another non-invasive procedure, transcranial
magnetic stimulation (TMS), has been applied to treat LID since
2005 (5) and has shown some benefits to a certain extent in
several studies. TMS might be a promising neuromodulation
skill to improve LID. The purpose of the present review is to
discuss the main points of TMS in the management of LID and
related mechanisms to allow for a better understanding of its
potential uses.

AN OUTLINE FOR STUDIES CONCERNING
TRANSCRANIAL MAGNETIC
STIMULATION IN THE MANAGEMENT OF
LID

Studies Utilizing Repetitive Transcranial

Magnetic Stimulation

A pilot study subjected 8 PD patients with LID to 1 day
of 15-min, low-frequency (1Hz) rTMS (LF-rTMS) over the
supplementary motor area (SMA) during apomorphine infusion
(5). Mean (average of two raters) dyskinesia was significantly
lower immediately and 15 min after the LF-rTMS sessions but not
30 min afterward (5). Brusa et al. conducted the same LF-rTMS
on 10 PD patients with LID over SMA after levodopa intake (6).

Abbreviations: PD, Parkinson’s disease; LID, levodopa-induced dyskinesia;
TMS, transcranial magnetic stimulation; rTMS, repetitive TMS; HE-rTMS, high
frequency rTMS; LE-r'TMS, low frequency rTMS; TBS, theta burst stimulation;
cTBS, continuous TBS; iTBS, intermittent TBS; MC, primary motor cortex;
SMA, supplementary motor area; preSMA, pre-supplementary motor area;
DLPFC, dorsolateral prefrontal cortex; IFC, inferior frontal cortex; SMA,
supplementary motor area; SICI, short-interval intracortical inhibitions; LICI,
long-latency intracortical inhibition; ICE intracortical facilitation; SICE short-
interval intracortical facilitation; BDNE brain-derived neurotrophic factor;
GDNE glial cell line-derived neurotrophic factor; LTP, long-term potentiation;
MSO, maximum stimulator output; CFC, cross-frequency coupling; GABA, y-
Aminobutyric acid.

Unlike the pilot study, besides 15-min, single-day stimulation,
this study also observed the effect of repeated, 5-day stimulation
(6). This study found that mean (average of two raters) dyskinesia
were significantly lower 15 and 30 min but not 45 and 60 min
after the single-day and 5-day LF-rTMS sessions (6). Also, both
single- and multiple-session LF-rTMS increased dyskinesia onset
latency to the same degree comparing with sham control and no
rTMS condition (6).

A later study conducted a 10-day LF-rTMS protocol over the
primary motor cortex (MC) for 6 PD patients with LID after
levodopa intake (7). Peak (during peak ON) and mean (average
of early ON, peak ON, and late ON) dyskinesia were significantly
lower for up to 1 day but not 2 weeks, whereas cortical excitability
remained no change for all these time points (7). Although
this study did not conduct sham control, we still could make
some preliminary conclusions from it. Firstly, alterations of
cortical excitability might not be the only mechanism involving
the efficiency of LF-rTMS since cortical excitability did not
correlate with the observed improvements in LID in this study.
Secondly, more prolonged stimulation after-effects could be
attained by extending stimulation days appropriately, such as 10
days rather than only 5 days. Positive relations between longer-
lasting reduction of LID and longer sessions could be affirmed
if further studies could apply longer-session LE-rTMS, such as a
3-week or even 4-week course.

A sham-controlled study later applied 4 consecutive days of
LF-rTMS on 10 PD patients with LID during levodopa intake
(8). In this study, a single session per day was increased from the
previous 15 to 32 min (8). One-day reduction of LID severity was
observed (8). However, it was a pity that this study did not record
when the efficacy of LF-rTMS disappeared. Comparing with
the outcome from Wagle-Shukla et al. (7) this finding suggests
prolonged after-effects might also be obtained by increasing
daily stimulation duration besides stimulation days (8). Also,
this study firstly found that the major effect of LF-rTMS on LID
improvement was on dystonia subscores (8).

Sayin et al. performed 10 consecutive days (30 min daily) of
LF-rTMS over SMA on 17 PD patients with LID during levodopa
intake (9). The study replicated 1 day of alleviation for LID, but
the efficacy disappeared up to 120 min on the second day (9).
Since this is a parallel sham controlled study, discrepancies of
baseline dyskinesia severity between two groups might bring bias
to outcomes (9). All aforementioned studies showed LF-rTMS
had beneficial effects on LID improvement.

However, a later study showed adverse outcomes both after
single-session and 5-day-multiple-session LE-rTMS (10). This
was the first study to use two separate coils on bilateral MC; such
an unexpected outcome might result from an offset of bilateral
stimulation (10). It is speculated that a positive ipsilateral effect
could be counterbalanced by a subsequent contralateral LE-rTMS
session influencing more distant areas because previous studies
have shown LF-rTMS ability to induce changes in areas distant
from the stimulated area (11).

Lohse et al. firstly applied LF-rTMS over the pre-
supplementary motor area (pre-SMA) on 17 PD patients
with LID before levodopa intake (12). They found LF-rTMS
utilization could help improve LID symptoms transiently (12).
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TABLE 1 | Overview of inhibitory TMS (LF rTMS/cTBS) for the treatment of LID in PD.

Sample Coil design TMS administration Degree and scale of Findings References
target dyskinesia
8 Bilateral 1 central coil Single session (15 min“ 1 day) of 1Hz ~ Disabling Improvement for 5)
SMA Sham controlled LF-rTMS during apomorphine infusion ~ AIMS 15min
10 Bilateral 1 central coil Single session (15 min* 1 day) of 1Hz  Disabling Improvement for 6)
SMA Sham controlled LF-rTMS after levodopa intake AIMS 30min
10 Bilateral 1 central coil Multiple sessions (15 min* 5 days) of Disabling improvement for
SMA Sham controlled 1Hz LF-rTMS after levodopa intake AIMS 30min
6 Unilateral no coil type Multiple sessions (15 min* 10 days) Bothersome Improvement for (7)
MC No sham of 1Hz LF-rTMS after levodopa intake ~ CAPSIT-PD 1 day
10 Unilateral 1 central coil Single session (40 s* 1 day) of cTBS Disabling Improvement for (14)
Cerebellum Sham controlled After levodopa intake CAPSIT-PD 45min
20 Bilateral 1 central coil Multiple sessions (40 s* 10 days) of Disabling Improvement for

cTBS
Cerebellum Sham controlled After levodopa intake CAPSIT-PD 4 weeks
10 Unilateral no coil type Multiple sessions (32 min* 4 days) of Obvious Improvement for 8)
MC Sham controlled 1Hz LF-rTMS during levodopa intake CDRS 1 day
8 Bilateral 1 central coil Multiple sessions (40 s* 5 days) of Disabling Improvement for (15)

cTBS
Cerebellum Sham controlled After levodopa intake CAPSIT-PD 45min
17 Bilateral 1 central coil Multiple sessions (30 min* 10 days) of ~ Disabling Improvement for ©)
SMA Sham controlled 1Hz LF-rTMS during levodopa intake ~ AIMS 1 day
8 Unilateral no coil type Single session (40 s* 1 day) of cTBS Bothersome Improvement for (16)
IFC Sham controlled After levodopa intake AIMS 30min
8 Unilateral no coil type Single session (40 s* 1 day) of cTBS Bothersome No change
MC Sham controlled After levodopa intake AIMS
9 Bilateral 2 separate coils Single session (16 min* 1 day) of 1Hz ~ Bothersome No change (10)
MC Sham controlled LF-rTMS during levodopa intake AIMS,UPDRSIV,PDYS-

26

6 Bilateral 2 separate coils Multiple sessions (16 min* 5 days) of Bothersome No change

1Hz
MC Sham controlled 1Hz LF-rTMS during levodopa intake  AIMS,UPDRSIV,PDYS-

26

10 1 central coil Single session (40 s* 1 day) of cTBS Disabling Improvement for (17)
IFC Sham controlled After levodopa intake AIMS No exact time
11 1 central coil Single session (40 s* 1 day) of cTBS Bothersome Improvement for (18)
Cerebellum Sham controlled After levodopa intake CAPSIT-PD 60min
17 1 central coil Single session (30 min* 1 day) of 1Hz ~ Obvious Improvement for (12)
preSMA Sham controlled LF-rTMS before levodopa intake UDysRS No exact time
17 Unilateral 1 central coil Single session (16 min* 1 day) of No mention No change (13)
preSMA Sham controlled 1Hz LF-rTMS before levodopa intake ~ AIMS

PD, Parkinson’s disease; LF rTMS, low-frequency repetitive transcranial magnetic stimulation; cTBS, continuous theta-burst stimulation; LID, levodopa-induced dyskinesia; SMA,
supplementary motor area; MC, motor cortex; IFC, Inferior Frontal Cortex; AIMS, Abnormal Involuntary Movement Scale; mAIMS, Modified Abnormal Involuntary Movement Scale;
CAPSIT-PD, Core Assessment Program for Surgical Interventional Therapies; LF-ADLS, Lang-Fahn Activities of Daily Living Scale; CDRS, Clinical Dyskinesia Rating Scale; PDYS-26,
dyskinesia scale; VAS, Visual Analog Scale; UPDRS, Unified PD Rating Scale; UDysRS, Unified Dyskinesia Rating Scale.

This was also the sole study regarding the relationship between
stimulation intensity of LF-rTMS and its clinical impact on
LID. Stimulation intensity is documented as the percentage
of maximum stimulator output (MSO). With MSO of LEF-
r'TMS increasing up to 60%, Lohse et al. found a significant
linear correlation between stimulation intensity and individual
prolongation of the time to onset of dyskinesia after levodopa
intake (12). They also found a similar trend between MSO and

individual reduction in dyskinesia severity, but it did not reach
statistical significance (12). Recently, Flamez et al. conducted
single-session LF-rTMS (16 min daily) over pre-SMA on 17 PD
patients with LID before levodopa intake but failed to replicate
the therapeutic effect on LID (13).

Overall, most of these studies validated the short-term
beneficial effect of LF-rTMS, but long-term therapeutic effects
still needed to be explored. Among these studies, no adverse
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FIGURE 1 | Overview of stimulation modes in studies mentioned in Tables 1, 2.
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event was reported. Moreover, these beneficial effects are less
likely to be induced by placebo effects. LF-rTMS seems to be a
potential approach to treat LID. However, the conclusions from
these studies are limited by the small sample sizes used. Also,
differences in pharmacological status, dyskinesia assessment
scales, and stimulation parameters (Table1, Figures1, 2)
can confound outcomes of these LF-rTMS studies. Thus,
once a mode of LF-rTMS with definite, reproducible, and
sustained improvement on LID is established, LF-rTMS might
be one of the most valuable approaches to alleviate LID in
clinical settings.

On the other hand, it was shown that all high frequency (5
and 10 Hz) rTMS (HF-rTMS) studies (Table 2, Figure 1) have no
effect on LID.

Studies Utilizing Theta Burst Stimulation
Unlike rTMS, the protocol of TBS is comparatively more
consistent among studies (Table 1, Figures 1, 2). For all five
studies utilizing continuous TBS (cTBS), cTBS consists of three-
pulse bursts at 50 Hz repeated every 200 ms for 40 s (20) and was
administered after levodopa intake.

In Koch’s study, they firstly applied single-session ¢TBS on
10 PD patients with LID over the cerebellum, and a 45-min
reduction was observed (14). In this study, a 10-day course
of cTBS was further conducted and induced persistent clinical
beneficial effects up to 4 weeks (14). However, a later study
applied a 5-day course of cTBS on 8 PD patients with LID over
the cerebellum only reduced LID up to 45 min (15).

A study applied single-session cTBS over the inferior frontal
cortex (IFC) and MC on 8 PD patients with LID, respectively
(16). Stimulation over the right IFC induced improvement of LID

only up to 30 min, while stimulation over MC did not exhibit
any change (16). Although efficacy duration was not mentioned,
Ponza et al. also observed the beneficial effect of ¢TBS on LID
symptoms after single-session stimulation over the right IFC
(17). A recent study targeting cerebellum also displayed 60-min
alleviation for LID after cTBS stimulation (18).

Among these ¢TBS studies, two have mentioned specific
stimulation intensity. In Koch’s and Cerasa’s studies (14, 16), 46.2
=+ 8.5% MSO applied over the right IFC and cerebellum alleviated
LID symptoms, while the same stimulation intensity over MC
failed to improve LID symptoms. Since Cerasa et al. did not
conduct further study to see whether higher stimulation intensity
over MC would change the result or not, it could be early to deny
the role of stimulation intensity for cTBS efficacy.

Like LF-rTMS, the short-term benefits of cTBS have been
corroborated in several studies and are patient-tolerable.
Although a remarkably longer after effect of cTBS than of LF-
r'TMS was exhibited only in one study, such prolonged effect did
not replicate in other studies.

When it comes to intermittent theta-burst stimulation (iTBS)
mode applied on IFC or MC (Table 2, Figure 1), no change has
occurred to LID symptoms at both regions.

AN OUTLINE FOR STIMULATION TARGETS
IN TMS PROTOCOLS FROM THE STUDIES
ABOVE

Brain Regions in Motor Basal Ganglia Loop
MC is a crucial brain region involving in the development of
LID. Alterations of potentials recorded from MC shed light on
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FIGURE 2 | (A-L) Refers to overview of stimulation workflow in studies mentioned in Table 1.

TABLE 2 | Overview of excitatory TMS (HF rTMS/ITBS) for the treatment of LID in PD.

Sample Coil design TMS administration Degree and scale of  Findings References
target dyskinesia

8 Bilateral 1 central coil Single session (15 min* 1 day) of 5Hz Disabling No change (5)
SMA Sham controlled HF-rTMS during apomorphine Infusion AIMS

4 Unilateral 1 central coil Multiple sessions (no exact time* 5 days) No mention No change (19)
DLPFC Sham controlled of 10Hz HF-rTMS during levodopa intake UPDRSIV

4 Unilateral 1 central coil Multiple sessions (no exact time* 5 days) No mention No change

MC Sham controlled of 10 Hz HF-rTMS during levodopa intake UPDRSIV

8 Unilateral no coil type Single session (40 s* 1 day) of iTBS Bothersome No change (16)
IFC Sham controlled After levodopa intake AIMS

8 Unilateral no coil type Single session (40 s* 1 day) of iTBS Bothersome No change

MC Cross-over sham controlled  After levodopa intake AIMS

PD, Parkinson’s disease; HF rTMS, high-frequency repetitive transcranial magnetic stimulation; iTBS, intermittent TBS; LID, levodopa-induced dyskinesia; SMA, supplementary motor
area; MC, motor cortex; DLPFC, left dorsolateral prefrontal cortex; AIMS, Abnormal Involuntary Movement Scale; UPDRS, Unified PD Rating Scale.

possible mechanisms underlying the benefits of LF-rTMS and
¢TBS for LID.

Short-interval intracortical inhibitions (SICI) and long-
latency intracortical inhibition (LICI) reflect suppression of
MC excitability (21, 22). In off therapy, SICI and LICI were
decreased in PD patients with and without LID (23). Unlike
PD patients without LID, administration of levodopa could not
reverse decreased SICI and LICI in PD patients with LID (23). In
off therapy, y-Aminobutyric acid (GABAergic) agonist increased
SICI in PD patients (24). Administration of GABAergic agonist
could also alleviate LID (25). It is believed that SICI is likely
to be mediated by GABA-A-ergic receptors (26) and LICI by
GABA-B-ergic receptors (27, 28).

On the contrary, intracortical facilitation (ICF) and short-
interval intracortical facilitation (SICF) reflect the facilitation
of MC excitability (21, 29). Regardless of drug condition, ICF
was found to decrease or remain normal in PD patients with

LID (23, 30). Unlike ICF in dyskinetic patients, SICF kept
increased in off and on the state (30). Such increase was positively
correlated with the severity of LID (30). Increased SICF in LID
patients could be alleviated by anti-glutamatergic drugs (30).
Improvement of LID did not come with restoration of SICF (30),
which suggests additional pathophysiological mechanisms might
contribute to LID.

Findings of the two opposite types of potentials both indicated
overexcitability of MC renders occurrence of LID. HF-rTMS
(31) and iTBS (20) increases cortical excitability, whereas LF-
rTMS (31, 32) and cTBS (20) decreases cortical excitability,
which conforms to their opposite effects on LID symptoms.
Apart from alterations of these potentials, dendritic spines in
intratelencephalic-type corticostriatal neurons in MC became
enlarged of rats with LID (33).

Although SMA did not show any structural modifification in
PD patients with LID (34), neuroimaging has linked overactive
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FIGURE 3 | Overview of stimulation brain regions in studies mentioned in Tables 1, 2. (A) Left motor cortex. (B) Cerebellum. (C) Supplementary motor area. (D)
Pre-supplementary motor area. (E) Right inferior frontal cortex. (F) Left dorsolateral prefrontal cortex.

SMA with the occurrence of LID (35, 36). Indeed, inhibitory
LE-rTMS over SMA improved LID symptoms (5, 6, 9).

Brain Regions in Associative and Limbic

Basal Ganglia Loop

Voxel based morphometry reveals increased gray matter volume
of the bilateral IFC in dyskinetic patients (34). Right IFC
engages in suppressing an already initiated manual response
(37). One study further revealed dyskinetic PD patients have
a weaker inhibitory interaction between the right IFC and
contralateral MC (17). This finding conforms with beneficial
effects of inhibitory c¢TBS over right IFC on LID (17). Another
study revealed that connectivity of the right IFC with the left MC
was decreased in patients with LID (16). Nevertheless, inhibitory
cTBS over right IFC improved LID symptoms in this study as
well (16). Authors speculated that the increased communication
between the right IFC and the putamen observed in this study
in patients with LID might interfere with the motor inhibition
network (16).

Task-based functional magnetic resonance imaging revealed
activation of pre-SMA after intake of levodopa in LID patients
(38). The pre-SMA has been implicated in both the suppression
and initiation of movements (39). This might partly explain the
contradictory outcomes of two LF-rTMS studies over pre-SMA
on LID (12, 13).

Activation of the dorsolateral prefrontal cortex (DLPFC)
was also observed in PD patients with LID (40). However, it
was bewildering that HF-rTMS Stimulation of the left DLPFC
induced a significant MC depression (19). Moreover, such

MC depression did not reach a significant reduction of LID
symptoms (19).

Cerebellum

Increased metabolic activity in the dentate nucleus (15) and
in the red nucleus (41) indicated cerebellar involvement in the
development of LID. Further studies revealed cerebellar-cortical
interaction in dyskinetic patients. After delivery of inhibitory
cTBS over cerebellum, alleviated LID symptoms concurrently
accompanied by enhancement of MC plasticity (42). Also
resting-state functional connectivity was found to increase
between cerebellum and left IFC: the greater the enhancement
of cerebellar-IFC functional connectivity, the shorter was the
latency of dyskinesia onset (43).

Since many circuits take part in the occurrence of LID,
identification of the critical brain region (Figure 3) involved in
all LID mechanisms as the stimulation target or combination of
different regions might prolong treatment efficacy.

THE THERAPEUTIC MECHANISM OF TMS
IN THE CLINICAL MANAGEMENT OF LID

Brain Connectivity

Electrophysiology and functional imaging are helpful to explore
the role of brain connectivity in the occurrence of LID.
Cross-frequency coupling (CFC) refers to a phenomenon that
oscillations recorded by microelectrodes in various brain regions
interact with each other (44). Such CFC is presented as a
quantitative value to show inter-brain synchrony (44). It is
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revealed that CFC between MC and dorsolateral striatum
was decreased in LID rats (44). After delivery of HF-rTMS,
hippocampus-prefrontal CFC in patients with major depression
was enhanced (45). How LF-rTMS and cTBS alleviate LID
symptoms by the change of CFC remains unknown.

Neuroplasticity

MC lacks long-term potentiation (LTP) -like synaptic plasticity
when levodopa is not being administered (46). LTP can be
reversed in non-dyskinesia patients by administering levodopa
(46). In LID patients, this therapeutic option may fail to
reverse LTP (46). Deficiency of depotentiation exists in PD
patients with LID (47). Theta and gamma wave patterns
recorded by electroencephalography were found to be potent
inducers of neuroplasticity (48). HF-rTMS was found to
induce theta wave, and cTBS was found to induce theta and
gamma in physiological conditions (49), which shows the
capability of TMS to change neuroplasticity. Nevertheless,
how rTMS-evoked neuroplasticity dysfunctional
neuroplasticity (that refers to lack of depotentiation) in the
occurrence of LID and shows beneficial improvement on LID
remains unknown.

reverses

Neurotransmitter and Receptor Modulation
Imbalanced neurotransmitters are the major pathological
mechanisms for LID. Studies have explored the roles of
neurotransmitters and their receptors in TMS. Elevated GABA
receptor levels have been found in postmortem samples of LID
patients (50). The N-methyl-D-aspartate receptor antagonist,
dextrorphan hydrochloride, has been shown to improve LID
clinical outcomes (51). HF-rTMS increases the expression of
amino acids (taurine, aspartate, and serine) and dopamine in the
hypothalamic paraventricular nucleus and dorsal hippocampus,
respectively, and decreases expression of arginine vasopressin
in the hypothalamic paraventricular nucleus in healthy brains
of rats and mice (52). LE-r'TMS was, however, not capable of
exhibiting any changes in neurotransmitters (53). Both LE-rTMS
(54) and HF-rTMS (55) bring about an imbalance between
glutamate and glutamine in healthy human brains. It has been
shown that c¢TBS decreases vesicular glutamate transporters
one and increases plasmatic glutamate transporters one in
healthy rat brains (56). Upregulation of glutamate transporter
and GABA transporter mRNAs have been reported in TMS-
treated mice (57). Studies have confirmed the pivotal roles
of glutamatergic and GABAergic neurotransmitters during
TBS (58). More studies are needed to evaluate the role of
neurotransmitters and receptors in LID patients during TMS
therapy (59).

Neurorestoration

Administration of glial cell line-derived neurotrophic factor
(GDNF) improved LID both in patients and marmosets (60, 61).
GDNF-mediated neurorestoration was revealed to selectively
induce sprouting of dopaminergic cells without affecting
GABAergic or serotonergic cells (62). In 50-sample animal

research, rTMS alleviated LID with remarkably increased GDNF
(63). However, cTBS alleviate LID with decreased brain-derived
neurotrophic factor (BDNF) levels (18). Over-expression of
BDNF was found to induce striatal serotonin fiber sprouting and
lead to LID in 6-OHDA-lesioned rats (64). These findings suggest
TMS might alleviate LID by sparing dopaminergic innervation
and promoting serotonergic denervation. It is intriguing to
note that different BDNF genotypes have a variable response to
cTBS treatment (18). Val66Val carriers exhibited improvement of
LID symptoms with decreased BDNF level after receiving cTBS
treatment, while the Val66Met group showed no change for LID
symptoms and the amount of BDNF as well (18).

Blood Flow and Glucose Metabolism

Blood flow and glucose metabolism dissociation in subcortical
regions, especially putamen, has been found implicated in the
occurrence of LID (65, 66). Blood flow increased while glucose
metabolism decreased in the putamen, be it in the medicated or
unmedicated state (65, 66). Bilateral cerebellum c¢TBS alleviates
LID by reducing [18F]-fluorodeoxyglucose positron emission
tomography metabolism in bilateral cerebellar hemispheres
and dentate nucleus (15). This study suggests that metabolic
changes might mediate the efficacy of TMS (15). Till now, none
studies have unraveled the relation of blood flow with TMS
in the management of LID. Nevertheless, many studies indeed
identified blood flow alteration after TMS in a wide range of brain
regions and various diseases. Blood flow and glucose metabolism
may imply some beneficial effects of TMS on LID.

PROSPECTS

To sum up, TMS has a neuromodulatory potential that might be
successfully used in the clinical management of LID. However,
more large randomized controlled studies of TMS application
in LID are needed to understand better the underlying
mechanisms, the efficacy evaluation, and optimization of
stimulation protocols.
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