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Transcranial Magnetic Stimulation in
Tremor Syndromes: Pathophysiologic
Insights and Therapeutic Role
Jessica Frey, Christopher W. Hess, Liam Kugler, Manahil Wajid and Aparna Wagle Shukla*

Department of Neurology, Fixel Institute for Neurological Diseases, University of Florida, Gainesville, FL, United States

Transcranial magnetic stimulation (TMS) is a painless, non-invasive, and established brain

stimulation technique to investigate human brain function. Over the last three decades,

TMS has shed insight into the pathophysiology of many neurological disorders. Tremor is

an involuntary, rhythmic oscillatory movement disorder commonly related to pathological

oscillations propagated via the cerebello-thalamo-cortical pathway. Although tremor is

the most common movement disorder and recent imaging studies have enhanced our

understanding of the critical pathogenic networks, the underlying pathophysiology of

different tremor syndromes is complex and still not fully understood. TMS has been

used as a tool to further our understanding of tremor pathophysiology. In addition,

repetitive TMS (rTMS) that can modulate brain functions through plasticity effects has

been targeted to the tremor network to gain potential therapeutic benefits. However,

evidence is available for only a few studies that included small patient samples with

limited clinical follow-up. This review aims to discuss the role of TMS in advancing the

pathophysiological understanding as well as emerging applications of rTMS for treating

individual tremor syndromes. The review will focus on essential tremor, Parkinson’s

disease tremor, dystonic tremor syndrome, orthostatic tremor, and functional tremor.

Keywords: transcranial magnetic stimulation, tremor syndromes, essential tremor, dystonic tremor, Parkinson’s

disease, functional tremor, orthostatic tremor, theta burst stimulation

INTRODUCTION

Tremor is the most common movement disorder, defined as an “involuntary, rhythmic, oscillatory
movement of a body part” (1). The phenomenology, pathophysiology, and treatment of the various
tremor syndromes are highly nuanced and complex. Some features of tremor disorders may be
difficult to distinguish from each other. Transcranial magnetic stimulation (TMS) is a painless
and non-invasive technique used to study human brain function. TMS produces a magnetic field
that induces a transient focal electric field in the targeted brain region. It can identify brain
circuits involved in motor control and motor disorders and is an appealing technique for studying
pathological tremors. It has shown promise as a potential treatment for tremors due to its ability to
modulate the underlying pathological circuitry and brain functions. The current narrative review
will discuss the role of TMS in understanding the pathophysiology and treatment for essential
tremor (ET), Parkinson’s disease (PD) tremor, dystonic tremor syndrome (DTS), and the less
common or rare tremor syndromes such as orthostatic tremor (OT) and functional tremor.

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.700026
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.700026&domain=pdf&date_stamp=2021-08-26
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:aparna.shukla@neurology.ufl.edu
https://doi.org/10.3389/fneur.2021.700026
https://www.frontiersin.org/articles/10.3389/fneur.2021.700026/full


Frey et al. TMS in Tremor Syndromes

PATHOPHYSIOLOGY OF TREMOR

Manymodels have been proposed to explain the pathophysiology
of tremor. One important model relevant to all tremor
syndromes is the oscillator hypothesis, which posits that a
system can produce abnormal oscillatory activity under certain
conditions that manifests clinically as tremor (2). There are
four potential mechanisms that can lead to generation of these
oscillations. These include mechanical properties of the body
part, stretch reflexes in the extremity, oscillatory properties of
neurons in certain brain regions, and oscillatory activity that
occurs when feed forward or feedback systems involving the
cerebellum become unstable (2, 3). With regards to the central
oscillators, abnormal rhythmic activity generated within specific
brain regions is propagated through networks critical for tremor;
for instance, the cerebello-thalamo-cortical (CTC) network (2, 3).
Brain regions with neurochemical disturbances are particularly
susceptible to the generation of oscillations. For example, loss
of cerebellar Purkinje cells in conjunction with GABAergic
receptor abnormalities have been found to lead to tremor
oscillations along the CTC pathway (4). Some studies have found
loss of dopaminergic, serotonergic, and noradrenergic neurons
in the brainstem lead to abnormal basal ganglia or thalamic
oscillations (5).

Electromyography (EMG), electroencephalography (EEG),
and neuroimaging such as functional magnetic resonance
imaging (fMRI) are multiple pieces of the puzzle that have
advanced our understanding of the brain circuitries and
physiology involved in tremor syndromes. TMS is another
important puzzle piece that has contributed to understanding
the central mechanisms underlying the pathophysiology of
tremor syndromes.

TMS TECHNIQUES: BASIC CONCEPTS

TMS examines brain circuitries by using a magnetic field
to induce changes in neuronal excitability (Figure 1A). TMS
includes single-pulse paradigms, paired-pulse paradigms, and
repetitive-pulse paradigms. A single-pulse paradigm delivers
a single pulse of TMS to specific brain regions in order
to understand brain function. When a single pulse of TMS
is delivered to the primary motor cortex (M1), this pulse
subsequently generates a corresponding motor evoked potential
(MEP) in the contralateral peripheral muscle, measured with an
EMG recording (Figure 1B). MEP is a measure of corticospinal
excitability. Single pulse TMS delivered during voluntary muscle
contraction produces a period of EMG suppression known as
the silent period (SP) (Figure 1C) (6). The SP evoked in the
muscles of the upper limb originates largely from activation of
cortical inhibitory interneurons with spinal contributions for the
early part. SP is thought to represent motor cortex excitability
involving the GABAergic receptors. When the SP is shortened, it
reflects a dysfunctional inhibition. The resting motor threshold
(RMT) is defined as the lowest stimulation intensity required to
cause a muscle twitch in a target muscle for 5/10 pulses delivered
(7). The active motor threshold (AMT), in contrast, is the motor
threshold evoked by stimulation during a voluntary contraction

of the peripheral muscle (7). These motor thresholds reflect the
excitability of the motor cortex.

In paired-pulse paradigms, a conditioning stimulus (CS) is
followed by a test stimulus (TS) with various interstimulus
intervals (ISI) in order to generate MEPs that provide
information about cortical excitability. The ratio of MEP
amplitudes produced by a subthreshold CS and a suprathreshold
TS when the ISI is short (1–4ms) is known as short-
interval intracortical inhibition (SICI) (Figure 1D). The ratio
of MEP amplitudes produced by a suprathreshold CS and TS
when the ISI is long (50–200ms) is known as long-interval
intracortical inhibition (LICI) (Figure 1E) (8). Intracortical
facilitation (ICF) is an excitatory phenomenon whereby the
MEP response is facilitated following a subthreshold CS paired
with suprathreshold TS at an interstimulus interval of 10–15ms
(Figure 1F). A particular type of paired-pulse paradigm utilizes a
CS targeted at the cerebellum and a TS at the motor cortex.When
the ISI between these two pulses is 5–7ms, the cerebellar cortex
activated by the TMS pulse is observed to inhibit the contralateral
motor cortex, a concept known as cerebellar-brain inhibition
(CBI) (9). CBI paradigms can be used to study the cerebellar
contribution, specifically involvement of the CTC pathway, in
the pathophysiology of different tremor syndromes. In general,
these paired pulse TMS paradigms can provide insights into the
role of the motor cortex and the cerebellum, respectively, in
tremor pathophysiology.

In contrast to single- and paired-pulse TMS, which can
detect changes in cortical excitability, repetitive TMS (rTMS)
can be used to modulate the cortical excitability. When rTMS
is delivered to specific cortical targets in the brain, specific
aspects of brain activity can be influenced with the goal of
translating these effects to clinical improvement (Figure 2). Low
frequency (≤1Hz) rTMSmimics long-term depression, resulting
in inhibitory effects in the cortex (Figure 2A). In contrast,
high frequency (>5Hz) rTMS mimics long-term potentiation,
resulting in excitatory changes (Figure 2B) (10). A specific type of
rTMS known as theta-burst stimulation (TBS) uses triplet bursts
of stimulation to deliver more pulses in a shorter time (3-pulse
50Hz burst). When these triplet bursts are given continuously,
known as cTBS, it exerts an inhibitory effect on the cortex
similar to low frequency rTMS (Figure 2C). In contrast, when
the triplet bursts are given intermittently, known as iTBS, it
exerts an excitatory effect on the cortex similar to high frequency
rTMS (Figure 2D) (9, 10). These neuromodulatory effects of
rTMS, when targeted to the motor cortex and the cerebellum, can
be leveraged to treat tremor syndromes. Following application
of a rTMS paradigm, single- and paired-pulse TMS can detect
differences in corticospinal excitability for clinical correlation.

A few studies have employed TMS techniques in healthy
subject cohorts to understand tremor pathogenesis. Topka et al.
examined the contributory role of the oscillations within the
central brain circuits (11). rTMS delivered to the left motor
cortex at a rate of 20Hz, and an intensity of 120 % AMT was
observed to transiently lead to the generation of tremor that
correlated with an increase in frequency and stimulus intensity.
In contrast, peripheral stimulation was unable to produce similar
findings (11). The investigators concluded that the circuitry for
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FIGURE 1 | (A) TMS set up: TMS coil applied to the motor cortex and motor evoked potential (MEP) recording from the distal hand muscle; electric field (blue);

magnetic field (green); induced electric field (red). (B) Test MEP: MEP elicited with a test stimulus (TS). (C) Silent period: Recording of EMG silence that occurs after the

MEP when a suprathreshold TMS pulse is delivered during active muscle contraction. (D) Short interval intracortical inhibition (SICI); MEP elicited with TS is inhibited

when preceded by a subthreshold conditioning stimulus (CS) at a short interval of 2–3ms. (E) Long interval intracortical inhibition (LICI); MEP elicited with TS is

inhibited when preceded by a suprathreshold CS at a long interval (100ms). (F) Intracortical facilitation (ICF); MEP elicited with TS is increased when preceded by a

subthreshold CS at an interval of 10–15 ms.

tremor is mainly central. In another study with healthy subjects,
a visuomotor task was used to induce an action tremor. When
6Hz rTMS was applied to the M1, there was an increase in the
action tremor, indicating that the modulation of tremors occurs
centrally (11, 12).

In the following sections, we will discuss the role of TMS
for each of the individual tremor syndromes. A summary of the
TMS studies used to assess tremor pathophysiology (Table 1)
and therapeutic role in individual tremor syndromes (Table 2)
is provided.

ESSENTIAL TREMOR

ET is the most common tremor syndrome, occurring in 4%
of adults over the age of 40 years (54, 55). The clinical
manifestation of ET typically includes a combination of postural
and action tremors of the arms. In some patients the head,
voice, legs, and trunk may also be involved (56). Propranolol
and primidone are mainstay pharmacological therapies; however,
many patients discontinue medical treatments given an average
of 50% improvement in symptoms and a relatively high incidence
of medication-related side effects. Surgical techniques, including
deep brain stimulation (DBS) and focused ultrasound, can be
considered in severe, medication-refractory cases (54), but they
have limitations such as side effects and costs. Therefore, rTMS
in ET has gained interest as a potential alternative option for
treating tremor.

ET is generally accepted to result from pathologic oscillations
within the CTC pathway. Prior kinematic studies have
demonstrated that rhythmic finger movements in patients
with ET had higher variability than healthy controls, supporting
cerebellar dysfunction as an underlying factor (26). Lesions
in the cerebellum and the motor cortex have been observed
to sometimes lead to the disappearance of symptoms (2, 3).
Imaging studies have shown increased activity in the cerebellum
and the motor cortex (57). Some pathological studies have found
degenerative changes in the cerebellum; for example, the loss
of Purkinje cells and focal axonal swelling that likely leads to
abnormal GABAergic output and generation of pathological
oscillations (55). Despite a growing understanding of the CTC
pathway’s involvement, whether the main tremor oscillator
resides in the cerebellar cortex or is further downstream in the
thalamus or motor cortex, and whether cerebellar involvement
is related to decoupling remains an important physiologic
question (5).

Pathophysiological Insights From TMS
Except for one study that found decreased RMT and AMT
(32), the vast majority of studies have demonstrated that the
baseline excitability in patients with ET is not significantly
different from matched, healthy controls (17, 20, 21, 23, 24, 28).
Resetting tremor with a TMS pulse applied to the cortical brain
has further facilitated understanding of the pathophysiology.
Resetting studies assume that if the tremor rhythm is disrupted
or reset by the TMS pulse, the area stimulated must be involved

Frontiers in Neurology | www.frontiersin.org 3 August 2021 | Volume 12 | Article 700026

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Frey et al. TMS in Tremor Syndromes

FIGURE 2 | Pulse patterns of different rTMS protocols. (A) Low-frequency TMS is delivered at a rate of 1Hz or lower and acts as inhibitory stimulation. (B)

High-frequency TMS is delivered at a rate of 5Hz or higher and acts as excitatory stimulation. (C) Continuous theta-burst stimulation (cTBS) delivers a triplet burst of

pulses continuously, and acts as inhibitory stimulation. Each green pulse represents three pulses given at 50Hz (orange), whereas each green pulse is delivered at

5Hz. (D) Intermittent theta-burst stimulation (iTBS) delivers a triplet burst of pulses intermittently, acting as excitatory stimulation. Each triplet burst (green) is delivered

at 5Hz over 2 s with an 8 s pause between.

in the tremor circuit (58). A single pulse of TMS targeted at the
motor cortex was observed to reset tremor in ET (13, 14, 20, 29),
however, it somewhat surprisingly did not reset when delivered
to the cerebellum (20, 29). The authors speculated that the distal
thalamo-cortical part of the CTC pathway might have a more
prominent contribution to tremor generation than the proximal
cerebello-thalamic part, which is why a single pulse of TMS to
the primary motor cortex reset ET, but the cerebellum did not
(29). Paired-pulse TMS studies investigating CBI have found
variable results, with one study demonstrating no difference in
CBI (20), and another study demonstrating reduced CBI in ET
compared to healthy controls (30). The precise target within
the cerebellum and the number of study participants differed
between the two studies, whichmay be why there was a difference
in their results (58).

TMS studies have also investigated the role of the cerebellum
in ET generation by implementing an inhibitory cTBS protocol
directed at the cerebellum. In one study, there was normalization

of touch duration and temporal variability of ET with the cTBS
protocol (26). In another study, cTBS targeted at the cerebellum
led to a reduction in MEP amplitude in healthy controls,
which could not be replicated in patients with ET. The authors
interpreted this lack of response observed in the ET group to
indicate dysfunction of the CTC pathway (39). Similarly, when
inhibitory rTMS was targeted to the motor cortex, there was
evidence of prolonged SP and reduced SICI in healthy controls,
but no changes in ET, suggesting impaired plasticity and less
modifiable motor cortical circuits (28).

Therapeutic Use of rTMS
Since the thalamus in the CTC pathway is too deep to reach
with conventional TMS pulses, the cerebellum and the motor
cortex remain the two best potential candidates for clinical
efficacy. Most studies to date have targeted the cerebellum
(58). In one study, low frequency rTMS to the cerebellum
led to a significant decrease in clinical tremors immediately
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TABLE 1 | TMS studies for understanding the pathophysiology of tremor syndromes.

References Participants TMS protocol Results

Britton et al. (13) 10 PD vs. 12 ET vs. 10 HC Single pulse TMS over M1 at 110% RMT Tremor reset occurred for both ET and PD

groups; latency to tremor return was prolonged,

period of tremor was shortened in PD compared

to ET or HC

Pascual-Leone et al. (14) 9 ET vs. 12 PD (postural tremor) Single and paired pulse TMS over M1 Tremor reset occurred equally for both ET and

PD groups and correlated with stimulus intensity

and duration of SP; tremor reset bilaterally even

with unilateral stimulation

Mills and Nithi (15) 5 OT Single pulse TMS over the contralateral leg motor

cortex while patients were standing

OT was not reset by cortical stimulation

Tsai et al. (16) 2 OT Single pulse TMS over the contralateral leg motor

cortex at 110% RMT while patients were

standing

OT reset by cortical stimulation

Romeo et al. (17) 10 ET vs. 8 HC Single and paired pulse TMS over M1 with ISIs of

3, 5, 20, 100, 150, and 200ms; stimulation

delivered at 80% RMT for short ISI and 150% for

long ISI

No significant difference in RMT, SP, or SICI

between ET and HC

Manto et al. (18) 3 OT with pancerebellar atrophy Single pulse TMS over the contralateral leg motor

cortex at 120% RMT with delays from time of

EMG recording of the quadriceps femoris to TMS

pulse delivery ranging from 25 to 60% while

patients were standing

OT reset by motor cortex stimulation, which may

suggest primary OT and OT associated with

cerebellar atrophy have distinct

pathophysiological mechanisms

Wu et al. (19) 6 OT Single pulse TMS over the contralateral arm

motor cortex while patients were standing

OT was not reset by motor cortex stimulation

Pinto et al. (20) 9 ET vs. 10 HC; medications

discontinued 24 h prior to study

Conditioning stimulus delivered to right

cerebellum and test stimulus delivered to left

motor cortex with ISI values of 3, 9, and 15ms

No significant difference in MEP or CBI between

ET and HC; tremor was reset with stimulation

over M1 but not over the cerebellum

Shukla et al. (21) 24 ET vs. 24 HC Single pulse TMS over M1 No significant difference in SP between ET and

HC

Spiegel et al. (22) 7 OT Single pulse TMS over contralateral and

ipsilateral cortical leg motor cortex at 110% RMT

vs. lumbar magnetic stimulation vs. peripheral

nerve stimulation

Tremor was reset in the bilateral legs with

unilateral cortical stimulation, but was not reset

with lumbar or peripheral nerve stimulation

Molnar et al. (23) 7 ET with DBS of the VIM in the

dominant hemisphere vs. 11 HC

with TMS; not on medications at

time of study

Single pulse TMS over M1 at 100–150% of RMT;

DBS conditions included ON, HALF, and OFF

stimulation

No difference in SICI, LICI, or active ICF between

ET and HC; significantly higher MEP with DBS

ON compared to HC at high but not low TMS

intensity, suggesting VIM DBS activates the

target area

Lo et al. (24) 20 ET vs. 20 HC; not on

medications at time of study

Single pulse TMS over M1 at 110% RMT in 3 s

intervals at rest and during a motor imagery task

2 s before the TMS pulse

MEP amplitude increased following motor

imagery in HC, but not in ET; no significant

difference in RMT between ET and HC at

baseline; no correlation between motor imagery

scores and ET frequency or severity

Mazzochio et al. (25) 10 PD vs.16 ET vs.10 HC vs.

8 PT; not on medication prior to

the study

Single-pulse TMS over the M1 combined with

changes in shoulder position to influence motor

cortical outflow

MEP amplitude decreased in HC and ET under

resting conditions but increased under active

conditions; no difference in MEP amplitude in PD

at rest but decreased during activation

Avanzino et al. (26) 15 ET vs. 11 HC; medication

stopped 72 h before study

Single session of 600 pulses of 1Hz rTMS over

the right lateral cerebellum at 90% RMT

At baseline, patients with ET had longer touch

duration and temporal variability of movement

compared to HC; following inhibitory rTMS, these

parameters normalized

Ni et al. (27) 10 PD OFF medication vs. 10 HC CBI paired pulse paradigm consisting of TMS

pulse to the cerebellum followed by TMS pulse to

the M1 with ISI ranging from 3 to 8ms; CBI was

tested at rest and with arm extension

Rest tremor reset by M1 but not cerebellar

stimulation; postural tremor reset by both M1 and

cerebellar stimulation; CBI abnormal in both rest

and postural tremor and correlated with the

degree of reset caused by cerebellar stimulation

Rogasch et al. (12) 26 HC with action tremor

induced by a visuomotor task

Single session o 600 pulses of 6Hz rTMS over

the M1 at 80% AMT

Active vs. sham

Peak power and tremor frequency increased

following active rTMS; decreased corticospinal

excitability but increased amplitude following

active rTMS

(Continued)
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TABLE 1 | Continued

References Participants TMS protocol Results

Chuang et al. (28) 13 ET vs. 18 HC Single pulse TMS to the M1; Paired-pulse TMS

with subthreshold conditioning stimulus 80%

AMT and test pulse at 100% AMT at ISIs of 3

and 12ms; 600 triplet bursts of cTBS targeted at

either the M1 or premotor cortex at 80% AMT

No change in SICI or SP in ET but reduced SICI

and prolonged SP following cTBS in HC;

reduction in MEP amplitude in both ET and HC,

but sustained longer in HC

Lu et al. (29) 10 PD vs. 10 ET; medication

discontinued 24 h prior to study

Single pulse TMS over the M1; paired pulse TMS

over M1, SMA, and cerebellum in random order

Tremor reset occurred for both M1 and SMA

targets in both groups; tremor reset index was

significantly higher for M1 as compared to SMA

stimulation in PD group, but no difference in ET

group; no tremor reset with cerebellar

stimulation; no significant difference in MEP, LICI,

or SP between PD or ET group

Hanajima et al. (30) 18 ET vs. 19 HC; medications

stopped 18 h before study

CBI paradigm consisting of conditioning stimulus

with insentiy at 95% of AMT directed at the

cerebellum and test stimulus applied over the

motor cortex with ISIs of 4, 5, 6, 7, 8, and 10ms

Abnormal CBI in ET compared to HC

Pattamon et al. (31) 12 ET vs. 8 DT CBI paradigm consisting of a conditioning

stimulus delivered to the cerebellar cortex and a

test stimulus delivered to the contralateral motor

cortex with an ISI of 5ms

M1 stimulation reset both ET and DT whereas

cerebellar stimulation reset ET more so than DT

Khedr et al. (32) 21 ET vs. 20 HC; no medications

1 week before study

Single pulse TMS over M1 at intensities ranging

from 110 to 150% RMT and AMT

RMT and AMT were significantly decreased

compared to HC; no difference in SP between ET

and HC

Panyakaew et al. (33) 21 ET vs. 22 DTS vs. 19 HC; not

on medications prior to study

CBI paradigm consisting of a conditioning

stimulus delivered to the cerebellar cortex and a

test stimulus delivered to the contralateral motor

cortex with an ISI of 5ms

Correlation between CBI and tremor severity

scale only in ET; CBI significantly reduced in DT

but not in TAWD compared to ET or HC

Leodori et al. (34) 10 PD in the OFF medication

state

Single-pulse TMS over M1 at 80% AMT Both rest and re-emergent tremor were reset

following stimulation of M1

Helmich et al. (35) 14 PD (rest and re-emergent

tremor)

Single-pulse TMS over M1 and cerebellum Both rest and re-emergent tremor were reset

following stimulation of M1 but only re-emergent

tremor was reset following stimulation of the

cerebellum

AMT, active motor threshold; CBI, cerebellar-brain inhibition; CSP, cortical silent period; cTBS, continuous theta burst stimulation; DT, dystonic tremor; DTS, dystonic tremor syndrome;

ET, essential tremor; HC, healthy controls; ICF, intracortical facilitation; LICI, long intracortical inhibition; M1, primary motor cortex; MEP, motor evoked potential; PD, Parkinson’s disease;

PT, physiologic tremor; RMT, resting motor threshold; rTMS, repetitive transcranial magnetic stimulation; SICI, short intracortical inhibition; SMA, supplementary motor area; TAWD,

tremor associated with dystonia; TMS, transcranial magnetic stimulation.

following the stimulation, correlating with accelerometer-based
tremor improvement (36). However, this improvement did not
persist 1 h following stimulation, which is likely attributable to
a single stimulation session. Another study, which used a single
session cTBS protocol to the cerebellum, did not demonstrate
improvements measured clinically or with kinematic analysis
(26, 39). Further studies expanded the number of total pulses
provided to patients by repeating stimulation sessions over
several days. An open-label low frequency paradigm that
extended the number of sessions to 5 consecutive days found
significant improvement in the clinical rating scale and tremor
as measured by accelerometry (38). These improvements lasted
up to 3 weeks following stimulation (38). This study also
demonstrated restoration of CTC connectivity on the fMRI (38).
However, two other low frequency rTMS studies with a similar 5-
day paradigm found no significant difference between active and
sham stimulation conditions (41, 42).

In addition to the cerebellum as a target, theM1, the premotor
cortex (PMC), and the supplementary motor area (SMA) have

been pursued as potential rTMS targets for the treatment of ET.
In one study, 600 triplet bursts of cTBS to the M1 or PMC led
to significant reduction in tremor amplitude with no change in
tremor frequency (28). In another study with cTBS targeted at the
M1, there was reduction of tremor measured with accelerometer
studies; however there was no significant change in the clinical
tremor rating scale, which may be due to the implementation of
only a single stimulation session (37). Inhibitory low frequency
rTMS was pursued in one study for 15 stimulation days and the
investigators chose the pre-SMA as the target. The study found
that compared to sham stimulation, there were sustained benefits
at 8-week follow-up in the active stimulation group (40).

While multiple brain targets have been pursued, albeit
with limited data, a recent meta-analysis evaluating non-
invasive brain stimulation for ET found that there was tremor
improvement regardless of the tremor rating scale used, the
stimulation site, the number of sessions, or how long after
stimulation outcome measures were assessed (54). However,
based on methodological merits including randomization,
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TABLE 2 | rTMS studies for therapeutic use in tremor syndromes.

References Participants Target Stimulation

parameters and

study design

Number of

pulses per

session

Duration Results

Essential tremor

Gironell et al. (36) 10 ET; patients were

allowed to continue

medications during the

study

Posterior cerebellum

(2 cm inferior to the

inion)

Thiry 10-s trains of 1Hz

rTMS at 100% RMT

with 30 second

intertrain intervals

Crossover design of

active and sham rTMS

separated by 1 week

300 Single session Significant decrease in tremor rating

scale and improvement in

accelerometry scores 5min following

active rTMS compared to sham

rTMS, but no difference at 60min

after stimulation

Avanzino et al. (26) 15 ET and 11 HC;

medications stopped at

least 72 h before study

Right lateral

cerebellum (3 cm

lateral and 1 cm

inferior to the inion)

One 10-min train of

1Hz rTMS at 90% RMT

600 Single session No change in frequency or intensity of

tremor by clinical rating scales

Hellriegel et al. (37) 10 ET and 10 HC;

patients were allowed

to continue antitremor

medications if started

at least 4 weeks before

the study

M1 Two 20-s trains of

50-Hz cTBS at 80%

AMT with an intertrain

interval of 60 s

crossover design of

active and sham rTMS

separated by at least 1

week

600 Single session Significant reduction in tremor as

measured by accelerometry 45min

following active stimulation as

compared to sham; no significant

difference in the tremor rating scale or

MEP amplitude

Popa et al. (38) 11 ET and 11 HC;

patients were allowed

to continue antitremor

medication

Cerebellum

(repeated over

lobule VIII of each

cerebellar

hemisphere)

One 15-min train of

1Hz rTMS at 90% RMT

to each cerebellar

hemisphere open label

study

1,800

pulses per

session

(9,000

pulses total)

5 days Significant reduction in tremor rating

scale and improvement in tremor

amplitude by accelerometry with

sustained response up to 3 weeks;

restoration of functional connectivity

in the CTC network to a near normal

level following stimulation

Chuang et al. (28) 13 ET and 18 HC M1 or PMC One 40-s train of 50-Hz

cTBS at 80% AMT

Crossover design of

active vs. sham cTBS

separated by at least

1 week

600 Single session Significant reduction in tremor

amplitude but no change in tremor

frequency; no difference between

motor vs. PMC

Bologna et al. (39) 16 ET and 11 HC Cerebellum (right

cerebellar

hemisphere)

One 40-s train of 50Hz

cTBS at 80% AMT

crossover design of

active and sham cTBS

separated by at least

one week

600 Single session No significant change in tremor rating

scale or kinematic analysis of tremor

following active stimulation; reduction

of MEPs in the HC and not the ET

patients, suggesting dysfunction of

the CTC connectivity in patients with

ET.

Badran et al. (40) 10 ET Pre-SMA 20min of 1Hz rTMS at

110% RMT

Randomized to active

vs. sham

1,200 per

session

(18,000

pulses total)

15 days Significant reduction in the tremor

rating scale compared to baseline in

both groups but sustained reduction

at 4 and 8 week follow-up persisted

only in the active group.

Shin et al. (41) 22 ET; patients were

allowed to continue

antitremor medications

during study

Cerebellum (each

cerebellar

hemisphere, 3 cm

lateral and 1 cm

inferior to the in inon)

Twenty 30-s trains of

1Hz rTMS with a 10 s

intertrain interval at

90% RMT Randomized

to active vs. sham

1,200 per

session

(6,000

pulses total)

5 days No significant difference in tremor

rating scale (immediately after rTMS:

33% reduction in active vs. 20%

reduction in sham; 4 weeks following

rTMS: 31% reduction in active vs.

17% reduction in sham)

Olfati et al. (42) 23 ET Cerebellum (right

then left cerebellar

hemisphere, 1/3

distance from the

inion to the mastoid

process)

Two 15-min trains of

1-Hz rTMS at 90%

RMT with a 5-min

intertrain interval

Crossover design of

active vs. sham with a

2-month

washout period

1,800

pulses per

session

(9,000

pulses total)

5 days Significant reduction in tremor rating

scale following active or sham rTMS

but no significant differences between

active or sham rTMS

(Continued)
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TABLE 2 | Continued

References Participants Target Stimulation

parameters and

study design

Number of

pulses per

session

Duration Results

Parkinson’s disease tremor

Bologna et al. (39) 13 PD and 10 HC;

patients discontinued

antitremor medications

the night before the

study

Cerebellum (in the

hemisphere

ipsilateral to the

tremulous side of

the body, 3 cm

lateral and 1 cm

inferior to the inion)

One 40-s train of 50-Hz

cTBS at 80% AMT

Crossover design for

active vs. sham during

off medication state at

least 1 week apart

600 Single session No significant difference in tremor

amplitude or frequency between

active and sham stimulation by

kinematic analysis; significant

reduction in M1 excitability following

active but not sham stimulation

Lefaivre et al. (43) 50 PD; patients

continued antitremor

medication during the

study

Cerebellum (medial

cerebellum defined

as directly beneath

the inion, or lateral

cerebellum, defined

as 3 cm lateral and

1 cm inferior to the

inion)

One 15-mi train of 1Hz

rTMS at 120% RMT

Active (medial or lateral)

vs. sham during on

medication state

900 Single session Significant improvement in rest tremor

rating score by Kinesia motion sensor

following medial and lateral cerebellar

stimulation compared to sham

Fricke et al. (44) 20 PD; patients

discontinued antitremor

medications the night

before the study

M1 and dPMC Forty 25-s trains of

1-Hz ADS-rTMS at

95% RMT with a 5-s

intertrain interval

Crossover design for

active and sham during

off medication state at

least 1 week apart

1,000 (pairs

of stimuli)

Single session No significant difference in UPDRS,

finger tapping, or tremor by kinematic

analysis between active and sham

stimulation

Dystonic tremor syndrome

Murase et al. (45) 9 WC; one patient with

tremor

M1, PMC, SMA One 21-min train of

0.2Hz rTMS at

85% RMT Crossover

design to different

rTMS target sites and

sham; each target site

separated by at least

1 week

250 pulses

per session

(750 pulses

total)

single session

per target site

Significant improvement in

handwriting scores with PMC

stimulation; no comment on tremor

Huang et al. (46) 18 WC; one patient

listed as having tremor

dPMC One 40-s train of 50-Hz

cTBS at 80% AMT

Randomized to active

or sham stimulation

600 pulses

per session

(3,000

pulses total)

5 days Subjective improvement in writing

following active rTMS but no

significant difference in writing speed

or spiral between groups; no

comment on tremor

Kimberley et al. (47) 17 FHD; 2 patients

listed as having tremor

dPMC One 30-min train of

1-Hz rTMS at

90% RMT Crossover

design between active

and sham rTMS

separated by 10 days

1,800

pulses per

session

(9,000

pulses total)

5 days No significant difference in clinical

measures between active and sham

stimulation; no comment on tremor

Pirio Richardson

et al. (48)

8CD; 3 listed as having

dystonic tremor

ACC, dPMC, M1,

SMA

One 15-min trains of

0.2-Hz rTMS at

85% RMT Crossover

design to different

rTMS target sites and

sham with 2

day washout

180 pulses

per target

(540 pulses

total)

single session

per target site

Trend for improvement in TWSTRS

score for the dPMC and M1 sites; no

comment on tremor

de Oliveira Souza

et al. (49)

Case report: 1 patient

with FHD and

associated tremor

PMC One 20-min train of

1Hz rTMS at 80% RMT

1,200

pulses per

session

(18,000

pulses total)

15 days Significant improvement following

stimulation but benefits not sustained

at 3 month follow-up; no specific

comment on tremor

(Continued)
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TABLE 2 | Continued

References Participants Target Stimulation

parameters and

study design

Number of

pulses per

session

Duration Results

Orthostatic tremor

Gallea et al. (50) 9 OT Cerebellum (over

lobule VIII of each

cerebellar

hemisphere)

Two 15-min trains of

1Hz rTMS at 90% RMT

over each

cerebellar hemisphere

Open label design

1,800

pulses per

session

(9,000

pulses total)

5 days No significant difference in FABRS or

standing duration following rTMS;

significant reduction in tremor

amplitude by EMG analysis following

rTMS; functional connectivity

between lateral cerebellum and SMA

which was abnormally increased in

patients with OT compared with HC

was reduced following stimulation

Hu et al. (51) 10 OT; 9 HC; patients

discontinued antitremor

medication at least 12 h

before study

Cerebellum (3 cm

lateral to the inion on

the line joining the

inion and the

external auditory

meatus)

One 15-min train of

1Hz rTMS at 90% RMT

Crossover design for

active and sham rTMS

separated by 1 day

900 Single session Significant improvement in FABRS

and standing duration immediately

following active rTMS as compared to

sham rTMS, but no sustained

difference 1 h after rTMS; CBI

significant increased at baseline

compared to HC and normalized

following active rTMS

Functional tremor

Dafotakis et al. (52) 11 FT M1 (contralateral to

the affected hand)

30 total pulses of

0.2Hz rTMS at 120%

(15 pulses) and 140%

(15 pulses) of the RMT

Open label study

30 Single session Using kinematic motion analysis,

there was a significant reduction in

tremor following rTMS, with a

sustained response in about half of

patients

Taib et al. (53) 18 FT M1 (contralateral to

the affected limbs)

800 × 2 biphasic

pulses of 1Hz rTMS at

90% RMT Randomized

to active vs. sham

followed by an

open-label phase in

combination

with hypnosis

800 pulses

per session

(4,000

pulses total

during

randomized

phase)

Randomized

phase: 1

session for 5

consecutive

days;

open-label

phase: 1

session weekly

for 3

consecutive

weeks

Significant decrease in PMDRS

following active rTMS with sustained

benefit at 6 month follow-up and

throughout the open-label phase

ACC, anterior cingulate cortex; ADS-rTMS, associative dual-site repetitive transcranial magnetic stimulation; AMT, active motor threshold; CBI, cerebellar-brain inhibition; CD, cervical

dystonia; CSP, cortical silent period; cTBS, continuous theta burst stimulation; CTC, cerebello-thalamo-cortical; DT, dystonic tremor; dPMC, dorsal premotor cortex; DTS, dystonic

tremor syndrome; ET, essential tremor; FABRS, Fullerton advanced balance rating scale; FHD, focal hand dystonia; FT, Functional tremor; HC, healthy controls; M1, primary motor

cortex; MEP, motor evoked potential; OT, orthostatic tremor; PD, Parkinson’s disease; PMC, premotor cortex; PMDRS, psychogenic movement disorder rating scale; RMT, resting

motor threshold; rTMS, repetitive transcranial magnetic stimulation; SICI, short intracortical inhibition; SMA, supplementary motor area; TAWD, tremor associated with dystonia; TMS,

transcranial magnetic stimulation; TWSTRS, Toronto western spasmodic torticollis rating scale; UPDRS, unified parkinson’s disease rating scale; VIM, ventral intermediate nucleus of

the thalamus; WC, writer’s cramp.

blinding, inclusion of sham-control, and duration of benefits, the
overall evidence was deemed to be of moderate quality. Thus,
studies involving multiple sessions and larger samples are needed
to further clarify the role of rTMS in ET.

PARKINSON’S DISEASE TREMOR

PD is a neurodegenerative disorder characterized by motor
symptoms including tremor, rigidity, bradykinesia, and postural
instability (8). Themost classical type of PD tremor is rest tremor,
which is commonly asymmetric and/or unilateral at the time
of onset (1). Rest tremor is defined as a tremor that occurs in
a body part that is not voluntarily activated and is completely
supported against gravity (ideally, resting on a couch). During

postural elevation of arms, rest tremor typically subsides for a
transient period, followed by delayed re-emergence, which is
known as re-emergent tremor (1). In addition to rest and re-
emergent tremors, some patients may also have a postural tremor,
which is typically a higher frequency than rest tremor (59). In
some circumstances, it can be difficult to clinically distinguish
rest, re-emergent, and postural tremor. Rest tremor is commonly
treated with dopaminergic and anticholinergic medications. In
medication-refractory cases, DBS of the subthalamic nucleus or
globus pallidus internus can be considered (8).

The underlying pathophysiology of PD tremor is complex
and not fully understood. Tremor-predominant PD has more
pronounced degeneration of the medial substantia nigra
compared to akinetic-rigid PD (3). There is evidence to support

Frontiers in Neurology | www.frontiersin.org 9 August 2021 | Volume 12 | Article 700026

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Frey et al. TMS in Tremor Syndromes

both the basal ganglia projecting to the motor cortex and the
CTC pathway as possible primary oscillators for PD tremor
(60). Neuroimaging studies have shown dopaminergic deficits
primarily contributing to rest tremor (3). Recently a “dimmer-
switch” model was proposed that posits that the basal ganglia
activates the tremor (“light switch”), whereas the CTC pathway
modulates the tremor amplitude (“light dimmer”) (60). This
model helps to explain a paradox that unlike the other motor
symptoms, PD tremor does not necessarily correlate with the
degree of basal ganglia disease (60). In addition, this model also
provides a potential explanation for the varying responses of PD
tremor to dopamine. Dopamine-resistant PD tremor may have
a larger contribution from the cerebellum, whereas dopamine-
responsive tremor may have a larger contribution from the
thalamus or globus pallidus internus (5).

Pathophysiological Insights From TMS
Single-pulse TMS delivered to the M1 was found to reset the
rest component (13, 14, 27, 29), whereas a single-pulse over
the cerebellum reset the postural component of the PD tremor
(27, 29). In one study, application of the cerebellar pulse reset
the re-emergent subtype of postural tremor suggesting that the
cerebellum is involved in the oscillatory mechanism controlling
pure postural and re-emergent postural tremor (35). Ni et al.
found that rest tremor was reset with M1 stimulation; however,
postural tremor was reset by both M1 and cerebellar stimulation
(27). Ni et al. also found that compared to the healthy controls,
CBI was reduced in PD tremor, which correlated with the degree
of postural tremor reset caused by the cerebellar stimulation
(27). These findings imply that the motor cortex may have
more consistent involvement in the pathogenesis of rest tremor
whereas the cerebellum likely contributes to pure postural and
re-emergent subtypes of postural tremor.

Therapeutic Use of rTMS
A multitude of studies have demonstrated motor symptom
improvements with rTMS in PD. These studies employing either
low or high frequency protocols have targeted the M1, SMA,
and dorsolateral prefrontal cortex (8, 61–63). However, there is
a paucity of data for PD tremor benefits directly related to rTMS.
Bologna et al. used a cTBS protocol targeted at the cerebellum and
found that motor cortex excitability was reduced following active
stimulation, but there was no change in rest tremor assessed
clinically or with kinematic analysis (64). The study authors
concluded that the CTC pathway was not primarily driving the
rest tremor. However, in another study by Lefaivre et al., rest
tremor as rated by kinematic parameters was reduced by low-
frequency rTMS targeted to the medial and lateral cerebellum
(43). These two studies used different stimulation techniques
and there were differences in clinical populations, which could
explain the conflicting results. For example, Bologna et al. focused
on rest tremor and evaluated tremor during the off-medication
state, whereas Lefaivre et al. included patients with tremor-
predominant and akinetic-rigid PD, and all assessments were
performed during the on-medication state (43, 64).

A novel protocol known as associative dual-site rTMS
was implemented by Fricke et al., who hypothesized that

simultaneous targeting of the dorsal premotor cortex and the M1
in a coordinated fashion might lead to decoupling of pathogenic
oscillatory tremor activity (44). However, the study found no
clinical improvements, suggesting that the optimal target site
for PD tremor is still not clear (44). Based on the data from
pathophysiological studies, it is reasonable to postulate that
the rest and postural tremors are likely amenable to different
stimulation sites. More extensive studies involving multiple
targets and multiple stimulation sessions will further clarify the
role of rTMS in PD.

DYSTONIC TREMOR SYNDROME

Tremor is a part and parcel feature of dystonia. When the tremor
is found in a body part affected by dystonia, it is labeled as
dystonic tremor (DT) (1). On the other hand, if dystonia and
tremor are seen in different body parts, it is referred to as
tremor associated with dystonia (TAWD) (1). Prevalence rates
for tremors in dystonia are higher when patients are diagnosed
with adult-onset focal dystonia and in dystonia that begins to
spread from the original affected body part (65). In most patients,
tremor manifests during posture or voluntary movements, but
some patients may have tremor at rest (65). Few studies in
the literature have specifically addressed DTS treatment, with
most being retrospective and non-randomized studies (66). The
available literature has not found consistent improvements with
oral pharmacological therapies; however the use of botulinum
toxin injection therapy is promising (66). There is also evidence
to support that medication-refractory DTS responds to DBS
targeted to the globus pallidus internus or the thalamus (66, 67).

The pathophysiology of DTS is not well-characterized
(2). Neuroimaging studies have demonstrated that both the
cerebellum and connections to the basal ganglia are involved
(5). In a recent functional MRI study, task-based connectivity
of the cerebellum, globus pallidus internus and motor cortex
was significantly more affected in DT than ET (57). It is
unclear whether the oscillators within the CTC pathway or
the basal ganglia projections are the primary drivers for
DTS (5). Furthermore, DT and dystonia may have distinct
pathophysiological substrates as they may respond to different
medical and surgical treatments (68). For example, DT may
respond to medications such as propranolol and primidone that
are not usually employed for dystonia, and although DBS is
typically targeted to the globus pallidus internus for dystonia
patients, the thalamus may be a viable option for DT.

Pathophysiological Insights From TMS
Single-pulse TMS studies have demonstrated DT could be reset
with stimulation over the motor cortex as well as the cerebellum
(31). However, when comparing DT with ET, stimulation over
the cerebellumwas observed to havemore robust effects. The role
of the cerebellum was further explored in a follow-up study that
used a CBI paradigm to distinguish the characteristics of DT from
TAWD (33). CBI was reduced inDT but not in TAWD, indicating
less inhibition in the CTC pathway (33). Compared to TAWD
and ET, DT had higher variability and increased instability.
During motor task (especially complex tasks) performance, DT
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became more unstable likely due to abnormal interactions of
the motor command with the central oscillator (33). The study
also found that the characteristics of TAWD were closer to ET
than DT.

Therapeutic Use of rTMS
There have been numerous studies evaluating rTMS for
therapeutic benefit in dystonia. The rTMS studies that have
assessed dystonia have tried to alleviate symptoms in focal
hand dystonia (45–47, 69–75), cervical dystonia (48, 76, 77),
blepharospasm (78–80), and generalized dystonia (81–83).
However, these studies have not focused on DTS in particular.
Only five studies reported inclusion of patients with DTS
as part of the baseline characteristics. However, the tremor
outcomes were not separately analyzed, making it difficult to
draw conclusions about rTMS specifically in DTS (45, 47–49, 73).
Future studies should include separate cohorts of DT and TAWD
and compare DTS with dystonia in general to elucidate the
therapeutic role of rTMS in this patient population.

ORTHOSTATIC TREMOR

OT is a rare disorder characterized by a high frequency (13–
18Hz) tremor recorded during EMG from the leg muscles (1).
OT results in unsteadiness when standing, which improves with
walking or sitting (1). OT is defined as primary when the
tremor is the sole manifestation with no additional neurological
features. “OT plus” refers to tremor in combination with other
associated neurological features such as an ET-like arm tremor or
parkinsonian features (84). Most OT cases are idiopathic; some
patients reportedly have cerebellar degeneration, paraneoplastic
syndromes, or other metabolic disturbances that may be
contributory (85). SinceOT is rare, evidence to support treatment
is limited and also challenging to study systematically. The
most commonly used medication is clonazepam, as it can
moderately reduce tremors in about one-third of patients and
may eliminate symptoms in some patients (85). Beta-blockers
and anticonvulsants are other medications that have shown mild
benefits in a small percentage of patients (86). Some studies have
reported that DBS targeted to the thalamus is effective, but this
requires further study (87–89).

OT is a unique tremor syndrome for many reasons: tremor
is only induced in weight-bearing positions, frequency is high
(≥13Hz) compared to frequencies of other pathological tremors
(4–12Hz) (3), and high coherence is observed between EMG
signals recorded from muscles in the legs, arms, and face (90).
Unlike the other tremor syndromes, the coherence pattern
recorded from homologous muscles in both sides of the body
does not change over extended periods. The oscillator for OT
likely resides in the posterior fossa, most likely the cerebellum
and its connections with the brainstem and spinal motor neurons
(3, 85, 91).

Pathophysiological Insights From TMS
A few studies have used single-pulse TMS techniques with
variable results. While some studies were unable to reset OT
(15, 19), others targeting the leg area in the motor cortex

found significant effects (16, 18, 22, 92), thus supporting the
hypothesis of a supraspinal generator for the tremor (16, 22, 85).
Evidence suggests that OT may be modulated along the CTC
pathway and downstream to the spinal cord from the central
tremor generator (88). In a recent study, CBI was found to be
significantly increased in the OT group compared to healthy
controls, further supporting the involvement of the cerebellum
in the pathophysiology of OT (50).

Therapeutic Use of rTMS
Only two small clinical trials have studied rTMS for OT. Both
studies targeted the cerebellum and used the same paradigm
of 900 pulses of 1Hz rTMS at 90% of the RMT (50, 51).
While Gallea et al. employed multiple stimulation sessions, Hu
et al. used a single session of active vs. sham in a crossover
design (50, 51). Gallea et al. found no improvements in clinical
assessment, but the accelerometer analysis revealed a decrease
in tremor amplitude sustained up to 3 weeks (50). There was
also a decrease in functional connectivity between the lateral
cerebellum and SMA (50). Hu et al. found improvements
in standing time with active stimulation that correlated with
changes in CBI (51). Future randomized studies should employ
large samples with multiple sessions to determine if these clinical
improvements persist.

FUNCTIONAL TREMOR

Up to 20% of patients presenting to the movement disorder
clinics are ultimately diagnosed with a functional movement
disorder (FMD), which refer to various movement symptoms
that are unexplained by organic disease or have features that
are only partially explained by underlying organic disease
(93). Recent studies have found a clear interplay between
neurological and psychological components (53, 93). Treatment
of FMDs is quite challenging, and patients may experience
significant impairment in their quality of life. An integrated
and transparent approach involving multiple disciplines is most
helpful. Cognitive-behavioral therapy is a promising treatment
option that helps identify how the thought processes may
affect emotions or behaviors for these patients. Physical therapy
employs motor retraining to treat predominant motor symptoms
(94). Finally, identifying and treating comorbid anxiety and
depression remains an important consideration.

The pathophysiology of functional tremor remains unclear.
Some patients have tremor that is often distractible and in
some co-contraction of antagonist muscles leads to an oscillatory
movement similar to clonus, with tremor resolution when
the co-contraction stops (3). Many neuroimaging studies have
demonstrated hypoactivation of the SMA, which is involved
in movement preparation (94). Studies in functional tremor
have demonstrated an increased activity of the cingulate cortex,
paracingulate gyrus, and left insula compared to healthy controls
(95). Neuroimaging studies have also demonstrated decreased
activity of the right middle temporal gyrus, which plays a vital
role in self-agency and helps to detect discrepancies between
internal motor intentions and external motor actions (95). cTBS
targeted at the pre-SMA has been shown to reduce abnormal
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sense of agency, which may be an underlying cause of FMDs
in general (95). To date, no studies have implemented TMS
paradigms to gain insight specifically into the pathophysiology of
functional tremor, and this is an important area for future study.

Therapeutic Use of rTMS
TMS has been used in several small, open-label studies for
patients presenting with functional paresis, aphonia, mixed
phenomenology (including myoclonus, Parkinsonism, and
dystonia), and tremor (93). TMS paradigms used in these studies
have been highly variable, making a comparison across studies
difficult. Many studies have found promising results, with some
reporting sustained benefit at long-term follow-up; however
there is inadequate quality of evidence as there is considerable
heterogeneity in the population sampled, study design, TMS
parameters, and outcome measures. These studies have not
included a sham arm (93). In an open-label study (n = 24)
of patients with FMD, a single 50 pulse session of 0.25Hz
rTMS was applied over the M1 contralateral to the affected
limb and the clinical scores improved by 50–75% for almost
2 years (96). Another study in patients with FMD (n = 33)
involved a crossover design of a single session of rTMS over the
contralateral motor cortex and ipsilateral spinal roots (97). There
were clinical improvements in both groups, suggesting that the
effects of rTMS were more cognitive-behavioral, as opposed to
true neuromodulation. Given the short washout period between
stimulation for the two groups, a definitive conclusion could
not be drawn (97). One study employed suggestibility in their
treatment design (98). Participants were told there would be
a high likelihood of benefit following 5 consecutive days of a
single rTMS session delivered at 0.33Hz. The study found rTMS
to premotor cortex led to improvement in physical quality of
life, but there was a reduction in the psychological quality of
life. These dissociative findings were attributed to the complex
pathophysiology of the FMDs (98).

Two additional studies specifically focused on the response
of functional tremor to rTMS. An early open-label study
implemented a single session of 0.2Hz rTMS applied to the
motor cortex that led to clinical improvements, but the benefits
in many patients were transient (52). There was no sham arm
to rule out a placebo effect. More recently, in a randomized,
double blind, active vs. sham arm study, 1Hz rTMS at 90% RMT
was delivered to the motor cortex in patients presenting with
functional tremor. The study found significant and sustained
clinical improvements in the active stimulation group lasting for
12 months (53). These preliminary studies suggest that rTMS can
improve functional tremor; however, future studies should target
specific and individualized sites determined to be hypoactive
or hyperactive with fMRI and measure brain functions with
TMS to characterize the pathophysiological underpinnings of
functional tremor.

CURRENT LIMITATIONS

Although TMS can be an important tool for understanding
physiology and potentially treating clinical symptoms of tremor,
there are several limitations to consider. There is high variability

in the rTMS paradigms and study designs used to investigate
tremor syndromes, including differences in sham application,
washout periods in crossover designs, target location, number
of pulses, number of stimulation sessions, and duration of the
stimulation in total. Many studies implemented only a single
stimulation session (26, 28, 36, 37, 39, 43, 44, 51, 52, 64,
73), whereas other studies included multiple sessions ranging
anywhere from 5 consecutive days to 15 stimulation days (38, 40–
42, 47, 49, 50), or more unique protocols in which 5 consecutive
days of stimulation are followed with a weekly session of
stimulation for 3 weeks (53). The number of stimulation sessions
may play a role in the duration of benefit, and thus it is
critical to not only assess benefit following stimulation but also
to assess how long that benefit lasts. Protocols with fewer or
only single stimulation sessions would be expected to have
theoretically shorter-lasting benefits than paradigms that include
multiple stimulation sessions. For example, one ET study found a
significant improvement in tremor scores 5min after stimulation,
but this benefit was not seen 60min following stimulation (36).
In contrast, a study incorporating 5 days of stimulation found
a sustained benefit in tremor scores up to 3 weeks following
stimulation (38). The number of stimulation sessions is not
the only TMS parameter that may influence the duration of
benefit. In fact, it may be the total number of pulses delivered
to the brain that has a bigger influence on the duration of
benefit as opposed to the number of stimulation sessions. Indeed,
number of stimulation sessions does not appear to be linearly
related to improvement in tremor, suggesting that there may be a
certain threshold of pulses or sessions after which optimal clinical
improvement is seen (54). In addition, the stimulation intensity,
typically reported as a percentage of RMT or AMT, as well as the
rate of delivered pulses may influence the degree and duration
of benefit. Given the heterogeneity of rTMS paradigms between
studies, it is difficult to compare and contrast results from one
study to another and the optimal stimulation parameters are not
yet known.

Given that the pathophysiology of each of these tremor
syndromes is different from one another, the ways in which
they are treated is also different. This is reflected by the
current standard of care treatments, which range from specific
pharmacotherapy to specific DBS target sites based on the type of
tremor syndrome. Therefore, it makes sense that different TMS
stimulation parameters and target sites also be needed to have the
greatest therapeutic benefit for each individual tremor syndrome.
However, there is variability in the TMS study designs within the
same type of tremor syndrome as well. Some studies chose to
randomize two separate groups of patients in an active and sham
protocol (40, 41, 43, 53, 73), whereas others used a crossover
design to evaluate benefit (36, 37, 39, 42, 44, 47, 51, 64). There are
a few limitations specific to crossover designs performed in rTMS
studies. First, a real TMS coil emits a loud clicking noise with each
pulse and also generates a tapping sensation along the patient’s
skull throughout the procedure. Therefore, it is important to
have a sham condition which mimics this active condition as
closely as possible. However, sham conditions are highly variable
in these studies. These sham conditions include tilting an active
coil away from the target (36, 41–43, 47, 48), delivering the
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FIGURE 3 | Summary of therapeutic use of rTMS in tremor syndromes organized by target site. Pre-SMA, pre supplementary motor area; M1, primary motor cortex;

PMC, premotor cortex and cerebellum have been targeted. Investigator group and sample size enrolled for individual tremor syndrome including essential tremor (ET),

Parkinson’s disease (PD) tremor, dystonic tremor syndrome (DTS), orthostatic tremor (OT) and functional tremor (FT) are illustrated.

stimulation at a lower intensity than would be expected to cause
neuromodulatory changes (28, 37, 44, 73), stimulation of neck
muscles instead of the cortex (39, 64), or using a sham coil
that delivers a tapping sensation accompanied by a loud clicking
noise without delivering any stimulation (40, 45, 51, 53). A sham
coil offers the most reliable way of ensuring blinding without
unintentional neurostimulation.

A second important design factor in rTMS crossover studies
is the amount of time dedicated to “washout” between the active
and sham stimulation sessions. This washout period varies widely
between studies, with some waiting 1–2 days (48, 51), 1 week
(28, 36, 37, 39, 44, 64), or weeks to months (42, 47). It is critical
to choose a washout period that will allow for stimulation effects
to wear off before starting the next session. Given that paradigms
with a higher total number of sessions and the total number of
pulses have led to cumulative effects or longer-lasting benefits,
studies implementing these paradigms should include more
extended washout periods between active and sham stimulation
sessions. In addition, implementing several follow-up periods,
ranging from immediately after rTMS, to hours after rTMS, to
weeks after rTMS, will give us a better understanding of how long
we should expect different rTMS paradigm benefits to last.

These limitations, some of which are inherent to rTMS study
design, make it difficult to draw any overall conclusions about the
efficacy of rTMS in tremor syndromes at this time. The majority
of these studies have looked at small and often heterogenous
populations. Given these known limitations of rTMS studies, it is

important to design future studies that will more systematically
assess the therapeutic use of rTMS for tremor syndromes.

CONCLUSION AND FUTURE DIRECTIONS

In summary, TMS is a valuable tool that can potentially enhance
the pathophysiological understanding of movement disorders.
Although tremor is the most common movement disorder and
recent imaging studies have advanced the knowledge of the
critical pathogenic networks, TMS has been underutilized overall.
Single pulse TMS paradigms have been helpful in demonstrating
the brain circuitry that is likely involved in the generation of
tremor. Single pulse TMS targeted to the primary motor cortex
has resulted in tremor reset for both ET and rest tremor in
PD (13, 14, 20, 27, 29) as well as for re-emergent tremor in
PD (34), suggesting similar circuitry involved in the generation
of these two tremor syndromes. However, single pulse TMS
directed at the cerebellum led to tremor reset in postural
tremor in PD but not in rest tremor in PD or in essential
tremor, suggesting that these tremor syndromes have different
underlying pathophysiology or are modified by additional factors
outside of these circuits (20, 27, 29). Similarly, single pulse TMS
to M1 led to reset of both ET and DTS, whereas single pulse TMS
to the cerebellum led to reset in ET more so than in DTS (31).
These differences suggest that certain parts of the brain circuit
are more involved with the generation of tremor whereas other
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parts of the circuit are more involved with modulation of tremor.
In addition, paired pulse TMS paradigms have demonstrated
involvement of the cerebellum in ET, postural tremor of PD, and
OT. TMS studies evaluating the pathophysiology of functional
tremor are still needed. These pathophysiological insights are
not only important for our understanding of tremor syndrome
symptoms, but can also guide us into selecting appropriate rTMS
parameters for treating these tremor syndromes clinically. Using
knowledge of tremor pathophysiology to design rTMS studies is
one important way of being more thoughtful when approaching
the rTMS design for tremor syndrome studies. For example,
using associative dual site TMS targeted at the M1 and dPMC
was based on the assumption that each of these target sites was
connected via different tracts to the subthalamic nucleus (STN),
which is an important structure in the manifestation of tremor in
PD (44). Therefore, simultaneous stimulation of these targets was
hypothesized to lead to decoupling of the pathogenic oscillatory
activity (44). Future pathophysiologic studies should focus on
determining which brain circuits are the primary oscillator and
which are more responsible for modulating existing tremor.
Studies combining TMS with EEG and fMRI will be critical to
answering these questions.

There is emerging evidence supporting the therapeutic
potential of rTMS for treating tremor syndromes. rTMS
paradigms inhibiting the cerebellum have shown promise at
reducing ET, OT, and specific subtypes of PD tremor. Inhibitory
paradigms targeted to the motor cortex, pre-SMA, or SMA have
shown improvements in ET populations and those presenting
with functional tremor (Figure 3). Although these early results
are encouraging, studies involving multiple sessions, larger
samples, blinded outcome assessments, and long-term follow-
ups are warranted to confirm the therapeutic role of rTMS
in tremors. It is crucial to include a sham-controlled arm to

ensure that a placebo response does not drive clinical benefits.
Future rTMS study designs would benefit from using both
clinical scales and kinematic outcomes and correlating tremor
improvement with underlying changes in the pathophysiology.
In addition, it will be beneficial to determine if rTMS and
standard pharmacological treatments have synergistic benefits.
Future studies should combine TMS with imaging to identify
individualized brain abnormalities and employ personalized
rTMS protocols to provide robust, long-lasting benefits.

AUTHOR CONTRIBUTIONS

JF contributed to the writing of the first draft, conceptualization
of the topic, data collection, and major revisions. CH was
responsible for major revisions. MW and LK were responsible
for data collection, figure illustration, and major revisions. AW
was responsible for conceptualization of the topic and major
revisions. All authors agree to be accountable for the content of
the work.

FUNDING

CH has received recent grant support from the Parkinson’s
Foundation. AW reports grants from the NIH and has received
grant support from Benign Essential Blepharospasm Research
foundation, Dystonia coalition, Dystonia Medical Research
foundation, National Organization for Rare Disorders and grant
support from NIH (KL2 and K23 NS092957-01A1).

ACKNOWLEDGMENTS

We would like to acknowledge Tyler’s Hope Foundation for
Dystonia Cure.

REFERENCES

1. Bhatia KP, Bain P, Bajaj N, Elble RJ, Hallett M, Louis ED, et al. Consensus

statement on the classification of tremors from the task force on tremor of the

International Parkinson and Movement Disorder Society. Mov Disord. (2018)

33:75–87. doi: 10.1002/mds.27121

2. Deuschl G, Bergman H. Pathophysiology of nonparkinsonian tremors. Mov

Disord. (2002) 17(Suppl. 3):S41–8. doi: 10.1002/mds.10141

3. Deuschl G, Raethjen J, Lindemann M, Krack P. The pathophysiology of

tremor.Muscle Nerve. (2001) 24:716–35. doi: 10.1002/mus.1063

4. Helmich RC, Toni I, Deuschl G, Bloem BR. The pathophysiology of

essential tremor and Parkinson’s tremor. Curr Neurol Neurosci Rep. (2013)

13:378. doi: 10.1007/s11910-013-0378-8

5. van der Stouwe AMM, Nieuwhof F, Helmich RC. Tremor

pathophysiology: lessons from neuroimaging. Curr Opin Neurol. (2020)

33:474–81. doi: 10.1097/WCO.0000000000000829

6. Cantello R, Gianelli M, Civardi C, Mutani R. Magnetic brain stimulation: the

silent period after the motor evoked potential. Neurology. (1992) 42:1951–

9. doi: 10.1212/WNL.42.10.1951

7. Ah Sen CB, Fassett HJ, El-Sayes J, Turco CV, Hameer MM, Nelson AJ. Active

and resting motor threshold are efficiently obtained with adaptive threshold

hunting. PLoS ONE. (2017) 12:e0186007. doi: 10.1371/journal.pone.01

86007

8. Wagle Shukla A, Shuster JJ, Chung JW, Vaillancourt DE, Patten C,

Ostrem J, et al. Repetitive transcranial magnetic stimulation (rTMS)

therapy in parkinson disease: a meta-analysis. PM R. (2016) 8:356–

66. doi: 10.1016/j.pmrj.2015.08.009

9. Carrillo F, Palomar FJ, Conde V, Diaz-Corrales FJ, Porcacchia P, Fernandez-

Del-OlmoM, et al. Study of cerebello-thalamocortical pathway by transcranial

magnetic stimulation in Parkinson’s disease. Brain Stimul. (2013) 6:582–

9. doi: 10.1016/j.brs.2012.12.004

10. Wagle Shukla A, Vaillancourt DE. Treatment and physiology in Parkinson’s

disease and dystonia: using transcranial magnetic stimulation to

uncover the mechanisms of action. Curr Neurol Neurosci Rep. (2014)

14:449. doi: 10.1007/s11910-014-0449-5

11. Topka H, Mescheriakov S, Boose A, Kuntz R, Hertrich I, Seydel

L, et al. A cerebellar-like terminal and postural tremor induced in

normal man by transcranial magnetic stimulation. Brain. (1999) 122:1551–

62. doi: 10.1093/brain/122.8.1551

12. Rogasch NC, Todd G. rTMS over human motor cortex can modulate tremor

during movement. Eur J Neurosci. (2013) 37:323–9. doi: 10.1111/ejn.12023

13. Britton TC, Thompson PD, Day BL, Rothwell JC, Findley LJ, Marsden

CD. Modulation of postural wrist tremors by magnetic stimulation of

the motor cortex in patients with Parkinson’s disease or essential tremor

and in normal subjects mimicking tremor. Ann Neurol. (1993) 33:473–

9. doi: 10.1002/ana.410330510

14. Pascual-Leone A, Valls-Sole J, Toro C, Wassermann EM, Hallett M.

Resetting of essential tremor and postural tremor in Parkinson’s disease

with transcranial magnetic stimulation. Muscle Nerve. (1994) 17:800–

7. doi: 10.1002/mus.880170716

Frontiers in Neurology | www.frontiersin.org 14 August 2021 | Volume 12 | Article 700026

https://doi.org/10.1002/mds.27121
https://doi.org/10.1002/mds.10141
https://doi.org/10.1002/mus.1063
https://doi.org/10.1007/s11910-013-0378-8
https://doi.org/10.1097/WCO.0000000000000829
https://doi.org/10.1212/WNL.42.10.1951
https://doi.org/10.1371/journal.pone.0186007
https://doi.org/10.1016/j.pmrj.2015.08.009
https://doi.org/10.1016/j.brs.2012.12.004
https://doi.org/10.1007/s11910-014-0449-5
https://doi.org/10.1093/brain/122.8.1551
https://doi.org/10.1111/ejn.12023
https://doi.org/10.1002/ana.410330510
https://doi.org/10.1002/mus.880170716
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Frey et al. TMS in Tremor Syndromes

15. Mills KR, Nithi KA. Motor cortex stimulation does not reset

primary orthostatic tremor. J Neurol Neurosurg Psychiatry. (1997)

63:553. doi: 10.1136/jnnp.63.4.553

16. Tsai CH, Semmler JG, Kimber TE, Thickbroom G, Stell R, Mastaglia FL,

et al. Modulation of primary orthostatic tremor by magnetic stimulation

over the motor cortex. J Neurol Neurosurg Psychiatry. (1998) 64:33–

6. doi: 10.1136/jnnp.64.1.33

17. Romeo S, Berardelli A, Pedace F, Inghilleri M, Giovannelli

M, Manfredi M. Cortical excitability in patients

with essential tremor. Muscle Nerve. (1998) 21:1304–

8. doi: 10.1002/(SICI)1097-4598(199810)21:10<1304::AID-MUS9>3.0.CO;2-F

18. Manto MU, Setta F, Legros B, Jacquy J, Godaux E. Resetting

of orthostatic tremor associated with cerebellar cortical atrophy

by transcranial magnetic stimulation. Arch Neurol. (1999)

56:1497–500. doi: 10.1001/archneur.56.12.1497

19. Wu YR, Ashby P, Lang AE. Orthostatic tremor arises from an oscillator in the

posterior fossa.Mov Disord. (2001) 16:272–9. doi: 10.1002/mds.1045

20. Pinto AD, Lang AE, Chen R. The cerebellothalamocortical

pathway in essential tremor. Neurology. (2003) 60:1985–

7. doi: 10.1212/01.WNL.0000065890.75790.29

21. Shukla G, Bhatia M, Pandey RM, Behari M. Cortical silent period in essential

tremor. Electromyogr Clin Neurophysiol. (2003) 43:329–33.

22. Spiegel J, Fuss G, Krick C, Dillmann U. Impact of different

stimulation types on orthostatic tremor. Clin Neurophysiol. (2004)

115:569–75. doi: 10.1016/j.clinph.2003.10.013

23. Molnar GF, Sailer A, Gunraj CA, Cunic DI, Lang AE, Lozano AM, et al.

Changes in cortical excitability with thalamic deep brain stimulation.

Neurology. (2005) 64:1913–9. doi: 10.1212/01.WNL.0000163985.89

444.DD

24. Lo YL, Louis ED, Fook-Chong S, Tan EK. Impaired motor imagery in

patients with essential tremor: a case control study. Mov Disord. (2007)

22:504–8. doi: 10.1002/mds.21356

25. Mazzocchio R, Gelli F, Del Santo F, Popa T, Rossi A. Effects of

posture-related changes in motor cortical output on central oscillatory

activity of pathological origin in humans. Brain Res. (2008) 1223:65–72.

doi: 10.1016/j.brainres.2008.05.024

26. Avanzino L, Bove M, Tacchino A, Ruggeri P, Giannini A, Trompetto

C, et al. Cerebellar involvement in timing accuracy of rhythmic

finger movements in essential tremor. Eur J Neurosci. (2009)

30:1971–9. doi: 10.1111/j.1460-9568.2009.06984.x

27. Ni Z, Pinto AD, Lang AE, Chen R. Involvement of the

cerebellothalamocortical pathway in Parkinson disease. Ann Neurol. (2010)

68:816–24. doi: 10.1002/ana.22221

28. Chuang WL, Huang YZ, Lu CS, Chen RS. Reduced cortical plasticity and

GABAergic modulation in essential tremor. Mov Disord. (2014) 29:501–

7. doi: 10.1002/mds.25809

29. Lu MK, Chiou SM, Ziemann U, Huang HC, Yang YW, Tsai CH.

Resetting tremor by single and paired transcranial magnetic stimulation in

Parkinson’s disease and essential tremor. Clin Neurophysiol. (2015) 126:2330–

6. doi: 10.1016/j.clinph.2015.02.010

30. Hanajima R, Tsutsumi R, Shirota Y, Shimizu T, Tanaka N, Ugawa Y.

Cerebellar dysfunction in essential tremor. Mov Disord. (2016) 31:1230–

4. doi: 10.1002/mds.26629

31. Pattamon P, Cho HJ, Srivanitchapoom P, Hallett M. Resetting tremor by

single pulse transcranial magnetic stimulation of the motor cortex and the

cerebellum in essential tremor and dystonic tremor. Neurology. (2016) 86.

Available online at: https://n.neurology.org/content/86/16_Supplement/P4.

299

32. Khedr EM, El Fawal B, Abdelwarith A, Nasreldein A, Rothwell JC, Saber

M, et al. excitability study in essential tremor: absence of gabaergic changes

assessed by silent period recordings. Neurophysiol Clin. (2019) 49:309–

15. doi: 10.1016/j.neucli.2019.05.065

33. Panyakaew P, Cho HJ, Lee SW, Wu T, Hallett M. The pathophysiology of

dystonic tremors and comparison with essential tremor. J Neurosci. (2020)

40:9317–26. doi: 10.1523/JNEUROSCI.1181-20.2020

34. Leodori G, Belvisi D, De Bartolo MI, Fabbrini A, Costanzo M, Vial

F, et al. Re-emergent tremor in Parkinson’s disease: the role of the

motor cortex. Mov Disord. (2020) 35:1002–11. doi: 10.1002/mds.

28022

35. Helmich RC, Van den Berg KRE, Panyakaew P, Cho HJ, Osterholt T,

McGurrin P, et al. Cerebello-cortical control of tremor rhythm and amplitude

in Parkinson’s disease. Mov Disord. (2021) 36:1727–9. doi: 10.1002/mds.

28603

36. Gironell A, Kulisevsky J, Lorenzo J, Barbanoj M, Pascual-Sedano B,

Otermin P. Transcranial magnetic stimulation of the cerebellum

in essential tremor: a controlled study. Arch Neurol. (2002)

59:413–7. doi: 10.1001/archneur.59.3.413

37. Hellriegel H, Schulz EM, Siebner HR, Deuschl G, Raethjen JH. Continuous

theta-burst stimulation of the primary motor cortex in essential tremor. Clin

Neurophysiol. (2012) 123:1010–5. doi: 10.1016/j.clinph.2011.08.033

38. Popa T, Russo M, Vidailhet M, Roze E, Lehericy S, Bonnet C, et al. Cerebellar

rTMS stimulation may induce prolonged clinical benefits in essential tremor,

and subjacent changes in functional connectivity: an open label trial. Brain

Stimul. (2013) 6:175–9. doi: 10.1016/j.brs.2012.04.009

39. Bologna M, Rocchi L, Leodori G, Paparella G, Conte A, Kahn N, et al.

Cerebellar continuous theta burst stimulation in essential tremor. Cerebellum.

(2015) 14:133–41. doi: 10.1007/s12311-014-0621-0

40. Badran BW, Glusman CE, Austelle CW, Jenkins S, DeVries WH, Galbraith V,

et al. A double-blind, sham-controlled pilot trial of pre-supplementary motor

area (Pre-SMA) 1Hz rTMS to treat essential tremor. Brain Stimul. (2016)

9:945–7. doi: 10.1016/j.brs.2016.08.003

41. Shin HW, Hallett M, Sohn YH. Cerebellar repetitive transcranial magnetic

stimulation for patients with essential tremor. Parkinsonism Relat Disord.

(2019) 64:304–7. doi: 10.1016/j.parkreldis.2019.03.019

42. Olfati N, Shoeibi A, Abdollahian E, Ahmadi H, Hoseini A, Akhlaghi S, et al.

Cerebellar repetitive transcranial magnetic stimulation (rTMS) for essential

tremor: a double-blind, sham-controlled, crossover, add-on clinical trial.

Brain Stimul. (2020) 13:190–6. doi: 10.1016/j.brs.2019.10.003

43. Lefaivre SC, Brown MJ, Almeida QJ. Cerebellar involvement in

Parkinson’s disease resting tremor. Cerebellum Ataxias. (2016)

3:13. doi: 10.1186/s40673-016-0051-5

44. Fricke C, Duesmann C, Woost TB, von Hofen-Hohloch J, Rumpf

JJ, Weise D, et al. Dual-site transcranial magnetic stimulation

for the treatment of Parkinson’s disease. Front Neurol. (2019)

10:174. doi: 10.3389/fneur.2019.00174

45. Murase N, Rothwell JC, Kaji R, Urushihara R, Nakamura K, Murayama N,

et al. Subthreshold low-frequency repetitive transcranial magnetic stimulation

over the premotor cortex modulates writer’s cramp. Brain. (2005) 128:104–

15. doi: 10.1093/brain/awh315

46. Huang YZ, Rothwell JC, Lu CS, Wang J, Chen RS. Restoration of motor

inhibition through an abnormal premotor-motor connection in dystonia.

Mov Disord. (2010) 25:696–703. doi: 10.1002/mds.22814

47. Kimberley TJ, Borich MR, Arora S, Siebner HR. Multiple sessions of low-

frequency repetitive transcranial magnetic stimulation in focal hand dystonia:

clinical and physiological effects. Restor Neurol Neurosci. (2013) 31:533–

42. doi: 10.3233/RNN-120259

48. Pirio Richardson S, Tinaz S, Chen R. Repetitive transcranial magnetic

stimulation in cervical dystonia: effect of site and repetition in a randomized

pilot trial. PLoS ONE. (2015) 10:e0124937. doi: 10.1371/journal.pone.0124937

49. de Oliveira Souza C, Goulardins J, Coelho DB, Casagrande S, Conti J, Limongi

JCP, et al. Non-invasive brain stimulation and kinesiotherapy for treatment

of focal dystonia: instrumental analysis of three cases. J Clin Neurosci. (2020)

76:208–10. doi: 10.1016/j.jocn.2020.04.025

50. Gallea C, Popa T, Garcia-Lorenzo D, Valabregue R, Legrand AP, Apartis E,

et al. Orthostatic tremor: a cerebellar pathology? Brain. (2016) 139:2182–

97. doi: 10.1093/brain/aww140

51. Hu W, Legacy J, Ferng A, Wagle Shukla A. Potential role for rTMS

in treating primary orthostatic tremor. Brain Stimul. (2020) 13:1105–

7. doi: 10.1016/j.brs.2020.05.004

52. Dafotakis M, Ameli M, Vitinius F, Weber R, Albus C, Fink GR, et al.

Transcranial magnetic stimulation for psychogenic tremor - a pilot study.

Fortschr Neurol Psychiatr. (2011) 79:226–33. doi: 10.1055/s-0029-1246094

53. Taib S, Ory-Magne F, Brefel-Courbon C, Moreau Y, Thalamas C, Arbus C,

et al. Repetitive transcranial magnetic stimulation for functional tremor: a

Frontiers in Neurology | www.frontiersin.org 15 August 2021 | Volume 12 | Article 700026

https://doi.org/10.1136/jnnp.63.4.553
https://doi.org/10.1136/jnnp.64.1.33
https://doi.org/10.1002/(SICI)1097-4598(199810)21:10<1304::AID-MUS9>3.0.CO
https://doi.org/10.1001/archneur.56.12.1497
https://doi.org/10.1002/mds.1045
https://doi.org/10.1212/01.WNL.0000065890.75790.29
https://doi.org/10.1016/j.clinph.2003.10.013
https://doi.org/10.1212/01.WNL.0000163985.89444.DD
https://doi.org/10.1002/mds.21356
https://doi.org/10.1016/j.brainres.2008.05.024
https://doi.org/10.1111/j.1460-9568.2009.06984.x
https://doi.org/10.1002/ana.22221
https://doi.org/10.1002/mds.25809
https://doi.org/10.1016/j.clinph.2015.02.010
https://doi.org/10.1002/mds.26629
https://n.neurology.org/content/86/16_Supplement/P4.299
https://n.neurology.org/content/86/16_Supplement/P4.299
https://doi.org/10.1016/j.neucli.2019.05.065
https://doi.org/10.1523/JNEUROSCI.1181-20.2020
https://doi.org/10.1002/mds.28022
https://doi.org/10.1002/mds.28603
https://doi.org/10.1001/archneur.59.3.413
https://doi.org/10.1016/j.clinph.2011.08.033
https://doi.org/10.1016/j.brs.2012.04.009
https://doi.org/10.1007/s12311-014-0621-0
https://doi.org/10.1016/j.brs.2016.08.003
https://doi.org/10.1016/j.parkreldis.2019.03.019
https://doi.org/10.1016/j.brs.2019.10.003
https://doi.org/10.1186/s40673-016-0051-5
https://doi.org/10.3389/fneur.2019.00174
https://doi.org/10.1093/brain/awh315
https://doi.org/10.1002/mds.22814
https://doi.org/10.3233/RNN-120259
https://doi.org/10.1371/journal.pone.0124937
https://doi.org/10.1016/j.jocn.2020.04.025
https://doi.org/10.1093/brain/aww140
https://doi.org/10.1016/j.brs.2020.05.004
https://doi.org/10.1055/s-0029-1246094
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Frey et al. TMS in Tremor Syndromes

randomized, double-blind, controlled study. Mov Disord. (2019) 34:1210–

9. doi: 10.1002/mds.27727

54. Kang N, Cauraugh JH. Does non-invasive brain stimulation reduce

essential tremor? A systematic review and meta-analysis. PLoS ONE. (2017)

12:e0185462. doi: 10.1371/journal.pone.0185462

55. Louis ED, Faust PL. Essential tremor pathology: neurodegeneration and

reorganization of neuronal connections. Nat Rev Neurol. (2020) 16:69–

83. doi: 10.1038/s41582-019-0302-1

56. Chalah MA, Lefaucheur JP, Ayache SS. Non-invasive central and peripheral

stimulation: new hope for essential tremor? Front Neurosci. (2015)

9:440. doi: 10.3389/fnins.2015.00440

57. DeSimone JC, Archer DB, Vaillancourt DE, Wagle Shukla A. Network-level

connectivity is a critical feature distinguishing dystonic tremor and essential

tremor. Brain. (2019) 142:1644–59. doi: 10.1093/brain/awz085

58. Shih LC, Pascual-Leone A. Non-invasive brain stimulation for

essential tremor. Tremor Other Hyperkinet Mov (NY). (2017)

7:458. doi: 10.5334/tohm.377

59. Hallett M, Deuschl G. Are wemaking progress in the understanding of tremor

in Parkinson’s disease? Ann Neurol. (2010) 68:780–1. doi: 10.1002/ana.22253

60. Helmich RC. The cerebral basis of Parkinsonian tremor: a network

perspective.Mov Disord. (2018) 33:219–31. doi: 10.1002/mds.27224

61. Yang C, Guo Z, Peng H, Xing G, Chen H, McClure MA, et al. Repetitive

transcranial magnetic stimulation therapy for motor recovery in Parkinson’s

disease: aMeta-analysis. Brain Behav. (2018) 8:e01132. doi: 10.1002/brb3.1132

62. Goodwill AM, Lum JAG, Hendy AM, Muthalib M, Johnson L, Albein-Urios

N, et al. Using non-invasive transcranial stimulation to improve motor and

cognitive function in Parkinson’s disease: a systematic review and meta-

analysis. Sci Rep. (2017) 7:14840. doi: 10.1038/s41598-017-13260-z

63. Chung CL, Mak MK. Effect of repetitive transcranial magnetic

stimulation on physical function and motor signs in Parkinson’s

disease: a systematic review and meta-analysis. Brain Stimul. (2016)

9:475–87. doi: 10.1016/j.brs.2016.03.017

64. Bologna M, Di Biasio F, Conte A, Iezzi E, Modugno N, Berardelli

A. Effects of cerebellar continuous theta burst stimulation on resting

tremor in Parkinson’s disease. Parkinsonism Relat Disord. (2015) 21:1061–

6. doi: 10.1016/j.parkreldis.2015.06.015

65. Defazio G, Berardelli A, Hallett M. Do primary adult-onset

focal dystonias share aetiological factors? Brain. (2007) 130:1183–

93. doi: 10.1093/brain/awl355

66. Fasano A, Bove F, Lang AE. The treatment of dystonic tremor:

a systematic review. J Neurol Neurosurg Psychiatry. (2014)

85:759–69. doi: 10.1136/jnnp-2013-305532

67. Tsuboi T, Jabarkheel Z, Zeilman PR, Barabas MJ, Foote KD, Okun

MS, et al. Longitudinal follow-up with VIM thalamic deep brain

stimulation for dystonic or essential tremor. Neurology. (2020)

94:e1073–e84. doi: 10.1212/WNL.0000000000008875

68. Kirke DN, Battistella G, Kumar V, Rubien-Thomas E, Choy M, Rumbach

A, et al. Neural correlates of dystonic tremor: a multimodal study of

voice tremor in spasmodic dysphonia. Brain Imaging Behav. (2017) 11:166–

75. doi: 10.1007/s11682-016-9513-x

69. Siebner HR, Tormos JM, Ceballos-Baumann AO, Auer C, Catala MD,

Conrad B, et al. Low-frequency repetitive transcranial magnetic stimulation

of the motor cortex in writer’s cramp. Neurology. (1999) 52:529–

37. doi: 10.1212/WNL.52.3.529

70. Borich M, Arora S, Kimberley TJ. Lasting effects of repeated rTMS

application in focal hand dystonia. Restor Neurol Neurosci. (2009) 27:55–

65. doi: 10.3233/RNN-2009-0461

71. Havrankova P, Jech R, Walker ND, Operto G, Tauchmanova J, Vymazal J,

et al. Repetitive TMS of the somatosensory cortex improves writer’s cramp

and enhances cortical activity. Neuro Endocrinol Lett. (2010) 31:73–86.

72. Schneider SA, Pleger B, Draganski B, Cordivari C, Rothwell JC, Bhatia KP,

et al. Modulatory effects of 5Hz rTMS over the primary somatosensory

cortex in focal dystonia–an fMRI-TMS study. Mov Disord. (2010) 25:76–

83. doi: 10.1002/mds.22825

73. Huang YZ, Lu CS, Rothwell JC, Lo CC, Chuang WL, Weng YH,

et al. Modulation of the disturbed motor network in dystonia by

multisession suppression of premotor cortex. PLoS ONE. (2012)

7:e47574. doi: 10.1371/journal.pone.0047574

74. Kimberley TJ, Borich MR, Schmidt RL, Carey JR, Gillick B. Focal hand

dystonia: individualized intervention with repeated application of repetitive

transcranial magnetic stimulation. Arch Phys Med Rehabil. (2015) 96(Suppl.

4):S122-8. doi: 10.1016/j.apmr.2014.07.426

75. Bologna M, Paparella G, Fabbrini A, Leodori G, Rocchi L, Hallett M, et al.

Effects of cerebellar theta-burst stimulation on arm and neck movement

kinematics in patients with focal dystonia. Clin Neurophysiol. (2016)

127:3472–9. doi: 10.1016/j.clinph.2016.09.008

76. KochG, Porcacchia P, PonzoV, Carrillo F, Cáceres-RedondoMT, Brusa L, et al.

Effects of two weeks of cerebellar theta burst stimulation in cervical dystonia

patients. Brain Stimul. (2014) 7:564–72. doi: 10.1016/j.brs.2014.05.002

77. Shin HW, Hallett M. Low-frequency transcranial magnetic stimulation of the

left dorsal premotor cortex in patients with cervical dystonia. Parkinsonism

Relat Disord. (2020) 76:13–5. doi: 10.1016/j.parkreldis.2020.05.027

78. Kranz G, Shamim EA, Lin PT, Kranz GS, Voller B, Hallett M. Blepharospasm

and the modulation of cortical excitability in primary and secondary motor

areas. Neurology. (2009) 73:2031–6. doi: 10.1212/WNL.0b013e3181c5b42d

79. Kranz G, Shamim EA, Lin PT, Kranz GS, Hallett M. Transcranial magnetic

brain stimulation modulates blepharospasm: a randomized controlled study.

Neurology. (2010) 75:1465–71. doi: 10.1212/WNL.0b013e3181f8814d

80. Wagle Shukla A, Hu W, Legacy J, Deeb W, Hallett M. Combined effects of

rTMS and botulinum toxin therapy in benign essential blepharospasm. Brain

Stimul. (2018) 11:645–7. doi: 10.1016/j.brs.2018.02.004

81. Lefaucheur JP, Fénelon G, Ménard-Lefaucheur I, Wendling S, Nguyen JP.

Low-frequency repetitive TMS of premotor cortex can reduce painful axial

spasms in generalized secondary dystonia: a pilot study of three patients.

Neurophysiol Clin. (2004) 34:141–5. doi: 10.1016/j.neucli.2004.07.003

82. Mylius V, Gerstner A, Peters M, Prokisch H, Leonhardt A, Hellwig

D, et al. Low-frequency rTMS of the premotor cortex reduces complex

movement patterns in a patient with pantothenate kinase-associated

neurodegenerative disease (PKAN). Neurophysiol Clin. (2009) 39:27–

30. doi: 10.1016/j.neucli.2008.12.003

83. AllamN, Brasil-Neto JP, Brandão P,Weiler F, Barros Filho J, Tomaz C. Relief of

primary cervical dystonia symptoms by low frequency transcranial magnetic

stimulation of the premotor cortex: case report. Arq Neuropsiquiatr. (2007)

65:697–9. doi: 10.1590/S0004-282X2007000400030

84. Gerschlager W, Munchau A, Katzenschlager R, Brown P, Rothwell JC, Quinn

N, et al. Natural history and syndromic associations of orthostatic tremor: a

review of 41 patients.Mov Disord. (2004) 19:788–95. doi: 10.1002/mds.20132

85. Benito-Leon J, Domingo-Santos A, Hassan A, Ahlskog JE, Matsumoto

JY, Bower JH. Orthostatic tremor: clinical, electrophysiologic,

and treatment findings in 184 patients. Neurology. (2016)

87:341. doi: 10.1212/WNL.0000000000002907

86. Hassan A, Ahlskog JE, Matsumoto JY, Milber JM, Bower JH, Wilkinson JR.

Orthostatic tremor: clinical, electrophysiologic, and treatment findings in

184 patients. Neurology. (2016) 86:458–64. doi: 10.1212/WNL.00000000000

02328

87. Contarino MF, Bour LJ, Schuurman PR, Blok ER, Odekerken VJ, van den

Munckhof P, et al. Thalamic deep brain stimulation for orthostatic tremor:

clinical and neurophysiological correlates. Parkinsonism Relat Disord. (2015)

21:1005–7. doi: 10.1016/j.parkreldis.2015.06.008

88. Espay AJ, Duker AP, Chen R, OkunMS, Barrett ET, Devoto J, et al. Deep brain

stimulation of the ventral intermediate nucleus of the thalamus in medically

refractory orthostatic tremor: preliminary observations. Mov Disord. (2008)

23:2357–62. doi: 10.1002/mds.22271

89. Merola A, Fasano A, Hassan A, Ostrem JL, Contarino MF, Lyons M,

et al. Thalamic deep brain stimulation for orthostatic tremor: a multicenter

international registry.Mov Disord. (2017) 32:1240–4. doi: 10.1002/mds.27082

90. Koster B, Lauk M, Timmer J, Poersch M, Guschlbauer B, Deuschl

G, et al. Involvement of cranial muscles and high intermuscular

coherence in orthostatic tremor. Ann Neurol. (1999) 45:384–

8. doi: 10.1002/1531-8249(199903)45:3<384::AID-ANA15>3.0.CO;2-J

91. Muthuraman M, Hellriegel H, Paschen S, Hofschulte F, Reese R, Volkmann J,

et al. The central oscillatory network of orthostatic tremor.MovDisord. (2013)

28:1424–30. doi: 10.1002/mds.25616

92. Pfeiffer G, Hinse P, Humbert T, Riemer G. Neurophysiology of orthostatic

tremor. Influence of transcranial magnetic stimulation. Electromyogr Clin

Neurophysiol. (1999) 39:49–53.

Frontiers in Neurology | www.frontiersin.org 16 August 2021 | Volume 12 | Article 700026

https://doi.org/10.1002/mds.27727
https://doi.org/10.1371/journal.pone.0185462
https://doi.org/10.1038/s41582-019-0302-1
https://doi.org/10.3389/fnins.2015.00440
https://doi.org/10.1093/brain/awz085
https://doi.org/10.5334/tohm.377
https://doi.org/10.1002/ana.22253
https://doi.org/10.1002/mds.27224
https://doi.org/10.1002/brb3.1132
https://doi.org/10.1038/s41598-017-13260-z
https://doi.org/10.1016/j.brs.2016.03.017
https://doi.org/10.1016/j.parkreldis.2015.06.015
https://doi.org/10.1093/brain/awl355
https://doi.org/10.1136/jnnp-2013-305532
https://doi.org/10.1212/WNL.0000000000008875
https://doi.org/10.1007/s11682-016-9513-x
https://doi.org/10.1212/WNL.52.3.529
https://doi.org/10.3233/RNN-2009-0461
https://doi.org/10.1002/mds.22825
https://doi.org/10.1371/journal.pone.0047574
https://doi.org/10.1016/j.apmr.2014.07.426
https://doi.org/10.1016/j.clinph.2016.09.008
https://doi.org/10.1016/j.brs.2014.05.002
https://doi.org/10.1016/j.parkreldis.2020.05.027
https://doi.org/10.1212/WNL.0b013e3181c5b42d
https://doi.org/10.1212/WNL.0b013e3181f8814d
https://doi.org/10.1016/j.brs.2018.02.004
https://doi.org/10.1016/j.neucli.2004.07.003
https://doi.org/10.1016/j.neucli.2008.12.003
https://doi.org/10.1590/S0004-282X2007000400030
https://doi.org/10.1002/mds.20132
https://doi.org/10.1212/WNL.0000000000002907
https://doi.org/10.1212/WNL.0000000000002328
https://doi.org/10.1016/j.parkreldis.2015.06.008
https://doi.org/10.1002/mds.22271
https://doi.org/10.1002/mds.27082
https://doi.org/10.1002/1531-8249(199903)45:3$<$384::AID-ANA15$>$3.0.CO
https://doi.org/10.1002/mds.25616
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Frey et al. TMS in Tremor Syndromes

93. Pollak TA, Nicholson TR, Edwards MJ, David AS. A. systematic review of

transcranial magnetic stimulation in the treatment of functional (conversion)

neurological symptoms. J Neurol Neurosurg Psychiatry. (2014) 85:191–

7. doi: 10.1136/jnnp-2012-304181

94. Espay AJ, Aybek S, Carson A, Edwards MJ, Goldstein LH,

Hallett M, et al. Current concepts in diagnosis and treatment

of functional neurological disorders. JAMA Neurol. (2018)

75:1132–41. doi: 10.1001/jamaneurol.2018.1264

95. Baizabal-Carvallo JF, Hallett M, Jankovic J. Pathogenesis and pathophysiology

of functional (psychogenic) movement disorders. Neurobiol Dis. (2019)

127:32–44. doi: 10.1016/j.nbd.2019.02.013

96. Garcin B, Roze E, Mesrati F, Cognat E, Fournier E, Vidailhet M, et al.

Transcranial magnetic stimulation as an efficient treatment for psychogenic

movement disorders. J Neurol Neurosurg Psychiatry. (2013) 84:1043–

6. doi: 10.1136/jnnp-2012-304062

97. Garcin B, Mesrati F, Hubsch C, Mauras T, Iliescu I, Naccache L,

et al. Impact of transcranial magnetic stimulation on functional

movement disorders: cortical modulation or a behavioral

effect? Front Neurol. (2017) 8:338. doi: 10.3389/fneur.2017.

00338

98. Shah BB, Chen R, Zurowski M, Kalia LV, Gunraj C, Lang AE. Repetitive

transcranial magnetic stimulation plus standardized suggestion of

benefit for functional movement disorders: an open label case series.

Parkinsonism Relat Disord. (2015) 21:407–12. doi: 10.1016/j.parkreldis.2015.

01.013

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Frey, Hess, Kugler, Wajid and Wagle Shukla. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 17 August 2021 | Volume 12 | Article 700026

https://doi.org/10.1136/jnnp-2012-304181
https://doi.org/10.1001/jamaneurol.2018.1264
https://doi.org/10.1016/j.nbd.2019.02.013
https://doi.org/10.1136/jnnp-2012-304062
https://doi.org/10.3389/fneur.2017.00338
https://doi.org/10.1016/j.parkreldis.2015.01.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Transcranial Magnetic Stimulation in Tremor Syndromes: Pathophysiologic Insights and Therapeutic Role
	Introduction
	Pathophysiology of Tremor
	TMS Techniques: Basic Concepts
	Essential Tremor
	Pathophysiological Insights From TMS
	Therapeutic Use of rTMS

	Parkinson's Disease Tremor
	Pathophysiological Insights From TMS
	Therapeutic Use of rTMS

	Dystonic Tremor Syndrome
	Pathophysiological Insights From TMS
	Therapeutic Use of rTMS

	Orthostatic Tremor
	Pathophysiological Insights From TMS
	Therapeutic Use of rTMS

	Functional Tremor
	Therapeutic Use of rTMS

	Current Limitations
	Conclusion and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


