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Summary: Repetitive transcranial magnetic stimulation
(rTMS) and transcranial direct current stimulation (tDCS) are
promising noninvasive cortical stimulation methods for adjunc-
tive treatment of movement disorders. They avoid surgical risks
and provide theoretical advantages of specific neural circuit
neuromodulation. Neuromodulatory effects depend on extrinsic
stimulation factors (cortical target, frequency, intensity, dura-
tion, number of sessions), intrinsic patient factors (disease pro-
cess, individual variability and symptoms, state of medication
treatment), and outcome measures. Most studies to date have
shown beneficial effects of rTMS or tDCS on clinical symp-
toms in Parkinson’s disease (PD) and support the notion of
spatial specificity to the effects on motor and nonmotor symp-
toms. Stimulation parameters have varied widely, however, and

some studies are poorly controlled. Studies of rTMS or tDCS in
dystonia have provided abundant data on physiology, but few
on clinical effects. Multiple mechanisms likely contribute to the
clinical effects of rTMS and tDCS in movement disorders,
including normalization of cortical excitability, rebalancing of
distributed neural network activity, and induction of dopamine
release. It remains unclear how to individually adjust rTMS or
tDCS factors for the most beneficial effects on symptoms of PD
or dystonia. Nonetheless, the noninvasive nature, minimal side
effects, positive effects in preliminary clinical studies, and in-
creasing evidence for rational mechanisms make rTMS and
tDCS attractive for ongoing investigation. Key Words: Par-
kinson’s disease, dystonia, transcranial magnetic stimulation,
transcranial direct current stimulation, cortical stimulation.

INTRODUCTION

Although traditional neurologic nosology broadly
classifies movement disorders, such as Parkinson’s dis-
ease (PD) and dystonia, as basal ganglia disorders, a
single localization does not explain the breadth of phe-
nomenology or pathophysiology of these disorders." Fur-
thermore, the traditional nosology also fails to capture
the impact of disease at the individual level. For example
in PD patients, expression of symptoms of slowness of
movement, unsteady gait, tremor, forgetfulness, de-
pressed mood, or attentional problems and disability vary
greatly from individual to individual. This individual
variability is due in part to individual differences (ge-
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netic and otherwise) and in part to variability in the
mechanisms or extent of injury and the capacity of the
organism to cope with it. Thus, identification of neural
dysfunction within a given patient, and thereby individ-
ualizing therapy, may provide a more direct and power-
ful therapeutic target than working simply from a given
diagnostic label. Advances since the 1960s have empha-
sized diverse mechanisms as contributing to the patho-
physiology of movement disorders, such as depletion of
neurotransmitters (e.g., dopamine), altered network
loops between the basal ganglia and cortical targets, and
abnormal cortical plasticity. Based on the concepts in-
volved, a wide range of current treatment options have
been developed, including medications, botulinum toxin,
and deep brain stimulation (DBS).*?

In spite of such advances, limitations in current ther-
apies remain. Dopamine replacement medications are an
effective cornerstone of current medical management of
PD, particularly for motor symptoms. Dopamine-resis-
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tant symptoms, however, such as freezing of gait, cog-
nitive deficits, depression, dementia, and hallucinations,
have become increasingly recognized as prevalent and as
contributing disproportionately to morbidity.* In addi-
tion, long-term treatment with dopaminergic medications
may result in problematic motor fluctuations. Although
DBS procedures in PD can treat medication-induced mo-
tor fluctuations in selected patients, there has been in-
creasing recognition of cognitive and mood side effects
of DBS, in addition to risks attendant with invasive sur-
gical options.” In dystonia, abnormal movements are
treated by combinations of rehabilitation therapy, medi-
cations, botulinum toxin and, occasionally, DBS—all of
which have significant rates of treatment failure.®

Within this context, noninvasive neuromodulation meth-
ods such as repetitive transcranial magnetic stimulation
(rTMS) and transcranial direct current stimulation (tDCS)
have the potential to fulfill adjunctive treatment roles by a
rational and selective modulation of symptoms and their
underlying neuropathophysiology on an individual basis.”
Because rTMS and tDCS are applied noninvasively over
the scalp, these neuromodulatory techniques avoid both the
complications associated with DBS surgery and the side
effects of systemic medications.

Repetitive TMS or tDCS can, theoretically, be applied
over selected cortical regions to modulate the particular
cortical-subcortical network that is linked with a given
subset of symptoms. In contrast, DBS, particularly in the
subthalamic nucleus, stimulates small subcortical regions
where multiple cortical-subcortical loops converge,
which can result in unintended effects across multiple
symptom domains. Furthermore, rTMS and tDCS can
modulate or shape cortical excitability, a phenomenon
that appears to underlie adaptive and maladaptive plas-
ticity, which may be particularly relevant to dystonia
(because, in dystonia, maladaptive plasticity is consid-
ered to play a prominent pathophysiologic role).®

In this review, we discuss the rationale and mecha-
nisms for these noninvasive neuromodulation methods
and summarize recent trials examining the clinical effi-
cacy of rTMS and tDCS for PD and dystonia as exemplar
movement disorders.

OVERVIEW OF RTMS AND TDCS

Repetitive transcranial magnetic stimulation (rTMS)
refers to application of trains of repeated magnetic pulses
delivered to the scalp. Passing a brief time-varying cur-
rent through an insulated coil held parallel to the scalp
surface generates a magnetic field perpendicular to the
coil. This magnetic field, in turn, induces a weak eddy
current within the underlying cerebral cortex. Whereas
circular TMS coils induce a relatively nonfocal circular
band of stimulation in the brain, focal figure-8 coils can
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target stimulation with a functional spatial resolution of
0.5cmto 1 cm.’

Transcranial direct current stimulation (tDCS) refers
to application of a constant direct current through a pair
of surface electrodes affixed to the scalp. The low-inten-
sity current (1-2 mA) flows from cathode to anode.
Although the scalp possesses high impedance, sufficient
intracranial current flows to produce changes in mem-
brane resting thresholds within the cortex beneath each
electrode. This results in an increase in activity under the
anode and a decrease in activity beneath the cathode.

Contemporary interest in studying rTMS and tDCS as
potential treatments for patient groups has been driven in
part by observations that both methods can produce mea-
surable effects that transiently outlast the duration of
stimulation by at least 10 min to 90 min.'""'* These
effects are considered markers of lasting neuromodula-
tory effects. Because TMS discharges can perturb ongo-
ing location- and task-specific cortical function and in-
duce twitches of contralateral muscles (over motor
cortex), application of rTMS is also considered a neuro-
stimulatory method. In contrast, tDCS produces only a
slight tingle as the current is turned on, but has little other
discernible effect during application and is considered a
predominantly neuromodulatory method.

Development of clinically relevant applications for
these neuromodulatory methods depends on reliably in-
ducing lasting effects, understanding their mechanisms,
and determining causal clinical correlations in patient
groups. Lasting neuromodulatory effects of rTMS or
tDCS depend on both extrinsic and intrinsic factors as
well as the outcome measures used.'® Extrinsic factors
include intensity and frequency of rTMS, the number of
pulses per session, the number of rTMS sessions, the
interval between consecutive sessions, the targeted cor-
tical region, the orientation of the coil, and the coil
design. Intrinsic factors include the disease state being
treated, the functional state of the brain during treatment,
and interindividual variability.

Studies of rTMS and tDCS to date have been mostly
small studies that necessarily tested only a subset of
these intrinsic and extrinsic factors. Examples of out-
comes used in rTMS and tDCS studies include measures
of local cortical excitability, neuroimaging measures of
function, and clinical outcomes. Although testing for
clinical outcomes represents the ideal outcome measure
for neuromodulation studies, the other outcome measures
provide valuable information about mechanisms for
rTMS or tDCS and provide quantitative measures with
which to test effects of different intrinsic and extrinsic
factors.

Extrinsic factors
Physiologic effects of rTMS depend on a large number
of factors: coil geometry, stimulation site, intensity, fre-
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quency, duration of stimulation, and number of stimula-
tion sessions. Circular TMS coils induce cortical currents
that span at least the diameter of the coil; they are there-
fore less specific than more focal figure-8 coils. The
figure-8 coils also provide the ability to target specific
cortical regions.

Cortical excitability, defined as the responsiveness of
the brain to stimulation, can be modulated systematically
by r'TMS and tDCS. Different rTMS frequencies produce
bidirectional changes in healthy subjects, with low fre-
quencies (=1 Hz) suppressing cortical excitability and
high frequencies (>5 Hz) facilitating it.'"*'> These ex-
citability changes are transient, lasting 10 min to 30 min,
with effects of longer duration generally linked to a
higher number of pulses and higher intensities.'"'®!”
Depending on the location of the cathode and anode,
tDCS also produces differential lasting effects on cortical
excitability.'? Anodal stimulation increases cortical ex-
citability and cathodal stimulation decreases it."® 2 Fur-
thermore, lasting effects of tDCS on cortical excitability
tend to be greater with higher current intensities for
longer durations.'” Converging evidence from pharma-
cologic and neurophysiologic studies supports the exis-
tence of modulation of synaptic strength in local cortical
inhibitory and excitatory circuitry, similar to mecha-
nisms of long-term potentiation and long-term depres-
sion, as putative mechanisms for these bidirectional fre-
quency effects of rTMS and tDCS.">*!-2?

To be clinically useful, rTMS and tDCS must induce
changes that last longer than a few minutes or hours.
Achieving this goal could require repeated sessions of
r'TMS or tDCS, similar to the model used for electrocon-
vulsive therapy for depression. Two daily sessions of
rTMS over the dorsal premotor cortex (PMd) in neuro-
logically normal subjects can show a cumulative facili-
tation of primary motor cortex (M1) excitability on the
second day.?® Cortical systems of neurologically affected
patients have adapted to dysfunctional circuits, and this
adaptation may render them more sensitive to effects of
TMS or tDCS than in normal subjects, resulting in
greater or longer-lasting responses.”*> In support of this
possibility, sustained changes in excitability were seen 1
week after rTMS over the PMd in PD patients, but no
such changes were seen in a control group.?> Sustained
cumulative clinical effects across repeated sessions have
been reported,%*28 but the mechanisms of this effect
require further investigation.

Intrinsic factors

Effects of rTMS are modulated by intrinsic factors that
reflect interindividual differences. High-frequency ver-
sus low-frequency rTMS produces reliable bidirectional
modulation of excitability as a group, but individuals
show substantial variability in their response to rTMS,
with some subjects showing facilitation of cortical excit-

ability after 1-Hz rTMS and others showing excitability
suppression after 10-Hz rTMS.*® Recent studies have
suggested a role for genetic polymorphisms in this inter-
individual variability in responses to rTMS.*

Although some intrinsic factors cannot be altered, others
can be manipulated. Among PD patients, effects of rTMS
differ depending on whether the patients are in a medication
ON or OFF state."** Similarly, among dystonia patients,
excitability may differ depending on the context of a vol-
untary action or on the degree to which botulinum toxin
treatment has also influenced cortical excitability.>* Princi-
ples of activity- and practice-dependent plasticity also sug-
gest that combinations of rehabilitation therapies with
rTMS or tDCS might have promise in facilitating beneficial
neuromodulation,* although few studies have yet been
conducted to test this possibility.

Outcome measures

Cortical excitability outcomes. The most common
outcomes used to quantify neuromodulation effects after
rTMS and tDCS are those of cortical excitability. Studies
investigating the effects of different extrinsic rTMS fac-
tors (frequency, duration, and intensity) generally report
their results in terms of modulation of cortical excitabil-
ity. Because cortical excitability is often altered in pa-
tients with PD or dystonia, excitability not only can be
used a marker for the disorder of interest, but also can be
used as an objective measure for testing extrinsic and
intrinsic factors for combinations that would help restore
abnormal excitability.

Various measures of excitability, such as motor
thresholds, motor-evoked potentials (MEP), cortical si-
lent period durations, and paired-pulse intracortical inhi-
bition and facilitation, are defined based on different
paradigms of single and paired-pulse TMS over the M1
while measuring responses in a target muscle using sur-
face electromyography. Each cortical excitability mea-
sure tests different aspects of excitability.?> For example,
motor threshold has been related to resting membrane
excitability,?® duration of cortical silent period has been
related to inhibition from GABAj receptors,”’ and intra-
cortical inhibition has been related to inhibition from
GABA , receptors.*® Effects of rTMS and tDCS can thus
be related to differential effects on various mechanistic
influences on cortical excitability.

Neuroimaging outcomes. Effects of rTMS and
tDCS on sites functionally connected to, but distant
from, the site of stimulation can be assessed using a
variety of neuroimaging outcome measures.””** Func-
tional imaging with magnetic resonance imaging (fMRI)
and with positron emission tomography (PET) has re-
vealed abnormalities of cortical activation or blood flow
(rCBF) within cortical and subcortical regions in move-
ment disorder patients, suggesting that adaptive (or mal-
adaptive) changes in cortical activity occur in these pa-
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tients in response to the particular disease state.*' Studies
with neuroimaging outcomes showing that rTMS or
tDCS can restore normal patterns of brain activity can
provide further evidence as to which factors may be most
relevant for clinical application of these neuromodula-
tory methods.

Measurements with [150]H20 PET indicated that
10-Hz fTMS directed over the left middle prefrontal
gyrus induced rapid rCBF changes not only under the
stimulation site, but also in the functionally connected
anterior cingulate gyrus.*® Similarly, after subthreshold
5-Hz rTMS over the M1, glucose metabolism assessed
using with fluorodeoxyglucose PET was increased at the
stimulation site and in both distant contralateral M1 and
supplementary motor area (SMA).** These distant ef-
fects on a task-specific network can be frequency depen-
dent. In an ['°O]H,O PET study, 1-Hz rTMS induced a
reduction but 5-Hz rTMS induced a facilitation of con-
nectivity between a network of several task-related mo-
tor regions.*?

In contrast to neuroimaging of regional brain activa-
tion or rCBF, both radioligand PET or single-photon
emission computed tomography (SPECT) can image
neurotransmitter changes within brain regions distant
from the stimulation site and so provide additional in-
sight into mechanisms of neuromodulation. Of particular
interest for parkinsonian disorders, 10-Hz rTMS over
frontal cortex can induce focal dopamine release in sub-
cortical basal ganglia structures, a finding that points to
another potential mechanism for beneficial effects of
rTMS in PD patients. Consistent with the functional
somatotopy of striatocortical loops, rTMS of dorsolateral
prefrontal cortex (DLPFC) induced dopamine release in
the caudate®* and M1 induced dopamine release in the
ventrolateral putamen.45

Clinical outcomes. For adjunctive management of
movement disorder patients, the goal with rTMS and
tDCS is to provide symptomatic benefit for patients with
a minimum of adverse effects. Achieving these goals
requires clinically relevant outcomes that are specific to
each disorder. These are discussed here, in separate sec-
tions, for both PD and dystonia.

In contrast to subcortical continuous stimulation in
DBS, two particular advantages of the noninvasive cor-
tical neuromodulation approach are the temporal and
spatial specificity of each stimulation session. Temporal
specificity refers to the ability to deliver each rTMS or
tDCS session during particular individual contexts, and
so to provide control of some intrinsic factors. For ex-
ample, future studies may help to clarify the differential
effects of neuromodulation during ON or OFF medica-
tion state in PD patients, during botulinum toxin therapy
in dystonia patients, or during rehabilitation concurrently
with tDCS, thereby allowing a determination of the op-
timal time to apply rTMS or tDCS. The spatial specificity
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of neuromodulation arises from the ability to stimulate
cortical regions within brain networks that are relatively
specific for separate groups of symptoms. Examples in
PD patients include the targeting of dyskinesia symp-
toms by rTMS over the SMA*® or distinguishing mood
from motor effects by rTMS over cortical regions in-
volved with each particular domain."?

Finally, study designs must account for placebo effects
for all outcome measures, and for clinical rating scales in
particular. Because placebo effects are prominent in
studies of investigational devices, and especially in PD
patients, clinical studies of rTMS and tDCS require ex-
plicit attention to sham neuromodulatory conditions.*”®
The auditory click and scalp sensations of TMS make a
true sham condition a unique challenge.*’ Because the
low current in tDCS cannot be felt after being turned on,
sham tDCS conditions are indistinguishable from real
tDCS conditions.”®

Safety

Both rTMS and tDCS are generally safe, noninvasive
procedures with minimal adverse effects. Of most sig-
nificant concern has been the possibility of inadvertent
seizures due to rTMS. Because rare seizures have been
associated with prolonged trains of high-frequency
rTMS at high intensities, rTMS stimulation parameters in
human subjects are limited by safety guidelines to min-
imize this risk.’">* Since publication of these guidelines,
experience with rTMS (including high frequencies, dif-
ferent patient populations, and use over nonmotor re-
gions) has largely confirmed the safety of rTMS under
current guidelines.53 To date, the literature contains re-
ports on several hundred patients with movement disor-
ders who have been studied with rTMS, with no reports
of accidental seizures. Among movement disorder pa-
tients, no study has shown worsening of clinical rating
scores, and only one study (over the SMA) reported a
subclinical worsening spiral drawing.>* tDCS is well
tolerated, with little recognized risk for seizures. Con-
cerns focus on limiting current flow to less than 2 mA
and ensuring adequate electrode size to minimize current
density on the scalp.

Even given this safety record, caution is required with
neuromodulation. Careful monitoring for adverse effects
remains warranted, particularly for protocols developed
using novel stimulation methods (e.g., theta burst),”
multiple-session rTMS or tDCS, or context-related stim-
ulations that aim to have longer-lasting or greater mod-
ulation of plasticity.

PARKINSON’S DISEASE

Parkinson’s disease is characterized by the involve-
ment of multiple neuroanatomical pathways,’® with
some of the best-recognized clinical features resulting
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from degeneration of dopaminergic neurons in the sub-
stantia nigra resulting in functional dopamine depletion
in the striatum. The degeneration of dopaminergic nigro-
striatal pathways results in deafferentation of functional
targets in the cortex, which likely contributes to the
pathophysiology of motor and nonmotor disturbances in
patients with PD. Cortical consequences of this deaffer-
entation include alterations in cortical excitability®’ and
in task-specific network activity.’® Factors investigated
for rTMS and tDCS neuromodulation in PD thus include
those that induce dopamine release and that can normal-
ize abnormal cortical excitability or network activity.

Dopamine release hypothesis

The finding that cortical rTMS can induce release of
subcortical dopamine*** has raised interest in this phe-
nomenon as a potential mechanism for clinical benefits
from rTMS in PD. In PD patients, Strafella et al.>
showed that 10-Hz rTMS over the M1 can release dopa-
mine in mild hemiparkinsonian PD patients, and that the
release is greater in the more affected hemisphere. This
study was not designed to examine clinical benefit, nor
did it include control subjects. A subsequent study dem-
onstrated that sham rTMS in moderate PD patients also
showed subcortical dopamine release,®’ leading to un-
certainties as to the significance of dopamine release by
rTMS.

Two multisession rTMS studies have also addressed
the dopamine release hypothesis. A significant reduction
of CSF homovanillic acid (HVA) was reported in PD
patients who had received weekly sessions of 0.2-Hz
TMS over 3 to 4 months.®’ Because HVA is a dopamine
metabolite, this effect was interpreted as inhibiting the
dopamine system (despite the observation that PD symp-
toms improved), a finding at odds with a dopamine re-
lease hypothesis. Given no parallel control group, how-
ever, and the lack of correlation between CSF HVA
levels and PD severity,(’2 these CSF results are of uncer-
tain clinical significance. Khedr et al.®® recently reported
an increase in serum dopamine levels immediately after
6 days of daily 25-Hz rTMS sessions over the M1, and
the increase correlated with motor UPDRS scores. The
degree to which serum dopamine levels correlate with
striatal dopaminergic function is unclear, however, and
this study was without a control group. Better-controlled
studies are needed to investigate the validity and clinical
significance of the rTMS dopamine release hypothesis.

Normalization of network activation

From a variety of neuroimaging studies, common pat-
terns of cortical activation in PD patients have emerged.
In general, decreased activity has been reported around
the SMA (and often including pre-SMA) and DLPFC
with increased activity in parietal and lateral premotor
areas in PD patients.®*> Although the hypoactive brain
areas are usually interpreted as a primary dysfunction

associated with parkinsonian symptoms, the hyperactiv-
ity has been interpreted as a neural correlate of adaptive
plasticity within the motor system, compensation for the
defective cortical-basal ganglia—thalamocortical circuit-
ry.®® Overactivity of premotor—parietal circuits in PD has
been thought to represent a compensatory mechanism for
deficient activation of impaired striato—mesial—frontal
projections.®® Symptomatic therapy with either levo-
dopa® or subthalamic nucleus (STN) stimulation®” can
partially reverse these abnormalities.

These studies suggest a variety of cortical targets for
neuromodulation. For example, one might speculate that
facilitatory rTMS could be used to enhance activity (and
excitability) in hypoactive cortical areas and thereby im-
prove clinical function. Furthermore, neuromodulation
can focus on certain cortical nodes within functionally
segregated striatocortical circuits, to further target se-
lected symptoms. For example, a motor—putamen loop
might be targeted by rTMS over the M1 for modulation
of motor symptoms but the prefrontal-caudate loop
might be targeted by rTMS over the DLPFC for modu-
lation of depression symptoms.

Normalization of excitability

Studies of cortical excitability determinants in PD in-
dicate an elevated resting excitability with activity-asso-
ciated impairment of facilitation. The elevated resting
excitability has been reported with larger MEPs, shorter
cortical silent period durations, and lower short-latency
intracortical inhibition in PD patients than in normal
subjects.®®*® During movement preparation, normal
MERP facilitation during premovement periods is reduced
in PD patients.®’° The slow recruitment of M1 excit-
ability prior to voluntary movement often is interpreted
as a primary correlate for bradykinesia, whereas elevated
resting excitability represents a compensatory response
that makes it easier to recruit activity from a resting
state.®® However, the cortical disinhibition during active
contraction suggested by shorter cortical silent period in
PD does not follow this model and may also be associ-
ated with the compensatory response to bradykinesia.”"
As with network activations in fMRI studies, these ex-
citability abnormalities also partially normalize with do-
paminergic’? or DBS therapy.”?

Clinical correlations to excitability changes in PD are
relatively sparse and probably depend on individual
symptoms and degree of cortical compensation. En-
hanced MEP size at rest has been linked to rigidity in
PD,%® subliminal motor thresholds to bradykinesia,74 and
cortical silent period durations to UPDRS scores on the
more affected side in early PD,”! but many studies report
no such correlations. Even so, assessment of normaliza-
tion of selected excitability measures remains potentially
useful, though not yet validated, as a marker for clinical
improvement after rTMS.
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Studies of rTMS in Parkinson’s disease with clinical outcomes
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FIG. 1. Variation in extrinsic transcranial magnetic stimulation (TMS) factors in studies of repetitive TMS (rTMS) in Parkinson’s disease.
Log-log plot of three TMS factors: frequency (horizontal axis), total duration of treatment (vertical axis), and stimulation site (color).
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Clinical outcomes in PD after neuromodulation

Among studies that have applied rTMS in PD patients
with clinical outcomes measured, extrinsic repetitive
rTMS factors vary widely. This variation is exemplified
in Figure 1, which plots the distribution of published
rTMS studies with clinical outcomes across three extrin-
sic factors: site of stimulation, frequencies tested, and
treatment durations. Although treatment durations vary
among studies, both single-session and multisession
studies have suggested benefit across a range of cortical
sites, with most multisession studies following a model
of daily sessions over 7 to 14 days.

Study designs, patient populations, duration of fol-
low-up, and outcome measures are highly variable.
For clinical outcome measures, all but one study75
used the Unified Parkinson’s Disease Rating Scale
(UPDRY) as clinical outcome measures. For particular
symptoms, additional rating scales for depression’®~"?
or dyskinesias*®®® were used. Many early studies were
not placebo- or sham-controlled. Despite these differ-
ences, all but four studies’*8'~%3 reported some ben-
efit in clinical ratings of PD symptoms. Although this
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may be due in part to publication bias, a recent meta-
analysis reveals an overall beneficial effect of rTMS,
including a subanalysis restricted to sham-controlled
studies.®*

A circular coil centered over the vertex stimulates a wide
variety of cortical areas and does not lend well to interpre-
tation of a mechanism or rationale for treatment. These
studies tend to showed poor reproducibility with no benefit
reported in controlled studies across low and high frequen-
cies.2"®2 In most later studies, figure-8 coils were used to
provide greater selectivity for spatial location and from
which to interpret potential mechanisms. Although the
SMA and PMd have been explored in few studies, the most
common sites studied are M1 and DLPFC, which corre-
spond to cortical targets of motor and prefrontal basal gan-
glia—thalamic loops, respectively.

Motor cortex stimulation. The M1 is a key cortical
target for the motor cortical-subcortical loop. The stan-
dard basal ganglia circuit model implicates impaired
basal ganglia-thalamo-cortical drive as a cause for motor
PD symptoms’® and so the M1 is a common site for
cortical neuromodulation to facilitate deficient thalamo-
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TABLE 1.

Repetitive Transcranial Magnetic Stimulation Studies in PD Patients Over Primary Motor Cortex with Clinical Outcome Measures

Extrinsic Factors

Intrinsic Factors

Sessions and Pulses, Outcome

Study Design TMS Settings Duration no. PD Subjects Contexts Measures

Siebner Within-subject, Figure-8 coil; M1 1 session in 2250 10 nonfluctuating PD OFF medication UPDRS (+)
et al.% real vs control 5 Hz at 90% MT ~10 min (H&Y 1-2.5)
(2000) r'TMS

Khedr Parallel groups, Figure-8 coil; M1 10 sessions in 2000 36 PD (16 de novo) None with medication UPDRS (+)
et al.”’ real vs control 5 Hz at 120% MT 10d (H&Y 2-3)
(2003) r'TMS

Bornke Within-subject, Figure-8 coil; M1 1 session in 1000 12 nonfluctuating PD OFF and ON UPDRS (+)
et al.”? real vs control 10 Hz at 90% MT 3.3 min (H&Y 1.5-4) medication especially when
(2004) r'TMS vs OFF

levodopa

Lefaucheur Within-subject, Figure-8 coil; M1 1 session in 20 600-2000 12 akinetic-rigid PD OFF medication UPDRS (+);
et al.”! real vs control 0.5, 10 Hz at 80% min (H&Y 2.5-4) timed tests,
(2004) I'TMS vs MT excitability

levodopa

Lomarev Parallel groups, Figure-8 coil M1 and 8 sessions over 9600 18 akinetic-rigid PD ON medication UPDRS (+);
et al.%® real vs control DLPFC; 25 Hz at 4 wk (H&Y 2-4) timed tests,
(2006) rTMS 100% MT excitability

Dias Open-label, real Figure-8 coil; M1 1 session in 12 2250 8 PD, moderate to ON medication UPDRS (+);
et al.”’ rTMS 5 Hz at 90% MT min severe voice measures
(2006)

Khedr Parallel groups, Figure-8/M1 25, 6 sessions over 18,000 55 PD (10 de novo) OFF medication; early UPDRS (+),
et al.”? real vs control 10 Hz, 100% MT 6d (H&Y early: 1-2.5 vs late PD in timed tests
(2006) rTMS H&Y late: 3-5) separate groups

DLPFC = dorsolateral prefrontal cortex; H&Y = Hoehn and Yabhr rating scale, M1 = primary motor cortex, MT = motor threshold; PD = Parkinson’s disease; rTMS = repetitive transcranial

magnetic stimulation; TMS = transcranial magnetic stimulation; UPDRS = Unified Parkinson’s Disease Rating Scale; (+) = significant improvement in UPDRS ratings.
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cortical drive. Repetitive TMS studies over motor cortex
are summarized in Table 1.

The first encouraging report of rTMS in PD patients used
low-intensity, subthreshold 5-Hz rTMS over the M1 and
found improvement in simple and choice reaction time and
pegboard task performance®; however, these results were
subsequently not replicated in a less severely affected PD
group.®® Interpretation of these studies was limited by the
fact that task function was examined during rTMS. Because
TMS stimulation over the M1 might well be predicted to
impair ongoing fine motor control, the lasting effects after
rTMS trains could more theoretically lead to motor bene-
fits.%” This offline use of rTMS has become the predomi-
nant model for investigating possible benefits of rTMS in
patients and constitutes the focus here in this review.

In a series of single-session studies, Siebner et al B8
illustrated lasting effects after high-frequency rTMS over
the motor cortex on several outcome measures that sug-
gested benefit to motor symptoms in PD. Repetitive TMS
at 5 Hz over the hand region of the M1 showed normal-
ization of cortical silent periods®® with improvement in
clinical measures of contralateral bradykinesia® and
measures of an aiming movement without loss of accu-
racy.”® Lefaucheur et al.®' confirmed benefits of MI
rTMS at both low (0.5 Hz) and high (10 Hz) frequencies.
Although 10-Hz rTMS reduced contralateral bradykine-
sia, at 0.5 Hz the rTMS reduced bilateral rigidity and
improved gait speed. Both frequencies normalized silent
periods, but whereas 0.5-Hz rTMS normalized intracor-
tical inhibition, 10-Hz rTMS enhanced intracortical fa-
cilitation. Thus, theories of mechanisms for benefits of
M1 rTMS must account for modulation of both excita-
tory and inhibitory circuits. Bornke et al.”? showed that
single-sessions of 10-Hz rTMS could improve measures
comparably to that of levodopa. Taken together, these
studies provide preliminary evidence that a single ses-
sion of either low- or high-frequency rTMS over the M1
might improve motor symptoms in PD, relative to sham
stimulation, with more studies using high frequencies to
enhance abnormal impaired thalamocortical drive in PD.

All of the published multisession studies over the M1
have been conducted with high-frequency rTMS and
have included a sham-TMS control. Khedr et al.?” ap-
plied suprathreshold 5-Hz rTMS over arm and leg areas
of the M1 daily for 10 days in unmedicated PD patients.
Results showed a cumulative improvement in the rTMS
treatment group, compared with a sham-rTMS group, in
UPDRS motor subscale scores and in walking speed,
improvement that persisted 1 month after rTMS. In a
follow-up study, early- and late-stage PD patients were
studied with both 10 Hz and 25 Hz daily rTMS over 6
days.”? Results showed cumulative improvement in UP-
DRS, gait, and tapping speed in groups receiving rTMS,
compared with control-site rTMS over the occipital cor-
tex. The greatest benefits were seen with 25-Hz rTMS in
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the early PD patients, and benefits persisted for up to 1
month after treatment. Notably, additional open-label
rTMS treatments (daily sessions for 3 days) at monthly
intervals appeared to counteract transient wearing-off of
benefits from previous rTMS treatments.

Prefrontal cortex stimulation. The DLPFC is a
key cortical target for the prefrontal cortical-subcortical
loop, a circuit that is involved with attention, working
memory, and mood regulation. In addition, a majority of
studies applying rTMS as treatment for depression have
used high frequencies to the left DLPFC with focal fig-
ure-8 coils. To date, all published DLPFC rTMS studies
have been multisession studies, and several have focused
on depressed PD patients. Repetitive TMS studies over
prefrontal cortex are summarized in Table 2.

A few early DLPFC studies also used circular coils cen-
tered over prefrontal regions®'-’***%> Although these stud-
ies showed clinical benefit, they used nonfocal coils with
very low frequencies (0.2 Hz) that, in normal control sub-
jects, do not produce long-lasting excitability changes.'”

In an open-label study of depressed PD patients, 10
daily sessions of 10-Hz rTMS over the left DLPFC sug-
gested benefits on both depression scales and UPDRS
motor scores when off medication.”® In a sham-TMS and
active medication treatment control study of depressed
PD patients, Fregni et al.”® showed that a 10-day course
of 15-Hz rTMS over the left DLPFC (plus placebo med-
ication) had an equivalent efficacy on depression rating
scales as fluoxetine antidepressant (plus sham rTMS), an
effect that persisted for 8 weeks.

The effects of rTMS on DLPFC may be specific for
depression, rather than for motor symptoms. A recent
study reported that 10 days of 10-Hz rTMS over the
DLPFC in nondepressed PD patients did not have a
significant effect on motor measures of finger tapping,
reaching, and gait beyond that of motor practice.’® Sim-
ilarly, 10 sessions of 15-Hz rTMS over the DLPFC
showed no effect on quantitative measures of speech
volume and intensity, compared with sham rTMS, but
open-label single sessions of 5-Hz rTMS over the mouth
area of the M1 showed motor speech improvement in
voice intensity and fundamental frequency.’’

Two imaging studies have investigated the mecha-
nisms of rTMS DLPFC modulation in PD on the cortical
activity. Fregni et al.?® contrasted rTMS with fluoxetine
treatment while investigating the pathophysiological ba-
sis for outcomes using SPECT measures of rCBF. PD
patients with depression showed reduced baseline rCBF
in areas involved in mood regulation, including left pre-
frontal cortex and posterior cingulate. Both rTMS and
fluoxetine led to equivalent improvement in depression,
but rTMS differentially increased rCBF in bilateral pre-
frontal cortex, whereas the fluoxetine group showed in-
creased rCBF in the occipital lobe. An fMRI study, also
addressing the neural correlates of depression treatment
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TABLE 2. Repetitive TMS in PD Patients Over Prefrontal Cortex with Clinical Outcome Measures

Extrinsic Factors

Intrinsic Factors

Sessions and Pulses,
Study Design TMS Settings Duration no. PD Subjects Contexts Outcome Measures
Shimamoto Parallel groups, Circular coil; PFC ~8 sessions in ~480 18 PD (H&Y 1-4) — UPDRS (+), CSF
et al.®! real vs control 0.2 Hz at 78% 2 mo HVA
(2001) rTMS MSO
DragaSevic Open-label, real Circular coil; PFC 10 sessions in 2000 10 depressed PD Depressed PD UPDRS (+),
et al.”® rTMS 0.5 Hz at 110% 10d (H&Y 1-3) patients HDRS (+),
(2002) MT timed tapping
Ikeguchi Parallel groups, Circular coil; frontal 6 sessions in 2 360 12 nonfluctuating PD — UPDRS (+), timed
et al.” real vs control 0.2 Hz at 70% wk (H&Y 1-4) tasks, SPECT
(2003) rTMS MSO rCBF
Fregni Parallel groups, Figure-8 coil; 10 sessions in 30,000 42 PD with PD patients with UPDRS (+),
et al.”® real rTMS vs DLPFC 15 Hz at 10d depression (H&Y depression HDRS (+)
(2004) SSRI 110% MT 1-4) equivalent to
SSRI
Lomarev Parallel groups, Figure-8 coil M1 and 8 sessions over 9600 18 akinetic-rigid PD ON medication UPDRS (+); timed
et al.?® real vs control DLPFC; 25 Hz at 4 wk (H&Y 2-4) tests, excitability
(2006) rTMS 100% MT
Dias Parallel groups, Figure-8 coil; 10 sessions 30,000 22 PD, moderate to ON medication UPDRS (0); voice
et al.”’ real rTMS vs DLPFC 15 Hz at over 2 wk severe measures
(2006) SSRI 110% MT
Epstein Open-label, real Figure-8 coil; 10 sessions 19,000 14 PD with PD patients, with UPDRS (+) when
et al.”? rTMS DLPFC 10 Hz at over 2 wk depression moderate to OFF, HDRS (+)
(2007) 110% MT severe
depression
del Olmo Parallel groups, Figure-8/DLPFC 10 10 sessions 4500 13 PD (H&Y 1-3) ON medication UPDRS (0), timed
et al.?® real vs control Hz at 90% MT over 10 d tasks
(2007) rTMS

Included are studies with circular coils centered over prefrontal sites.
CSF = cerebrospinal fluid; DLPFC = dorsolateral prefrontal cortex; H&Y = Hoehn and Yahr rating scale; HDRS = Hamilton Depression Rating Scale; HVA = homovanillic acid; M1 =
primary motor cortex; MSO = maximum stimulator output; MT = motor threshold; PD = Parkinson’s disease; PFC = prefrontal cortex; tCBF = relative cerebral blood flow; SSRI = selective
serotonin reuptake inhibitor (antidepressant); UPDRS = Unified Parkinson’s Disease Rating Scale; (+) = significant improvement in either UPDRS or HDRS; (0) = no significant change

in clinical ratings.
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in PD with multiple sessions of 5-Hz rTMS over the left
DLPFC versus fluoxetine, found that rTMS produced
increased activation in the left DLPFC and anterior cin-
gulate with decreased activation in the right DLPFC,
right fusiform gyrus and cerebellum. Fluoxetine showed
an increased activation in the right medial and lateral
premotor regions, but no changes around either right or
left DLPFC.”® Differences between these imaging find-
ings likely reflect differences in rTMS factors and the
emotional face observation paradigm used for activation
in the fMRI study versus resting rCBF in the SPECT
study. Both studies, however, support effects of rTMS
over the DLPFC circuits, effects not seen in the fluox-
etine groups, and suggest that the local normalization of
hypoactivity of DLPFC in depressed PD patients may in
part underlie rTMS associated improvements in mood.

Combined motor and prefrontal stimulation. Ina
placebo-controlled, multisession study, Lomarev et al.%®
showed improvement in timed motor tasks and UPDRS
scores over eight sessions over 4 weeks with 25-Hz rTMS
over the M1 and DLPFC. Improvement in upper extremity
bradykinesia was correlated with increase in MEP size after
each session of rTMS. However, because MEP size did not
increase when compared before and after all eight sessions
of rTMS, the mechanism for cumulative benefits of rTMS
cannot be explained solely by a long-lasting facilitation of
cortical excitability. Nevertheless, the cumulative clinical
improvement in gait and upper extremity bradykinesia
lasted at least 1 month after the rTMS course.

Although the use of several cortical targets simulta-
neously confounds the ability to determine the topographic
effects of high-frequency rTMS over the DLPFC or M1,
this protocol illustrates a potential use of rTMS to simulta-
neously modulate different striatocortical loops. Mood or
cognitive outcome measures would therefore have been of
interest in this protocol. Future combined studies could
consider modulation of different striatocortical loops with
individually tuned factors for each circuit or set of
symptoms.

Supplementary motor area stimulation. Imaging
data have for the most part supported underactivity of the
SMA (and pre-SMA) as playing an important role in PD
bradykinesia,® although some task-related paradigms do
show overactivation of the SMA.%® However, the loca-
tion of the SMA within the interhemispheric fissure
makes it a difficult noninvasive cortical target. Further-
more, the proximity of the anterior pre-SMA (related to
prefrontal circuits) to the SMA proper (related to motor
circuits) makes selective topographic targeting of rTMS
more difficult.

In terms of targeting specific symptom sets in PD,
several studies have investigated rTMS over the SMA
for the modulation of dyskinesias in PD patients (Table
3). Dyskinesias are abnormal medication-induced invol-
untary movements that develop in many advanced PD
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TABLE 3. Repetitive TMS in PD Patients Over Supplementary Motor Area with Clinical Outcome Measures

Intrinsic Factors

Extrinsic Factors

Outcome

Pulses,

Sessions and

Contexts Measures

no. PD Subjects

Duration

TMS Settings

Design

Study

o
2] -
2 —
Mz +
S8 oL
== . vm
wn T T
A=
E-:€E<C
o] o]
Q
=
)
s
v
=
SwnE
.,HEBV;
Eeg .3
LL@HZV;
O£ 40 &
o L e
Q2 0%
g 258>
gE"Og‘U
N B
%) %)
~~ 172]
o« 8
172
S\ 5}
a 2
> A g
2 = v
= S5
N :
S <=
a =
Ay Eg
=)
— o0
o o
S S
S 15N
Q
=
R
g £
=) g
< v
l —
= =
g g
= =
5 5
2] .2
w w
5] 5]
Q Q
5] 5]
— —
—
SN
LIS
IS
—
)
24 I
= \© =
O = o«
o < O N
N
TE %25
= =
L L
— —
- £ - £
oF oF
ISER=! ISER=!
28 28
go L0 0
72,%¢
L”un L7 wn
-ET&E-ET&E
= =
:3:8&:3:8&

Boylan et al.>*
(2001)

Koch et al.*®
(2005)

diary (0)

Hoehn and Yahr rating scale; MT = motor threshold; PD = Parkinson’s disease; SMA = supplementary motor area; rTMS

dyskinesia
repetitive transcranial magnetic stimulation; TMS = transcranial magnetic stimulation; UPDRS = Unified Parkinson’s Disease Rating Scale; (+) = significant improvement; (—) = significant

UPDRS (0);
AIMS (+),

Studied ON with
dyskinesias

10 advanced PD
with dyskinesias

5 sessions in 5 d 4500

Figure-8 coil; SMA
1 Hz at 90% MT

Open-label, real
™S

Brusa et al.®°
(2006)

AIMS = Abnormal Involuntary Movement Scale; H&Y

other timed tasks without change. "Reduction (improvement) of dyskinesias only after 1 Hz rTMS.

indicates no significant change.
*Subclinical slowing of reaction time and quantitative spiral drawing;

worsening; (0)
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patients and that may limit the ability for medications to
remain optimally effective. Functional neuroimaging has
demonstrated overactivation of the SMA in patients with
dyskinetic PD.!'%-10!

Consistent with bidirectional frequency modulation of
SMA activity, 1-Hz rTMS over the SMA was able to
transiently reduce drug-induced dyskinesias, and 5-Hz
rTMS was associated with a nonsignificant increase of
dyskinesias.*® However, the transient benefits of rTMS
on dyskinesias did not appear to be enhanced when 1-Hz
tTMS was applied across daily sessions.®®

In these SMA studies, no adverse effects or motor
deterioration were observed in rTMS conditions. An
early study, using 10-Hz rTMS over the SMA in PD
patients, showed a subclinical slowing of reaction time
and impairment of spiral drawing, which may have been
related to the high intensities and frequencies over an
area of the brain with convergent connections to both
prefrontal and motor circuits.>*

Premotor cortex stimulation. Two studies have
investigated effects of rTMS over the PMd as a cortical
target, but neither study had clinical behavior as a pri-
mary outcome (Table 4). In a study in early-stage, un-
treated PD patients, 1-Hz rTMS over the PMd was ap-
plied and lasting effects on excitability were assessed
with single-pulse TMS over the M1.%> Notably, effects
on paired-pulse intracortical excitability after premotor
rTMS persisted 1 week after rTMS, which was not seen
in healthy control subjects.”> Nonspecific improvements
in motor performance and UPDRS were attributed to
training, a placebo effect, or both. In the other study,
5-Hz rTMS over the PMd was shown to modulate M1
excitability in normal subjects, but not in PD patients off
medication. Dopaminergic medication restored the abil-
ity for 5-Hz rTMS over the PMd to facilitate M1 excit-
ability in PD patients.

tDCS in Parkinson’s disease. To date, there have
been only two publications on tDCS and PD. In the 2006
study reported by Fregni et al.,'®® the motor effects of
single-session tDCS of the M1 and DLPFC in PD pa-
tients were studied in the OFF state. This study showed
that anodal tDCS of the M1 results in a significant motor
function enhancement in PD, as indexed by simple re-
action time and motor scores of UPDRS, compared with
sham stimulation. These effects were specific for tDCS
polarity and site of stimulation; cathodal stimulation of
the M1 and anodal stimulation of the DLPFC induced
small effects that were not significantly different from
sham stimulation. In addition, tDCS effects were associ-
ated with a polarity-dependent effect on corticospinal
motor excitability in PD patients: whereas anodal stim-
ulation resulted in a robust increase of corticospinal ex-
citability, cathodal stimulation slightly decreased it. We
note that the increase in the M1 excitability after anodal
tDCS was marginally correlated with motor function

TABLE 4. Repetitive TMS in PD Patients Over Premotor Cortex with Clinical Outcome Measures

Intrinsic Factors

Extrinsic Factors

Pulses,

Sessions and

Outcome Measures

Contexts

no. PD Subjects

Duration

TMS Settings

Design

Study
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improvement. This result might be seen as paradoxical,
compared with rTMS studies, because a potential mech-
anism for rTMS effects is the normalization of enhanced
resting cortical excitability. However, this tDCS study
evaluated only one particular measure of corticospinal
excitability (i.e., MEP amplitude and area), and it is
possible that anodal tDCS might have modulated intra-
cortical excitability in the same direction as rTMS, as
shown in normal subjects.'®®

In another tDCS study by the same group, working
memory was assessed in PD.'% There was a significant
improvement in working memory, as indexed by task
accuracy, after active anodal tDCS of the left DLPFC
with 2 mA. The other conditions of stimulation (sham
tDCS, anodal tDCS of the left DLPFC with 1 mA, or
anodal tDCS of the M1) did not result in a significant
task performance change. These results suggest not only
site specificity but also dose specificity (1 mA vs 2 mA).

Although tDCS also seems to induce beneficial ef-
fects in PD, further studies are needed to replicate
these results, to determine duration of benefits, and to
assess effects under different contexts (e.g., on vs off
medication).

DYSTONIA

Dystonia refers to a syndrome of sustained involuntary
muscle contractions that usually produce twisting and
repetitive movements or abnormal postures.'®® Primary
dystonia occurs in the absence of other neurological ab-
normalities and without an identified brain lesion or
cause (other than a genetic mutation). Primary dystonia
is thought to arise from a functional disturbance of basal
ganglia circuits that results in abnormal motor com-
mands.'® This abnormal motor output contributes to
inappropriate activation of muscle groups, which inter-
feres with voluntary motor control and produces twisted
postures of limbs, trunk, or neck. Generalized dystonia
can involve the whole body. In contrast, focal dystonia
involves abnormal muscle contractions restricted to one
part of the body, and can be surprisingly context specific.
Writer’s cramp is a particular example, in which dystonic
postures arise in the affected hand only when writing, not
when using hand muscles for other purposes.

Despite dystonia being a widely heterogeneous group
of disorders, studies of dystonia pathophysiology and of
applications of rTMS and tDCS, have focused largely on
upper extremity limb dystonia. Hand dystonia is often
easily activated experimentally, and its cortical represen-
tation within the contralateral M1 is easily accessible
with noninvasive cortical stimulation. Physiologically,
the abnormal motor outflow in dystonia corresponds to
excess and nonselective muscle activation.

Sensory and sensorimotor integration abnormalities
suggest that dystonia pathophysiology is not restricted to

Neurotherapeutics, Vol. 5, No. 2, 2008

the motor system.'®” These abnormalities may be con-
sidered consequences of excess maladaptive plasticity. In
this view, the sensorimotor system in dystonia patients is
abnormally sensitive to external stimuli and in response
may generate inappropriate and nonspecific sensorimotor
associations that interfere with context-specific motor
actions.® The potential for rTMS and tDCS to downregu-
late excess plasticity by appropriate cortical neuromodu-
lation provides a theoretical foundation to normalize or
correct abnormal dystonic physiology for symptomatic
benefit.

Abnormalities of network activation

Neuroimaging studies have shown consistent abnor-
malities in limb dystonia patients, distributed within the
subcortical and cortical motor system and involving bi-
lateral PMd, primary sensory and motor cortices, and
supplementary motor area (SMA).'*®~"'! However, as
expected with the heterogeneity of dystonia, the degree
of activity increase or decrease within cortical regions
varies among studies depending on patient variability
and differences in imaging protocol and task-activation
conditions. In patients with writer’s cramp, excess activ-
ity is commonly described in the left sensorimotor cor-
tex, PMd, SMA, and cerebellum with dystonia-inducing
tasks.!®112 In contrast, relative reductions have also
been described in the left sensorimotor cortex and PMd
during nonspecific and specific activation tasks.''*''4

Although variable, the predominant pattern in dystonia
is one of context-related excess activation of primary
sensory, motor, and premotor cortices. These overacti-
vation patterns are often interpreted as loss of specificity
in muscle activation, excess maladaptive plasticity in the
motor corteX, or increased difficulty of task. These pat-
terns also suggest the M1 and PMd as targets for down-
regulation by extrinsic rTMS or tDCS neuromodulation.

Abnormalities of excitability

Dystonia is associated with loss of inhibition at multiple
levels of the neuroaxis, including spinal cord, brainstem,
and cortex. The excessive and inappropriate muscle activa-
tion patterns seen in patients with focal dystonia reflect
disinhibition of cortical-subcortical motor circuits, which
may be a consequence of abnormalities of sensorimotor
integration and maladaptive plasticity.

Among writer’s cramp patients, silent periods are
shorter, and short-interval intracortical inhibition is re-
duced, compared with control subjects.''>~"'” This dis-
inhibition can be task-specific within the same hand mus-
cle."'® Normal surround inhibition of muscles near the
specific muscle intended for movement is impaired in
hand dystonia patients.''® Treatment with botulinum
toxin may transiently normalize intracortical inhibition
in association with clinical benefit.*> Although disinhi-
bition predominates, context-specific impairment in pre-
movement excitability facilitation has also been de-
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scribed, perhaps explaining bradykinesia of dystonic
movement in some patients.'%’

Consistent with altered sensorimotor integration, the
normal inhibition of excitability after a peripheral elec-
trical stimulus becomes facilitated in patients with dys-
tonia.'?' Repeated pairs of peripheral electrical stimula-
tion synchronized with cortical TMS pulses, that
normally produce robust facilitation in excitability, re-
sulted in further exaggerated excitability in patients with
dystonia.'** Similarly, although muscle vibration nor-
mally facilitates cortical excitability to that muscle, ex-
citability was suppressed in patients with focal dysto-
nia.'"”® These abnormal responses suggest that
maladaptive plasticity may be a fundamental deficit in
symptomatic dystonia.'**

Neuromodulation studies in dystonia

Downregulation of excess plastic responses in a dis-
order in which disinhibition predominates can be a chal-
lenge. Low-frequency rTMS or cathodal tDCS, which
typically reduce excitability in normal subjects, may not
necessarily have the same effect in dystonic patients.
Several studies, however, have shown the potential for
normalization of excitability or of abnormal network
patterns with low-frequency rTMS over the M1 or PMd.
A few preliminary studies and case reports have also
shown some success with these factors (Table 5). Gen-
eralization from these studies, and future directions, must
take into account the heterogeneity of dystonia and lack
of standardized protocols for assessing outcomes. For
example, the two controlled studies focused on writer’s
cramp and analysis of handwriting,''”-'*> whereas the
two case reports suggested different patterns of benefit
(pain'?® and neck dystonia'?”) on patients with different
dystonia diagnoses.

Motor cortex stimulation. Consistent with mal-
adaptive plasticity in dystonia, motor cortex excitability
often responds inappropriately, often with disinhibition, af-
ter a train of rTMS. After several trains of suprathreshold
1-Hz rTMS over the M1, cortical excitability was sup-
pressed in control subjects, but facilitated in writer’s cramp
patients.'® With much lower thresholds, 1-Hz rTMS over
the M1 did not alter any several measures of excitability in
focal hand dystonia patients, even though excitability in
control subjects was reduced.'? Brief trains of up to 20
pulses of suprathreshold 1 Hz did not alter excitability, but
at 5 Hz it resulted in an exaggerated, and longer-lived,
excitability facilitation, compared with control subjects.'*°

Cathodal tDCS suppresses excitability in control sub-
jects, but tends to increase excitability in dystonia pa-
tients. Furthermore, in control subjects, 1-Hz rTMS over
the M1 after priming by excitatory anodal tDCS, also
uniformly reduced excitability. In contrast, dystonia pa-
tients had no consistent effect with rTMS, regardless of
preceding anodal or cathodal tDCS.'*! These results

TABLE 5. Repetitive TMS Studies in Dystonia Patients with Clinical Outcome Measures

Intrinsic Factors

Extrinsic Factors

Pulses,

Sessions and

Outcome Measures

Dystonia type

no. Subjects

TMS Settings Duration

Design

Study

1800

1 session in 30 min

Siebner

Handwriting measures

Writer’s cramp

16 patients; 11

Figure-8 coil; M1

Within-subject,

357

(+); also excitability
over PMd only; also

changes in dystonia
excitability
Cervical dystonia (+);

rating scales
Handwriting measures (+)

dramatically; slight
writer’s cramp (0)

Reduced pain

secondary dystonia
Cervical dystonia and
writer’s cramp

Generalized,
Writer’s cramp

controls
6000 3 patients, severe
painful,
dystonia
9 patients
1 patient

250/site
6000

1 session in 21 min

5 sessions in 5 d
5 sessions in 5 d

1 Hz at 90% MT
Figure-8 coil; PMd

1 Hz at 90% MT

PMd, SMA 0.2 Hz

at 85% MT
Figure-8 coil; PMd

1 Hz at 90% MT

Figure-8 coil M1,

real vs control

rTMS
Open-label case-
real vs control

reports
Within-subject,
rTMS
Open-label, case
report

et al.''”
(1999)
Lefaucheur
et al.'?®
(2004)
et al.'®
(2005)
Allam
et al.'?’
(2007)

M1 = primary motor cortex; MT = motor threshold; PMd = dorsal premotor cortex; SMA = supplementary motor area; rTMS = repetitive transcranial magnetic stimulation; TMS =

transcranial magnetic stimulation; (+) = significant improvement; (0) = no change.

Murase
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were interpreted as a disruption of normal homeostatic
regulation of excitability in response to external tDCS
and rTMS stimulation. This study also suggests that
these rTMS and tDCS factors may not easily restore
normal mechanisms of plasticity.

Nonetheless, one study has suggested some clinical ben-
efit in dystonia patients after low-frequency rTMS over the
M1 in association with normalization of this abnormal dis-
inhibition."'” Among writer’s cramp patients, single-ses-
sions of subthreshold 1-Hz rTMS over the M1 normalized
intracortical inhibition and also prolonged silent periods.
Patients showed a benefit in mean writing pressure, with
several patients showing clear improvements in handwrit-
ing. The normalization of excitability by rTMS in this study
are in contrast with other studies, which showed either
facilitation or no change in excitability in dystonia patients
after 1-Hz rTMS.'?*!? Variation in intensity and excitabil-
ity measures, and in study design, may account for these
differences; replication would be of interest.

Dorsal premotor cortex stimulation. The PMd has
dense reciprocal connections with both M1 and SMA
within the abnormal dystonic cortical network. As with the
M1, rTMS over the PMd can modulate M1 excitability
bidirectionally, with low frequencies suppressing and high
frequencies enhancing excitability.'** However, -ITMS ef-
fects over the PMd can induce lasting effects on cortical
excitability, often to a greater degree than with rTMS over
the M1 itself.'>* With PET scanning, subthreshold 1-Hz
rTMS over the left PMd was shown to reduce rCBF in the
left sensorimotor cortex, left PMd, SMA, and cerebellum
both in normal control subjects and in patients with focal
dystonia.>* However, the decrease was significantly greater
among patients in bilateral PMd, SMA, and precuneus.
Findings support the use of 1-Hz rTMS over the PMd to
effect widespread inhibitory effects throughout the motor
network in dystonia patients. We note that 1-Hz rTMS over
the PMd also normalizes spinal reflexes that are abnormal
in patients with DYT1 generalized dystonia.'** Therefore,
effects of rTMS over the PMd extend down the neuroaxis
and provide evidence that modulation at this cortical site
can normalize sensorimotor integration at multiple neuro-
anatomic levels.

Testing low-intensity 0.2-Hz rTMS over the M1, SMA,
and PMd in separate sessions with writer’s cramp patients,
Murase et al.'*> found that only stimulation over the PMd
site prolonged silent periods and improved handwriting.
Two open case study reports reported effects of five daily
sessions of 1-Hz rTMS over the left PMd. After rTMS,
three patients with severe, generalized, secondary dystonia
showed reduced painful axial spasms, but less consistent
reductions of abnormal movements or disability.'*® In the
other case, a patient with primary dystonia affecting neck
and limb showed improvement of neck, but not limb, dys-
tonia symptoms after rTMS sessions.'?” These studies pro-
vide encouraging data in support of the use of multisession
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rTMS over the PMd to modulate dystonia. However, the
topographic nature of rTMS modulation over the left PMd
and the relationship between rTMS and pain or disability in
these patients remain to be clarified.

CONCLUSION

In conclusion, rTMS and tDCS are promising noninva-
sive cortical stimulation tools that may provide a future
option for adjunctive therapy in PD, dystonia, and other
movement disorders. Although the studies with clinical out-
comes reviewed here show the potential for benefit, many
are small studies that span a large range of intrinsic and
extrinsic factors. For now, it remains unclear whether rTMS
or tDCS have beneficial effects on PD or dystonia, and
neither modulatory technique has established protocols to
assure the predictable long-term effects on clinical outcome
measures that are needed to establish a clinically relevant
role in treatment. Future controlled studies, focusing on
selected extrinsic and intrinsic factors, can provide evidence
for potentially spatially specific and symptom-specific roles
for rTMS and tDCS. Studies that include functional neuro-
imaging or cortical excitability outcome measures will add
to the accumulating evidence for rational mechanisms of
rTMS and tDCS effects.
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