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Abstract: Transcranial magnetic stimulation (TMS) is a valuable technique for assessing the
underlying neurophysiology associated with various neuropathologies, and is a unique tool
for establishing potential neural mechanisms responsible for disease progression. Recently,
repetitive TMS (rTMS) has been advanced as a potential therapeutic technique to treat selected
neurologic disorders. In healthy individuals, rTMS can induce changes in cortical excitability.
Therefore, targeting specific cortical areas affected by movement disorders theoretically may
alter symptomology. This review discusses the evidence for the efficacy of rTMS in Parkinson’s
disease, Huntington’s disease, amyotrophic lateral sclerosis, and multiple sclerosis. It is hoped
that gaining a more thorough understanding of the timing and parameters of rTMS in individu-
als with neurodegenerative disorders may advance both clinical care and research into the most
effective uses of this technology.

Keywords: repetitive transcranial magnetic stimulation, selected movement disorders,
treatment

Introduction

Transcranial magnetic stimulation (TMS) is a noninvasive technique that quanti-
fies levels of cortical and spinal excitability. TMS, in its simplest form, involves a
single stimulus delivered over the scalp above the target cortical area to be probed.
TMS relies on the principle of electromagnetic induction to excite cortical neurons.
A figure-of-8 coil contains two wires. When triggered, current flows along these
wires in opposite directions. The magnetic field created by the coil where the wires
cross traverses the scalp and the change in magnetic field generates electrical activ-
ity within the surface of the cortex. The stimulation results in altered membrane
potentials, which lead to action potentials, inhibitory postsynaptic potentials, or
excitatory postsynaptic potentials (Figure 1). More specifically, intracortical interneu-
rons activated by TMS are likely axons of pyramidal neurons in layers II and III of
the primary motor cortex (M1). These neurons in layers II and III then synapse onto
pyramidal corticospinal output neurons in layer V of the cortex. Generally, these
intracortical interneurons are thought to be activated with the TMS coil orientation
45 degrees to the mid-sagittal line held over the primary motor cortex, which gener-
ates a posterior to anterior current (depending on the current generated within the
TMS coil) and produces what are described as multiple I-waves (I denotes indirect).
However, if the TMS coil orientation is 90 degrees (perpendicular) to the mid-sagittal
line held over the primary motor cortex, pyramidal corticospinal output neurons
in layer V are activated more directly and produce what are described as D-waves
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Figure | Schematic of transcranial magnetic stimulation (TMS).

Surface EMG

Notes: (A) A TMS coil placed over the scalp produces an electric field in the TMS coil, as well as in the opposite direction in the cortex. (B) Electric field produced by
the coil induces a magnetic field traversing the skull and dura, producing electrical activity in the cortex in the opposite direction, which activates intracortical interneurons
synapsing on pyramidal neurons and thus activates the corticospinal tract. The descending corticospinal tract then synapses on to a motor neuron in the spinal gray matter,
which then carries the signal to the muscle. (C) The electromyographical (EMG) response resulting from TMS-induced activation of the corticospinal tract is captured via
electrodes recording from the target muscle. (D) Amplified EMG is projected onto a computer screen for quantification of motor evoked potential (MEP) amplitude and
latency. The computer screen displays examples of TMS-induced MEP, short-interval intracortical inhibition (SICl), intracortical facilitation (ICF), long-interval intracortical

inhibition (LICI), and cortical silent period (CSP).

(D denoting direct). Increasing the intensity of a single TMS
pulse could potentially activate a greater area and number of
neurons, and also may penetrate deeper into the layers of the
cortex. Given that the dominant pattern of activity involves
activation of I-waves, TMS-evoked responses are sensitive to
changes in both interneuronal populations and corticospinal
excitability (for review, see Di Lazzaro and Ziemann').
TMS can theoretically be used on any cortical region;
however, M1 is an optimal candidate as electromyography
provides a quantifiable outcome measure. In order to estab-
lish baseline levels of M1 excitability, or inhibition, TMS
can be used in various ways (Tables 1-3), as outlined below.

Baseline measures can be compared between healthy con-
trols and individuals with various pathologies to understand
the effect on patterns of cortical excitation and inhibition.
Additionally, these techniques can be applied prior to, and
following, an intervention designed to induce neuroplastic
change or explore potential therapeutic benefits.

TMS techniques

Single-pulse and paired-pulse TMS techniques are primarily
used to quantify levels of cortical excitability and inhibition.
When TMS is used in a repetitive manner, changes in cortical
excitability lasting longer than the duration of stimulation can
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PAS,: corticospinal facilitation
(up to 30 minutes)

PAS

Cortical facilitation
(up to 60 minutes)

iTBS

Cortical suppression
(up to 60 minutes)

cTBS

Cortical facilitation
(seconds to |5 minutes)

>| Hz

Cortical suppression
(up to |5 minutes)

Repetitive TMS

<| Hz

Table 3 Repetitive transcranial magnetic stimulation techniques

CNS effect

PAS, : corticospinal suppression

(up to 30 minutes)

PAS,: Suprathreshold peripheral nerve

Subthreshold

Subthreshold

Suprathreshold (typically)

Subthreshold (typically)

Protocol

stimulation followed by a suprathreshold

single TMS pulse 25 msec later

Patterns of three pulses delivered
at 50 Hz in trains of 5 Hz for

Patterns of three pulses

1,200 pulses in 10 second
trains with a 10 second

intertrain interval

1,200 pulses in 10 second

delivered at 50 Hz in trains of
5 Hz continuously (600 total

pulses over 40 seconds)

trains with a | second

PAS, : same as PAS, but with the single

2 seconds followed by 8 seconds
of no stimulation (600 total
pulses over 190 seconds)

intertrain interval

TMS pulse 10 msec after the peripheral

nerve stimulation

Abbreviations: TMS, transcranial magnetic stimulation; PAS, paired associative stimulation; cTBS, continuous theta burst stimulation; iTBS, intermittent theta burst stimulation; CNS, central nervous system.

occur. This method has been implicated as a potential thera-
peutic resource or treatment for many neurological disorders.
Additionally, single-pulse and paired-pulse TMS techniques
can be used in conjunction with repetitive TMS (rTMS)-
based interventions to quantify neurophysiological changes
resulting from the intervention that may not be apparent
with behavioral outcome measures. The neurophysiological
mechanisms thought to underlie the various TMS techniques
described can be found in Tables 1-3.

Single-pulse TMS

Motor thresholds (MTs)

Single-pulse TMS over M1 produces muscle responses
in a well-defined waveform referred to as a motor-evoked
potential (MEP). In order to standardize responses between
individuals, a value of MT is typically determined. Resting
MT is defined as the percent of stimulator output that is
required to produce an MEP with a peak-to-peak amplitude
of 50 WV on five of ten trials, while the individual is at rest.?
Similarly, active MT is defined as the percent of stimulator
output that is required to produce an MEP with a peak-to-peak
amplitude of 200 LV on five of ten trials, while the individual
maintains a background contraction.® Threshold values are
often used to determine the intensity of stimulator output in
many of the TMS techniques used to assess and treat various
movement disorders.

Recruitment curves

Recruitment curves utilize single-pulse TMS over a range of
intensities to measure the increase in excitability within the
corticospinal tract in response to increased stimulus inten-
sity, as indexed by MEP amplitude.* The slope of the curve
produced by increasing stimulator intensity is quantified as a
representation of the ability of the excitability of the primary
M1 to be upregulated, and the strength of the corticospinal
connections.” Recruitment curves can be measured while
the participant is at rest, or during a sustained contraction.
Resting recruitment curves activate lower threshold neurons,
while active recruitment curves utilize the voluntary contrac-
tion to activate higher threshold neurons, thus stimulating
unique neuronal pools, which may have different functional
significance.¢

MI cortical mapping

Single-pulse TMS can also be utilized to probe the excit-
ability of M1 in terms of quantifying the distribution and
amplitudes of MEP in the target muscles. To map a muscle
representation in M1, the motor representational “hotspot”
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is found. Next, the location of stimulation is moved out in
each direction (lateral, medial, anterior, posterior) by 1 cm
increments until MEPs from the target muscle are no longer
elicited. Mapping the M 1 representation of particular muscles
is used to understand normal and pathological cortex, as well
as to map change in muscle representation over time or fol-
lowing an intervention.”'¢

Silent period

Active electromyographic responses to single-pulse TMS
include a cortical silent period (CSP), which presents as a
prolonged reduction in electromyographic activity follow-
ing the MEP. CSPs have been shown to be dependent on
recovery from inhibition at the level of M1."-" Therefore,
single-pulse TMS can be indicative not only of motor cortical
excitability, or increases in corticospinal tract excitability in
response to increasing stimulator output, but also inhibitory
circuit activity within M1.

Transcallosal inhibition, important in interhemispheric
communication, can be quantified via an ipsilateral silent
period derived from TMS protocols. Specifically, during a
sustained unilateral muscle contraction, a single TMS pulse
over the ipsilateral M1 is delivered to evoke a silent period in
the background activity generated by the ipsilateral muscle,
known as the ipsilateral silent period.

Paired-pulse TMS

Intracortical inhibition and facilitation

The excitation of M1 pyramidal neurons that ultimately trans-
lates into movement does not occur in isolation. Inhibitory
interneurons within M1 influence this output, and can also be
quantified using TMS. Paradigms, specifically short-interval
intracortical inhibition (SICI) and long-interval intracortical
inhibition (LICI), quantify inhibitory circuitry. SICI occurs
when two TMS pulses (a subthreshold conditioning stimulus
followed by a suprathreshold test stimulus) are administered
over M1 with an interstimulus interval (ISI) of 1-6 msec and
result in a decreased MEP amplitude when compared with
that elicited from a single TMS pulse alone.?

A period of intracortical facilitation (ICF), 10—15 msec
after the stimulation, can quantify the facilitatory circuits in
M1. The protocol for extracting this is identical to that seen
with SICI (subthreshold conditioning stimulus and suprath-
reshold test stimulus), with only the ISI differing.

Following a window in which ICF is present, LICI
occurs at an ISI of 50-200 msec.?"?? Unlike SICI, LICI is
evoked with two suprathreshold pulses. Both SICI and LICI
are important for neuroplasticity, whether it is related to

behavioral-dependent or stimulation-dependent interven-
tions. Assessing these inhibitory circuits is an important
component of understanding how neuroplastic change
contributes to functional improvement and is instrumented
in M1.

Central motor conduction time

In order to quantify central motor conduction time (CMCT),
TMS is used in conjunction with peripheral nerve stimulation.
Peripheral nerve stimulation produces an F-wave, which is
indicative of time to travel in an antidromic direction from the
peripheral nerve to the spinal cord, and back to the muscle.
The M-wave represents orthodromic conduction arising
from peripheral nerve stimulation to directly stimulate the
corresponding muscle. When added together, the F-wave
and M-wave latencies provide a measure of the peripheral
conduction time. MEP latency is indicative of both central
and peripheral conduction times. Therefore, subtracting the
F-wave and M-wave latency in one direction from the overall
MEP latency offers a measure of central nervous system
conduction time.?

Short-afferent and long-afferent inhibition
Short-afferent inhibition and long-afferent inhibition use
TMS, in conjunction with peripheral nerve stimulation, to
examine the integration of sensory information into M.
Specifically, an electrical stimulation is delivered at the
contralateral median nerve prior to a TMS pulse delivered
over M1 while the participant is at rest. Short-afferent inhi-
bition applies this technique with an ISI of 20 msec and
long-afferent inhibition utilizes an ISI 0f 200 msec.'"?*2 The
short ISI associated with short-afferent inhibition provides
only enough time for activation of the primary somatosensory
cortex and secondary somatosensory cortex, whereas the
longer ISI associated with long-afferent inhibition is long
enough to ensure activation of primary somatosensory cortex,
bilateral secondary somatosensory cortex, and contralateral
posterior parietal cortex.!” While the mechanisms underlying
both short-afferent inhibition and long-afferent inhibition
have yet to be elucidated, they provide information on the
impact of peripheral nerve stimulation on M1 excitability,
which is an important component to consider when studying
sensorimotor integration in regards to neuroplasticity.

Repetitive stimulation

In addition to single-pulse and paired-pulse techniques, TMS
can be applied in a repetitive manner. rTMS can be applied in
specific patterns to modulate cortical excitability; the effects

Degenerative Neurological and Neuromuscular Disease 2014:4
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of rTMS may last for periods of time that exceed that of
stimulus application. As a result, rTMS can be used to index
neuroplasticity or as a potential treatment.

Paired associative stimulation

Paired associative stimulation (PAS) exploits the principles
of associative plasticity to engage long-term potentiation-like
mechanisms and produce lasting increased excitability within
M1. PAS pairs the afferent information from peripheral nerve
stimulation with a synchronously delivered TMS pulse over
M1.% Specifically, PAS involves a peripheral nerve stimula-
tion (usually to the median nerve, activating a muscle like
the abductor pollicis brevis) which is then followed by a
single pulse of TMS over the abductor pollicis brevis muscle
representation contralateral to the peripheral nerve stimulation
20-25 msec later. The PAS protocol usually involves 180 total
pairs of these stimuli, with an ISI of 4-10 msec. MEPs are
increased following the PAS protocol in the specific muscle
targeted (usually abductor pollicis brevis) for a period of time
(about 30 minutes).

Repetitive TMS

TMS, when applied in specific patterns, can be used to excite
or inhibit a local cortical region for a short duration. rTMS can
be applied at low frequencies of under 1 Hz, which suppress
excitability in the targeted area, or at high frequencies over
1 Hz, which transiently excite the targeted area for approxi-
mately 15 minutes.*® Similarly, theta burst stimulation (TBS)
uses a theta stimulation pattern to inhibit or facilitate cortical
excitability if the TBS is applied continuously (inhibitory
cTBS), or intermittently (facilitatory iTBS), respectively.*!
The effects of ¢cTBS and iTBS can last up to 60 minutes post
stimulation.!*2 Importantly, the specific effects of cTBS and
iTBS show substantial interindividual variability, which likely
depends upon which interneuron populations are activated by
the TMS pulse.® rTMS protocols, like TBS, have been shown
to modulate cortical excitability, and at times behavior, when
applied over motor-related areas, such as M1, contralateral
M1,335 the supplementary motor area (SMA),* the dorsal
premotor cortex (PMd),* the primary somatosensory cortex,
area 5,% as well as non-motor areas such as the cerebellum®
and the dorsal lateral prefrontal cortex (DLPFC).* Further-
more, rTMS is currently a treatment for drug-resistant major
depressive disorder.*! These methods for changing cortical
excitability are thought to mimic early long-term potentiation
or long-term depression-type mechanisms, and are dependent
upon N-methyl D-aspartate receptors.*> Due to this similarity
to previously documented long-term potentiation, researchers

have developed protocols to test whether the application of
this stimulation alone, or in conjunction with other therapy,
can further rehabilitation or treatment strategies.

The successful use of TMS in a variety of neuropatholo-
gies such as depression, Alzheimer’s disease, schizophrenia,
and stroke, supports the potential role of TMS as an inter-
vention in neurologic disorders/diseases. The evidence for
TMS both as an intervention, as well as an assessment tool,
is outlined in the present paper for Parkinson’s disease (PD),
Huntington’s disease (HD), multiple sclerosis (MS), and
amyotrophic lateral sclerosis (ALS). Currently, while these
diseases have a variety of treatment options to slow their
progression, an optimal treatment solution that reverses or
halts their course has not been found. It is possible that TMS
could be employed in conjunction with current treatments
to improve clinical interventions as well as to advance
understanding of specific disease processes.

Parkinson’s disease

PD is a neurodegenerative disorder characterized by tremor,
rigidity, bradykinesia/akinesia, and postural instability.** The
specific neural degeneration involves the substantia nigra
(pars compacta) dopaminergic-producing neurons within
the subcortical basal ganglia.** Although PD is associated
with degeneration of striatal subcortical structures, many
neuroimaging studies have identified common patterns of
cortical activation abnormalities that may be associated with
functional impairments.** Use of multiple TMS techniques
has provided insight into the underlying cortical mechanisms
involved in PD. This section briefly introduces assessment
of the underlying cortical mechanisms of PD and primarily
focuses on rTMS-induced modulation of cortical excitabil-
ity as a treatment for PD-related abnormalities in cortical
activity and motor behavior.

Assessment

Several TMS studies have investigated the potential neural
mechanisms contributing to the symptomology of PD, and
show both common and conflicting findings. Measures of
cortical excitability abnormalities in PD are summarized
in Tables 4-6. In general, individuals with PD show para-
doxical hyperexcitability and hypoexcitability along with
impaired plasticity as measured by TMS. For example, MTs
and CMCT are generally normal*’*’ while motor maps are
larger and more excitable.”® Additionally, generally CSP dura-
tion is shorter,*”*1%2 SICI*-3-5% and ICF**>? are reduced, and
LICI is enhanced.”*° Conflicting findings could be due to
disease progression, duration, presence of levodopa-induced
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Table 4 Summary of pathology-related changes in single-pulse transcranial magnetic stimulation-based measures of neurophysiology

Single-pulse TMS

MEP RMT AMT RC Mapping  CSP iSP
PD H047 Ho47 T area’® Larsis2
17 T47
HD H " Ti23 H \ sIope'“ T120212-214
() ()
Janan H 8 J/|1|,2|5
0
H 89122
()
ALS 128,152,156 T129,130.132,150,153,154,165,216-219 et 1 area? 1128.130.132,136,156,159, 162, T137.161226
H Iatency'”"3°"5° 178,179,222,223 Absent!37.161.214226
()
T Iatency'29"3"'50"53"54""5'2”’ 130.133.134218220 Tiel
lIGI H 135161 H 135 \LISS
0 o
MS T latency'>172174185 H, ' T rel®! s
H,'" H, rem'® T rem'®
l amplitude”"n'"""s' L rel'®

Notes: Mapping refers to the spatial distribution of MEPs over the surface of the scalp.
Abbreviations: TMS, transcranial magnetic stimulation; MEP, motor-evoked potential; RMT, resting motor threshold; AMT, active motor threshold; RC, recruitment curve;
Mapping, the spatial distribution of MEPs over the surface of the scalp; CSP, cortical silent period; iSP, ipsilateral silent period; HO, null result; T, increase; i, decrease; rel,

relapsing; rem, remitting; ALS, amyotrophic lateral sclerosis; PD, Parkinson’s disease; MS, multiple sclerosis; HD, Huntington’s disease.

dyskinesia (LID), medication cycles, asymmetry of symp-
toms,’' and TMS methods. Many of the TMS-based neuro-
physiological measures do not correlate with symptoms and
motor behavior. However, there are data linking alterations in
motor function (rigidity,*’ bradykinesia,* Unified Parkinson’s
Disease Rating Scale [UPDRS] scores from the affected side®)
with TMS-based measures of motor cortical excitability.

Treatment

There have been an increasing number of studies employ-
ing rTMS to treat the symptoms of PD (including abnormal
cortical excitability in PD). These show wide variability (and
at times conflicting) results regarding the ability of rTMS to
modulate cortical excitability in individuals with PD, possibly
due to utilizing varying frequencies, durations, intensities, and
stimulation targets. In general, it seems that, depending on the
cortical location of application, early-stage or late-stage PD,

and those that display specific motor and psychological symp-
toms, selection of high frequency or low frequency rTMS can
produce beneficial after-effects in cortical excitability and the
associated function. This section summarizes the current state
of the literature regarding the use of rTMS to treat the symp-
toms of PD and provides information regarding the associated
cortical activity modulations. The most common cortical loca-
tions of rTMS for the treatment of PD are M1, DLPFC, SMA,
PMd, and the cerebellum, which are discussed below.

rTMS over M|

The basal ganglia-thalamo-cortical drive to M1 is a poten-
tial circuit involved in the motor deficits associated with
PD, making M1 a plausible target for rTMS.*' Studies have
shown abnormal (hyperexcitability) within M1 in those
with PD.#456263 Previous studies have shown that 10 Hz

rTMS over M1 can stimulate release of dopamine in the

Table 5 Summary of pathology-related changes in paired-pulse transcranial magnetic stimulation-based measures of neurophysiology

Paired-pulse TMS

SICI ICF LICI IHI SAI LAI CMCT
PD U rest#9:53-55 5658 1'53.55.59 Holea Hoza 18 H049

H, active®*'8 e L 1

(9

HD Jeoan Ti89 EE Hos9,||9,|90

H0|a9 \LS?
ALS 1128.136,138,139,152,156,191-193,224 Tis2 T130.152

H0|29—|3|,|so,|53,|54,|es‘2|e

MS \le T Iatency'“-"" T|72,|74,|s|.|ss,|95

 duration'®*

T duration'®

Abbreviations: TMS, transcranial magnetic stimulation; SICI, short-interval intracortical inhibition; ICF, intracortical facilitation; LICI, long-interval intracortical inhibition;
IHI, interhemispheric inhibition; SAl, short-afferent inhibition; LAl, long-afferent inhibition; CMCT, central motor conduction time; HO, null result; ALS, amyotrophic lateral
sclerosis; PD, Parkinson’s disease; MS, multiple sclerosis; HD, Huntington’s disease; T, increase; |, decrease.
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Table 6 Summary of pathology-related changes in repetitive transcranial magnetic stimulation-based measures of neurophysiology

Repetitive TMS

<l Hz >1 Hz cTBS iTBS PAS, ..
PD PMd: T sICI** H,'”’ H,'” H 2 H, MEP?'-2%3
SD: T Csp¥ PMd: H, ' H, CSP®!
sD: T sICI¥ SD: T CSps 1T MEP201:202204
MD: T CSP'* SD: T csp¥ 1 cspros
sD: TICF 1 sicpo
MD: T CSp7+!%8 1 1cpo
MD: T sicr
MD: T MT7
HD H, MEPs23 Laos L
T csp2s
ALS
MS L Hm7

Abbreviations: TMS, transcranial magnetic stimulation; cTBS, continuous theta burst stimulation; iTBS, intermittent theta burst stimulation; PAS ., paired associative
stimulation, long-term potentiation induced; MEP, motor-evoked potential; CSP, cortical silent period; HO, null result; SICI, short-interval intracortical inhibition; ICF,
intracortical facilitation; MT, motor threshold; PMd, dorsal premotor cortex; SD, single-day; MD, multi-day; H/M, Hoffman-reflex/M-wave; H, null result; T, increased
response compared with controls; J,, decreased response compared with controls; ALS, amyotrophic lateral sclerosis; PD, Parkinson’s disease; MS, multiple sclerosis; HD,

Huntington’s disease.

striatum.* However, there are conflicting findings regard-
ing whether stimulation over M1 translates to altered motor
cortical excitability and/or alters the symptoms of PD;
some studies showed increases in cortical excitability and
improved symptoms, while others demonstrate no change
following rTMS.

There is evidence that single-session rTMS over M1 rep-
resentations can produce positive after-effects in PD. The first
report of beneficial effects on motor behavior in PD applied
5 Hz rTMS over M1 and found improvement in simple and
choice reaction time and pegboard task performance,® which
were not replicated in a subsequent study.®® Further research
demonstrated lasting positive effects on motor behavior in PD
after similar stimulation.> Specifically, 5 Hz rTMS over M1
prolonged the CSP,*? and improved symptoms of bradykinesia®’
and aiming movements.®® Further study confirmed the benefits
of rTMS over M1 by showing that both 0.5 Hz and 10 Hz
r'TMS resulted in improvement of motor symptoms.’’ Spe-
cifically, Lefaucheur et al found that 10 Hz rTMS reduced
contralateral bradykinesia, 0.5 Hz rTMS reduced bilateral
rigidity and improved walking speed, and 10 Hz and 0.5 Hz
rTMS prolonged the CSP, with 0.5 Hz rTMS increasing SICI
and 10 Hz rTMS increasing ICF. Interestingly, 10 Hz rTMS
over M1 has been shown to improve function in PD similarly
to that of levodopa treatment transiently.” Also, reductions in
akinesia in the arm contralateral to the stimulation have been
shown due to a single session of iTBS over M 13! for those on
and off medication.” Speech, voice intensity, and fundamen-
tal frequency have shown improvements due to 15 Hz rTMS
over the M1 mouth area in PD. These studies demonstrate the
usefulness of rTMS over M1 representation for short-term

normalization of intracortical circuitry, symptoms, and motor
function commonly affected in PD.

There is also evidence of the potential for prolonged ben-
efits of repeated sessions of rTMS over M1 in PD. 5 HzrTMS
applied over the lower and upper limb M1 representations once
per day for 10 consecutive days resulted in improvement in total
motor UPDRS, walking speed, and self-assessment scale for
up to 1 month after rTMS.”" Similarly, 25 Hz rTMS over the
leg and bilateral arm representations in M1 for 6 consecutive
days showed improvements in total motor UPDRS, key-tapping,
walking speed, and self-assessment scale across sessions that
lasted for 1 month, with the greatest benefits with those in early
PD.”? Three supplemental sessions of rTMS at monthly intervals
following the initial treatment sessions were able to counteract
transient decay of benefits. Additionally, rTMS over only the
lower limb representation in M17* and with the combination
of treadmill training has been shown to improve gait and other
motor functions.” A 5 Hz rTMS over the leg area in M1 fol-
lowed by treadmill training for 12 sessions showed improved
walking speeds, timed “up and go” measures, as well as nor-
malized neurophysiological TMS measures (Tables 4-6).7
Similar improvements in gait along with overall UPDRS-III
scores, visual analog scale, self-assessment score, and finger-
tapping task performance were observed after 3 consecutive
days of only 10 Hz rTMS over M1 foot muscle representation.”
Daily rTMS showed no cumulative benefits compared with a
single day, but could be effective in maintaining the observed
improvements in motor behavior.

Although vastly different in the specific M1 targets,
intensity, duration, frequency, and with or without the com-
bination of behavioral or drug interventions, all of these
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studies demonstrate the potential usefulness of multi-session
rTMS over M1 areas in improving motor function along with
normalization of cortical excitability in PD.

rTMS over the dorsal lateral prefrontal

cortex

The DLPFC is an important cortical target in the application
of rTMS for the treatment of depression associated with
PD.”%¢ This concept of altering DLPFC excitability in indi-
viduals with PD originated from evidence for reduced blood
oxygen level-dependent activation of the DLPFC suggesting
abnormal frontal cortical activation in PD.*”% Importantly,
there is evidence of improvement in motor function (UPDRS
scores) after multiple sessions of 10 Hz rTMS over the DLP-
FC.% Additionally, transient reductions in punding (complex,
repetitive, stereotyped behavior as a result of LID) have been
observed after a single session of 1 Hz rTMS over the right
DLPFC.*¥ Therefore, there is evidence that rTMS over the
DLPFC in single and multiple sessions can improve depres-
sion, mood, and even motor behavior associated with PD.

rTMS application over both M| and
DLPFC

Recent studies have combined rTMS over M1 and the
DLPFC across multiple sessions in an attempt to address
both motor and depression symptoms in individuals with
PD, with varying success.”*? Multiple sessions of 25 Hz
rTMS over M1 and the DLFPC bilaterally showed significant
improvements in times for execution in walking and complex
hand movements lasting 1 month after treatment.”® Left M1
enhancements in MEPs were correlated with improvements
in right hand bradykinesia after individual sessions, but
overall motor improvement was not related to changes in
M1 excitability.” Interestingly, a recent study investigated
the effects of using an H-shaped-coil (which induces deeper
and wider magnetic fields) to administer rTMS over M1
and bilateral DLPFC (in that order) as an add-on treatment
for motor symptoms of PD in individuals on medication.®
Multiple weekly sessions of 10 Hz H-coil rTMS is safe,
producing no adverse effects, and is also potentially effec-
tive in improving motor function (UPDRS-III) when applied
with conventional PD medication. Although the application
of rTMS over multiple cortical loci during multiple sessions
may confound the contribution of each cortical area to the
observed effects, these studies demonstrate the potential
application of rTMS to simultaneously modulate different
striatocortical loops and improve cognitive and motor func-
tion in PD for a prolonged period after rTMS treatment.

rTMS applied over the supplementary

motor area

There is evidence that SMA function is compromised
in the progression of PD.”* Abnormal SMA activity has
been associated with bradykinesia** and other task-related
paradigms,’ while others show overactivation of SMA in
dyskinetic PD.®* % The rationale for SMA as a target cortical
location for application of rTMS is that input to the SMA
largely originates from basal ganglia output.”® Additionally,
basal ganglia to SMA motor pathways involved in self-paced
voluntary movement control shows the greatest deficits in
individuals with PD.”**7 Generally, there is more evidence
for the beneficial effects of inhibitory 1 Hz rTMS compared
with excitatory (>1 Hz) rTMS over SMA in both single and
multiple sessions.

Single-session application of 1 Hz rTMS over SMA can
reduce LID transiently,”® with no additional benefits after
multiple sessions on the transient effects.” Conversely, there
is evidence that multi-session 1 HzrTMS over SMA reduces
LIDs for up to 24 hours after stimulation.!® Another recent
randomized controlled trial involving individuals with PD
showed that multiple sessions of 1 Hz rTMS over SMA
improved motor function significantly (UPDRS), with the
effects lasting for 20 weeks post stimulation.!’! These stud-
ies provide evidence that SMA may be a promising locus for
rTMS as a treatment for motor function, bradykinesia, and
LID in the later stages of PD.

rTMS over the premotor cortex

Few studies have investigated the effects of rTMS over
PMd, demonstrating slight changes in cortical excitability
without clinically relevant measures. The reason for the
PMd as a target cortical location is due to other studies
showing that rTMS over PMd can modulate intracortical
excitability in the downstream M1 in healthy individu-
als,'%1% and also there is abnormally increased activity of
PMd in individuals with PD, which is thought to compen-
sate for deficient activity from the basal ganglia to frontal
lobe areas.® One study in which 1 Hz rTMS over PMd was
applied to early-stage, non-medicated individuals with PD
found normalized (increased) SICI that lasted for a week
after stimulation.** One Hz rTMS over PMd was also found
to prolong an abnormally shortened CSP in PD, without
concurrent improvements in clinical measures.'” When
higher frequency rTMS is applied over PMd (ie, >1 Hz)
there are little to no beneficial effects.’®!% Therefore, stud-
ies on rTMS over the premotor cortex show little benefit
in terms of motor function, despite modulation of neuro-
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physiological measures when inhibitory rTMS is applied.
A potential explanation for this may be that the premotor
cortex could not be as affected by neurodegeneration of
the substantia nigra pars compacta due to less of an input
source from the basal ganglia, whereas an area like SMA
has been shown to have vital input from the basal ganglia
and therefore would be more affected by degeneration of
the striato-motor pathways.’® Additionally, the application of
rTMS over SMA to treat the symptoms of PD may produce
more beneficial results, since individuals with PD display
the greatest deficits in the motor pathways between the
basal ganglia and SMA, which are involved in self-paced
voluntary movement control.”*?” However, further research
is required to fully elucidate the potential clinical benefits
of r'TMS over each of these cortical areas.

rTMS over the cerebellum

Some studies have identified the cerebellum as a target for
rTMS in the treatment of PD symptoms'®”!% due to recent
studies showing abnormalities (hyperexcitability) in the
cerebellothalamocortical networks in PD and in LID.!%-!12
Koch et al demonstrated that a single-session ¢cTBS applied
over the lateral cerebellum decreased LID, while reducing
SICI and increasing LICI in contralateral M 1. In a follow-up
study, multiple sessions of bilateral cerebellum cTBS showed
persisting reductions in LID up to 6 weeks after rTMS treat-
ment without improvements in motor function.!” Another
study investigated the effects of a single session of | HzrTMS
over the right lateral cerebellum on motor performance of
the upper limb in early-stage PD, and found that gross motor
movements improved and fine motor movements worsened.'*®
These studies suggested that the cerebellum plays a role
in motor symptoms and motor control in PD and offers a
potential locus for rTMS as treatment, particularly with those
experiencing LID.

A wealth of research has demonstrated the potential
usefulness of rTMS as a treatment for psychological, cogni-
tive, and motor symptoms, as well as normalization of the
underlying abnormalities in cortical excitability associ-
ated with PD. Although there are conflicting findings, the
preliminary positive findings of normalization of certain
neurophysiological measures and improved functional out-
comes warrant further study of rTMS as a treatment for PD.
Potential promising avenues may be to explore the efficacy
of multiple sessions of 1 Hz rTMS over particular cortical
nodes (ie, SMA and M1) in combination with behavioral
interventions such as gait, posture, and treadmill training,
as well as upper limb movement training, such as bimanual

training, depending on the particular motor deficits of indi-
viduals with PD. 1 Hz rTMS to either (or both) SMA or M1
may serve to normalize cortical excitability, and behavioral
interventions may capitalize on the transient modulations of
cortical excitability to provide enhanced improvements in
motor ability and behavioral symptoms in PD.

Huntington’s disease

Originating from disruption in basal ganglia functioning
as the result of an expansion in the CAG triplet in the /7175
gene,'*!"* HD involves loss of GABA-ergic neurons in the
striatum.!'3!15-117 This leads to reduced inhibition of the
thalamus and subsequent overexcitation of the cortex.''® The
ability of TMS to quantify levels of cortical excitability and
inhibition make it a prime candidate for assessing the corti-
cal impact of HD. The symptomology of HD includes motor
(chorea, rigidity), cognitive (attentional deficits, persevera-
tion), and psychiatric components (depression);!'* however,
TMS is primarily used to evaluate the motor aspect, as MEPs
provide a quantifiable outcome measure.

Assessment

Various single-pulse and paired-pulse techniques have been
used to assess the neurophysiology of HD, as well as disease
progression. To date, due to numerous factors, such as sample
size, stimulation parameters, experimental protocol, and
heterogeneity between phenotypes, TMS has produced many
conflicting results when assessing neurophysiology. A sum-
mary of these results can be seen in Tables 4-6. This section
highlights some of the clinically relevant neurophysiology
indexed by TMS.

Single-pulse TMS at a specific intensity produces
decreased MEP amplitudes as compared with controls, which
correlates with the severity of choreic movements.!"” CSP
has also been linked with the severity of choreic movements.
When examined cross-sectionally, contradictory evidence
has been presented, but a recent study correlated prolon-
gation of the silent period with the severity of chorea.'®
Longitudinally, over a 2-month follow-up, a decrease in CSP
was shown to correlate with Unified Huntington’s Disease
Rating motor scores despite no differences at baseline.!?!122
The final neurophysiological measure that translated to
clinical relevance was short-afferent inhibition; decreased
short-afferent inhibition compared with controls negatively
correlated with the expected age of symptom onset.'? Future
work aiming to assess the underlying neurophysiology of
HD and potentially extract potential biomarkers for disease
progression should, to the best of ability with such a rare
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disease, expand to greater sample sizes, and more tightly
control for external factors such as number of CAG repeats,
stage of disease, and experimental protocols.

Treatment

There is little evidence supporting or negating the efficacy
of a TMS-based treatment for HD. Work in animal models
using repetitive cortical stimulation has shown great prom-
ise in slowing, and even reversing, disease progression;
however, this has not been supported with human work.
Preliminary studies investigating the influence of rTMS on
choreic movements in HD patients have produced conflict-
ing results. These studies targeted SMA, likely due to its
role in voluntary movement production and as a cortical
region affected by basal ganglia output. The first study
administered a single session of 1 Hz rTMS over SMA,
compared with a single session of 5 Hz rTMS and sham
stimulation. The authors found that 1 Hz rTMS led to a
reduction in choreic movements for 30 minutes.'** A similar
study administered 1 Hz rTMS over the SMA for seven ses-
sions on separate days, reporting no influence of rTMS.!%
These contradictory results question the efficacy of rTMS,
specifically over the SMA, in the treatment of HD. However,
both studies included a limited number of participants (four
and two, respectively), which may influence the results.
Further work should attempt to recruit a greater number
of participants in specific stages of HD to determine the
overall effect of rTMS as a potential adjunctive treatment.
Additionally, application of rTMS over different cortical
regions, such as M1 and primary somatosensory cortex,
which are heavily involved in motor production and vol-
untary movement, may yield more success. The exclusive
application of rTMS to cortical sites in individuals with HD
will likely have mild impact, at best, on choreic movement;
however, if future work defines this as a promising avenue,
when used in conjunction with various other treatments,
a more global impact on reducing symptomology may be
accomplished.

Amyotrophic lateral sclerosis

ALS is a progressive neurodegenerative disease with no
known cure, no effective therapies, and likely has multiple
causes. ALS affects the upper and lower motor neurons in
the motor cortex, brain stem, and spinal cord.'?® Glutamate-
mediated excitotoxicity is a proposed mechanism underlying
the pathology of the disease.'”” The neural circuitry underly-
ing ALS can be noninvasively probed using TMS, 214! and
anumber of studies have investigated the potential of rTMS

as a treatment for ALS, mainly by slowing the progression
of the disease.'* ¥

Assessment

Several studies have investigated the potential mechanisms
underlying the neural degeneration in ALS, with common
and conflicting findings. Measures of cortical excitability
abnormalities in ALS are summarized in Tables 4-6. Some
of these studies conflict regarding the usefulness of TMS as
a method of ALS diagnosis,"**'5" with most confirming its
usefulness, particularly in early and subclinical ALS when it
is combined with clinical and conventional neurophysiologi-
cal recordings, '?%130.132.141152-155 The reasons for the conflict-
ing neurophysiological findings are unclear; however, some
could be due to disease progression, duration, medication
status, and/or the relatively low sample sizes and methods
of TMS used to acquire neurophysiological measures.
Generally, M1 hyperexcitability is found in intracortical
mechanisms along with abnormal interhemispheric inter-
actions, with little consistent data on the responsiveness
to rTMS protocols. The evidence suggests that normal or
reduced MT, increased MEP amplitudes, and reduced SICI
are associated with general hyperexcitability and glutamate-
induced neurotoxicity,'3>1*1% which may be indicative of
an anterograde transsynaptic mechanism of central and
peripheral neural degeneration.!?6!510 Finally, a few stud-
ies have reported that MT, MEP amplitudes, CMCT, and
transcallosal inhibition can correlate with disease duration,
progression, 30-13214L16L162 fyupctional deficits, 4141161 and
fatigue;'® however, not all work in this area consistently
reports these changes.'*

It has been suggested that the sensitivity of assessment
of upper motor neuron dysfunction may be enhanced by test-
ing orofacial muscle representation (probing the corticob-
ulbar tracts) along with the traditional limb muscles.'*51¢7
Additionally, the identification of ALS may be improved by
using the triple stimulation technique.'®® The triple stimu-
lation technique uses a single TMS pulse followed by two
peripheral electrical stimulations (wrist and Erb’s point) in
order to understand the differential cortical and peripheral
contributions to the generated motor response. For this rea-
son, several studies have reported that the triple stimulation
technique provides improved sensitivity of TMS to detect
upper and lower motor neuron dysfunction.!®*-'"!

Treatment
There have been a number of studies investigating the effects
of 'rTMS application over M1 in an attempt to treat the motor

Degenerative Neurological and Neuromuscular Disease 2014:4

submit your manuscript 143

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Brown et al

Dove

symptoms of ALS."** It is difficult to form generalized con-
clusions from this body of work owing to the heterogeneity
of the rTMS employed; these protocols differed in terms of
the frequency, duration, and dose of stimulation delivered.'*
Some studies show improvements in symptoms, behavior,
and normalization of cortical excitability due to rTMS.
However, other work does not show consistent improvements
in reduction of the progression of ALS.!#3146149 I general,
most of the studies used low frequency rTMS or ¢TBS over
M1 in order to normalize (decrease) the hyperexcitability
most commonly reported in ALS. The following section
summarizes the current state of the literature regarding the
use of rTMS to treat the symptoms and abnormal cortical
excitability seen in ALS.

One of the first studies investigating rTMS in ALS
examined disease progression.'* Two individuals with ALS
received 1 Hz rTMS and two individuals with ALS (both
taking riluzole) received 20 Hz rTMS over the first dorsal
interosseous (FDI) M1 representation bilaterally. One Hz
rTMS was applied over each M1 on weekdays over 2 weeks,
every 4 months. The 20 Hz rTMS was applied over each
M1 in short trains for 8 consecutive days every month. The
Norris rating scale and the Medical Research Council scale
were used to index disease progression before and during
rTMS treatment. Although all of the study participants toler-
ated the rTMS treatment well, they continued to deteriorate
clinically. Progression was slightly slower (no significance)
for the individuals who received 1 Hz rTMS compared with
the time period before rTMS, whereas the opposite was
true for the individuals who were treated with 20 Hz rTMS.
The authors concluded that low frequency rTMS may give
a new therapeutic perspective to ALS, but given that there
was not a control group who received sham stimulation,
it is unclear that the slowed progression was due to brain
stimulation.'*#

A double-blind, placebo-controlled study investigated
the potential beneficial effects of cTBS over M1 FDI repre-
sentation on motor function in individuals with ALS (all on
riluzole).'* Individuals with ALS received either cTBS (n=7)
or sham stimulation (n=8) over M1 in both hemispheres on
5 consecutive days, once a month for 6 consecutive months.
Both individuals who received ¢TBS and sham stimulation
showed continued declines in motor function as measured
by the revised ALS functional rating scale (ALSFRS-R);
however, the cTBS group showed a slight but significant
slowing in the rate of deterioration.'*

Another study suggested that 5 Hz rTMS over M1 may
transiently improve motor function and quality of life in

ALS.' Specifically, rTMS was applied over the thenar
muscle representations with a figure-of-8 coil and over
tibialis anterior representation with a circular coil in both
hemispheres. 'rTMS was delivered for 5 consecutive days
per week for 2 weeks to ten individuals with ALS (all tak-
ing riluzole; rTMS n=5, sham n=5). Those with ALS who
received rTMS treatment improved in quality of life scores,
maximum voluntary isometric contraction, and isokinetic
average power immediately after the 2 weeks of stimulation
treatment, with no significant changes at a 2-week follow-up
after rTMS treatment had stopped. However, the authors sug-
gest that these findings should be interpreted with caution
due to the small number of patients and lack of a double-
blind protocol.

Di Lazzaro et al performed another double-blind, placebo-
controlled rTMS treatment intervention in 20 people with
ALS (all taking riluzole) randomly assigned to ¢TBS or
sham stimulation over a prolonged period of time. cTBS
over bilateral FDI M1 representation was performed for
5 consecutive days, every month for 1 year. It was found that
ALSFRS-R score deterioration was not different between
cTBS and sham stimulation. It was concluded that a larger
and prolonged randomized controlled trial with ALS patients
seemed unjustified, at least for the advanced stages of the
disease.'*¢ Similarly, a separate study, also by Di Lazzaro
etal,'*® investigated the effects of further prolonged treatment
of rTMS over M1 on ALS disease progression. Two ALS
patients (both on riluzole) participated in the study with the
same stimulation protocol as in Di Lazzaro et al,'*® except
over 2 years. The other ALS patient received chronic epidural
M1 stimulation. There was a slight reduction in ALSFRS-R
score deterioration rate in the individual who received cTBS
treatment compared with epidural stimulation, with the most
pronounced slowing 1 year after cTBS treatment began. In
the patient who received ¢cTBS, MEPs and CMCT were
acquired from the biceps, FDI, and tibialis anterior muscles
before, throughout, and after the treatment time. There were
no consistent changes in the TMS-acquired measures across
the cTBS treatment period. Once again, interpretation of
these findings must be made with caution due to only one
patient receiving cTBS treatment.!*®

Although there were some promising preliminary find-
ings, recent studies on the treatment of ALS with rTMS
over M1 protocols have shown at best slight and at worse
no beneficial effects. Any improvements that were noted
occurred via slowing of progression of the disease. However,
given that there are no effective treatments for people with
ALS, further work is warranted to investigate varying the
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specific duration, technique, and frequency of stimulation
that in combination may enable disease progression to be
slowed.!*"!4 For example, paired associated stimulation may
be a potential future avenue to modulate abnormal nervous
system activation in ALS. The pairing of peripheral nerve
stimulation (sending a somatosensory signal to the cortex via
the spinal cord) with TMS pulse over M1 hand representa-
tion (eg, abductor pollicis brevis) repetitively may positively
modulate the abnormal excitability in ALS.

Multiple sclerosis
MS is an idiopathic inflammatory disorder of the central ner-

vous system,'”?

and is the major cause of nontraumatic disabi-
lity in young adults.!”* MS is characterized by demyelination
of the periventricular white matter, brain stem, and spinal
cord,'” but axonal degeneration is sometimes observed early
in the disease course.!”? Individual variability is very preva-
lent in MS. The majority of patients begin in a relapsing stage
of the disease (relapse-remitting MS) followed after several
years by a secondary progressive stage.!”>!’® Some individu-
als show a primary progressive pattern from disease onset;
however, the rate of progression is different per individual.'”’
The Expanded Disability Status Scale (EDSS) is the major
scale used to measure clinical disability in individuals with
MS. Due to limitations such as interrater reliability, low
sensitivity to clinical change, and being an ordinal scale, its
effectiveness as a marker of clinical progression is limited.!”
This highlights the need for a more reliable neurobiological
marker.

Assessment

Multiple electrophysiological tests have been employed for
the diagnosis of MS, and most of the studies indicate that
these are of little or no value.'”!” Magnetic resonance images
of the brain are the major contributor to diagnosis of MS, but
are hindered by low specificity and negative results. Recently,
the use of TMS-based evoked potentials have evolved into
a marker of disease progression'® and have been studied as
a surrogate marker of clinical progression in M S,172-174181-183
Schmierer et al found that abnormal transcallosal inhibition
and CMCT significantly correlated with EDSS scores!®
(P<0.01), and correlations have been noted between EDSS
scores and MEP latencies, MTs, and short latency ICFE.'”
Importantly, TMS-evoked potentials in individuals with MS
correlate with disability as indexed by the EDSS.!7? Together,
these results suggest that the combination of different TMS
measures can provide objective data that assist in estimating
disease progression in MS.

Treatment

Individuals with MS usually suffer from mild to severe
spasticity.'® To date, the pharmacological treatment of
spasticity has had limited success, and causes multiple side
effects, such as drowsiness, muscle weakness, and cogni-
tive disturbances.?138:13% 180.181. 185207 Hyperexcitability of the
stretch reflex is considered a possible mechanism of spas-
ticity, due to easily activated stretch reflexes in antagonistic
muscle. This can impede the initiation of agonist movement®”’
and highlights the need for nonpharmacological treatment'®*
such as rTMS.

Centonze et al*® used 5 Hz and 1 Hz rTMS to attempt
to modulate the hyperexcitability of the stretch reflex arc
in 19 individuals in the remitting stage of relapse-remitting MS.
A single session of 5 Hz rTMS over the leg area of M1
increased corticospinal excitability and decreased the H/M
amplitude ratio of the soleus H reflex, implicating decreased
antagonist muscle tone, whereas inhibitory rTMS increased
the H/M amplitude ratio. Yet single sessions of stimulation
did not have a clear clinical effect on spasticity. Centonze et al
performed another experiment where 5 Hz rTMS was applied
once daily on 5 consecutive days for 2 weeks. Significant
improvement of lower limb spasticity was observed.
Long-term reduction of H/M amplitude was observed, lead-
ing to the conclusion that rTMS can contribute to reducing
spasticity in individuals with MS.2%

Mori et al investigated whether iTBS is an effective
modulator of lower limb spasticity in individuals with MS.
The protocol consisted of a 2-week period where 20 patients
received daily sessions of iTBS or sham stimulation. Outcome
measures consisted of the H/M amplitude ratio of the soleus
H reflex and the Modified Ashworth Scale for spasticity.
iTBS was delivered over the M1 corresponding to the soleus
muscle. Significant improvement was shown during the active
iTBS protocol through a reduction of H/M amplitude and
Modified Ashworth Scale scores 1 week after stimulation.
No changes were shown with sham stimulation. Changes
persisted up to 2 weeks after the end of the stimulation pro-
tocols. This shows promise for iTBS to modulate spasticity
and improve quality of life in individuals with MS.2%7

Another approach to the management of spasticity in
individuals with MS is to pair exercise therapy with iTBS.
iTBS was delivered over the site of M1 corresponding to
soleus for 2 weeks. Exercise alone did not result in a sig-
nificant improvement in spasticity; however, iTBS alone led
to a reduction in spasticity (as measured by the Modified
Ashworth Scale). iTBS plus exercise improved measures of
spasticity, function, and quality of life. Prior exercise studies
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have shown positive effects in 8 weeks to 6 months, leading
to the assumption that priming the motor cortex through iTBS
anticipates the neuronal adaptations underlying exercise in
individuals with MS.2®

The effects of 5 Hz excitatory rTMS over M1 in indi-
viduals with MS and cerebellar impairment have also been
considered. MS participants (n=8) and healthy controls
(n=7) completed a nine-hole pegboard task five times prior
to rTMS, five times immediately after 'rTMS, and 10 minutes
and 20 minutes after brain stimulation. rTMS was deliv-
ered over the site of M1 corresponding to the FDI muscle.
Significant reduction in the time required to complete this
task was observed in the individuals with MS. There was no
significant improvement observed in the healthy controls.
Further investigations are needed to verify whether rTMS
can induce lasting clinical improvement in individuals with
MS who have cerebellar symptoms.?!

rTMS over M1 is a hopeful aid for symptoms of spastic-
ity associated with MS when paired with exercise or as its
own intervention,!83207:209210 Ag a variety of symptoms are
associated with MS, rTMS may be used in the future as a
component of a more complete treatment protocol to specifi-
cally target spasticity, with other avenues alleviating different
symptoms. TMS has the potential to be a successful method
of marking disease progression; however, future studies are
needed to validate these findings as well as to determine
whether they may extend benefit to other motor symptoms
associated with MS.

Conclusion

As more research emerges, TMS is proving to be a promis-
ing technique in assessing the progression of and underly-
ing neurophysiology of various movement disorders. The
applicability of rTMS as a treatment is pathology-specific,
with varying success depending on disease characteristics
and the parameters of rTMS treatment. Further research
and standardized administration procedures are warranted
in order to further elucidate the promising preliminary work
showing that altering cortical excitability with rTMS may
lessen symptoms and normalize neurophysiological excit-
ability in individuals with movement disorders.
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