ABSTRACT: Transcranial magnetic stimulation (TMS) is a safe, noninva-
sive, and painless way to stimulate the human motor cortex in behaving
human subjects. When it is applied as a single-pulse, measurements such
as central conduction time, motor threshold, silent-period duration, recruit-
ment curve, and mapping of muscle representation can be determined.
Paired-pulse TMS is a useful way to examine cortical excitability. Single and
paired-pulse TMS have been applied to study plasticity following amputation
and cortical excitability in patients with dystonia. Another form of TMS is
repetitive TMS (rTMS), with stimuli delivered repeatedly to a single scalp
site. High-frequency rTMS can be used to transiently inactivate different
cortical areas to study their functions. rTMS can also modulate cortical ex-
citability. At stimulus frequencies higher than 5 Hz, rTMS increases cortical
excitability, and stimulation around 1 Hz reduces cortical excitability. Modu-
lation of cortical excitability by rTMS has therapeutic potential in psychiatric
and neurological disorders.
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Since the 19th century, neurophysiologists and neu-
rologists have used brain stimulation to study corti-
cal function. The first brain stimulation studies per-
formed by Fritsch and Hitzig and by Ferrier
established the concept of functional localization
and contralateral control of movements. In the early
20th century, Sherrington and Penfield performed
detailed mapping studies, leading to the well-known
homunculus representation of the motor cortex.
The first successful motor cortex stimulation in
an unanesthetized human through the intact skull
was reported in 1980 with transcranial electrical
stimulation (TES).*® However, TES is considered
painful by most subjects and is, therefore, not widely
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utilized. Transcranial magnetic stimulation (TMS)
was first described in 1985.% Because the magnetic
fields pass through the scalp and skull virtually un-
attenuated, the procedure is painless and has gained
widespread acceptance as the method for noninva-
sive brain stimulation.

TRANSCRANIAL MAGNETIC STIMULATION

TMS works by passing a large, brief current through
a wire coil placed on the scalp. The transient current
produces a large and changing magnetic field, which
induces electric current in the underlying brain.
Relatively focal stimulation can be achieved by a fig-
ure-of-eight coil. Coregistration of scalp positions
with magnetic resonance images showed that the
coil position that produces the largest motor-evoked
potential (MEP) overlies the primary motor cor-
tex.'®

STUDIES OF THE MOTOR SYSTEM WITH TMS

The different ways that TMS can be used to study the
human motor system are reviewed. Some of the au-
thor’s works are used as examples of the different
applications of TMS. Because the principles and ap-
plications of single and paired-pulse TMS are quite
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different from that of repetitive TMS (rTMS), these
are described separately.

SINGLE-PULSE TMS

Single-pulse TMS can measure central conduction
time and corticospinal excitability and map muscle
representations in the motor cortex.

Central Conduction Time. Central conduction is
calculated by the subtraction of the peripheral con-
duction time (obtained by spinal magnetic or elec-
trical stimulation or by F-wave measurement) from
the MEP latency in the target muscle. Central con-
duction time is often delayed in diseases such as mul-
tiple sclerosis, stroke, and amyotrophic lateral scle-

rosis.*®

Motor Threshold (MT). MT refers to the lowest TMS
intensity capable of eliciting a small MEP (usually 50
pV). It provides information about a central core
region of neurons in the muscle representation.*
MT is lower for the activation of intrinsic hand
muscles compared with proximal arm, lower limb,
and truncal muscles.'* This is likely related to differ-
ences in the strength of corticospinal projection. In
addition, MT is increased by drugs that block volt-
age-gated sodium channels,'”% but it is not affected
by drugs that alter y-aminobutyric acid (GABA)® or
glutamate transmission.”>®' Thus, MT likely reflects
neuronal membrane excitability.

MEP Amplitude. The MEP amplitude or area can
be used to examine corticospinal excitability. For ex-
ample, TMS delivered before and after voluntary
movements showed that corticospinal excitability
started to increase about 100 ms before EMG onset
and remained elevated for about 160 ms after EMG
offset but was depressed from about 500 to 1,000 ms
after the offset of voluntary EMG.'® These changes
correlate well with findings in electroenceph-
alography (EEG)** and magnetoencephalography
(MEG)®° studies. However, MEP amplitude alone
cannot distinguish among changes in cortical, sub-
cortical, and spinal excitability.

Recruitment Curve. Also known as input—-output or
stimulus-response curves, this refers to the increase
in MEP amplitude with increasing TMS intensity.
Compared to MT, this measure assesses neurons that
are intrinsically less excitable or spatially further
from the center of activation by TMS.** Recruitment
curves are likely related to the strength of corticospi-
nal projections and are generally steeper in muscles
with a low MT, such as intrinsic hand muscles.'* The
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slope of the recruitment curve is increased by drugs
that increase adrenergic transmission (e.g., dextro-
amphetamine) and is decreased by sodium and cal-
cium channel blockers (e.g., lamotrigine) and by
drugs that enhance the effects of GABA (e.g., loraz-
epam).’

Silent-Period (SP) Duration. The SP refers to the
duration of the interruption of voluntary motor ac-
tivity after TMS. Inhibition in the first part of the SP
is at least in part due to spinal mechanisms, whereas
the late part of the SP is largely due to cortical
mechanisms.'>** The SP was found to be abnormal
in some diseases, such as Parkinson’s disease,*’
stroke, and dystonia.15

Mapping of Muscle Representation. Mapping is
performed by stimulation at a number of different
scalp positions with a focal figure-of-eight coil. The
number of excitable scalp positions, the location of
the optimal position for stimulation, and the center
of gravity (an amplitude-weighted representative po-
sition on the motor map) can be determined. Motor
maps are affected by the location and excitability of
the motor representation® and are altered after
stroke'” and hemispherectomy.?

PAIRED-PULSE TMS

Paired-pulse TMS techniques are useful ways to as-
sess cortical excitability. Several different techniques
have been described.

Short Interstimulus Interval Intracortical Inhibition
(SICI) and Intracortical Facilitation (ICF). This is
the most widely used paired-pulse technique and in-
volves a subthreshold conditioning stimulus followed
by a suprathreshold test stimulus.”> The test re-
sponse is inhibited at interstimulus intervals (ISIs) of
1-5 ms and is facilitated at ISIs of 8-30 ms. The
inhibition and facilitation occur in the motor cortex
rather than in subcortical structures.*>*? SICI can be
enhanced and ICF can be suppressed by drugs that
increase GABA, actiVity63 and by antiglutaminergic
drugs,”*°®! whereas ion-channel blocking drugs have
no effect on these parameters.'>® Thus, SICI and
ICF may provide information on GABA, and gluta-
minergic systems in the motor cortex.

Long Interstimulus Interval Intracortical Inhibition
(Licl). The difference between this technique and
the aforementioned technique is that the condition-
ing pulse is suprathreshold rather than subthreshold
and longer ISIs are used. The test MEPs are facili-
tated at ISIs of 20—40 ms and inhibited at longer ISIs
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(=200 ms).”® This form of inhibition is also associ-
ated with reduced motor cortex excitability12 and
may be mediated by GABA, mechanisms.?*%

Indirect-Wave (I-Wave) Facilitation. This third
paired TMS technique involves a suprathreshold first
stimulus and a subthreshold second stimulus®* or
two near-threshold stimuli®® at very short ISIs. MEP
facilitation was observed at ISIs of 1.1-1.5, 2.3-2.7,
and 3.9-4.5 ms for both arm and leg representa-
tions.” The timing of facilitation corresponds to
the interpeak intervals of the corticospinal waves
induced by TMS. The facilitation likely reflects an
interaction between circuits responsible for the pro-
duction of the indirect (I) corticospinal waves. I-wave
facilitation is reduced by drugs that enhance
GABAergic function, whereas sodium channel block-
ers had no effect.®” This method is a promising way
for investigating the pathophysiology of neurological
disorders.

EXAMPLES OF STUDIES OF CORTICAL
EXCITABILITY WITH SINGLE AND PAIRED TMS

Two examples are described to illustrate the use of
single and paired TMS.

Motor Reorganization Following Amputation. Ani-
mal and human studies have shown that the motor
system undergoes reorganization after peripheral
nerve lesions and amputation, but the site and
mechanisms of these plastic changes, especially in
humans, are not known. In lower limb amputees, we
found that the MT for TMS was significantly lower
for the quadriceps femoris muscle on the amputated
side compared with the same muscle on the intact
side, whereas the MT for TES was similar for the two
sides.? At threshold intensities, TMS activates corti-
cospinal neurons predominately transynaptically
(via interneurons), whereas TES predominately ac-
tivates the pyramidal axons directly.*® Therefore, the
differences in the MT for TMS and TES in lower
limb amputees suggests that the motor reorganiza-
tion mainly occurred in the motor cortex.® Similarly,
the percentage of the motoneuron pool recruited by
TMS at maximum stimulator output was greater on
the amputated than on the intact side, whereas there
was no significant difference between the two sides
with maximum TES or spinal electrical stimulation.
One possible explanation for these changes involves
the sodium channel, which has been implicated in
other forms of plasticity.gl Other mechanisms, such
as long-term potentiation or axonal sprouting, may
also be involved.?!
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Paired TMS studies demonstrated that SICI was
also reduced on the amputated side compared
with the intact side and with normal subjects (Fig.
1).® The reduced SICI suggests that reduction in
GABAergic inhibition may be one of the mecha-
nisms involved in motor reorganization. This is con-
sistent with animal studies that showed that the re-
duction of GABAergic inhibition can unmask latent
synapses,”” and a decrease in GABA-containing neu-
rons or its synthetic enzyme glutamic acid decarbox-
ylase occurs after deafferentation of the somatosen-
sory’” and visual cortices.

Insight into the time course of plastic changes in
the motor cortex may be obtained by a comparison
of the findings following amputation, a model of
long-term plasticity, with the findings following isch-
emic nerve block, a model of short-term plasticity.
Ischemic nerve block led to a reduction in SICI but
no change in MT.®® Thus, modulation of GABAergic
inhibition may occur after both short-term and long-
term deafferentation, whereas changes in MT may
require longer lasting deafferentation. These find-
ings are compatible with the hypothesis that reduc-
tion in GABAergic inhibition induces a permissive
state that allows long-term changes to occur.??

Evaluation of Cortical Inhibition in Dystonia. Dysto—
nia is characterized by sustained muscle contraction,
causing prolonged movements and abnormal pos-
ture. Patients with focal or task-specific dystonia are
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FIGURE 1. Paired TMS study in lower limb amputees. The first
(conditioning) pulse was subthreshold, and the second (test)
pulse was suprathreshold. An ISI of O represents the MEP am-
plitude of the test pulse alone, which is defined as 100%. Each
point represents an average of 11 subjects for the amputated
side, 7 subjects for the intact side, and 7 normal subjects. Each
error bar represents one standard error of the mean. On the intact
side and in normal subjects, there was inhibition at I1SIs of 2 and
4 ms and facilitation at ISIs of 6 to 30 ms. On the amputated side,
there was more facilitation than on the intact side at all ISls. This
figure was modified from Chen et al.®
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usually symptomatic only when they perform certain
skilled tasks, such as writing (writer’s cramp). Previ-
ous studies showed reduced inhibition at the spinal
cord* and brainstem®’ levels. SICI was found to be
reduced in patients with focal dystonia tested at
rest.”’

To further explore the excitatory and inhibitory
mechanisms in the motor cortex in writer’s cramp
patients, we tested LICI with paired suprathreshold
conditioning and test pulses during rest and muscle
activation.”” In the symptomatic hemisphere, the
first stimulus resulted in less inhibition of the re-
sponse to the second stimulus in writer’s cramp pa-
tients compared with age-matched controls at ISIs of
50-180 ms during voluntary muscle contraction (Fig.
2). There was no difference between patients and
normal subjects in the asymptomatic hemisphere
during both rest and active conditions and in the
symptomatic hemisphere at rest. The SP was also
reduced on the symptomatic side but not on the
asymptomatic side. Thus, the inhibitory effects in-
duced by magnetic stimulation in the motor cortex
are reduced in writer’s cramp patients but only on
the symptomatic side during muscle activation. The
reduced inhibition may relate to the overflow of
muscle activity that characterizes this condition.

REPETITIVE TRANSCRANIAL MAGNETIC
STIMULATION (rTMS)

r'TMS can be used to transiently inactivate different
cortical areas to investigate their functions and to

Normal subject Writer’s cramp patient

Conditioning MEP Conditioning MEP

¢ Test MEP i Test MEP
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FIGURE 2. Paired TMS study in writer's cramp patient. Repre-
sentative records of single trials at an ISI of 60 ms from a normal
subject and a writer’'s cramp patient are shown. The first (condi-
tioning) and second (test) pulses were identical and suprathresh-
old (110% of the MT). The test MEP is much less inhibited in the
patient than in the normal subject. This figure was modified from
Chen et al.*®
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change cortical excitability. These applications are
discussed separately.

DISRUPTION OF TASK PERFORMANCE BY rTMS

Appropriately timed single TMS pulses can disrupt
cortical functions. For example, stimulation of the
occipital cortex can suppress visual perception,1 and
stimulation of the sensory cortex stimulation can at-
tenuate detection of sensory stimuli.'® To disrupt
more complex functions, a train of pulses at a high
frequency (¥TMS) is necessary. For example, rTMS
of the speech area can cause speech arrest,*’ and
when applied over the frontal cortex, it may lead to
recall deficits.”

We performed a series of experiments to exam-
ine the role of the motor cortex and supplementary
motor area in finger-movement sequences of differ-
ent complexities.”'"?%27 Normal subjects were
trained to play unimanual finger sequences on an
electronic piano. Each sequence consisted of 16
notes, played to the 2-Hz beat of a metronome. After
the first 4 notes, r*TMS was applied to various scalp
locations for approximately 2 s. With rTMS of the
contralateral motor cortex, the stimulus intensities
required to disrupt task performance were lower for
the complex sequence than for the simple sequence.
These findings suggest that the human motor cortex
plays a greater role in the performance of complex
finger movements compared with simple finger
movements. Thus, the contralateral primary motor
cortex not only acts as an executive area but also
contributes to movement-sequence organization.”®
We also examined the role of the ipsilateral motor
cortex.'! rTMS of both the right and left motor cor-
tices induced timing errors of the ipsilateral hand.
There were more errors in the complex sequence
than in the simple sequence and in the left hand
than in the right hand. These results suggest that the
ipsilateral motor cortex is involved in fine finger
movements. The left hemisphere appears to play a
greater role in the timing of ipsilateral complex se-
quences than the right hemisphere and may be
more involved in the processing of complex motor
programs. These findings are consistent with ipsilat-
eral motor deficits in patients with hemispheric le-
sions® and the activation of the ipsilateral motor
cortex with finger movements in functional imaging
studies, particularly with more complex sequences.34

We also studied the effects of inactivation of the
supplementary motor area.?’” rTMS of the supple-
mentary motor area induced errors in the complex
sequence but not in the simple sequence. More im-
portantly, the errors occurred about 1 s later than
stimulation over the primary motor cortex. There-

MUSCLE & NERVE  Supplement 9 2000  S29



fore, the supplementary motor area appears to play
a critical role in the organization of forthcoming
movements in complex motor sequences that are
rehearsed from memory and fit into a precise timing
plan, in keeping with results from nonhuman pri-
mates.

CHANGES IN CORTICAL EXCITABILITY INDUCED
BY rTMS

rTMS can modulate cortical excitability, depending
on the frequency of stimulation. At stimulus intensi-
ties greater than the MT, high-frequency rTMS (>5
Hz) increases cortical excitability,> whereas low-
frequency (JHz) rTMS decreases cortical excitabil-

ity.?

High-Frequency rTMS. High-frequency rTMS leads
to an increasing MEP amplitude in the target muscle
and may cause a spread of excitation to adjacent
muscles.*** The MEP amplitude induced by TMS
was also increased for several minutes after stimula-
tion,*” but the MEP amplitude induced by TES was
unchanged,” indicating that the increased excitabil-
ity occurred at the cortical level.

High-frequency rTMS may have clinical applica-
tions. Several studies showed that daily rTMS to the
left prefrontal cortex for 5 days to 2 weeks led to
mood improvement in depressed patients,*”** al-
though one study found no effect.”” Stimulation of
the right prefrontal cortex appears to improve ma-
nia.?” The mechanism by which rTMS improves de-
pression or mania may be related to an increase in
cortical excitability in the areas stimulated or
changes in other brain structures connected to the
target area, such as the anterior cingulate cortex.?*

Low-Frequency rTMS. We showed that supra-
threshold, low-frequency rTMS at 0.9 Hz decreased
the MEP amplitude, whereas stimulation at 0.1 Hz
had no effect. Other groups reported similar find-
ings.”® Interestingly, in patients with focal dystonia
(writer’s cramp), the same stimulation led to an in-
crease rather than a decrease in MEP amplitude,
further suggesting that motor cortical excitability is
abnormal in these patients.”’ Low-frequency rTMS
has potential therapeutic applications in diseases
with increased cortical excitability, such as epilepsy,
myoclonus, and dystonia. Recently, it was reported
that subthreshold, low-frequency rTMS transiently
reversed deficient intracortical inhibition, as tested
by paired TMS, and transiently improved writing in
writer’s cramp patients.”
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SAFETY OF TMS

The most serious adverse effect of TMS is the induc-
tion of seizures. Single-pulse TMS, with stimuli de-
livered no more than once every few seconds, does
not appear to carry significant risk.>” However, high-
frequency rTMS, with a stimulus frequency higher
than 1 Hz, has led to seizures in patients and in
normal subjects.57 Seizure induction is usually asso-
ciated with rTMS of high frequency, high intensity,
and short intertrain intervals. Safety guidelines for
the selection of stimulus parameters have been re-
vised on the basis of more recent experience.w‘57 To
date, no further seizures have been reported under
the new guidelines. Details of other safety concerns
and suggested safety precautions for rTMS studies
have recently been published.57

In conclusion, TMS is a useful method for study-
ing cortical functions. Single-pulse and paired-pulse
TMS can test cortical excitability. rTMS can tran-
siently disrupt cortical functions and reveal the func-
tional role of different areas, complementing other
techniques such as functional imaging, EEG, and
MEG. r'TMS also has therapeutic potential in some
neurological and psychiatric diseases.
The author’s work was supported by the National Institute of
Neurological Disorders and Stroke intramural program, Medical
Research Council of Canada (grant no. MT 15128), the Canada
Foundation for Innovation, and the University Health Network

Krembril Family Chair in Neurology. The author is a Medical
Research Council of Canada Scholar.
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