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Transcranial Magnetic Stimulation and Its Applications 
in Children 

Kuang-Lin Lin1,2, MD; Alvaro Pascual-Leone1, MD, PhD 

Transcranial magnetic stimulation (TMS) provides a non-invasive method of induction
of focal currents in the brain as well as transient modulation of the function of the targeted
cortex.  TMS is now widely used as a diagnostic tool in adults.  In children, its application to
date has been limited, even though TMS offers unique opportunities to gain insights into the
neurophysiology of a child's brain.  Using the single-pulse TMS technique, investigators can
measure motor thresholds, motor evoked potentials, silent periods, central conduction times,
and the paired-pulse curve to study central nervous system development and central motor
reorganization after a cerebral lesion.  Repetitive TMS (rTMS) is a novel treatment for psy-
chiatric illness that is undergoing trials for a range of disorders in adults.  Although there are
rare published data on rTMS as a treatment for neuropsychiatric diseases in young persons,
the benefits from TMS are nevertheless encouraging.  Two important issues of pediatric
TMS are safety considerations and methodology.  In the future, rTMS may play an impor-
tant role in the study and possibly in the therapy of children's diseases after more safety
studies are completed. (Chang Gung Med J 2002;25:424-36)
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For sensory afferent pathways, evoked potentials
have been fully studied with respect to their

changes with maturation of the central nervous sys-
tem (CNS), but for corticospinal motor pathways,
electrophysiological examinations in children have
been limited by the methodology.(1) Clinical exami-
nation is sometimes unreliable particularly in the
very young child.(2) Transcranial magnetic stimula-
tion (TMS) provides the opportunity to objectively
assess the integrity of corticospinal tracts in
children.(3) TMS can non-invasively induce motor
evoked potentials (MEPs) in extremity muscles, and
do so more safely and painlessly than with high-volt-
age electrical stimulation of the brain.(4,5) TMS has
the potential not only for evaluating the maturity of
the corticospinal motor pathways in normal children,

but also of becoming a routine diagnostic procedure
in children with motor developmental delay or other
disorders of motor control.

Since the introduction in 1985 by Barker et
al.(4,6) of a compact coil stimulator, single-pulse TMS
has become an invaluable tool for evaluating the
human motor system in health and disease.(7,8) The
development of devices capable of stimulation at fre-
quencies of up to 60 Hz has greatly expanded the
applicability of TMS to the study of higher cognitive
functions. Unlike other techniques for cortical stimu-
lation, TMS can be used in the study of normal sub-
jects and patients with a variety of neuropsychiatric
conditions rather than being restricted to patients
undergoing neurosurgical procedures for medically
intractable epilepsy or focal brain lesions.  Applied
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as single pulses appropriately delivered in time and
space or in trains of repetitive stimuli at appropriate
frequencies and intensities, TMS can be used to tran-
siently disrupt the function of a given cortical target,
thus creating a temporary "virtual brain lesion".  This
allows the study of the contribution of a given corti-
cal region to a specific behavior.(9)

TMS can be used to complement other methods
in the study of central motor pathways,(10) the evalua-
tion of corticocortical excitability,(11,12) and the map-
ping of cortical brain functions.(13) In addition, TMS
provides a unique methodology for determining the
true functional significance of the results of neu-
roimaging studies and causal relationships between
focal brain activity and behavior.(9)

Physiological background
There are 4 main components in a magnetic

stimulator, including (1) the power supply, (2) stor-
age capacitors, (3) switching elements, and (4) coil.
Magnetic stimulation represents a form of "elec-
trodeless" stimulation in which the generated mag-
netic field bridges the gap between primary and sec-
ondary currents.

Currently available magnetic stimulators can be
classified according to the delivered current pulses
into (1) biphasic current pulse stimulators (Cadwell
MES-10 stimulator), (2) monophasic current pulse
stimulators (Magstim or Dantec stimulators), and (3)
polyphasic current pulse stimulators (Magstim Super
Rapid or Dantec Magpro).  Since the direction of
current flow determines which neural elements are
activated within the cortex, a biphasic pulse may
stimulate a greater number of different populations
of cells than would a monophasic pulse.(14) The max-
imal magnetic field generated is around 2 Tesla (T)
for most devices.  Magnetic stimulating coils that are
circular induce a maximal stimulating current in an
annulus underneath the coil.  Many conventional
coils are 8-10 cm in diameter, which means that a
considerable volume of brain tissue can be activated.
However, for the purpose of TMS studies in children,
smaller coils can be manufactured.  In order to
increase the focality of stimulation, coils are often
wound in a figure 8 shape where the magnetic field
at the center of the 8 is twice that at the 2 wings.  At
low to moderate intensities of stimulation, activation
can be considered to occur only at the junction
region of the figure 8 (Fig. 1).

General applications
Four basic ways of applying TMS to the study

of human cortical physiology and the physiological
correlates of cognitive functions are discussed.

1. TMS as a brain mapping tool
Focal TMS can be applied in single pulses or

short trains of repetitive stimuli to differential scalp
positions, thus targeting different brain regions.  The
simplest possible application of TMS in this context
is to register the effects induced by TMS depending
on the part of the brain being stimulated.  When
TMS is applied sequentially to scalp positions dis-
tributed on a grid, a map of a given brain region can
be generated.  Another way of using TMS for map-
ping purposes is to give subjects a task and study
how TMS disrupts task performance depending on
the site of stimulation.(15,16) Anatomic correlation of
the results of TMS studies can be achieved by identi-
fying the position of the magnetic stimulation coil
and the calculated site of intersection of the evoked
magnetic field with the subject's brain cortex on the
subject's 3D-rendered magnetic resonance images
(MRIs).  The subject's head can be digitized along
with the position of the TMS coil on the scalp and
the digitized points co-registered onto the subject's
MRI.  A frameless, image-guided stereotactic system
can be adapted to allow precise, on-line anatomical
localization of the coil placement and the presumed
stimulated site on the subject's brain.(17,18)

2. TMS as a probe of neural networks
TMS can be applied at variable intervals follow-

ing a given stimulus, thus providing information
about the temporal profile of activation and about
data processing along elements of neural networks.
In this fashion, TMS can be used to evaluate the
functional significance of elements of a neural net-
work in a given task, thus enhancing the information
derived from neuroimaging studies, or it can be com-
bined with neuroimaging studies to demonstrate the
functional connectivity between cortical areas.(19,20)

This technique can be used to study mechanisms of
neural plasticity as well.(21)

3. TMS as a measure of cortical excitability
Since TMS mostly activates cortical neurons

transynaptically, its effects are highly dependent on
cortical excitability.  The study of different measures
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of cortical excitability can provide insights into neu-
rotransmitter modulation underlying different
pathologies, cognitive functions, and plastic reorga-
nization of cortical networks during brain develop-
ment, maturation, rehabilitation, and learning.

Four parameters are used to measure cortical
excitability and their presumed underlying mecha-
nisms: (a) the motor threshold (MT), (b) paired-pulse
curve, (c) cortical silent period (CSP), and (d) input-
output curve.

4. TMS as a modulator of brain function
Depending on the stimulation frequency and

intensity, TMS can enhance or decrease cortical
excitability in a more-sustained fashion following the
application of repetitive TMS (rTMS) trains.(22,23)

Such studies of rTMS might provide important
insights into the pathophysiology of depression,(24-26)

obsessive compulsive disorder, Parkinson's disease,
dystonia, myoclonic epilepsy, and a variety of other
neuropsychiatric disorders.(27-31) This modulation of
cortical excitability beyond the duration of the rTMS

train itself raises the possibility of exploring poten-
tial therapeutic uses of rTMS.(32) For the most part,
data are very preliminary to date. However, sufficient
evidence has accrued to conclude that rTMS (partic-
ularly at frequencies of > 5 Hz applied to the left
dorsolateral prefrontal cortex) exerts antidepressant
effects over and beyond placebo contributions.(32,33)

The beneficial effects seem to last for days, weeks,
and possibly even months.(32,34)

Diagnostic applications in children
In 1988, Koh and Eyre reported for the first time

the successful application of TMS in a study of mat-
uration of corticospinal tracts in children.(35) They
studied 142 subjects who ranged in age from 33
weeks of gestation to 50 years.(35) To record muscle
action potentials, skin-mounted electromyographic
(EMG) electrodes were placed over the right abduc-
tor digiti minini in all subjects older than 6 months of
age; in those aged less than 6 months the muscle
action potential was recorded from the right biceps
brachii.  The latency from cortical stimulation to the

Fig. 1 Distribution of an induced electric field by (a) a circular and (b) a figure-8 stimulating coil. The circular coil has a 41.5-mm
inside turn diameter, a 91.5-mm outside turn diameter, a 66.5-mm mean diameter, and 15 turns of copper wire. The figure-8 coil has
a 56-mm inside turn diameter, a 90-mm outside turn diameter, a 73-mm mean diameter, and 9 turns of copper wire per winding. The
outline of both coils is depicted with dashed white lines on a representation of the calculated plane 20 mm below a realistic model
of the coil (dI/dt = 108 A S-1 ). (Modified from figures created by A. Barker in ref. 5).
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onset of the evoked muscle action potential was
determined; a subject's standing height, or crown to
heel length in those less than 1 year old, was also
recorded.(35) Since then, TMS has become a valuable
tool in the field of pediatric neurophysiology.
However, methodological issues are essential consid-
erations in assessment studies that have employed
TMS to investigate corticospinal projections in chil-
dren.

Koh et al. measured latencies from the cortex to
target muscles in the upper extremities but did not
separately stimulate spinal cord or nerve roots in
order to work out true central motor conduction
times.(35) They obtained responses even in preterm
babies, using various preinnervational strategies.
Their data therefore might be confounded by latency
variations due to different preinnervational levels.  It
has been shown that interference with voluntary
motor activity changes the latency of responses to
motor cortex TMS for up to 3 ms in normal adults.(36-

38) In addition, preinnervational levels are very diffi-
cult to control systematically in children.  Therefore,
great care needs to be taken to ensure that subjects
are quiet and relaxed, or alternatively a set amount of
passive stretching needs to be applied.

Of course, difficulties in using TMS in children
are greatest in "restless" subjects. Muller et al.
described a difficult subject "...a mentally retarded 3-
year-old child with cerebral palsy, who presented
with marked spasticity of all 4 extremities and
athetotic movements in the upper extremities.  In this
child, who was neither able to stay quiet nor to fol-
low instructions, different levels of preinnervation
gave rise to a change in latency at the right thenar by
up to 8 msec."  Muller et al. concluded that interpret-
ing latencies is difficult unless the examination is
restricted to a relaxed state.  Latency variability even
in normal children is much more marked than in
adults.(39) In cooperative children, Heinen induced
action-phase EMGs by asking children to perform an
aimed grip using an elastic spring coil-loaded
device.(40,41)

TMS has allowed clinicians to more precisely
investigate maturation of the central motor system
and corticospinal pathways in healthy children. The
TMS parameters of motor system excitability, name-
ly resting and active MTs, cortical silent period, and
intracortical inhibition and facilitation, represent dif-
ferent CNS mechanisms; and these mechanisms may

have different developmental courses.(42)

Motor threshold (MT)
MT intensity for TMS is determined as greater

than 100% stimulator output intensity in children
aged 1 year or less.  With increasing age, MT
declines until it reaches the adult level at 13 to 16
years (46.5% + 6.6%).(1,42-44) For excitation of cervi-
cal motor roots, MT intensity falls rapidly over the
first 2 years and then matches adult values.(43) The
higher MTs in young children may indicate a
hypoexcitability of motor system neuronal mem-
branes.  Threshold intensities for TMS may be less
useful in children younger than 10 years, because of
their higher mean values and variability between
individuals.(1)

Motor evoked potentials (MEPs)
The reproducibility of MEPs elicited by TMS is

markedly dependent on the degree to which stimulus
intensity exceeds the threshold intensity as well as
the state of the target muscle.  In addition, it is of
course critical whether or not the TMS coil is posi-
tioned over the optimal scalp site.(45) In order to
obtain comparable MEPs in children, investigators
have generally adjusted the stimulus intensity to an
intensity of 10% above MT intensity, and MEPs have
been recorded from a resting target muscle.(1)

However, as mentioned above, this methodology can
be difficult to implement.  First, MT can be impossi-
ble to determine in children aged below 18 months to
2 years.(1,36) Some investigators have even reported a
failure to evoke MEPs reliably below the age of 6
years.(35,43) Furthermore, as discussed above, estab-
lishing a relaxed status of the target muscle in chil-
dren can be extremely complicated and unreliable.

MEPs are generally polyphasic in early child-
hood and gradually become triphasic with age.  The
mean amplitude of MEPs is less than 500 µV with
little change at between 1 and 9 years, but it tends to
increase between 10 years and adulthood.  The dura-
tion of MEPs, which is not influenced by age, is less
than 16 ms over the ages studied.(1)

Central conduction time (CCT)
CCT can be calculated by subtracting the con-

duction time in peripheral nerves from the total
latency of MEPs, with both being measured at the
onset of the initial deflection (Fig. 2).  Koh et al. first
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showed a progressive increase in central motor con-
duction velocity within the descending motor path-
ways up to the age of 11 when adult values are
achieved.(35) Muller et al. showed that motor conduc-
tion times of the peripheral nervous system do not
change significantly beyond the age of about 3-4
years, and that the decrease in CCT lasts up to the of
about 10 years before adult values are reached.(36,39)

Muller et al. used TMS to show, for the first time,
that the development of the fastest voluntary move-
ments is a structure-bound phenomenon, and is inde-
pendent of learning.(39)

It is important to emphasize again that preinner-
vation conditions (relaxed or facilitated) profoundly
affect the CCT.  The CCT after TMS not only
reflects the conduction time along the axon but also
includes the synaptic transmission and depolarization
times of the neurons at both the cortical and the
spinal ends.(41) In children, the facilitated CCT was
similar to that of adults at approximately 3 years of
age.(43,46) However, the relaxed CCT in children did
not match that in adults until about 10 years.(36) It has

been proposed that the facilitated CCT could be an
early established functional parameter of the motor
system, allowing the motor cortex to access spinal
motoneurons with a constant delay.(43) It has been
speculated that the relaxed CCT correlates with mor-
phologic maturation, in particular with myelination
of fast corticospinal tract fibers.(36) In a study by
Heinen et al., the facilitated CTT of children aged 6
to 9 years was similar to that of adults.  However, for
the relaxed CTT, the latency jump and stimulus
intensity differed between children and adults.
Heinen et al. concluded that at an early school age,
children already possess mature fast corticospinal
pathways able to access spinal motoneurons through
the pyramidal tract.  However, despite the partial
adult-like level of neuronal maturation, young school
children were not able to perform deliberate motor
actions with the same proficiency as could adults.(41)

Cortical silent period (CSP) and transcallosal
inhibition (TI)

The CSP is thought to be caused by an intracor-

Fig. 2  Motor evoked potentials obtained in single trials from a subjects aged 12 years. A, Experimental protocol; B, sample
records. The upper record shows the response to stimulation of the motor cortex and the lower record the response to stimulation
over the cervical roots. Central conduction time (*) is calculated by subtracting the conduction time in peripheral nerves from the
total latency of MEPs, both measured at the onset of initial deflection. (Modified from figures by Eyre et al., J Physiol, 1991) 
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tical inhibitory mechanism in the stimulated hemi-
sphere.(47) In adults, the CSP can be easily evoked by
TMS.  Heinen et al. demonstrated that in children
aged 4.2 to 5.7 years, the duration of the CSP is sig-
nificantly shorter, lasting about 75% of that detected
in adults.(40) Moll et al. showed that the duration of
the CSP increased with increasing age.(42) However,
study of the CSP requires maintenance of a set
amount of voluntary contractions of the target mus-
cle.  As discussed above, this is difficult in children,
so this technique is difficult to apply in young or
restless children.

By applying TMS with a figure-8 coil, it is pos-
sible to reliably restrict the effects of stimulation to 1
hemisphere.  The stimulus can suppress ongoing vol-
untary EMG activity in an ipsilateral distal muscle.
This inhibition, called transcallosal inhibition (TI), is
most likely due to activation of callosal fibers, which
pass through the anterior half of the trunk of the cor-
pus callosum and connect both primary motor cor-
tices.(48) The absence of TIs in children implies that
cortical synaptic organization of the immature brain
does not permit inhibition of contralateral motoneu-

rons via interhemispheric transfer (Fig. 3). (40)

Maturation of functionally active callosal connec-
tions appears to occur after the age of 5 years.  On
the other hand, no ipsilateral MEPs could be detected
after the age of 10 years.  This disappearance of ipsi-
lateral corticospinal responses was explained by
increased transcallosal inhibitory influences during
motor system development.(40,42,46)

Intracortical inhibition and facilitation
Deficient motor system inhibitory mechanisms

may be closely related to uncontrolled behavior in
childhood neuropsychiatric disorders, but to date, the
significance of developmental aspects is unclear.(42)

As discussed above, intracortical inhibition and facil-
itation produced by a subthreshold conditioning
stimulus in a paired-stimulus TMS paradigm are
thought to be due to activation of inhibitory or facili-
tatory interneuronal circuits in the motor cortex.(49)

The overall aspect of intracortical excitability curves
of healthy children, aged from 8 to 16 years, is
comparable to that of excitability curves of adults
(Fig. 4).(42,44) At short interstimulus intervals (2-4

Fig. 3 Ipsilateral responses of adults
(A1-7) and children (K1-7) shown as 4
superimposed trace recordings under the
conditions of facilitation. Whereas all
adults had transcallosal inhibition, there
were no ipsilateral responses in the chil-
dren. The display of amplitude gain is
500 (V/div, which had to be adapted for 5
individuals. *=1 mV/div; ¡C=200 µV/div.
The stimulus was applied at the time indi-
cated by arrows. (Reprinted from ref. 40
with permission from J Wiley & Sons)500µV
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ms), a conditioning stimulus produces inhibition of
the test response, while facilitation of the test
response occurs at longer intervals (7-10 ms).  No
age-dependent changes have been found, for either
inhibitory or facilitatory interstimulus intervals.(42)

This can be explained by assuming that intracortical
facilitation and MT are complementary phenomena
of motor system excitability with fundamental differ-
ences.(49)

TMS and motor disturbances in children
In children with central motor disturbances, evi-

dence of abnormalities in motor system excitability
can be demonstrated by TMS.  A variety of condi-
tions have been studied to date.  For example, pro-
longed latencies between the motor cortex and target
muscles (prolonged CCT) have been reported in chil-
dren with hemiparesis.(39) The CCT has been found
to be shortened in children with Rett's syndrome.(50,51)

In children with tic disorders, MT was normal,(52)

while the CSP was significantly shortened compared
to healthy controls; this did not depend on tic local-
ization.  Using the paired-pulse technique, intracorti-
cal inhibition and facilitation were shown not to dif-
fer between tic disorder children and healthy chil-
dren.(52) Increased MT, prolonged latency of MEP,

and slowing of the CCT have been found in children
with multiple sclerosis.(53) In children with attention-
deficit hyperactivity disorder (ADHD), motor hyper-
activity is one of the striking abnormalities.  Using
TMS, Moll et al. showed that there is evidence for
inhibitory deficits within the motor cortex in ADHD
children and for an enhancement of inhibitory mech-
anisms in this brain region by methylphenidate.(54)

It is well known that functional recovery is quite
good in patients with early hemisphere lesions com-
pared to those with lesions acquired later.(55) It has
been postulated that the ipsilateral motor cortex can
compensate for motor representation of the affected
limbs.(56) TMS can be used to provide evidence of
central motor reorganization in children with cere-
bral palsy.(57-59) Ipsilateral hand motor responses to
TMS are not usually elicited in normal adult sub-
jects, but are frequently observed in patients with
early brain lesions, especially congenital lesions.(57,58,

60-62) The cortical motor representation area for the
tibialis anterior muscle has been reported to be locat-
ed more laterally, toward the area of representation
for the arm muscles, in spastic patients with preterm
birth, but not in spastic patients with full-term birth
or in athetoid patients.(58) However, further studies on
normal development are needed in order to fully
establish the significance of such findings.  For
example, it is still unclear how many young children
might have ipsilateral responses to TMS or at which
age such responses might be considered pathologi-
cal.  As documented by Wassermann et al., some
ipsilateral MEPs, even in hand muscles, can be
evoked in normal adult volunteers.

Therapeutic applications in children
TMS is a novel treatment for psychiatric illness

that is undergoing trials for a range of disorders in
adults. Unfortunately, there are rare published data
on TMS as a treatment for neuropsychiatric diseases
in young persons.(63) We are aware of only 3 pub-
lished studies in which rTMS was applied to chil-
dren. Wedegaertner et al. reported the application of
1-Hz rTMS at 110% of MT intensity for 30 min to
the motor cortex of 3 children with action
myoclonus.(64) Tormos et al. (unpubl. data) applied
the same rTMS schedule to 3 children with progres-
sive myoclonic epilepsy.  In both studies, rTMS
decreased myoclonic activity, but resulted in no fur-
ther clinical or behavioral changes in the children.

Fig. 4  Scatter plot of intracortical inhibition (mean value
across inhibitory interstimulus intervals of 2-4 ms) vs. age
(¡‰), and intracortical facilitation (mean value across facilita-
tory interstimulus intervals of 7-20 ms) vs. age (¡…), respec-
tively. Mean (¡ SD) adult values for comparison. (Reprinted
from ref. 42 with permission from Elsevier Science)
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Using formal pooling through the TMS
Listserver (tms_info@pupk.unibe.ch), an email
exchange of worldwide users and investigators in the
field of TMS supported by the International Society
for Transcranial Stimulation (ISTS), Walter collected
information from investigators who had used TMS in
patients 18 years or younger.(63) Data on 7 teenage
patients treated at the Laboratory for Magnetic Brain
Stimulation at Beth Israel Deaconess Medical Center
and Harvard Medical School were compiled.  These
young patients had participated in 1 of 3 TMS trials,
a trial on bipolar disorder, another on unipolar recur-
rent medication-refractory major depression, and a
third on schizophrenia.  The average age was 17.4
years.  Different rTMS parameters were applied, and
improvement occurred by conclusion of the TMS
course in 5 of the cases.  Most importantly, adverse
events were reported in only 1 patient and consisted
of a mild muscle-tension headache that was promptly
resolved with treatment.

Preliminary data from such a small number of
children should not be over-interpreted, but the bene-
fits from TMS are nevertheless encouraging.(63) More
results from medical centers, larger case series, and,
eventually, controlled trials of TMS in children are
needed before definite conclusions can be drawn.

Safety issues
In adults, most of the safety concerns raised by

TMS are limited to rTMS.  Single-pulse TMS has
essentially no known harmful side effects in adults,
and it seems reasonable to assume a similar safety
margin in children.  On the other hand, the limited
experience and reluctance among TMS researchers
to study the use of rTMS in children are understand-
able.  Therapeutic applications of rTMS are experi-
mental and largely only supported by preliminary
pilot data.  Furthermore, the safety of rTMS in chil-
dren and adolescent needs to be systematically eval-
uated before conducting further studies.  The studies
must emphasize safety monitoring, including neuro-
physiologic, neuropsychologic, audiologic, and hor-
monal functions.(63) Safety guidelines, similar to
those published for the use of rTMS in adults, need
to be developed for the application of rTMS in chil-
dren.

Contraindications for rTMS
Metallic hardware near the stimulation coil can

be moved or heated by TMS.  Thus, the presence of
metal anywhere in the head, excluding the mouth, is
generally a contraindication.  Individuals with car-
diac pacemakers and implanted medication pumps,
an intracardiac line, or severe cardiac disease should
also be excluded from the studies.  In most studies,
patients with epilepsy, a past history or a family his-
tory of seizures, and patients with brain lesions who
may have a lower seizure threshold should be
excluded.  Furthermore, pregnant women should be
excluded because of the risk of fetal damage in the
event of a TMS-induced seizure.

Tricyclic antidepressants, neuroleptic agents,
and other drugs that lower the seizure threshold are
contraindications for rTMS, except in extraordinary
circumstances where the potential benefit outweighs
the increased risk of a seizure.(31,65)

Histotoxicity
Concern that TMS may harm the developing

brain is an important issue in children.  Although no
published data have focused on the histotoxicity of
TMS on the developing brain, there have been no
reported adverse events in children.(35-43) The electri-
cal energy generated by TMS has been estimated to
be 0.05%-0.005% of that applied in a burst of elec-
troconvulsive therapy;(5) the peak magnetic field of
2.0 T induced by TMS yields a maximum charge
density of approximately 0.94 µC/cm2/phase in tis-
sue, which is markedly below the minimum level of
40 µC/cm2/phase at which evidence of neural dam-
age has been found with stimulation at 50 Hz.(66) No
microscopic damage in the brain was recognized in
31 rats given 10,000 stimuli of 3.4 T or in 16 infant
rabbits given 1000 stimuli of 2.0 T.(67, 68) Two adult
patients with intractable seizures who received 1000-
1200 stimuli prior to a temporal lobectomy also
showed no organic damage to the target temporal
cortex.(69) Concerning the effect on local neuronal
activity and changes in blood flow within the cere-
bral cortex, TMS does not impairs electroencephalo-
graphic activity, cerebral flow, blood pressure, heart
rate, or prolactin secretion.(70,71)

Accidental seizures
Single-pulse TMS has produced secondarily

generalized or partial motor seizures in several
patients with lesions of the CNS such as strokes.(72,73)

However, single- and paired-pulse TMS can be con-
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sidered to be free of the risk of seizure induction in
normal volunteers and patients without conditions
predisposing them to epilepsy.  Nevertheless, clini-
cians should pay close attention when TMS is
applied in children aged from 6 months to 5 years
that are at high risk of febrile seizures.  There is no
evidence to suggest that a single provoked seizure or
even a series of induced seizures, as seen in electro-
convulsive therapy for depression, makes another
seizure more likely in an otherwise healthy individ-
ual.

Neuropsychological and motor effects
Although several studies have examined the

transient effects of focal rTMS on various cognitive,
perceptual, or other functions, very few have consid-
ered longer-lasting, unintended effects of extended
exposure.  A subsequent safety study examining the
effects of exposure to rTMS of 1 and 25 Hz at an
intensity above MT, delivered to multiple scalp posi-
tions in the same subjects, similarly failed to docu-
ment any significant undesirable complications.(74)

Varying effects on cognitive, perceptual, and motor
functions have been observed.  These include finger
tapping, improved verbal memory, dysphoria, and
euphoria.(75) Because of the risk of such cognitive
and motor side effects, subjects should undergo
detailed neuropsychological testing and quantitative
motor evaluation before and serially following
rTMS.

Effect on hearing
Transient threshold shifts and tinnitus have been

reported in animals and humans.  These effects are
thought to be secondary to the intense click produced
by the rapid mechanical deformation of the stimulat-
ing coil when it is energized.  The use of foam
earplugs has been demonstrated to prevent this risk
and should be obligatory for all subjects undergoing
TMS and rTMS studies.(65)

Local pain and headaches
Local pain and headaches can be induced by

rTMS due to direct activation of muscles and nerves
near the stimulation coil on the scalp.  This is rarely
a problem following single- or paired-pulse TMS.
The discomfort appears to be related to both the
intensity and frequency of the stimulation.
According to the experience of many different inves-

tigators, the incidence of these headaches may reach
15% or 20%, but these headaches have always
responded well to mild analgesics, such as aceta-
minophen.(75)

Scalp burns from electrodes
Eddy currents induced in metal surface EEG

electrodes located near a stimulating coil can cause
them to heat up, and a skin burn may have been
observed on 1 occasion.(76) This risk is associated
with rTMS but does not pertain to single- or paired-
pulse TMS.  Heating is related to the size and con-
ductivity of the electrode as well as the stimulation
parameters.  In this context, special consideration
should be given to the small size of a child's head
and brain which may contribute to changes in the
charge density induced by TMS. 

Kindling
Kindling is a process whereby the repeated

administration of an initially subconvulsive stimulus
results in progressive intensification of induced neu-
roelectrical activity, culminating in a seizure.  Classic
kindling occurs most effectively in the range around
60 Hz, and generally requires pulse durations of 1
ms.  While it is of theoretical concern, there is no
evidence for it in practice.(31) However, there is no
doubt that in this context, as in regard to other, long-
term theoretical complications of rTMS, children
may be at a particularly high risk due to their devel-
oping brain and much higher degree of plasticity.
Therefore, particular care and careful safety studies
are required.

Summary
TMS represents a relatively new field of clinical

neurophysiology which is undergoing rapid evolu-
tion.  The method is clinically suitable and extremely
useful for determining propagation and excitability
characteristics of central motor tracts and along the
proximal portions of spinal roots and nerves.  Single-
pulse stimulation has been applied in the past decade
for the study of children with no complications
reported.  Compared to healthy adults, higher motor
thresholds and shorter cortical silent periods have
been reported in healthy children.  Two important
issues of pediatric TMS are safety considerations and
methodology.  rTMS may have significant therapeu-
tic applications for a variety of neuropsychiatric dis-



Chang Gung Med J Vol. 25 No. 7
July 2002

Kuang-Lin Lin and Alvaro Pascual-Leone 
TMS and its applications in children

433

eases in the future.  However, until more is known
about the potential deleterious effects of rTMS on
the development of the CNS, young children should
not be allowed to serve as subjects in rTMS studies
without compelling clinical reasons.

REFERENCES 

1. Nezu A, Kimura S, Uehara S, Kobayashi T, Tanaka M,
Saito K. Magnetic stimulation of motor cortex in children:
maturity of corticospinal pathway and problem of clinical
application. Brain Dev 1997;19:176-80. 

2. Illingworth RS. The diagnosis of cerebral palsy in the first
year of life. Dev Med Child Neurol 1996;8:178-94.

3. Barker AT, Freeston IL, Jalinous R, Jarrett JA. Magnetic
stimulation of the human brain and peripheral nervous
system: an introduction and results of an initial clinical
evaluation. Neurosurgery 1987;20:100-9.

4. Barker AT, Jalinous R, Freeston IL. Non-invasive magnet-
ic stimulation of human motor cortex. Lancet 1985;11:
1106-7.

5. Barker AT. The history and basic principles of magnetic
nerve stimulation. Electroencephalogr Clin Neurophysiol
1999;51(suppl):3-21.

6. Barker AT, Freeston IL, Jalinous R, Merton PA, Morton
HB. Magnetic stimulation of the human brain. J Physiol
(Lond.) 1985;369:3P. 

7. Mills KR. Magnetic brain stimulation: a tool to explore
the actions of the motor cortex on single spinal motoneu-
rons. Trends Neurosci 1991;14:401-5.

8. Rothwell JC, Thompson PD, Day BL, Boyd S, Marsden
CD. Stimulation of the human motor cortex through the
scalp. Exp Physiol 1991;76:159-200.

9. Pascual-Leone A, Bartres-Faz D, Keenan JP. Transcranial
magnetic stimulation: studying the brain-behaviour rela-
tionship by induction of "virtual lesions". Phil Trans R
Soc Lond. B 1999;1229-38.

10. Rossini PM, Rossi S. Clinical applications of motor
evoked potentials. Electroencephalogr Clin Neurophysiol
1998;106:180-94.

11. Rothwell JC. Techniques and mechanisms of action of
transcranial stimulation of the human motor cortex. J
Neurosci Meth 1997;74:113-22.

12. Pascual-Leone A, Tormos JM, Keenan J, Tarazona F,
Canete C, Catala MD. Study and modulation of human
cortical excitability with transcranial magnetic stimula-
tion. J Clin Neurophysiol 1998;15:333-43.

13. Hallett M. Transcranial magnetic stimulation: a tool for
mapping the central nervous system. Electroencephalogr
Clin Neurophysiol 1996;46(suppl):43-51.

14. Rothwell JC, Hallett M, Berardelli A, Eisen A, Rossini P,
Paulus W. Magnetic stimulation: motor evoked potentials.
Electroencephalogr Clin Neurophysiol 1999;52(suppl):
97-103.

15. Pascual-Leone A, Grafman J, Cohen LG, Roth BJ,
Hallett. Transcranial magnetic stimulation. A new tool for
the study of higher cognitive functions in humans. In:
Grafman J, Boller F, eds. Handbook of Neuropsychology,
vol. 11. Amsterdam: Elsevier, 1997;267-90.

16. Pascual-Leone A, Hallett M, Grafman J. Transcranial
magnetic stimulation in cognitive functions. In: Shugi-
shita M, ed. New Horizons in Cognitive Neuroscience.
Amsterdam: Elsevier, 1994;93-100.

17. Krings T, Buchbinder BR, Butler WE, Chiappa KH, Jiang
HJ, Cosgrove GR, Rosen BR. Functional magnetic reso-
nance imaging and transcranial magnetic stimulation:
complementary approaches in the evaluation of cortical
motor function. Neurology 1997;48:1406-16.

18. Paus T, Jech R, Thompson CJ, Comeau R, Peters T, Evans
AC. Transcranial magnetic stimulation during positron
emission tomography a new method for studying connec-
tivity of the human cerebral cortex. J Neurosci 1997;17:
3178-84.

19. Amassian VE, Cracco RQ, Maccabee PJ, Cracco JB,
Rudell AP, Eberle L. Transcranial magnetic stimulation in
study of the visual pathway. J Clin Neurophysiol 1998;15:
288-304.

20. Beckers G, Zeki S. The consequences of inactivating
areas V1 and V5 on visual motion perception. Brain 1995;
118:49-60.

21. Pascual-Leone A, Torres F. Plasticity of the sensorimotor
cortex representation of the reading finger in Braille read-
ers. Brain 1993;116:39-52.

22. Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM,
Hallett M, Cohen LG. Depression of motor cortex
excitability by low-frequency transcranial magnetic stim-
ulation. Neurology 1997;48:1398-403.

23. Tergau F, Tormos JM, Paulus W, Pascual-Leone A,
Ziemann U. Effects of repetitive transcranial magnetic
stimulation (rTMS) on cortico-spinal and cortico-cortical
excitability. Neurology 1997;48:A107.

24. Pascual-Leone A, Catala MD, Pascual-Leone Pascual A.
Lateralized effect of rapid-rate transcranial magnetic stim-
ulation of the prefrontal cortex on mood. Neurology
1996;46:499-502.

25. George MS, Wassermann EM, Williams WA, Steppel J,
Pascual-Leone A, Basser P, Hallett M, Post RM. Changes
in mood and hormone levels after rapid-rate transcranial
magnetic stimulation (rTMS) of the prefrontal cortex. J
Neuropsych Clin Neurosci 1996;8:172-80.

26. Pascual-Leone A, Rubio B, Pallardo F, Catala MD.
Rapid-rate transcranial magnetic stimulation of left dorso-
lateral prefrontal cortex in drug-resistant depression.
Lancet 1996;348:233-7.

27. Greenberg BD, Ziemann U, Harmon A, Murphy DL,
Wassermann EM. Decreased neuronal inhibition in cere-
bral cortex in obsessive-compulsive disorder on transcra-
nial magnetic stimulation. Lancet 1998;352:881-2.

28. Pascual-Leone A, Valls-Sole J, Brasil-Neto JP, Cohen LG,



Chang Gung Med J Vol. 25 No. 7
July 2002

Kuang-Lin Lin and Alvaro Pascual-Leone 
TMS and its applications in children

434

Hallett M. Akinesia in Parkinson's disease. I. Shortening
of simple reaction time with focal, single-pulse transcra-
nial magnetic stimulation. Neurology 1994;44:884-91.

29. Pascual-Leone A, Valls-Sole J, Brasil-Neto JP,
Cammarota A, Grafman J, Hallett M. Akinesia in
Parkinson's disease. Part 2. Shortening of choice reaction
time and movement time with subthreshold transcranial
motor cortex stimulation. Neurology 1994;44:891-900.

30. Siebner HR, Tormos JM, Ceballos-Baumann AO, Auer C,
Catala MD, Conrad B, Pascual-Leone A. Low-frequency
repetitive transcranial magnetic stimulation of the motor
cortex in writer's cramp. Neurology 1999;52:529-37.  

31. Hallett M, Wassermann EM, Pascual-Leone A, Valls-Sole
J. Repetitive transcranial magnetic stimulation.
Electroencephalogr Clin Neurophysiol 1999;52(suppl):
105-13.

32. George MS, Lisanby SH, Sackeim HA. Transcranial mag-
netic stimulation: Applications in psychiatry. Arch Gen
Psychiatry 1999;56:300-11.

33. Lisanby SH, Sackeim HA. Transcranial magnetic stimula-
tion in major depression. In: George MS, Belmaker RH,
editors. Transcranial Magnetic Stimulation (TMS) in
Neuropsychiatry. Washington, DC: American Psychiatric
Press, 185-200.

34. Pascual-Leone A, Tormos JM, Keenan J, Tarazona F,
Canete C, Catala MD. Study and modulation of human
cortical excitability with transcranial magnetic stimula-
tion. J Clin Neurophysiol 1998;15:333-43.

35. Koh THHG, Eyre JA. Maturation of coticospinal tracts
assessed by electromagnetic stimulation of the motor cor-
tex. Arch Dis Child 1988;63:1347-52.

36. Muller K, Homberg V, Lenard HG. Magnetic stimulation
of motor cortex and nerves in children. Maturation of cor-
tico-motoneuronal projections. Electroenceph Clin
Neurophysiol 1991;81:63-70.

37. Day BL, Dick JPR, Marsden CD, Thompson PD.
Differences between electrical and magnetic stimulation
of the human brain. J Physiol (Lond.) 1986;378:36P.

38. Hess CW, Mills KR, Murray NMF. Magnetic stimulation
of the human brain: the effects of voluntary muscle activi-
ty. J Physiol (Lond.) 1986;378:37P.

39. Muller K, Homberg V, Aulich A, Lenard HG.
Magnetoelectrical of motor cortex in children with motor
disturbances. Electroenceph Clin Neurophysiol 1992;85:
86-94.

40. Heinen F, Glocker FX, Fietzek UM, Meyer BU, Lucking
CH, Korinthenberg R. Absence of trascallosal inhibition
following focal magnetic stimulation in preschool chil-
dren. Ann Neurol 1998;43:608-12. 

41. Heinen F, Fietzek UM, Berweck S, Hufschmidt A,
Deuschl G, Korinthenberg R. Fast corticospinal system
and motor performance in children: conduction proceeds
skill. Pediatr Neurol 1998;19:217-21.

42. Moll GH, Heinrich H, Wischer S, Tergau F, Paulus W,
Rothenberger A. Motor system excitability in healthy

children: development aspects from transcranial magnetic
stimulation. Electroencephalogr Clin Neurophysiol
1999;51(suppl):243-8.

43. Eyre JA, Miller S, Ramesh V. Constancy of central con-
duction delays during development in man: investigation
of motor and somatosensory pathways. J Physiol 1991;
434:441-52.

44. Ziemann U, Paulus W, Rothenberger A. Decreased motor
inhibition in Tourette syndrome: evidence from transcra-
nial magnetic stimulation. Am J Psychiatry 1997;154:
1277-84. 

45. Day BL, Rothwell JC, Thompson PD, Maertens
deNoordhout A, Nakashima K, Shannon K, Marsden CD.
Delay in the execution of voluntary movement by electri-
cal or magnetic brain stimulation in intact man: evidence
for the storage of motor programs in the brain. Brain
1989;112:649-63.

46. Muller K, Kass-Iliyya F, Reitz M. Ontogeny of ipsilateral
corticospinal projections: a developmental study with
transcranial magnetic stimulation. Ann Neurol 1997;42:
705-11.

47. Wilson SA, Lockwood RJ, Thickbroom GW, Mastaglia
FL. The muscle silent period following transcranial mag-
netic cortical stimulation. J Neurol Sci 1993;114:216-22.

48. Meyer B-U, Roricht S, Grafin von Einsiedel H, Kruggel
F, Weindl A. Inhibitory and excitatory interhemispheric
transfers between motor cortical areas in normal humans
and patients with abnormalities of the corpus callosum.
Brain 1995;118:429-40.

49. Ziemann U, Rothwell JC, Ridding MC. Interaction
between intracortical inhibition and facilitation in human
motor cortex. J Physiol (Lond.) 1996;496:873-81.

50. Heinen F, Petersen H, Fietzek U, Sschulte-Monting J,
Korinthenberg R. Transcranial magnetic stimulation in
patients with Rett syndrome: preliminary results. Eur
Child Adolesc Psych 1997;6(suppl):61-3.

51. Nezu A, Kimura S, Takeshita S, Tanaka M. Characteristic
response to transcranial magnetic stimulation in Rett syn-
drome. Electroencephalogr Clin Neurophysiol 1998;
109:100-3. 

52. Moll GH, Wischer S, Heinrich H, Tergau F, Paulus W,
Rothenberger A. Deficient motor control in children with
tic disorder: evidence from transcranial magnetic stimula-
tion. Neurosci Lett 1999;272:37-40.

53. Dan B, Christiaens F, Christophe C, Dachy B.
Transcranial magnetic stimulation and other evoked
potentials in pediatric multiple sclerosis. Pediatr Neurol
2000;22:136-8. 

54. Moll GH, Heinrich H, Trott GE, Wirth S, Rothenberger
A. Deficient intracortical inhibition in drug-naive children
with attention-deficit hyperactivity disorder is enhanced
by methylphenidate. Neurosci Lett 2000;284:121-5. 

55. Gardner WJ, Karnosh LJ, McClure CC, Gardner AK.
Residual function following hemispherectomy for tumor
and for infantile hemiplegia. Brain 1955;78:487-502.



Chang Gung Med J Vol. 25 No. 7
July 2002

Kuang-Lin Lin and Alvaro Pascual-Leone 
TMS and its applications in children

435

56. Chollet F, DiPiero V, Wise RJS, Brooks DJ, Dolan RJ,
Frackowiak. The functional anatomy of motor recovery
after stroke in humans: a study with positron emission
tomography. Ann Neurol 1991;29:63-71.  

57. Maegaki Y, Maeoka Y, Ishii S, Shiota M, Takeuchi A,
Yoshino K, Takeshita K. Mechanisms of central motor
reorganization in pediatric hemiplegic patients.
Neuropediatrics 1997;28:168-74.

58. Maegaki Y, Maeoka Y, Ishii S, Eda I, Ohtagaki A,
Kitahara T, Suzuki N, Yoshino K, Ieshima A, Koeda T,
Takeshita K. Central motor reorganization in cerebral
palsy patients with bilateral cerebral lesions. Pediatr Res
1999;45:559-67.

59. Nezu A, Kimura S, Takeshita S, Tanaka M. Functional
recovery in hemiplegic cerebral palsy: ipsilateral elec-
tromyographic responses to focal transcranial magnetic
stimulation. Brain Dev 1999;21:162-5.

60. Benecke R, Meyer B-U, Freund H-J. Reorganization of
descending motor pathways in patients after hemispherec-
tomy and severe hemispheric lesions demonstrated by
magnetic brain stimulation. Exp Brain Res 1991;83:419-
26.

61. Farmer SF, Harrison LM, Ingram DA, Stephens JA.
Plasticity of central motor pathways in children with
hemiplegic cerebral palsy. Neurology 1991;41:1505-10.

62. Carr LJ, Harrison LM, Ingram DA, Stephens JA. Patterns
of central motor reorganization in hemiplegic cerebral
palsy. Brain 1993;116:1223-47.

63. Walter G, Tormos JM, Israel JA, Pascual-Leone A.
Transcranial magnetic stimulation in young persons: a
review of known cases. J Child Adolesc Psychopharmacol
2001;11:69-75.

64. Wedegaertner FR, Garvey MA, Cohen LG, Hallett M,
Wassermann EM. Low frequency repetitive transcranial
magnetic stimulation can reduce action myoclonus.
(abstract). Neurology 1997;48:A119.

65. Pascual-Leone A, Houser CM, Reeves K, Shotland LI,
Grafman J, Sato S, Valls-Sole J, Brasil-Neto JP,
Wassermann EM, Cohen LG, Hallett M. Safety of rapid-
rate transcranial magnetic stimulation in normal volun-

teers. Electroenceph Clin Neurophysiol 1993;89:120-30.
66. Agnew WF, McCreery DB. Considerations for safety in

the use of extracranial stimulation for motor evoked
potentials. Neurosurgery 1987;20:143-7.

67. Sgro JA, Ghatak NR, Stanton PC, Emerson RG, Blair R.
Repetitive high magnetic field stimulation: the effect upon
rat brain. Electroencephalogr Clin Neurophysiol 1991;
43:180-5.

68. Counter SA. Neurobiological effects of extensive tran-
scranial electromagnetic stimulation an animal model.
Electroencephalogr Clin Neurophysiol 1993;89:341-8.

69. Gates JR, Dhuna A, Pascual-Leone A. Lack of pathologic
changes in human temporal lobes after transcranial mag-
netic stimulation. Epilepsia 1992;33:504-8.

70. Eyre JA, Flecknell PA, Kenyon BR, Kor THHG, Miller S.
Acute effects of electromagnetic stimulation of the brain
on cortical activity, cortical blood flow, blood pressure
and heart rate in the cat: an evaluation of safety. J Neurol
Neurosurg Psychiat 1990;53:507-13.

71. Cohen LG, Hallet M. Cortical stimulation does not cause
short-term changes in the electroencephalogram. Ann
Neurol 1987;21:512-3.

72. Homberg V, Netz J. Generalized seizures induced by tran-
scranial magnetic stimulation of the motor cortex. Lancet
1989;330:1223.

73. Kandler R. Safety of transcranial magnetic stimulation.
Lancet 1990;335:469-70.

74. Wassermann EM, Grafman J, Berry C, Hollnagel C, Wild
K, Clark K, Hallett M. Use and safety of a new repetitive
transcranial magnetic stimulator. Electroencephalogr Clin
Neurophysiol 1996;101:412-7.

75. Wassermann EM. Risk and safety of repetitive transcra-
nial magnetic stimulation: report and recommendations
from the International Workshop on the safety of repeti-
tive transcranial magnetic stimulation June 5-7, 1996.
Electroencephalogr Clin Neurophysiol 1998;108:1-16.

76. Roth BJ, Pascual-Leone A, Cohen LG, Hallett M. The
heating of metal electrodes during rapid rate transcranial
magnetic stimulation: A possible safety hazard. Elec-
troencehalogr Clin Neurophysiol 1992;82:116-23.



436

Alvaro Pascual-Leone1

(transcranial magnetic stimulation TMS) 

(single pulse TMS)
(motor threshold) (central conduction time) (motor evoked
potential) (silent period) (paired-pulse curve)

(repetitive TMS) 
( 2002;25:424-36)

1‹ Œ“i⁄h„y Beth Israel Deaconess´ ⁄̇⁄⁄ fl«‚g⁄”‹¡F 2“ł'¤ £́ | ¥x¥_|ˇ ¤ £fl«‚g‹
¤⁄⁄Ø·̀¡G¥̀ Œ 90ƒ~12⁄º10⁄Ø¡F–¤¥Z‚¡G¥̀ Œ 91ƒ~4⁄º23⁄Ø¡C
fl̀¤œ'ƒL¥»‡B¡G Alvaro Pascual-Leone, MD, PhD, Laboratory for Magnetic Brain Stimulation, Department of Neurology, Beth
Israel Deaconess Medical Center, Harvard Medical School, 330 Brookline Avenue, Kirstein Building KS 454, Boston, MA 02115,
USA; Tel.: 1-617-667 0203; Fax: 1-617-975 5322; E-mail: apleone@caregroup.harvard.edu


