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Abstract

Developmental disabilities (e.g. attention deficit disorder; cerebral palsy) are frequently associated
with deviations of the typical pattern of motor skill maturation. Neurophysiologic tools, such as
transcranial magnetic stimulation (TMS), which probe motor cortex function, can potentially provide
insights into both typical neuromotor maturation and the mechanisms underlying the motor skill
deficits in children with developmental disabilities. These insights may set the stage for finding
effective interventions for these disorders. We review the literature pertaining to the use of TMS in
pediatrics. Most TMS-evoked parameters show age-related changes in typically developing children
and some of these are abnormal in a number of childhood-onset neurological disorders. Although no
TMS-evoked parameters are diagnostic for any disorder, changes in certain parameters appear to
reflect disease burden or may provide a measure of treatment-related improvement. Furthermore,
TMS may be especially useful when combined with other neurophysiologic modalities (e.g. fMRI).
However, much work remains to be done to determine if TMS-evoked parameters can be used as
valid and reliable biomarkers for disease-burden, the natural history of neurological injury and repair,
and the efficacy of pharmacological and rehabilitation interventions.
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Introduction

Transcranial magnetic stimulation (TMS) has proved to be a useful probe of motor function in
adults. In this article we review the utility of TMS as a probe of motor function in both typically
developing children and in those with anomalous motor development. First, we briefly review
normal neuromotor maturation and give an overview of those aspects of the central nervous
system that undergo structural changes during childhood. Following this we discuss methods
used to assess brain function focusing on TMS. Finally, we review studies which have
examined the utility of TMS to gain insights into the neural substrates of developmental
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disorders (such as cerebral palsy and attention deficit disorder) and the potential of TMS-
evoked parameters as biomarkers for disease-burden and treatment response.

Clinical Measures of Neuromotor Development

Structural

Motor cortex function plays an important role in the acquisition of new motor skills —a capacity
which is present throughout life. Typically the rate of skill acquisition is greatest during early
childhood when motor cortex function is also undergoing rapid maturational changes. A
working knowledge of neuromotor maturation is, therefore, an important prelude to understand
the role that TMS might have in probing motor cortex function and its relationship to motor
skill acquisition in children

Neuromotor development follows a predictable, though highly variable, pattern in the majority
of children. Assessment tools which track motor maturation examine not only the temporal
acquisition of skills but also the quality and stability of skills over time and serve to detect
those children whose performance falls outside the expected range.

Assessment of the motor system begins in the newborn and infant with an examination of
spontaneous movements (Einspieler and Prechtl, 2005). Rudimentary gross and fine motor
skills are acquired during the first year of life and become stable through the pre-school years
(Ilingsworth, 1983). Fine motor skills (e.g. drawing and writing skills, manipulating objects
such as scissors) make noticeable gains through the early school years (Croce et al., 2001;
Frankenburg et al., 1992; Majnemer and Snider, 2005; Plubrukarn and Theeramanoparp,
2003; Yule et al., 1967). As children get older, hand dexterity continues to improve in a more
subtle way (increased rhythmicity, speed, and coordination of movements) reaching a plateau
during mid- to late-adolescence depending on the complexity of the motor skill (more complex
motor skills reaching maturity later) (Denckla, 1973; Denckla, 1974; Largo et al., 2001a; Largo
et al., 2001b; Wolff et al., 1998).

Associated movements (synkinesis, mirror movements, etc.) are present in most children under
10 years of age and their intensity and frequency vary according to the complexity of the motor
task. By the time puberty is reached, associated movements have diminished in intensity
although they continue to accompany complex or forceful movements throughout adult life
(Largo et al., 2003; Lazarus, 1992).

Mechanisms underlying the establishment of cortical asymmetry during development are
unclear. Hand preference in typically developing children becomes apparent as early as two
years of age and is firmly established by 4 years of age (Cavill and Bryden, 2003; lllingsworth,
1983). Anomalous patterns of hand preference have been found in children with developmental
disorders even in the absence of obvious structural abnormalities of either hemisphere (Hauck
and Dewey, 2001; Niederhofer, 2005).

changes in the brain during neurodevelopment

Structural and functional maturation of the motor cortex, intracortical white matter, and corpus
callosum occur along the same time trajectory as maturation of fine motor skills. Thus, it is
possible that, in maturity, they form the neural substrate of dexterous fine motor skills. Here
we briefly review what is known regarding the maturational changes that occur in the motor
system in the typically developing child.

Post-natal central nervous system maturation is a complex process which can be traced using
both post mortem histology and in vivo neuroimaging. In the first 2 years of post-natal life there
is over-production of synapses. This is followed by a longer process, lasting through mid-
adolescence, where pruning of excessive synapses and activity-dependent refinement of
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synaptic connections take place (Johnston, 2003; Johnston, 2004). The visual cortex completes
this process of pruning earlier than the motor cortex (Huttenlocher and Dabholkar, 1997).

Changes in gyral morphology also occur during neuromaturation. This factor is especially
relevant to TMS since activation of pyramidal tract neurons depends on the orientation of their
axons relative to the electric field induced by the magnetic coil (Amassian et al., 1992).
However, since the ontogeny of gyrification is virtually complete by the end of the neonatal
period, the effect of gyral maturation on TMS-evoked parameters would primarily be seen in
the first six weeks of post-natal life (Armstrong et al., 1995).

Myelination is virtually complete in the corticospinal tracts by the end of the second year of
post-natal life. In contrast, myelination of intracortical and callosal white matter is not complete
until early adulthood (Yakovlev and Lecours, 1967). Using standard magnetic resonance
imaging (MRI) sequences, the grey-white matter contrast appears “adult-like” as early as 18
months of age (Hayakawa et al., 1991). For this reason, quantitative evaluation of MR images
is necessary to detect the more subtle changes in central myelination (Giedd et al., 1999) which
continue until the middle of the third decades of post-natal life (see Paus and colleagues (Paus
etal., 2001) for an overview of the uses of MRI in understanding neurodevelopment). Diffusion
tensor imaging (DTI) is becoming an important tool in the evaluation of the brain development,
but much work is required to refine the technique and establish norms (Barnea-Goraly et al.,
2005; Ben Bashat et al., 2005).

TMS in Children — General Considerations

A large number of studies have used TMS to examine motor cortex function in children. Most
examine a specific disorder while others examine age-related changes in TMS-evoked
parameters in typically developing children. The focus of this review is to highlight insights
gained from both type of studies and to compare the findings in these studies to those in similar
studies in adults.

However, is it valid to compare differences in TMS-evoked parameters between children and
adults when the same coil size has been used in both populations? This concern arises from a
study showing that, when the same sized coil is used to stimulate brains of different volumes,
TMS-efficacy is reduced in animals whose brain volume is smaller than that of the adult human
(Weissman et al., 1992). All but one study examining TMS-evoked parameters in infants and
children have used coils of a similar size to those used in adults. Since children have smaller
head circumferences than adults, it could be argued that any differences in TMS-evoked
parameters between children and adults reflect reduced TMS-efficacy rather than a
dissimilarity of brain function.

Interestingly, despite the smaller head circumferences in children, brain volume in humans
remains remarkably similar from 6 years of age onwards with only a small reduction in volume
for infants and children under 6 years of age (Bartholomeusz et al., 2002). It is, therefore,
reasonable to assume that age-related differences in TMS-evoked parameters in children
primarily reflect maturational changes of cerebral and corticospinal myelination (Mukherjee
and McKinstry, 2006; Yakovlev and Lecours, 1967), intracortical synaptic and neuronal
maturation (Huttenlocher and Dabholkar, 1997; Johnston, 2003) and, in early infancy,
gyrification (Armstrong et al., 1995).

TMS-evoked Parameters in Typically Developing Children

Since age-related changes in brain structure and in motor behaviors are apparent, it would be
reasonable to assume that function also changes with age during development. Studies using
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TMS in children seek to determine those TMS-evoked parameters which best reflect the
functional changes that occur during neurodevelopment.

Motor Evoked Potential (MEP) Threshold

Compared to adults, children under 10 years of age have higher motor evoked potential (MEP)
thresholds (see figure 1). By mid-adolescence, thresholds have decreased to adult levels
(Garvey et al., 2003;Moll et al., 1999;Nezu et al., 1997). In children, as in adults, the MEP
threshold is higher when the target muscle is at rest (resting motor threshold) than when there
is background muscle activation (active motor threshold) (Garvey et al., 2003). It may not be
possible to elicit, even using maximal stimulator output, reliable MEP responses when muscles
areatrestin children younger than 6 years of age (Koh and Eyre, 1988). When the target muscle
is active, MEP responses can be elicited even in neonates (Eyre et al., 2001).

MEP latency

The latency of a TMS-evoked MEP provides an estimate of central motor conduction time
(CMCT). The developmental pattern of CMCT when muscles are at rest (resting-CMCT) is
distinct from the pattern when muscles are active (active-CMCT). Active-CMCT reaches
maturity in children within the first 3 to 5 years of post-natal life; in contrast, resting-CMCT
does not reach maturity until early adolescence (Eyre et al., 1991; Fietzek et al., 2000; Koh
and Eyre, 1988; Miller et al., 1994). In adults, the “latency jump” (i.e. the difference between
MEP latencies evoked at rest and those evoked with background muscle activation) is thought
to reflect transsynaptic activation of cortical motoneurons via interneurons and recruitment of
faster pyramidal tract neurons at higher levels of muscle activation (Abbruzzese and
Trompetto, 2002; Rossini et al., 1994). The “latency jump” is 4 times greater in pre-school
children than in adults and it gradually decreases in magnitude until it reaches maturity in mid-
adolescence. Mechanisms responsible for the gradual decrease of this latency jump in children
are still unclear, but may include neuronal and synaptic maturation within the motor cortex,
maturation of central myelination, and developmental aspects of central motoneuronal
recruitment which are at present unknown (Caramia et al., 1993).

Cortical Maps

Cortical maps give an estimate of the somatotopic representations of muscles within the motor
cortex. By stimulating at a number of different scalp positions (using a stimulus intensity close
to MEP threshold) and measuring the amplitude of the MEP at each site, it is possible to assess
the location of the optimal position for stimulation and the center-of-gravity, which defines the
mean position of the map (Abbruzzese and Trompetto, 2002; Chen, 2000). Only one study has
examined cortical maps in a small group of typically developing children, 6 to 14 years of age,
as a comparison for children with cerebral palsy (Maegaki et al., 1999). Cortical representation
sites for the tibialis anterior, biceps brachialis, and abductor pollicis brevis muscle were
identified between 1to 4 cm, 4 to 6 cm, and 5 to 8 cm lateral to the cranial vertex, respectively;
the authors did not report the optimal stimulation site or the center of gravity. These preliminary
data provide evidence that the mature motor homunculus is established early in life.

Ipsilateral MEP

Stimulation of the motor cortex with TMS may evoke an MEP in the homologous target muscle
ipsilateral to the stimulation (iMEP). This iMEP indicates the presence of an ipsilateral
corticofugal motor projection that may be the means by which the motor cortex controls
ipsilateral movements in healthy subjects (Ziemann et al., 1999). It may also mediate the
enhanced participation of the less affected hemisphere after injury to the developing brain (see
below) (Carr et al., 1993; Staudt et al., 2002). It is possible to identify different types of TMS-
evoked ipsilateral projections by comparing the characteristics of the iMEP with those of the
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contralateral MEP. Cross-correlation analysis of electromyographic (EMG) activity or, in
distal muscles, the long latency reflex, can provide information regarding the origin of the
ipsilateral projections (Carr et al., 1993; Eyre et al., 2001; Mayston et al., 1997; Staudt et al.,
2002).

Cortical Inhibition

TMS can also provide a window into the inhibitory functions of the motor cortex. Two
paradigms have been used in children: the paired pulse paradigm and the silent period.

Paired pulse studies—Intracortical excitability and inhibition can be assessed by
delivering two stimuli in a condition-test paradigm (Kujirai et al., 1993). Here the investigator
delivers two pulses with varying time intervals between the pulses, ranging from 1 to 70 ms.
Several paradigms using different interstimulus intervals to assess intracortical inhibition have
been described in adult subjects. The short inter-stimulus intracortical inhibition (SICI)
paradigm (which has been shown to be of intracortical origin (Kujirai et al., 1993; Mall et al.,
2004; Nakamura et al., 1997; Ziemann et al., 1996) and is mediated by GABA - receptors
(Ziemann, 2004)]) is the only paradigm that has been used in children.

A recent study examined maturation of ICI in subjects ranging in age from 6 to 34 years of age
(Mall et al., 2004). The paradigm was limited to testing inhibition using a 2 ms inter-stimulus
interval (ISI) since this ISl is thought to approximate GABA-mediated intracortical inhibition
(Ziemann et al., 2001). The study demonstrated that intracortical inhibition is nearly 4 times
greater in adults compared with children less than 10 years of age. This difference remains
whether the intensity of test-stimulus is fixed according to the level of the motor threshold (as
is prescribed in the original paradigm) or is varied according to the amplitude of the MEP
evoked by test-stimulus. Previous studies have shown that decreased levels of SICI are
associated with increased practice-dependent plasticity (Ziemann et al.) which raises the
question as to whether the increased plasticity following central nervous system injury in
children (as has been postulated elsewhere (Kennard, 1936)) is in some way related to the
decreased levels of intracortical inhibition in this population.

A two-coil conditioned-test paradigm has also been used to study inter-cortical inhibition
(Ferbert et al., 1992). Here, a conditioning stimulus is delivered to the motor cortex of one
hemisphere and the test stimulus is delivered to the homologous motor cortex of the other
hemisphere. Although there is a clear pattern of inhibition and facilitation in neurologically
intact adult subjects when inter-stimulus intervals are set between 5 and 15 ms (with maximal
inhibition at 7 ms), no developmental pattern is present in typically developing children
(Mayston et al., 1999). This is surprising since both intracortical and interhemipsheric
inhibition show robust developmental trajectories (Garvey et al., 2003; Mall et al., 2004). This
may indicate a disparity in the maturation rates of the various cortical inhibitory circuits since
the ipsilateral silent period (iSP) and two coil paradigm are thought to test two different types
of interhemipsheric inhibition. However, the disparity may also reflect methodological
differences, such as a variation in the populations studied: two-coil paradigm was tested in
children who were all pre-pubertal, while SICI and iSP were tested in both children and
adolescents. In addition, more recently, concerns have been raised regarding the effect of
physical interactions between electrical fields on neuronal excitation when stimulating distant
areas of the brain using two coils (Cincotta et al., 2005). This may decrease the ability of the
two coil paradigm to accurately reflect intercortical inhibition and may be more of a concern
in children due to their smaller head size.

Silent periods—The ontogeny of the iSP is thought to reflect maturation of cortical inhibitory
neurons and myelination of the mid-body of the corpus callosum. The iSP is absent in pre-
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school children and can be first consistently evoked in 6 to 7 year old children (Heinen et al.,
1998b). At this point, latency is delayed and duration shortened compared with the mature iSP.
Over the ensuing years latency gets shorter and duration gets longer; both are close to maturity
by early adolescence (Garvey et al., 2003) (see figure 2).

Unlike the ipsilateral silent period, the contralateral silent period (CSP) is present in pre-school
children (Heinen et al., 1998b) but it is not clear whether the maturational profile is complete
at this age (Garvey et al., 2003; Moll et al., 1999). Because of the large variability in this TMS-
evoked parameter, future studies should examine its maturational trajectory with larger sample
sizes.

Age-related changes in asymmetry

The most extensively studied phenomenon of cortical asymmetry is the MEP threshold. In
young adults, a mean difference of 5% (ranging between —10 and +15%) has been consistently
found between the dominant (lower) and non-dominant MEP threshold (Triggs et al., 1997;
Triggs et al., 1994; Triggs et al., 1999). Asymmetry appears to be present in cortical maps
(larger maps on the dominant hemisphere)(Cicinelli et al., 1997); the CSP (shorter duration
when the dominant motor cortex is stimulated)(Priori et al., 1999); and interhemispheric
inhibition using the two-coil paired pulse paradigm (greater inhibition when the conditioning
stimulus is delivered to the dominant hemisphere)(Netz et al., 1995). Reports show conflicting
data as to whether there is functional asymmetry of SICI/ICF (Cicinelli et al., 2000; Civardi et
al., 2000; Ilic et al., 2004; Maeda et al., 2002).

Few TMS studies have examined cortical asymmetry in children. Side-to-side differences in
MEP threshold (lower in the dominant motor cortex) and duration of CSP (longer when evoked
by stimulating the non-dominant hemisphere) are similar to those seen in adults. However, the
side-to-side difference in MEP threshold is 5 times larger in 6 to 8 year old children than in
adults, getting gradually smaller as children get older (Garvey et al., 2003) (see figure 3). This
decrease in side-to-side asymmetry in children appears to be the start of a process which
continues throughout life: no significant asymmetry of MEP threshold is found in elderly
subjects (Matsunaga et al., 1998).

Maturation of the iSP also shows side-to-side differences. In six-year-old children, stimulation
of the dominant hemisphere evokes an iSP more consistently than stimulation of the non-
dominant hemisphere. When both are present, duration of the dominant iSP is shorter than the
non-dominant iSP, which is coherent with the asymmetry of the CSP (Garvey et al., 2003).
This supports the presence of enhanced cortical inhibitory mechanisms in the non-dominant
cortex (Priori et al., 1999). However, unlike the CSP which shows no age-related differences
in asymmetry, functional asymmetry of the iSP is present only in younger children. Therefore,
other factors, such as side-to-side differences in silent period threshold (Lo and Fook-Chong,
2005), may also be responsible for asymmetry in the various inhibitory TMS-evoked
parameters (Garvey et al., 2003).

Relationship between TMS-evoked parameters and Neuromotor Function

It is reasonable to assume that TMS-evoked parameters in some way reflect motor cortical
functions that take place during voluntary brain activity. This can be seen in the similarities
found between the maturational profiles of behavioral measures (e.g. finger tapping speed) and
the later-maturing TMS-evoked parameters of iSP latency and duration and motor threshold
(Fietzek etal., 2000; Heinen et al., 1998a; Muller and Homberg, 1992). However, itis important
to realize that the relationship between individual TMS-evoked parameters and specific
voluntary motor behaviors may not be straightforward. For this reason, before it is possible to
use these parameters as biological markers for these motor behaviors it is important to examine
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the relationships in a more systematic way. For instance, multiple regression models which
include “age” as a variable (Kleinbaum et al., 1998) indicate that finger tapping speed is related
to iSP latency, but not to motor threshold or iSP duration (Garvey et al., 2003). Likewise, in
young adults, inter-hemispheric asymmetry in MEP threshold correlates strongly with inter-
manual asymmetry of fine motor dexterity but not strength (Triggs et al., 1997) and, in patients
with multiple sclerosis, changes in CMCT appear to reflect abnormalities of phasic movements
while variations in the TMS-evoked measures of the triple stimulation technique may more
accurately reflect deficits in muscle strength (Humm et al., 2006; Vanderkamp et al., 1991).

Developmental neuromotor “anomalies” (e.g. slower and more clumsy fine motor skills and
an increased degree of associated movements) decrease with age (Denckla, 1973; Denckla,
1974; Largo et al., 2001a; Largo et al., 2001b). While maturation of certain aspects of
intracortical and interhemispheric inhibition (Garvey et al., 2003; Mall et al., 2004) may
contribute to the disappearance of these movements, developmental changes in the wider
network of areas involved in motor control may also play a role. A small number of
investigators have used functional imaging to examine these motor networks. Unfortunately,
these studies have shown no clear consensus regarding the maturational trajectory of these
networks. In one study, children who performed a simple motor task showed an increased
amount of activation outside the primary motor cortex compared to adults who performed the
same task (Halder et al., 2007; Muller et al., 1998) while in two others children showed a
relative decrease in the amount of activation (Guzzetta et al., 2007; Mall et al., 2005). The
discrepancy between the studies may result from methodological differences including the task
chosen and the age-range of the subjects. However, these studies demonstrate that cross-
modality studies will be necessary to fully understand the age-related changes in cortical
networks associated with neuromotor maturation. Activation in functional MRI provides a
window into the wider networks of motor control but it does not easily differentiate between
inhibition and excitation (Almeida and Stetter, 2002; Tagamets and Horwitz, 2001); TMS-
evoked parameters clearly distinguish between the two but their effects principally reflect
activity within the primary motor cortex.

TMS-evoked Parameters in Developmental Disorders

It appears to be reasonable to assume that motor skill deficits in children with developmental
disabilities will be associated with structural and/or functional abnormalities of motor circuits
within the central nervous system. TMS-evoked parameters are abnormal in a number of these
disorders which lends support to this assumption. In this section, we review those studies that
have examined motor cortex function in neurological disorders which have their onset in
childhood.

Cerebral Palsy

Functional recovery may be quite good in a sizable group of children who suffer perinatal
insults. Unfortunately, this is by no means universal and, at times, the outcome can be
devastating (Johnston) There are many factors which may determine this variability of
outcomes, including the type, the extent, and the timing of the process that caused the original
lesion (Staudt et al., 2004)

One of the more common disorders which arise from perinatal insults is cerebral palsy. Cerebral
palsy is a group of disorders characterized by injuries to the developing brain which affect the
motor system; other areas of the brain may also be affected (Bax et al., 2005). Although children
with cerebral palsy may manifest different functional deficits, they tend to fall into three or

four different subgroups based on the topography of the motor deficits. Within these groups it
may also be possible to identify children who share a common etiology. Studies of a group of
individuals with cerebral palsy who have comparable motor dysfunction or similar etiologies
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may be especially helpful in determining the association between the underlying pattern of
brain reorganization which occurred in response to the initial injury and functional outcome.

Enhanced plasticity of the developing brain—Certain children with hemiplegic
cerebral palsy show prominent mirror movements of the paretic hand when they voluntarily
move their less affected hand. The presence of these mirror movements suggests that the contra-
lesional hemisphere plays an important role in the motor control of the paretic hand.
Neurophysiologic tools, including TMS, have shown that there may be enhanced participation
of the contra-lesional hemisphere in motor control of the paretic hand in the absence of
prominent mirror movements (Carr et al., 1993; Eyre et al., 2001; Staudt et al., 2002). When
used in conjunction with each other, TMS, cross-correlation analysis, and distal long-latency
reflexes help to elucidate the origin of the projections by which the contra-lesional hemisphere
participates in the motor control of paretic hand muscles. Thus, TMS-evoked ipsilateral
projections which appear to originate from branched pyramidal tract neurons in the primary
motor cortex of the contra-lesional hemisphere are associated with prominent mirror
movements while those projections which appear to arise from areas other than the primary
motor cortex are not associated with mirror movements (Carr et al., 1993; Eyre et al., 2001;
Staudt et al., 2002).

Altered cortical maps—~Periventricular leukomalacia (PVL) arising from ischemia of the
central white matter (especially the motor and sensory fibers of the lower extremities (Hoon
etal., 2002; Volpe, 1998)) is not uncommon in prematurely born infants. As children with PVL
getolder, they may manifest a bilateral, spastic type of cerebral palsy (quadriplegia or diplegia).
Cortical maps of the lower extremity muscles are laterally displaced in children born
prematurely who have PVL and spastic diplegia. In contrast, maps of lower extremity muscles
are normally placed in individuals born at term who have spastic diplegia and in those with a
bilateral dyskinetic form cerebral palsy, neither of which are associated with abnormalities
resulting from ischemia of central white matter (Maegaki et al., 1999).

Transcallosal Inhibition—Children with spastic diplegia resulting from PVL may also
show severe structural deficits of the corpus callosum. One group of investigators examined
the iSP (as a measure of callosal function) in a small group of adolescents with spastic diplegia
and spastic paraparesis. The iSP was present in both typically developing adolescents and in
the adolescents with spastic paraplegia, but was absent in the subjects with spastic diplegia
(Heinen et al., 1999). The iSP is mediated via the mid-body of the corpus callosum which
carries fibers connecting the motor areas of both hemispheres (Meyer et al., 1995). It would
be interesting to determine if the iSP is present but abnormal in children with mild spastic
diplegia (providing an accurate reflection of callosal structural deficits in these children (Meyer
etal., 1999)) and if they are related to severity of their clinical neuromotor deficits.

Attention Deficit Hyperactivity Disorder

Children with attention deficit hyperactivity disorder (ADHD) have difficulty inhibiting
impulsive and off-task behaviors which contribute to the impulsive behavior and motor
anomalies that are characteristic features of this disorder (Barkley, 1997). The characteristic
feature of these anomalous behaviors in ADHD is that they are qualitatively similar, but more
prominent, than those seen in younger, typically developing children (Denckla and Rudel,
1978; Mostofsky et al., 2003). For example, the motor anomalies in ADHD, which manifest
as slowed finger tapping and overflow movements, are similar to the associated movements in
seen typically developing children but are more prominent than would be expected for a given
age and do not disappear until late adolescence. For this reason, it is postulated that cortical
systems involved in automatic inhibition are immature in children with ADHD, a hypothesis
also supported by evidence from neuroimaging studies (Rubia et al., 2000).
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Abnormal intracortical inhibition (using the standard paired pulse paradigm) appears to be
related to the severity of ADHD symptoms (Gilbert et al., 2004; Gilbert et al., 2005; Moll et
al., 2000). This finding is present in individuals who only have ADHD and in those with co-
morbid tic disorders. Interestingly, in these latter individuals, decreased intracortical inhibition
correlates with ADHD symptoms while a shortened cortical silent period appears to correlate
with tic severity and distribution (Moll et al., 2006; Moll et al., 2001; Ziemann et al., 1997).
Although these findings are not specific to either disorder they have provided preliminary
insights into their neural substrates and suggest that, although ADHD and Tourette syndrome
are frequently co-morbid, they are associated with distinct abnormalities of cortical inhibition.

One study has shown that drugs used to control ADHD symptoms “normalize” (that is,
enhance) intracortical inhibition in children with ADHD. This is in contrast to their effect in
neurologically normal adults in whom they have been shown to consistently decrease inhibition
(see (Gilbert et al., 2006) for a meta-analysis). It is possible that decreased cortical inhibition
inindividuals with ADHD is a compensatory response which is further augmented by stimulant
and norepinephrine (NE) reuptake inhibitor medications which control the ADHD symptoms.
However, further studies are warranted to examine the effect of drugs on intracortical inhibition
in persons with ADHD and to determine if cortical inhibition will be a useful surrogate for
treatment response.

Two studies have found abnormalities of the ipsilateral silent period in children with ADHD
(Buchmann et al., 2003; Garvey et al., 2005). In one study, although latency of the iSP was
closely correlated with finger speed in typically developing children, a similar correlation was
absent in age-matched children with ADHD, suggesting that abnormal interhemispheric
interactions may be related, in a complex manner, to the neuromotor anomalies present in
children with ADHD (see figure 4). Since the neural mechanisms of overflow movements are
thought to be closely related to those of response inhibition, it is unlikely that the two forms
of cortical inhibition reflect distinct aspects of the ADHD symptom complex (Mostofsky et
al., 2003). TMS may provide a window into the relationship between the neural mechanisms
responsible for response inhibition and those which give rise to overflow movements.

Other Neurological Disorders in Children

To date, only one disorder, Rett syndrome, has shown unique abnormalities of TMS-evoked
parameters. Children during the rapid destructive stage of Rett syndrome (1-3 years of age)
show abnormally short resting-CMCT. Although this finding is non-localizing, is has not been
found in any other disorder and suggests the presence of abnormal synaptic organization within
the motor cortex or abnormalities of cortical or spinal motoneurons (Eyre et al., 1990; Heinen
and Korinthenberg, 1996; Nezu et al., 1998). Since CMCT is of normal latency in children
who are in the pseudo-stationary stage of Rett Syndrome (15 years and older), it may reflect
an underlying dynamic process which burns itself out over time. The CMCT abnormalities
may not be of significant diagnostic use in most typical cases of Rett syndrome who all appear
to have mutations in the X-linked methyl CpG binding protein 2 gene (MeCP2) (Dunn,
2001; Hoffbuhr et al., 2001). However, they are likely to be of use in atypical cases or those
children who present with the Rett phenotype but do not have the gene mutation. They may
also offer valuable insights into the pathophysiologic process underlying the rapid destructive
phase of the disorder.

TMS-evoked parameters appear to be a marker of the disease burden in certain neurological
disorders and may be sensitive to changes that occur after treatment. For example, prolonged
CMCT is present in the early stages of Freidreich ataxia (Cruz Martinez and Anciones, 1992)
and disease progression is accompanied by further prolongation of CMCT is related to disease
progression (Cruz-Martinez and Palau, 1997). In Wilson’s disease and in
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adrenomyeloneuropathy, treatment-related clinical improvement correlates with improvement
of CMCT abnormalities (Hitomi et al., 2005; Hitomi et al., 2003; Meyer et al., 1991).

TMS-evoked CMCT measures may be abnormal before the onset of clinical neurological
symptoms of mucolipidosis 11, adrenoleukodystrophy, and malnutrition (Nezu et al., 1996a;
Tamer et al., 1997; Toscano et al., 1998). They do not appear to have a direct relationship with
disease burden or treatment in Pelizaeus-Merzbacher disease (Nezu, 1995; Nezu et al.,
1996b). Epilepsy research may benefit from the insights which single and paired-pulse TMS
studies can offer on seizure prediction (Wright et al., 2006), the pathophysiology of catamenial
seizures(Hattemer et al., 2006; Hattemer et al., 2007), the increased seizure threshold during
sleep deprivation (Scalise et al., 2006) and the pharmacological properties of anti-epileptic
drugs (Ziemann et al., 1998).

Future Studies

The potential of TMS as a neurophysiologic tool in children has not yet been fully explored.
Although many investigators have published small case reports or case series, few have gone
on to fully characterize the neurophysiology of childhood neurological disorders. TMS studies
may also be helpful in characterization of different phenotypes of the same genetic disorder.
In addition, TMS also has potential for assessing medication compliance and therapeutic effect
in disorders treated with neuroactive drugs (Ziemann, 2004).
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Figure 1. Age-Related Changes in the Motor Evoked Potential (MEP)

MEP threshold was obtained using a focal coil both when the target muscle (first dorsal
interosseus [FDI]) was at rest (RMT) and when there was background muscle activation
(AMT). Percentage of maximum stimulator intensity is represented on the Y axis. Age group
is represented on the X axis. Group 1 = 6 to 7 year old children (n=5); Group 2 =81t0 9 year
old children (n=8); Group 3 = 10 to 11 year old children (n=10); Group 4 = 12 to 13 year old
children (n=8); Group 5 = adults (n=9). Open boxes represent RMT, hatched boxes represent
AMT. Error bars represent 1 standard deviation from the mean. Note that thresholds get lower
with age and that, for all age groups, lower stimulation intensities are required to obtain the
AMT. From Garvey MA & Gilbert DL, Transcranial Magnetic Stimulation in Children, Eur J
Paediatr Neurol 2004; 8: 7-19.
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Figure 2. Maturation of the Ipsilateral Silent Period (iSP)

The figure shows three EMG tracings of the iSP from a 7 year old boy (upper), a 12 year old
girl (middle), and a 22 year old man (lower). Each tracing is an average of 10 single-trial
rectified sweeps. The vertical arrow represents the stimulus which occurred 100 ms after the
start of each sweep. There are three horizontal solid lines in each tracing: the middle line
represents the mean EMG amplitude (V) during the pre-stimulus period; the upper and lower
lines represent the upper and lower 95% variation limits of the mean pre-stimulus EMG
amplitude. These limits were calculated using statistical process control. The vertical dotted
lines represent the onset latency and end of the iSP. For each tracing, the shaded arrow heads
and accompanying number indicates the onset latency, the open arrow heads and
accompanying number indicates the iSP duration. Note that latency is longest and duration
shortest in the 7 year old child; latency and duration are intermediate in the 12 year old child;
and latency is shortest and duration is longest in the adult subject. From Garvey MA & Gilbert
DL, Transcranial Magnetic Stimulation in Children, Eur J Paediatr Neurol 2004; 8: 7-19.
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Figure 3. Asymmetry of Motor Evoked Potential Thresholds

The active MEP thresholds (AMT) in a group of right-handed subjects obtained using a focal
coil with background muscle activation of the first dorsal interosseus [FDI]. Percentage of
maximum stimulator intensity is represented on the Y axis. Age group is represented on the X
axis. Group 1 = 6 to 7 year old children (n=5); Group 2 = 8 to 9 year old children (n=8); Group
3 =10 to 11 year old children (n=10); Group 4 = 12 to 13 year old children (n=8); Group 5 =
adults (n=9). Filled boxes represent the AMT when the left (dominant) cortex is stimulated;
open boxes represent the AMT when the right cortex is stimulated. Error bars represent 1
standard deviation from the mean.

Note that AMT requires higher stimulation intensities when the right (non-dominant) cortex
is stimulated. Asymmetry in the AMT is greater in the youngest children (group 1) and smallest
in the adults (group 5). From Garvey MA & Gilbert DL, Transcranial Magnetic Stimulation
in Children, Eur J Paediatr Neurol 2004; 8: 7-19.
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Figure 4. Age-related changes in onset latency of the ipsilateral silent period (iSP)

This figure shows age-related changes in the onset latency of the ipsilateral silent period.
Typically developing boys (control group) are represented by the filled triangles and their
regression slope is represented by the solid line. Boys with ADHD are represented by the open
circles and their regression slope is represented by the dashed line. The regression slopes for
the two groups were significantly different from each other. Only the typically developing boys
showed a significant age-related decrease in iSP latency. From Garvey MA, et al, Clin
Neurophys, 2005;116: 1889-96.
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