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Abstract
OBJECTIVES We characterized the maturation of the excitability of the motor cortex and
corticospinal tract from childhood to adulthood using electric field (EF) navigated TMS and
correlated the results with manual dexterity.
METHODS Both hemispheres of healthy right-handed children (6–9 years, n=10), preadolescents
(10–12 years, n=13), adolescents (14–17 years, n=12) and young adults (22–34 years, n=12) of both
genders were examined. The optimal cortical representation site and resting motor threshold (rMT)
were determined for the abductor pollicis brevis muscle. Motor evoked potential (MEP) latencies
and amplitudes in relaxed and active states, input–output curves and silent period (SP) durations
were determined. Manual dexterity was assessed with the Box and Block Test.
RESULTS rMT (in terms of maximal stimulator output or EF strength) decreased with age
(p<0.001) and stabilized when reaching adolescence. The MEP amplitude (p=0.037) and latency
increased (p<0.001) with age. Input-output curves showed age-dependent changes in several
parameters. SP duration decreased with age (p < 0.001), and demonstrated hemispheric asymmetry
in the children (p=0.030). Manual dexterity correlated negatively with rMT (p<0.001).
DISCUSSION The excitation/inhibition balance develops with age and correlates with manual
dexterity. Strong corticospinal inhibition was observed in the children and this was found to
decrease with age. Interhemispheric asymmetry was only observed for SP duration in the children.
Knowledge of normal development is crucial for the understanding of developmental disabilities,
and using estimates of effective EF may be advantageous in future pediatric studies.
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INTRODUCTION
Neuromotor function plays an essential role in normal cognitive development, and is frequently
impaired in children with developmental disabilities. Fine motor skills appear in a rudimentary
fashion during the first year of life. Noticeable gains are then made through the early school years,
and there is continued improvement in quality and speed of motor skills until adolescence, or even
until the age of 30 years [17]. The status of motor function may act as a ‘biomarker’ for neighboring
systems and circuits, which are responsible for the behavioral anomalies in developmental
disabilities [13, 61].
Neuroimaging studies have demonstrated age-related increases in white matter that are thought to
reflect progressive myelination, whereas age-related decreases in grey matter are thought to reflect
both synaptic pruning and myelination [21]. The maturation of the corpus callosum continues into
young adulthood, but the growth of callosal regions containing motor fibers may be already
complete before the age of 10 years [7]. Myelination of the corticospinal tract is completed
morphologically by early childhood [79]. Neuromotor development and its pathological functional
changes can be readily examined with transcranial magnetic stimulation (TMS) [43]. The motor
threshold (MT) that reflects the developmental stage of myelination of the corticospinal tracts is
high in children and then decreases approximately linearly until mid-adolescence [16, 17, 48] or
even until early adulthood [51]. It is also known that the motor-evoked potential (MEP) amplitudes
are smaller and even polyphasic in early childhood and the motor conduction velocities are slower
in children compared with adults, mainly attributed to immature myelination [43, 48]. The central
motor conduction time gradually shortens from 2 to about 13 years and then plateaus [16, 48]. The
conduction time in peripheral components also initially decreases, but then from the age of 5 years
progressively increases in proportion to the height [16] jointly resulting in the progressive
prolongation of MEP latency. However, the height-adjusted MEP latency (suggested to parallel the
complex rearrangement of the corticospinal tract during acquisition of complex motor capabilities)
decreases, whereas the latency during muscle contraction increases with age. This difference, called
the latency jump, has been suggested as a specific TMS-derived indicator of maturation [8]. Late
muscular MEP responses involving reticulospinal tract are more prevalent in the proximal than
distal muscles, and suggested to be of diagnostic value in children for detection of unilateral
dysfunction of the central nervous system (CNS) [38, 42].
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With TMS, it is also possible to assess inhibitory functioning and its deviations during neuromotor
development. This information cannot be obtained with any other neuroimaging methodologies
[29]. Gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the CNS and
has a central role in a wide variety of physiological and biochemical processes regulation of
cognition [45], memory and learning [27], circadian rhythms [1], neural development [60], adult
neurogenesis [52], and motor function [23] including motor learning [75]. GABA has an elementary
and homeostatic, possibly also compensatory role for intrinsic motor excitability [22]. GABAB has
been suggested to have a more important role than GABAA for motor functioning [73] and its
dysfunction may be important in behavioral anomalies in developmental disabilities such as autism
spectrum disorders [15, 53, 58], complex motor stereotypies [26], in evaluating the cortical
excitability in mild traumatic brain injury [71], epilepsy [6, 56], and Tourette’s syndrome [57].
Understanding the role of GABAB in motor plasticity could have clinical relevance in terms of
therapeutic rehabilitation. There are already several ongoing clinical trials in pediatric patients [18,
24, 59].
Paired-pulse paradigms assess corticospinal inhibition reflecting GABAA and GABAB activity, and
GABAB neurotransmitter activity can be assessed by silent period (SP) measurements [31, 82]. In
children, results from early paired-pulse studies have suggested that there is less net intracortical
inhibition through GABAA receptor activity [37, 83]. However, this was questioned in a recent
study, which individually took into account the contaminating effect of concurrent facilitation that
instead was enhanced in young children [69]. The maturational trajectories of TMS-evoked
inhibitory parameters reflecting especially GABAB activity have been poorly defined (SP) or
lacking (LICI). Previous studies on maturation using SP measurements have shown somewhat
contradictory results, with either no age-related changes [20, 28], or an increase in duration with age
[41]. Furthermore, transcallosal excitability/inhibition can be evaluated by other useful TMS
parameters such as ipsilateral SP and paired-pulse interhemispheric inhibition (IHI) that have been
recently characterized during development [10] and may be related with motor performance [20].
These may have clinical relevance in rehabilitation applications for disabled children such as of
perinatal stroke hemiparesis or cerebral palsy [9, 35].
There is some evidence of hemispheric asymmetry in TMS measures in healthy children mirroring
the asynchronous cortical development. Higher MTs in the right (non-dominant) hemisphere
compared to the left hemisphere have been found, and this asymmetry gradually levels off with age
[20]. There is also indication of hemispheric asymmetry in SP (longer SP durations in the right
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hemisphere) [20] as well as asymmetry in long- interval cortical inhibition (LICI) in young adults
[81]. The asymmetry in the excitability of the motor cortex has also been shown to relate to manual
dexterity [81], and could theoretically mirror the development of hemispheric dominance and
leftward lateralization, which is so far quite unresolved for its neural basis and timing [80].
Abnormal development of hemispheric asymmetry is observed in mental illnesses that exhibit
language symptoms, such as schizophrenia and autism [80]. A clear hand preference, related to
hemispheric lateralization is observed by 6 years of age [67]. In the current study, we correlated the
neurophysiological TMS data with the functional assessment of the gross motor dexterity using the
Box and Block Test.
There are a few studies on healthy adult aging and corticospinal excitability [11, 78], but
publications on healthy children are scarce. Furthermore, the pivotal developmental TMS studies
were performed with a round coil and measures of cortical excitability were assessed as the
percentage of maximum stimulator output (MSO). None of the previous studies used
neuronavigation [30, 66], and the availability of this more accurate methodology therefore warrants
revisiting these topics. Brain-scalp distances are lower in children compared to adults [4], and the
physiological distance affects the MT when quantified as the percentage of MSO [33]. The electric
field (EF) provides a measure of the actual strength of stimulation induced on the cortex, and takes
into account the geometry of the individual head including the conductivity (e.g. air-tissue, skullintracranial) and the differences in distance and thickness [25]. Therefore, using EF strength instead
of MSO when comparing subject groups with notable differences in scalp-to-cortex distance, as is
the case in developmental studies, might open up more accurate estimation of cortical excitability
and lead to more predictable dosing of for example therapeutic repetitive TMS.
In this study, we used EF navigated TMS (nTMS) to assess corticospinal excitability and the longinterval intracortical inhibition measured with SP and hemispheric asymmetry during different
phases of maturation in healthy right-handed children, preadolescents, adolescents and adults, aged
from 7 to 33 years. The EF estimations were assessed in addition to percentage of MSO. The use of
EF navigation results in more stable MEPs with significantly higher amplitudes and shorter
latencies [34]. We accurately targeted the stimulations to the anatomical hand knob area in the
precentral gyrus, functionally verified as the site producing repeatable MEPs of the highest
amplitude. TMS results were correlated with gross motor function to identify neurophysiological
markers of motor development.
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METHODS
Participants
The study participants were 47 healthy subjects (Table 1), equally distributed in terms of gender in
each categorical group: children 6–9 years (n=10), preadolescents 10–12 years (n=13), adolescents
14–17 years (n=12) and adults 22–34 years (n=12). All subjects were right-handed, except for one
ambidextrous (predominantly right-handed) boy in the youngest group. Handedness was determined
by the Waterloo Handedness Questionnaire (in revised and reduced form with 20 items) [76].
Children and adolescents were recruited from the nearby schools or via an ongoing study at the
Institute of Biomedicine, University of Eastern Finland [84]. The adult subjects were recruited from
the faculty personnel. Exclusion criteria were contraindications to magnetic resonance imaging
(MRI) or TMS [65]. After informing about the nature of the study, written informed consent was
received from subjects, as well as from the guardian, in the case of participants younger than 15
years of age. The birth data was accessible in 25 out of 35 subjects, and out of these, two children
born late preterm (weeks 35 and 36). The study was approved by the Research Ethics Committee of
the Hospital District of Northern Savo (48/2010). The experiments were carried out in accordance
with the latest version of the Helsinki declaration.
Manual dexterity
Manual dexterity was assessed with the Box and Block Test evaluating motor speed and skill [39].
The test score was the number of small wooden cubes moved one at a time from one side of a box
to the other side over a wall for one minute, when performed separately for both hands. This test is
an easy, feasible, valid, and reliable measurement for gross manual dexterity in young children [32].
Neuronavigated transcranial magnetic stimulation
Subjects were scanned with a 3T scanner (Philips Achieva TX, Philips Healthcare, Eindhoven, The
Netherlands). Structural three-dimensional T1-weighted MR-images were acquired (TR 8.07 ms,
TE 3.7 ms, flip angle 8°, 1x1x1 mm3 resolution) for navigation. A neuroradiologist screened the
MRI before nTMS examination.
The hemispheres were examined in a randomized order. NTMS was performed with an eXimia
stimulator (version 3.2.2, Nexstim Plc., Helsinki, Finland) and a figure-of-eight coil with a biphasic
wave-form combined with a navigation system to enable continuous visualization of the stimulation
coil in relation to the individual cortical anatomical structures and ensuring optimal tilting, i.e.
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placing the coil tangentially to the head. Throughout the measurement, muscle activity was
monitored on-line and by stimulus-locked electromyography (EMG) to record TMS-induced MEPs
using disposable Ag-AgCl surface electrodes on the abductor pollicis brevis (APB) muscle. The
optimal cortical representation site and coil orientation to produce repeatable MEPs of the highest
amplitude from a resting APB muscle were determined [78]. Following measurements were
targeted at that site:
1) The resting motor threshold (rMT) was assessed using a threshold hunting paradigm using Motor
Threshold Assessment Tool 2.0 [2, 3] with an amplitude limit of ≥50 µV.
2) Eleven MEPs were collected at stimulus intensity of 120% of rMT in two conditions: at rest and
during slight muscle contraction (about 200 µV in amplitude), using an interstimulus interval of 4–6
s.
3) An input–output curve was constructed using stimulation intensities between 90% and 150% of
rMT in steps of 10 in a randomized order (10 pulses per intensity, resulting in 70 stimuli).
4) For SP measurements, seven EMG samples were collected using a stimulus intensity of 120% of
rMT with moderate muscle contraction. The subjects were provided with the online EMG, and
asked to used muscle contraction about half of the maximum force (about 500 µV in amplitude).
The task was to squeeze the balls simultaneously with both hands [77, 78]. SP measurement was
not performed in adults.
In addition to the percentage value of the MSO, the corresponding effective induced electric field
was assessed on the exterior of the cortex using the navigation software [12]. The calculation of the
intracranial electric field is based on a spherical individual head model (over 40,000 spheres that are
adjusted locally to the shape and size of the individual head) relative to the physical parameters of
the TMS coil in 3D space [66]. The method is explained in more detail in [68].
Analysis
Scalp-to-cortex distance was measured as a peeling depth from the scalp to the surface of gray
matter at the optimal representation site of the APB muscle using the navigation software [44].
MEP latencies and peak-to-peak amplitudes were determined from each trial (excluding the first
one, since its amplitude may be significantly higher than that of the following ones [36], and the
mean values for each subject were calculated. Latencies were determined in both relaxed and active
conditions, and the latency jump was calculated as a difference of the mean values. SP duration was
assessed as absolute durations [77]; the mean for each subject was calculated after excluding trials
with the shortest and longest duration. The input–output curves as a function of the EF were
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analyzed by fitting the Boltzmann sigmoidal function to determine maximal value (EMRmax), the
slope of the curve and the mid-point of the curve (S50) [14]. This parameter was optimized to fit the
MEP data using a multidimensional nonlinear least-mean-square algorithm in Matlab (Mathworks
Inc, Natick, MA, USA).
Statistical analysis
Statistical analyses were performed with SPSS version 22 (IBM Corporation, Somers, NY, USA).
A linear mixed model was used to test the Box and Block Test result, MT (as percentage of the
stimulator output and EF strength), MEP (latency and amplitude), SP duration, and input-output
curve (slope). Main effects were tested with group and hemisphere as fixed factors, and the subject
as a random factor. Post-hoc comparisons for significant between-group differences were performed
with Sidak adjustment for multiple comparisons. When significant interaction was observed
between group and hemisphere, a within-group pairwise comparison was performed. For inputoutput curves, post-hoc comparisons were examined between consecutive age groups. For
correlation analysis, we used the nonparametric Spearman’s rho, since not all parameters were
normally distributed (Kolmogorov-Smirnov and Levene’s test). In the correlation analysis, we used
the individual combined (mean) value of left and right hemisphere for each parameter. Similarly,
the mean score for left and right hand in the Box and Block Test was used. Partial correlation was
used to test the effect of age and height on the MEP latency, and the effect of age on the
dependence between excitability measures and manual dexterity. A P-value of <0.05 was
considered to be statistically significant.

RESULTS
The groups differed in manual dexterity, scalp-to-cortex distance, and height (Table 1). Manual
dexterity improved with age (F = 28.95, p < 0.001, post-hoc analysis revealed that all groups
differed from each other except for adolescents and adults, Table 1). The dexterity of the right hand
was better than the left hand (F = 5.11, p = 0.029), and pairwise comparison revealed this to be
significant in adolescents (F = 4.413, p = 0.042). No mirror movements were observed in any
subject during the test. In one subject in the youngest group, the rMT of the APB exceeded the
maximum stimulator output, and no further measurements were performed.
Resting motor threshold
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rMT decreased across the groups as a function of increasing age expressed as %-MSO (F = 18.20, p
< 0.001, post hoc analysis revealed that all groups differed from each other except adolescents and
adults, Table 2, Figure 1). rMT decreased also as EF value (F = 13.33, p < 0.001, post hoc
displaying the difference between children and adolescents, children and adults, and preadolescents
and adults (Table 2).
Motor evoked potential
MEP amplitude increased as a function of age (F = 3.11, p = 0.037, post hoc the difference was
found significant between children and adults, Table 2). Moreover, both the relaxed and active
MEP latency increased with age (relaxed F = 12.28, p < 0.001, active F = 16.69, p < 0.001, post hoc
significant differences were between children and adolescents, children and adults, preadolescents
and adolescents, and preadolescents and adults, Table 2). Correlation was stronger between latency
and height (rho = 0.842, p < 0.001) than latency and age (rho = 0.509, p = 0.001). When corrected
for age, the correlation between height and latency remained (r = 0.799, p < 0.001), but age and
latency no longer correlated after correcting for height. There was no effect of age, hemisphere, or
interaction between age and hemisphere on the latency jump.
Input–output curves
Since the maximal stimulation intensity used for IO-curve was 150% MT, only subjects whose rMT
was <67% of the MSO were included in the IO-curve measurements. This resulted in data for 42
subjects (9 children, 13 preadolescents, 8 adolescents, 12 adults). The curve did not reach plateau
for preadolescents. Age had a significant effect on the slope (F = 3.76, p = 0.019, Figure 2). In the
post hoc comparison, the difference was significant between preadolescents and adults (p = 0.026).
We found that there was an overall effect in the EMRmax-value, which refers to the plateau value
(F=3.01, p=0.044), which in the post-hoc comparison of the consecutive age-groups was limited
between children and preadolescents (p=0.022), i.e. children demonstrating 1840µV smaller
EMRmax-value compared to preadolescents. In the S50 parameter, we observed strong agedependent effect (F=20.40, p<0.001). In the post-hoc comparison of the consecutive age-groups, the
finding was limited between children and preadolescents (p<0.001), i.e., children demonstrating on
average 42V/m higher S50 values than preadolescents. The fitted Boltzmann sigmoidal functions
provided a good fit to all applied data, indicated by excellent fit within each age-group (biascorrected 95% CIs for R2 between measured data and fitted function in adults: 0.94–0.97,
adolescents: 0.95–0.97, preadolescents: 0.91–0.96 and children: 0.88–0.94).
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Silent period
SP duration decreased with increasing age (F = 8.56, p < 0.001, Table 2, the group difference being
significant between children and adolescents). Representative examples of raw data from each age
group are shown in Figure 3. There was an interaction between hemisphere and group (F = 4.73, p
= 0.017), and pairwise comparison indicated a significant interhemispheric difference in the
children (F = 5.23, p = 0.030).
Correlations between manual dexterity, age, rMT and SP
Box and Block Test score correlated negatively with rMT as percentage of MSO (rho = -0.638, p <
0.001) and SP duration (rho = -0.484, p = 0.006). Since rMT and SP duration also correlated with
age, we performed partial correlation analysis controlled for age, and the statistical significance was
no longer reached: rMT (r = -0.301, p = 0.106) and SP (r = 0.158, p = 0.406).

DISCUSSION
This study investigated the neurophysiological development of the corticospinal motor tract from
childhood to adulthood. Age-dependency was observed for rMT, SP duration, and MEP
characteristics including input-output curves. The excitability profile of the motor cortex in the
children (6 to 9 years of age) deviated from other groups, whereas that of adolescents highly
resembled that of adults, although progress further continued both in the input-output curves and in
manual dexterity. By using the EF estimation in MT measures, similar result was found reflecting
actual differences in excitability between the age groups. An age-dependent increase was found in
both relaxed and active MEP latencies, and this was due to height of the subjects. According to our
results, the variability in the MEP latencies was not more marked in children than in adults [43].
Similarly, the decrease in latency jump with age was attributable to the height of the subjects.
Hemispheric asymmetry was only observed in SP duration in children.
MT reflects the developmental stage of myelination of the corticospinal tracts as well as the
membrane characteristics and synaptic efficacy of the cortical and spinal motoneurons [20]. In
accordance with previous studies, the rMT was highest in the children and then decreased as a
function of age, reaching a plateau in adolescence [16, 20]. Previously, it has been reported that it
may be difficult to elicit MEPs in relaxed muscles in children using a focal coil and rMT has not
always been determinable [40]. In our study, the rMT exceeded the MSO only in the youngest child
examined (age 6 years 10 months). There is also recent evidence that gestational age at birth and
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birth weight significantly influences rMT [50]. In our study population, the MTs of the subjects
born preterm were not significantly different from others, though the number of subjects does not
allow for assessing effects of preterm age on excitability.
We also assessed the rMTs in terms of the EF strength on the surface of the cortex and achieved an
approximation of an actual measure of cortical excitability. The required induced EF was
considerably higher than that of healthy adults [12]. Our results were in line also with those
achieved motor mappings in children with neurological disorders [46, 47]. The use of the effective
induced EF may present a methodological departure that may be preferable for developmental
studies, since it diminishes the anatomical differences due to the development (the scalp-to-cortex
distance increase with age, mainly attributable to increases in the cerebrospinal fluid and inner table
distance) [4, 25] and may thus to give a more realistic picture of the excitability of the cortex and
corticospinal tract.
The use of input-output curves in children is encouraged as they provide the most accurate measure
of cortical and corticospinal excitability [50] and could possibly improve the diagnostic value of
TMS in children with motor disturbances [43]. We observed a shift towards greater excitability with
increasing age and an overall effect of age on the slope, EMRmax and S50. The maximum amplitude
(EMRmax) was much lower in children than those of older age groups, meaning that not even high
stimulus intensities could elicit high MEP amplitudes. The development of a steeper slope with
increasing age may be indicative of an enhanced synaptic connectivity, favoring rapid recruitment
of corticospinal output during recruitment of the motor cortex in volitional movement, suggesting a
more sensitive (higher gain) regulation of cortical output and wider modification range of synaptic
plasticity [62-64]. The pattern of recruitment of motoneurons may be different between the age
groups, and this might result from changes in the synaptic spinal motoneuron density [49].
Alternatively, the number of motoneurons being activated may be the same, but it might occur in
less synchronous manner in the younger subjects, presumably as the result of more temporally
dispersed I-waves [49], which would lead to phase cancellation of the action potentials of individual
motor units and hence a smaller peak-to-peak MEP amplitude [50]. The curve of preadolescents did
not reach plateau, i.e. MEP maximum, suggesting that there remains capacity for further neuronal
excitation. S50 also differed significantly between children and preadolescents, which demonstrates
an overall development of excitability.

11

Our observation of increased SP duration suggests stronger GABAB-ergic inhibition in children.
This finding is supported by the evidence acquired from studies combining TMS with
electroencephalography (TMS-EEG), where increased inhibitory N100 responses reflecting
GABAB-ergic inhibition [54], have been found in children [5, 44]. In this study, we did not perform
SP in adults, but in our previous study using an identical setup [78], mean values of 91.6 (24.3) ms
are reported for adults aged 20–29 years, which suggests a further decrease from adolescence to
adulthood. Prior studies have found no effect of age on SP duration [20, 28], or by contrast, an
increase in duration with age [41]. However, Garvey and coworkers reported the longest SP
durations in the subjects less than ten years of age [20].
An interesting question is how our finding of increased inhibition in children relates to the
phenomenon of surround inhibition [74], which has not been studied during the development.
Theoretically, more efficient surrounding inhibition of the motor system in children would allow
better discrimination of the hand muscles. The following reduction of the inhibition with age,
observed as shortening duration of SPs, would then be paralleled with improvement in manual
dexterity. Surround inhibition has also been used to detect the neurophysiological hemispheric
asymmetry related to handedness, and possibly greater dexterity [72]. Studying the surround
inhibition specifically in children is a potential direction for future studies. The complex interaction
of different inhibitory systems as well as their relation to excitability [22], motor practice and
handedness in the developmental context however needs further clarification.
We found that the dexterity of the right hand was better than that of the left hand in adolescents, and
the variation in the scores of manual dexterity test in this age group was also higher. There is
previous finding that the most dynamic developmental period for skillful movement is around 12
years of age and lasts well into the third decade of life [17]. Gender differences in asymmetry of
motor functions in adolescence possibly related to testosterone levels have been reported [29]. The
nature of the motor tasks performed may also influence the result [17, 29]. The interaction between
handedness, motor skills and maturation of the corticospinal tract is complex [29] and warrants
further elucidation.
No differences were found between the hemispheres in rMT, which is in line with previous data on
adults [11, 78]. However, in 7 out of 9 children in the youngest group the rMT was lower in the left,
dominant hemisphere, which is in accordance with a large-scale cross-sectional study on
preadolescents [50]. Also, another previous study on neuromotor development displayed similar
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asymmetry and the interhemispheric difference decreased with age [20]. The rMTs were highly
variable between subjects and exhibited large interhemispheric differences (from -13 to 19),
especially in the youngest group. The interindividual variation in rMTs leveled off at adolescence.
Our input-output curve results did not confirm the previous observation of the dominant hemisphere
maturating faster in adolescence [19]. Previous developmental TMS study reported asymmetric SP
durations in all age groups [19] whereas we only observed it in the youngest group. The results
regarding the SP asymmetry on adults have been contradictory [55, 78].
Manual dexterity correlated negatively with the rMT and SP duration. When controlled for age, the
significance disappeared, indicating mainly an age–dependent correlation between manual dexterity
and TMS measures. Lower rMT might reflect well-organized cortical output. Earlier, better manual
dexterity has been shown to associate with lower motor threshold [50, 70], but not for the
contralateral SP duration [20].
Strengths and limitations
To date, this is the first developmental study on the motor cortex using nTMS. As usual for TMS
studies, the inter-individual variability was large in all measures. SP measurements are simple to
perform, but the large inter-individual variance has hampered its clinical use. The inter-individual
variation in SPs was significantly smaller than previously reported in developmental [20, 41], or
clinical pediatric studies [71], which may partly be due to use of controlled and standardized
measurement as well as neuronavigation [34, 78]. Neuronavigation may have also contributed to
that we were able to construct the input-output curves in most subjects and the measurements were
performed in relaxed muscles. A strength in our study is that the groups were equally large and even
the younger age groups had more than 10 subjects. However, more detailed elucidation of the
development of lateralization would require a larger sample of subjects. Despite a clear limitation of
the lack of SP measurements in adults, our previously collected data should be equivalent to suit
well for this purpose. The TMS variables used in this study reflect the excitability of both cortical
and spinal excitability changes from both upper and lower motoneurons, and does not differentiate
the respective influence of these. On the other hand, TMS may be useful to differentiate the relative
contribution of the corticospinal tract in comparison to extrapyramidal pathways in the generation
of motor disorders [43]. The diagnostic value of TMS in children with neurological deficits with
central motor disturbances as well as problems and pitfalls of the method have been reported earlier
[43].
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To conclude, this study has demonstrated the neurophysiological maturation and simultaneous
development in motor function in neurologically healthy subjects aged 7 years upward. Even
though neurophysiologic measures of adolescents highly resemble those of adults, they further
continue until adulthood. We assessed the variability of MEP amplitudes and latencies in children
and adolescents of different ages using nTMS. The results may be beneficial as an adjunct to
neuroimaging in the assessment of children with unilateral motor disturbances. Obtaining inputoutput curves was feasible in children and showed age-dependent changes. The age-dependent
development was found in the input-output curves and decreasing SP durations with age.
Hemispheric asymmetry was only observed for SP duration in children, showing stronger inhibition
in the non-dominant hemisphere. Cortical excitability assessed in terms of effective EF strength on
the cortex was similar to that expressed as percentage of stimulator output, and provide a method of
estimation for planning future clinical trials and for therapeutic applications. Our results support the
strong potential of TMS in experimental and diagnostic applications.

ACKNOWLEDGEMENTS
For financing, the Arvo and Lea Ylppö Foundation, Cancer Society of Finland and the Research
Committee of the KUH Catchment Area for the State Research Funding (grant number 5041730)
are acknowledged. The authors wish to thank all subjects for participating in the study. We thank
Niina Lintu, MSc, and Aino-Maija Eloranta, PhD, at the University of Eastern Finland for help in
planning the study and with recruiting the volunteers. Selja Vaalto, MD, PhD is acknowledged for
commenting on the manuscript. We thank Meri Julkunen and Sirpa Heikkinen-Knuuttila for their
help in the analysis.

CONFLICT OF INTEREST
Petro Julkunen has received an unrelated consultancy fee from Nexstim Plc., manufacturer of
nTMS devices. Other authors report no conflict of interest to be disclosed.

References
1.

Albers HE, Walton JC, Gamble KL, McNeill JKt, Hummer DL. The dynamics of GABA
signaling: Revelations from the circadian pacemaker in the suprachiasmatic nucleus. Front
Neuroendocrinol 2017;44:35-82.
14

2.

Awiszus F. TMS and threshold hunting. Clin Neurophysiol Suppl 2003;56:13-23.

3.

Awiszus F, Borckardt J. http://clinicalresearcher.org/software.htm 2012 [accessed on
16.10.17].

4.

Beauchamp MS, Beurlot MR, Fava E, Nath AR, Parikh NA, Saad ZS, et al. The
developmental trajectory of brain-scalp distance from birth through childhood: implications
for functional neuroimaging. PloS One 2011;6:e24981.

5.

Bender S, Basseler K, Sebastian I, Resch F, Kammer T, Oelkers-Ax R, et al.
Electroencephalographic response to transcranial magnetic stimulation in children: Evidence
for giant inhibitory potentials. Ann Neurol 2005;58:58-67.

6.

Bolton MM, Heaney CF, Murtishaw AS, Sabbagh JJ, Magcalas CM, Kinney JW. Postnatal
alterations in GABAB receptor tone produce sensorimotor gating deficits and protein level
differences in adulthood. Int J Dev Neurosci 2015;41:17-27.

7.

Cancelliere A, Mangano FT, Air EL, Jones BV, Altaye M, Rajagopal A, et al. DTI values in
key white matter tracts from infancy through adolescence. AJNR Am J Neuroradiol
2013;34:1443-9.

8.

Caramia MD, Desiato MT, Cicinelli P, Iani C, Rossini PM. Latency jump of "relaxed"
versus "contracted" motor evoked potentials as a marker of cortico-spinal maturation.
Electroencephalogr Clin Neurophysiol 1993;89:61-6.

9.

Ciechanski P, Kirton A. Transcranial Direct-Current Stimulation Can Enhance Motor
Learning in Children. Cereb Cortex 2017;27:2758-67.

10.

Ciechanski P, Zewdie E, Kirton A. Developmental profile of motor cortex transcallosal
inhibition in children and adolescents. J Neurophysiol 2017;118:140-8.

11.

Cueva AS, Galhardoni R, Cury RG, Parravano DC, Correa G, Araujo H, et al. Normative
data of cortical excitability measurements obtained by transcranial magnetic stimulation in
healthy subjects. Neurophysiol Clin 2016;46:43-51.

12.

Danner N, Könönen M, Säisänen L, Laitinen R, Mervaala E, Julkunen P. Effect of
individual anatomy on resting motor threshold-computed electric field as a measure of
cortical excitability. J Neurosci Meth 2012;203:298-304.

13.

Denckla MB. Why assess motor functions "early and often?". Ment Retard Dev Disabil Res
2005;11:3.

14.

Devanne H, Lavoie BA, Capaday C. Input-output properties and gain changes in the human
corticospinal pathway. Exp Brain Res 1997;114:329-38.

15

15.

Enticott PG, Kennedy HA, Rinehart NJ, Tonge BJ, Bradshaw JL, Fitzgerald PB.
GABAergic activity in autism spectrum disorders: an investigation of cortical inhibition via
transcranial magnetic stimulation. Neuropharmacology 2013;68:202-9.

16.

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

17.

Fietzek UM, Heinen F, Berweck S, Maute S, Hufschmidt A, Schulte-Monting J, et al.
Development of the corticospinal system and hand motor function: central conduction times
and motor performance tests. Dev Med Child Neurol 2000;42:220-7.

18.

Frye RE, Rotenberg A, Ousley M, Pascual-Leone A. Transcranial magnetic stimulation in
child neurology: current and future directions. J Child Neurol 2008;23:79-96.

19.

Garvey MA. TMS: neurodevelopment and perinatal insults. In: Wassermann EM, Epstein
CM, Ziemann U, Walsh W, Paus T, Lisanby SH, editors. The Oxford Handbook of
Transcranial Stimulation. Oxford: Oxford University Press; 2008, p. 337-55

20.

Garvey MA, Ziemann U, Bartko JJ, Denckla MB, Barker CA, Wassermann EM. Cortical
correlates

of

neuromotor

development

in

healthy

children.

Clin

Neurophysiol

2003;114:1662-70.
21.

Giedd JN, Lalonde FM, Celano MJ, White SL, Wallace GL, Lee NR, et al. Anatomical brain
magnetic resonance imaging of typically developing children and adolescents. J Am Acad
Child Adolesc Psychiatry 2009;48:465-70.

22.

Greenhouse I, King M, Noah S, Maddock RJ, Ivry RB. Individual Differences in Resting
Corticospinal Excitability Are Correlated with Reaction Time and GABA Content in Motor
Cortex. J Neurosci 2017;37:2686-96.

23.

Hall SD, Stanford IM, Yamawaki N, McAllister CJ, Ronnqvist KC, Woodhall GL, et al. The
role of GABAergic modulation in motor function related neuronal network activity.
NeuroImage 2011;56:1506-10.

24.

Hameed MQ, Dhamne SC, Gersner R, Kaye HL, Oberman LM, Pascual-Leone A, et al.
Transcranial Magnetic and Direct Current Stimulation in Children. Curr Neurol Neurosci
Rep 2017;17:11.

25.

Hannula H, Ilmoniemi RJ. Basic Principles of Navigated TMS. In: Krieg SM, editors.
Navigated Transcranial Magnetic Stimulation in Neurosurgery. München: Springer; 2017, p.
3-29.

26.

Harris AD, Singer HS, Horska A, Kline T, Ryan M, Edden RA, et al. GABA and Glutamate
in Children with Primary Complex Motor Stereotypies: An 1H-MRS Study at 7T. AJNR
Am J Neuroradiol 2016;37:552-7.
16

27.

Heaney CF, Kinney JW. Role of GABA(B) receptors in learning and memory and
neurological disorders. Neurosci Biobehav Rev 2016;63:1-28.

28.

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.

29.

Herve PY, Leonard G, Perron M, Pike B, Pitiot A, Richer L, et al. Handedness, motor skills
and maturation of the corticospinal tract in the adolescent brain. Hum Brain Mapp
2009;30:3151-62.

30.

Ilmoniemi RJ, Ruohonen J, Virtanen J. Relationships between magnetic stimulation and
MEG/EEG. In: Nilsson J, Panizza M, Grandori F, editors. Advances in Occupational
Medicine and Rehabilitation. 2 ed. Pavia: Fondazione Salvatore Maugeri Edizioni; 1996:65.

31.

Inghilleri M, Berardelli A, Cruccu G, Manfredi M. Silent period evoked by transcranial
stimulation of the human cortex and cervicomedullary junction. J Physiol 1993;466:521-34.

32.

Jongbloed-Pereboom M, Nijhuis-van der Sanden MW, Steenbergen B. Norm scores of the
box and block test for children ages 3-10 years. Am J Occup Ther 2013;67:312-8.

33.

Julkunen P, Säisänen L, Danner N, Awiszus F, Könönen M. Within-subject effect of coil-tocortex distance on cortical electric field threshold and motor evoked potentials in
transcranial magnetic stimulation. J Neurosci Meth 2012;206:158-64.

34.

Julkunen P, Säisänen L, Danner N, Niskanen E, Hukkanen T, Mervaala E, et al. Comparison
of navigated and non-navigated transcranial magnetic stimulation for motor cortex mapping,
motor threshold and motor evoked potentials. NeuroImage 2009;44:790-5.

35.

Kirton A, Andersen J, Herrero M, Nettel-Aguirre A, Carsolio L, Damji O, et al. Brain
stimulation and constraint for perinatal stroke hemiparesis: The PLASTIC CHAMPS Trial.
Neurology 2016;86:1659-67.

36.

Löfberg O, Julkunen P, Tiihonen P, Pääkkönen A, Karhu J. Repetition suppression in the
cortical motor and auditory systems resemble each other - a combined TMS and evoked
potential study. Neuroscience 2013;243:40-5.

37.

Mall V, Berweck S, Fietzek UM, Glocker FX, Oberhuber U, Walther M, et al. Low level of
intracortical inhibition in children shown by transcranial magnetic stimulation.
Neuropediatrics 2004;35:120-5.

38.

Masur H, Althoff S, Kurlemann G, Strater R, Oberwittler C. Inhibitory period and late
muscular responses after transcranial magnetic stimulation in healthy children. Brain Dev
1995;17:149-52.

17

39.

Mathiowetz V, Federman S, Wiemer D. Box and Block Test of manual dexterity: Norms for
6–19 year olds. Can J Occup Ther 1985;52:241-5.

40.

Moll GH, Heinrich H, Trott G, 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.

41.

Moll GH, Heinrich H, Wischer S, Tergau F, Paulus W, Rothenberger A. Motor system
excitability in healthy children: developmental aspects from transcranial magnetic
stimulation. Electroencephalogr Clin Neurophysiol Suppl 1999;51:243-9.

42.

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.

43.

Müller K, Hömberg V, Aulich A, Lenard HG. Magnetoelectrical stimulation of motor cortex
in children with motor disturbances. Electroencephalogr Clin Neurophysiol 1992;85:86-94.

44.

Määttä S, Könönen M, Kallioniemi E, Lakka T, Lintu N, Lindi V, et al. Development of
cortical motor circuits between childhood and adulthood: A navigated TMS-HdEEG study.
Hum Brain Mapp 2017;38:2599-615.

45.

Möhler H. Role of GABAA receptors in cognition. Biochem Soc Trans 2009;37:1328-33.

46.

Narayana S, Papanicolaou AC, McGregor A, Boop FA, Wheless JW. Clinical Applications
of Transcranial Magnetic Stimulation in Pediatric Neurology. J Child Neurol 2015;52:94103.

47.

Narayana S, Rezaie R, McAfee SS, Choudhri AF, Babajani-Feremi A, Fulton S, et al.
Assessing motor function in young children with transcranial magnetic stimulation. Pediatr
Neurol 2015;52:94-103.

48.

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.

49.

Pitcher JB, Ogston KM, Miles TS. Age and sex differences in human motor cortex inputoutput characteristics. J Physiol 2003;546:605-13.

50.

Pitcher JB, Schneider LA, Burns NR, Drysdale JL, Higgins RD, Ridding MC, et al. Reduced
corticomotor excitability and motor skills development in children born preterm. J Physiol
2012;590:5827-44.

51.

Pitcher JB, Doeltgen SH, Goldsworthy MR, Schneider LA, Vallence AM, Smith AE, et al.
A comparison of two methods for estimating 50% of the maximal motor evoked potential.
Clin Neurophysiol 2015;126:2337-41.

18

52.

Pontes A, Zhang Y, Hu W. Novel functions of GABA signaling in adult neurogenesis. Front
Biol (Beijing) 2013;8:5.

53.

Port RG, Gaetz W, Bloy L, Wang DJ, Blaskey L, Kuschner ES, et al. Exploring the
relationship between cortical GABA concentrations, auditory gamma-band responses and
development in ASD: Evidence for an altered maturational trajectory in ASD. Autism Res
2017;10:593-607.

54.

Premoli I, Castellanos N, Rivolta D, Belardinelli P, Bajo R, Zipser C, et al. TMS-EEG
signatures of GABAergic neurotransmission in the human cortex. J Neurosci 2014;34:560312.

55.

Priori A, Oliviero A, Donati E, Callea L, Bertolasi L, Rothwell JC. Human handedness and
asymmetry of the motor cortical silent period. Exp Brain Res 1999;128:390-6.

56.

Prosser HM, Gill CH, Hirst WD, Grau E, Robbins M, Calver A, et al. Epileptogenesis and
enhanced prepulse inhibition in GABA(B1)-deficient mice. Mol Cell Neurosci
2001;17:1059-70.

57.

Puts NA, Harris AD, Crocetti D, Nettles C, Singer HS, Tommerdahl M, et al. Reduced
GABAergic inhibition and abnormal sensory symptoms in children with Tourette syndrome.
J Neurophysiol 2015;114:808-17.

58.

Puts NAJ, Wodka EL, Harris AD, Crocetti D, Tommerdahl M, Mostofsky SH, et al.
Reduced GABA and altered somatosensory function in children with autism spectrum
disorder. Autism Res 2017;10:608-19.

59.

Rajapakse T, Kirton A. Non-Invasive Brain Stimulation in Children: Applications and
Future Directions. Transl Neurosci 2013;4:2.

60.

Represa A, Ben-Ari Y. Trophic actions of GABA on neuronal development. Trends
Neurosci 2005;28:278-83.

61.

Rinehart N, McGinley J. Is motor dysfunction core to autism spectrum disorder? Dev Med
Child Neurol 2010;52:697.

62.

Rosenkranz K, Kacar A, Rothwell JC. Differential modulation of motor cortical plasticity
and excitability in early and late phases of human motor learning. J Neurosci
2007;27:12058-66.

63.

Rosenkranz K, Williamon A, Rothwell JC. Motorcortical excitability and synaptic plasticity
is enhanced in professional musicians. J Neurosci 2007;27:5200-6.

64.

Rosenkranz K, Seibel J, Kacar A, Rothwell J. Sensorimotor deprivation induces
interdependent changes in excitability and plasticity of the human hand motor cortex. J
Neurosci 2014;34:7375-82.
19

65.

Rossi S, Hallett M, Rossini PM, Pascual-Leone A, Safety of TMSCG. Safety, ethical
considerations, and application guidelines for the use of transcranial magnetic stimulation in
clinical practice and research. Clin Neurophysiol 2009;120:2008-39.

66.

Ruohonen J. Background physics for magnetic stimulation. Clin Neurophysiol Suppl
2003;56:3-12.

67.

Scharoun SM, Bryden PJ. Hand preference, performance abilities, and hand selection in
children. Front Psychol 2014;5:82.

68.

Schmidt S, Bathe-Peters R, Fleischmann R, Ronnefarth M, Scholz M, Brandt SA.
Nonphysiological factors in navigated TMS studies; confounding covariates and valid
intracortical estimates. Hum Brain Mapp 2015;36:40-9.

69.

Schneider LA, Goldsworthy MR, Cole JP, Ridding MC, Pitcher JB. The influence of shortinterval intracortical facilitation when assessing developmental changes in short-interval
intracortical inhibition. Neuroscience 2016;312:19-25.

70.

Schneider LA, Burns NR, Giles LC, Nettelbeck TJ, Hudson IL, Ridding MC, et al. The
influence of motor function on processing speed in preterm and term-born children. Child
Neuropsychol 2015;23:300-15.

71.

Seeger TA, Kirton A, Esser MJ, Gallagher C, Dunn J, Zewdie E, et al. Cortical excitability
after pediatric mild traumatic brain injury. Brain Stimul 2017;10:305-14.

72.

Shin HW, Sohn YH, Hallett M. Hemispheric asymmetry of surround inhibition in the
human motor system. Clin Neurophysiol 2009;120:816-9.

73.

Smith MA, Gergans SR, Lyle MA. The motor-impairing effects of GABA(A) and
GABA(B) agonists in gamma-hydroxybutyrate (GHB)-treated rats: cross-tolerance to
baclofen but not flunitrazepam. Eur J Pharmacol 2006;552:83-9.

74.

Sohn YH, Hallett M. Surround inhibition in human motor system. Exp Brain Res
2004;158:397-404.

75.

Stagg CJ, Bachtiar V, Johansen-Berg H. The role of GABA in human motor learning. Curr
Biol 2011;21:480-4.

76.

Steenhuis RE, Bryden MP, Schwartz M, Lawson S. Reliability of hand preference items and
factors. J Clin Exp Neuropsychol 1990;12:921-30.

77.

Säisänen L, Pirinen E, Teitti S, Könönen M, Julkunen P, Määttä S, et al. Factors influencing
cortical silent period: Optimized stimulus location, intensity and muscle contraction. J
Neurosci Meth 2008;169:231-8.

20

78.

Säisänen L, Julkunen P, Niskanen E, Danner N, Hukkanen T, Lohioja T, et al. Motor
Potentials Evoked by Navigated Transcranial Magnetic Stimulation in Healthy Subjects. J
Clin Neurophysiol 2008;25:367-72.

79.

ten Donkelaar HJ, Lammens M, Wesseling P, Hori A, Keyser A, Rotteveel J. Development
and malformations of the human pyramidal tract. J Neurol 2004;251:1429-42.

80.

Tzourio-Mazoyer N. Intra- and Inter-hemispheric Connectivity Supporting Hemispheric
Specialization. In: Kennedy H, Van Essen DC, Christen Y, editors. Micro-, Meso- and
Macro-Connectomics of the Brain, Research and Perspectives in Neurosciences. München:
Springer; 2016, p.129-44.

81.

Vallence AM, Smalley E, Drummond PD, Hammond GR. Long-interval intracortical
inhibition is asymmetric in young but not older adults. J Neurophysiol 2017;118:1581-90.

82.

Valls-Sole J, Pascual-Leone A, Wassermann EM, Hallett M. Human motor evoked
responses to paired transcranial magnetic stimuli. Electroencephalogr Clin Neurophysiol
1992;85:355-64.

83.

Walther M, Berweck S, Schessl J, Linder-Lucht M, Fietzek UM, Glocker FX, et al.
Maturation of inhibitory and excitatory motor cortex pathways in children. Brain Dev
2009;31:562-7.

84.

Viitasalo A, Eloranta AM, Lintu N, Väistö J, Venäläinen T, Kiiskinen S, et al. The effects of
a 2-year individualized and family-based lifestyle intervention on physical activity,
sedentary behavior and diet in children. Prev Med 2016;87:81-8.

21

Figure legends
Figure 1. Relationship between the resting motor threshold (rMT) and age. Circles indicate the left
and crosses the right hemisphere. A polynomial fit with 95% confidence intervals for both
hemispheres is presented (red line for left hemisphere, green line for right hemisphere).
Figure 2. Input–output characteristics of different age groups (mean±SEM). Here, the individual
MEP-amplitudes predicted by the optimized Boltzmann-function as a function of TMS-induced
electric field were averaged over all subjects and both hemispheres. Individual optimized values
were used to compute the Boltzmann function values at each EF intensity based on the conventional
input-output curve data with absolute stimulation intensities (%-MSO), and converted to
stimulation specific electric fields stored for each stimulus by the navigation software. The
functions were drawn from 0 to 200 V/m electric field values, as no higher that 200V/m electric
fields were applied on the cortex during this study. Thick lines present the group mean while dashed
lines present SEM.
Figure 3. Representative examples of silent period (SP) raw data from one individual in each age
group. Five trials (the shortest and the longest removed as used in the analysis) are superimposed.
Note the different scaling on the y-axis in the group of adolescents).
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Table 1. Age, height, scalp-to-cortex distance and manual dexterity expressed group-wise as means
(range). The dexterity of the right hand was significantly better than the left hand (F = 5.11, p =
0.029), the difference being significant in adolescents (p = 0.042) marked with asterisk.

Children,
n=10
Preadolescents,
n=13
Adolescents,
n=12
Adults,
n=12

Gender

Age

(Female /

(years;

Male)

months)

5/5
6/7
6/6
6/6

Scalp-to-

Box and Block Test

Height

cortex

score

(cm)

distance

Right

Left

(mm)

hand

hand

7; 8

130

8.0

55

51

(6–9)

(126–139)

(5.2-10.6)

(46–65)

(43–66)

10; 11

147

8.8

65

65

(10–12)

(135–160)

(7.3-9.9)

(55–75)

(56–75)

15; 9

172

11.7

77 *

73 *

(14–17)

(160–191)

(8.2-13.6)

(56–94)

(53–87)

27;11

171

14.0

84

83

(22–34)

(160–183)

(10.0-18.1)

(75–98)

(71–105)

1

Table 2. TMS data presented separately for the two hemispheres: rMTs expressed as a percentage of the stimulator output and electric field values on the
surface of the cortex, MEP characteristics and SP durations. Mean (SD)(range). Significant effects of the age group in linear mixed model analysis are indicated
by superscripts to the indices: a children and preadolescents; b children and adolescents; c children and adults; d preadolescents and adolescents; e preadolescents
and adults; f adolescents and adults. The effect of the hemisphere was only observed for the silent period duration in the youngest age group marked with an
asterisk. Previously measured mean values for adults aged 20–29 years using the same setup were 91.6 (24.3) ms [78].
Hemisphere
stimulated
Left
Children
Right
Left
Preadolescents
Right
Left
Adolescents
Right
Left
Adults
Right

rMT

rMT

MEP amplitude

Relaxed MEP

Active MEP

Latency jump

Silent period

(%)

(V/m)

(µV)

latency (ms)

latency (ms)

(ms)

(ms)

a, b, c, d, e

b, c, e

c

b, c, d, e

b, c, d, e

69.6 (17.5)

229 (65)

310 (138)

20.5 (0.2)

17.0 (1.3)

3.5 (1.2)

152 (38)*

(42–96)

(147–331)

(91–470)

(19.8–21.3)

(15.5–19.4)

(0.4–4.8)

(125–224)

71.6 (14.7)

235 (74)

358 (181)

20.3 (1.0)

16.5 (1.2)

3.7 (0.6)

171 (38)*

(55–94)

(132–349)

(130–735)

(19.4–21.3)

(15.7–17.9)

(0.1–4.7)

(131–253)

54.9 (14.7)

186 (103)

651 (367)

21.2 (1.4)

18.3 (1.5)

2.8 (1.4)

123 (32)

(31–91)

(107–528)

(152–1487)

(19.1–23.8)

(15.9–21.3)

(0.4–5.9)

(61–166)

55.0 (12.7)

177 (63)

908 (874)

20.9 (1.5)

18.7 (1.7)

2.2 (1.0)

125 (37)

(30–80)

(98–366)

(204–3415)

(18.9–24.9)

(15.9–22.6)

(0.2–4.6)

(75–195)

41.7 (7.9)

121 (30)

698 (273)

23.2 (1.1)

20.6 (0.7)

2.6 (1.1)

105 (29)

(30–54)

(73–176)

(405–1207)

(21.6–24.7)

(19.6–22.0)

(0.8–4.4)

(57–142)

39.5 (8.3)

108 (24)

749 (361)

23.1 (1.1)

20.7 (1.1)

2.4 (1.1)

93 (26)

(25–56)

(74–151)

(388–1441)

(21.3–24.7)

(19.2–23.3)

(-0.1–3.5)

(52–146)

40.9 (7.2)

85 (8)

1204 (1199)

22.8 (1.1)

20.6 (1.4)

2.2 (0.4)

(32–54)

(85–147)

(245–4693)

(21.3–24.9)

(18.8–23.1)

(1.5–2.8)

40.2 (6.0)

105 (19)

1010 (1141)

22.5 (1.3)

20.4 (1.1)

2.1 (0.7)

(32–49)

(76–98)

(95–3539)

(20.5–25.3)

(18.5–21.7)

(1.1–3.7)

rMT = resting motor threshold, MEP = motor-evoked potential.

c

not assessed
not assessed

