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Abstract: Motor functions improve during childhood and adolescence, but little is still known about the
development of cortical motor circuits during early life. To elucidate the neurophysiological hallmarks of
motor cortex development, we investigated the differences in motor cortical excitability and connectivity
between healthy children, adolescents, and adults by means of navigated suprathreshold motor cortex
transcranial magnetic stimulation (TMS) combined with high-density electroencephalography (EEG). We
demonstrated that with development, the excitability of the motor system increases, the TMS-evoked EEG
waveform increases in complexity, the magnitude of induced activation decreases, and signal spreading
increases. Furthermore, the phase of the oscillatory response to TMS becomes less consistent with age.
These changes parallel an improvement in manual dexterity and may reflect developmental changes in
functional connectivity. Hum Brain Mapp 38:2599-2615, 2017.  © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

The first two decades of life represent a period of major
developmental changes in sensory, motor, and cognitive
abilities. There is a close relationship between motor and
cognitive development [Mierau et al., 2016; Piek et al,
2008; Rigoli et al., 2012; Roebers et al., 2014]. Therefore,
understanding of the normal development of cortical
motor function could shed light on its deviations and thus
on the origins of neurologic and psychiatric disorders that
potentially emerge in childhood and adolescence.

Developmental magnetic resonance imaging (MRI) stud-
ies have demonstrated that gray matter volumes peak at
the age of approximately 10-12 years [Giedd et al., 1999a]
and thereafter decline throughout adolescence and adult-
hood [Sowell et al., 2001, 2003]. In contrast, the global
white matter volume increases linearly between 4 and 22
years of age [Giedd et al., 1999a]. Age-related decreases in
gray matter are thought to reflect both synaptic pruning
and myelination [Bartzokis et al., 2001; Giedd, 2004; Gog-
tay et al.,, 2004; Sowell et al., 2004], whereas age-related
increases in white matter are primarily thought to reflect
progressive myelination. Within the isocortex, the primary
cortical areas are among the first to mature [Gogtay et al.,
2004; Sowell et al., 1999, 2001, 2003]. Recent evidence sug-
gests that the gray matter of the motor and sensory corti-
ces already reaches maturity by the age of 10 years,
whereas the maturation of superficial white matter contin-
ues until the age of 18 years [Wu et al., 2014].

Consistent with earlier primary sensory and motor system
ontogeny, resting state functional MRI results demonstrate
that functional connectivity in the sensorimotor areas may
exist as early as at the age of 2 weeks [Lin et al., 2008]. At 5-8
years, these networks supporting basic motor function and
sensory processes already have a similar functional organiza-
tion to that in mature adults [De Bie et al., 2012]. With age,
throughout childhood until adulthood, the sensorimotor net-
work evolves from a more random to a more efficient func-
tional organization both locally and globally [Berchicci et al.,
2015]. Studies using transcranial magnetic stimulation (TMS)
suggest that the electrophysiological maturation of the fast
corticospinal motor pathways controlling intrinsic hand
muscles is complete before adolescence [Heinen et al., 1998;
Nezu et al., 1997], but developmental changes in cortical excit-
ability and inhibitory control continue until adulthood [Gar-
vey et al., 2003; Schneider et al., 2016; Walther et al., 2009].

Transcranial magnetic stimulation combined with elec-
troencephalography (TMS-EEG) is a powerful technique
for the direct investigation of cortical excitability and con-
nectivity [Ilmoniemi et al.,, 1997]. Although the main
impact of TMS on brain activity is localized at the site of
stimulation, TMS also modulates neural circuits in remote
brain regions [Bestmann et al., 2004; Denslow et al., 2005].
The temporal evolution of the distribution of TMS-induced
EEG potentials (TEPs) over the scalp probably reflects the
spread of activation from the stimulated cortical site to
ipsilateral and contralateral cortical areas via intra- and

interhemispheric corticocortical fibers, and possibly also
via subcortical structures, thus revealing the effective con-
nectivity of the brain [IImoniemi et al., 1997; Komssi et al.,
2002; Kahkonen et al., 2004; Paus et al., 2001]. In this con-
text, TMS-induced interhemispheric signal propagation
has also been linked to the microstructural integrity of cal-
losal fibers that connect homologous cortical regions, with
either an inhibitory or facilitatory role [Voineskos et al.,
2010]. In addition to analyzing TEPs in the time domain,
further insights into the functioning of stimulated brain
networks can be obtained through characterizing the oscil-
latory activity triggered or perturbed by TMS [Fuggetta
et al., 2005; Rosanova et al., 2009; Thut et al., 2012].

In adults, single-pulse TMS of the motor cortex elicits
well-characterized activity that lasts at least up to 300 ms
and is composed at the vertex of a sequence of positive and
negative deflections usually labeled after their latency and
polarity, e.g. P30, N45, P60, N100, P180, and N280 [Bonato
et al., 2006; Ferreri et al., 2011]. By combining high-density
TMS-EEG with pharmacology, early TEPs were recently
demonstrated to be linked to gamma-aminobutyric acid
(GABA), receptor-mediated neurotransmission and later
TEPs to GABAg receptor-mediated neurotransmission [Pre-
moli et al., 2014]. In addition to GABAg, later TEPs have also
been proposed to be related to cholinergic neurotransmis-
sion [Ferreri et al., 2012; Rossini et al., 2015].

Studies on TEPs in children are scarce and have solely
focused on the N100 component [Bender et al., 2005;
D’Agati et al.,, 2014; Helfrich et al., 2012; Jarczok et al.,
2016]. In their pioneering article, Bender et al. [2005]
showed that TMS-evoked N100 undergoes maturational
decline and could serve as a test of cortical integrity and
inhibitory function in children. Later studies have demon-
strated that N100 modulation in the Go/NoGo task can
differentiate between neurotypical children and children
with attention deficit hyperactivity disorder [D’Agati et al.,
2014] further supporting the role of N100 as a marker of
inhibition. Moreover, according to a recent TMS-EEG
study, interhemispheric signal propagation increases as a
function of age in healthy subjects and patients with
autism spectrum disorder [Jarczok et al., 2016].

Although motor functions improve during childhood
and adolescence, little is presently known about the devel-
opment of cortical motor circuits. To clarify its physiologi-
cal hallmarks, we investigated the differences in motor
cortical excitability and connectivity between children,
adolescents, and adults by means of navigated TMS-EEG
recordings. Since manual dexterity improves with age, we
paralleled the results of TMS-EEG targeted to primary
motor cortex not only with age, but also with a test of
manual dexterity to verify functional relevance of the neu-
rophysiological results. We hypothesized that effective
connectivity within the motor networks improves with
age, and this could be revealed by a TMS-elicited net
activity with a progressive increase in TEP complexity and
a decrease in amplitude. We also hypothesized that these
changes would parallel the characteristics of the electrical

* 2600 «



¢ Development of Cortical Motor Circuits ¢

oscillations evoked by stimulation of the motor cortex,
which has never been studied in the developing brain.

SUBJECTS AND METHODS
Subjects

Ten children (mean age 126 months, SD 7.3 months), ten
adolescents (mean age 188 months, SD 9.3 months), and
ten adults (mean age 309 months, SD 48.5 months) partici-
pated in the study. There were 5 females and 5 males in
each age group. All subjects were healthy and right-
handed according to a revised and reduced version of the
Waterloo Handedness Questionnaire that included 20
items [Steenhuis et al., 1990]. The children were recruited
from a population sample of children who participated in
the Physical Activity and Nutrition in Children (PANIC)
study at the Institute of Biomedicine, University of Eastern
Finland [Eloranta et al., 2012]. As preterm birth has been
shown to associate with reduced corticomotor excitability
in childhood and early adolescence [Pitcher et al., 2012],
data on gestational age (GA) of the children were retro-
spectively collected from the birth register provided by the
National Institute for Health and Welfare. All, except for
one girl (35 weeks GA) were born at term. The adolescents
were recruited from a middle school near the hospital,
and the adults were students from the University of East-
ern Finland and personnel of the TMS laboratory. The
exclusion criteria were common contraindications to MRI
or TMS [Rossi et al., 2009, 2011].

All participants and the guardians of the children were
informed about the nature of the study. After having
received a detailed description of the procedure, the par-
ticipants provided written informed consent. If the partici-
pant was under 15 years of age, a guardian also provided
written informed consent. The Research Ethics Committee
of the Hospital District of Northern Savo approved the
study protocol (48/2010), and the study was carried out in
accordance with the latest version of the Helsinki
Declaration.

Study Protocol

The study protocol consisted of two separate visits, with
MRI on the first visit and TMS-EEG on the second visit.
Gross manual dexterity was assessed with the Box and
Block Test at the beginning of the second visit. The Box
and Block Test is a timed test evaluating motor speed and
skill. The participant moves as many blocks as possible
within 60 seconds from one side of a box to the other
[Mathiowetz et al., 1985]. Each hand was assessed
separately.

Subjects were scanned with a 3.0 T scanner (Philips
Achieva TX, Philips Healthcare, Eindhoven, The Nether-
lands). Structural three dimensional (3D) T1-weighted MR
images were acquired (TR 8.07 ms, TE 3.7 ms, flip angle
8,1%X1X1mm? resolution) for neuronavigation in TMS.

An experienced neuroradiologist screened all the structur-
al MRIs before the TMS session.

TMS was performed with an eXimia stimulator (Nex-
stim Plc., Helsinki, Finland) and a biphasic figure-of-eight
coil combined with the eXimia navigation system that ena-
bles continuous visualization of the stimulation site in rela-
tion to the individual cortical anatomic structure (3.2.2.
research version).

During TMS, muscle activity was monitored online and
recorded by stimulus-locked electromyography (EMG)
(Nexstim Plc., Helsinki, Finland). TMS-induced motor
evoked potentials (MEPs) were recorded using disposable
Ag/AgCl surface electrodes placed on the right abductor
pollicis brevis (APB) muscle using the belly-tendon mon-
tage. During the TMS session, the participants sat in an
adjustable chair with a headrest that ensured a stable
head position. The reconstructed 3D brain surface at a
depth where the gyral structure was distinct was used for
navigation of the stimulation sites. First, the subject’s
motor representation area of the right APB muscle was
mapped around the anatomical “hand knob” [Yousry
et al., 1997] by keeping the stimulating current perpendic-
ular to the central sulcus. The mapping was started with
50% of maximal stimulator output intensity, but was
adjusted to obtain MEPs with amplitude of 300-500 pV.
The precentral gyrus and the sulci surrounding it were
stimulated to find the optimal site where MEPs of maxi-
mal amplitude were repeatedly recorded in the right APB
muscle. At this optimal site, the coil was turned within
+90° from the original angle of stimulation in tangential
plane to find the optimal current direction for stimula-
tions. The optimal point with the optimal current direc-
tion was set as the stimulation target. At this site, the
individual resting motor threshold (MT) for APB was
determined using the TMS Motor Threshold Assessment
Tool 2.0 with an amplitude limit of >50 puV [Awiszus,
2003, 2012]. For additional details, refer to [Julkunen,
2014; Saisanen et al., 2008].

TMS was focused on the above-mentioned stimulation
target with a stimulation intensity of 110% of the MT.
Each participant underwent 150 TMS trials with interstim-
ulus intervals randomized between 4.0 and 5.5 s. The
TMS system delivered trigger pulses that synchronized
the TMS and EEG systems. EEG was recorded with a 60-
channel TMS-compatible amplifier (Nexstim Plc., Helsinki,
Finland) continuously throughout the experiments from
TMS-compatible Ag/AgCl-coated electrodes positioned
according to the 10-10 International System. The ground
and reference electrodes were positioned on the midline
forehead. Skin/electrode impedance was kept below 5
kOhm. Horizontal and vertical eye movements were
detected by recording the electro-oculogram with two
electrodes located to the left and right of the external
canthi.

In the EEG system, a sample-and-hold circuit was
applied together with blocking of the amplifier input for 2
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ms from the stimulus to avoid amplifier saturation. The
data were recorded with a 1,450 Hz sampling frequency
and 16-bit precision.

During the TMS-EEG recording, the subjects were
instructed to keep their eyes open and to look at a fixation
point on a screen in front of them. To mask coil-generated
clicks, white noise (obtained from the waveform of the
TMS click), digitized and processed to produce a continu-
ous audio signal with specific time-varying frequencies
[Massimini et al., 2005], was continuously delivered
through earphones. The masking volume was adjusted
until the subject reported that the TMS click was no longer
audible.

Data Analysis
Scalp-to-cortex distance (SCD)

The scalp-to-cortex distance was measured using Nex-
stim navigation software. The optimal cortical representa-
tion site of the right APB muscle was identified on the
reconstructed 3D brain surface at a depth where the gyri
structure was distinct. Thereafter, the peeling distance was
adjusted until the outmost part of the precentral gyrus
was determined. This peeling depth was assessed as the
distance between the scalp and the motor cortex (surface
of gray matter).

EEG

Offline data analysis was conducted with custom-made
scripts using MATLAB (version 2008b, MathWorks,
Natick, Mass., USA) and the public license toolbox
EEGLAB [Delorme and Makeig, 2004]. EEG data were
divided into segments of 600 ms, including a 100-ms pre-
stimulus baseline. EEG signals were bandpass filtered
between 1 and 80 Hz, down sampled from 1,450 to 725
Hz, and baseline corrected by using the 100-ms pre-stimu-
lus time as the baseline. All epochs showing TMS-EEG
evoked activity contaminated by extreme values (the dif-
ference between the maximum and the minimum ampli-
tude was either greater than 150 uV or smaller than 5 pV)
were automatically rejected. After the automatic analysis,
rejection results were visually inspected trial by trial and
manually confirmed by an expert in TMS-EEG data analy-
sis. Furthermore, trials containing muscle activity, eye
movements or blinks were rejected based on visual inspec-
tion. Following this procedure, all trials included were
averaged for each channel and for each subject. The 20-ms
interval immediately following the TMS pulse was exclud-
ed from analyses to avoid the artifact caused by the cur-
rents induced by the magnetic field and the eventual TMS-
evoked muscular scalp responses. Recording reference was
used in TEP analysis and in frequency domain analysis,
while EEG derived from the average reference was used
in source localization.

To examine responses in the time domain, the total EEG
activity was first assessed using the global mean field
power (GMFP) calculated as the root mean-squared value
of the EEG signal across all electrodes [Lehmann and
Skrandies, 1980].

For the analysis of evoked responses, averaged TEPs
over all the included trials for each electrode and each
subject were used, and semi-automatic amplitude/latency
measurements of each component of the TEPs were per-
formed. Within these analyses, the minimum and the max-
imum latency of the TEP components (i.e., range from
which the automatic analyses were done) were manually
given to a MATLAB script which then automatically
detected the maximal/minimal baseline-to-peak amplitude
within these time limits and calculated the latency of this
peak. The latency ranges for different components were
defined based on GMFP.

Following our a priori hypothesis of age-related differ-
ences in inter- and intrahemispheric transmission, the area
under the rectified curve was obtained between 50 and
150 ms post-stimulus for the ipsilateral motor cortex
(M1)er) (average of C5, C3, CP5, and CP3), as well as for
the ipsilateral frontal cortex (frontal) (average of FP1,
AF1, F7, and F5), and between 60 and 160 ms for the con-
tralateral motor cortex (Mlygne) (average of C6, C4, CP6,
and CP4) [Jarczok et al.,, 2016; Voineskos et al., 2010].
These time intervals were chosen because 150 ms repre-
sents the mean duration of the probable GABAg-receptor-
mediated inhibitory neurotransmission [Fitzgerald et al.,
2009] and the average interhemispheric transfer time of 10
ms was chosen to account for the time it takes for the sig-
nal to propagate from the site of stimulation to the oppo-
site  hemisphere in adults [Ferbert et al, 1992].
Interhemispheric signal propagation time of 10 ms has
also been applied to pediatric populations [Jarczok et al.,
2016]. Interhemispheric propagation between motor corti-
ces was assessed by computing the ratio between Ml e
and Mlgne [(M1ighe/Mlyeg) * 100]. Ipsilateral (intra-hemi-
spheric) signal propagation was indexed in a similar fash-
ion [(frontaljese/M1jeg) * 100].

Dipole localization was conducted in order to approxi-
mate the number and site of sources accounting for TEP
components. The average TEPs were converted to common
average reference TEPs for dipole localization (Curry
6.0.2., 2007 Compumedics Neuroscan, Charlotte, USA).
The time windows for different components in separate
groups were defined based on GMFP (Supporting Infor-
mation Table). The number of dipoles was evaluated with
principal component analysis (PCA) of the selected time
range and components with a signal-to-noise ratio (SNR)
higher than 1 were selected. Dipole fits were calculated
with the fixed MUSIC algorithm using a realistic head
model (BEM model) from one individual from each age
group.

To examine responses in the frequency domain, event-
related spectral perturbation (ERSP) and inter-trial
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coherence (ITC) were calculated. ERSP measures changes
in the amplitude dynamics of the EEG spectrum relative
to an experimental event (in this case, TMS). ERSP values
are calculated for different frequency bands and are inde-
pendent of the phase of the EEG-evoked activity, and are
considered to reflect event-related desynchronization or
synchronization. ITC values range from 0 (no phase lock-
ing) to 1 (maximal synchronization across trials) and pro-
vide a measure of synchronization of the EEG across
different trials, independent of the signal amplitude. The
ERSP and ITC were computed for each channel between
1 and 50 Hz using the fast Fourier transform and Hanning
window tapering. The analyses were performed for the
post-stimulus period between 0 and 500 ms by using the
pre-stimulus time between —100 and —20 ms as a baseline.
Furthermore, all the channel-specific ERSP and ITC values
were averaged to form global values including all
channels.

Statistical Analyses

Statistical analyses were computed with MATLAB (ver-
sion 2008b, MathWorks, Natick, Mass., USA) and SPSS for
Windows, Version 22 (IBM Corporation, Somers, NY,
USA). Differences between groups were defined as statisti-
cally significant if P <0.05, and Bonferroni correction for
multiple comparisons was applied when necessary for the
number of age groups (P <0.05/3). The following assess-
ments were performed:

1. Developmental differences between age (in months),
manual dexterity, SCD, MT, and GMFP area were
assessed using two-tailed Pearson’s correlation coeffi-
cients. Similarly, two-tailed Pearson’s correlation coef-
ficients between manual dexterity (right hand), MT
and GMFP area were computed.

2. Differences in GMFP between groups were assessed
by performing a t-test at each time point in the 500-
ms post-stimulus time interval. A GMFP area (20-500
ms post stimulus) comparison was made with one-
way ANOVA, and an independent samples t-test was
used for post-hoc analyses.

3. Propagation of TMS-evoked activity was tested with
two-tailed Pearson’s correlation coefficients between
age (in months), and intrahemispheric and interhemi-
spheric transmission.

4. In statistical analysis of TEPs, the linear mixed-effects
model was used. The channels were divided into 15
regions (see Fig. 1 for further details). For analysis, we
created variables to determine the regions: three in the
anteroposterior (AP) direction (1 = frontal, 2 = central
and 3 = parieto-occipital) and five in the mediolateral
(ML) direction (1=left lateral, 2=left mediolateral,
3 =medial, 4=right mediolateral, 5=right lateral).
The baseline-to-peak amplitude of peaks of interest
was used as a dependent variable, the participant was
determined as a random effect, and the group, AP,

AP ML
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Figure I.
60 EEG channels were used in the analyses when exploring the
topography of the TEP peaks. The channels were divided into fif-
teen regions according to their anteroposterior (AP; | = frontal,
2 =central and 3 = parieto-occipital) and mediolateral (ML;
| =left lateral, 2=left mediolateral, 3 =medial, 4 = right
mediolateral, 5 = right lateral) location.

and ML as fixed effects. TEPs (P50, N100, and for chil-
dren and adolescents, also P300) were tested indepen-
dently, and the results were Bonferroni corrected
according to the number of peaks. Post hoc analyses
were run to determine the source of statistically signif-
icant interactions. Before the post hoc analysis, we
combined the variables group (children/adolescents/
adults) with AP and ML (15 regions). Thereafter, a lin-
ear mixed model with variable AP_ML_GROUP as
fixed effect and the peak of interest as the dependent
variable was run. For TEP analyses, only results indi-
cating statistically significant differences between the
groups were reported.

5. The TEP latencies were analyzed as the mean latency
in the region where the response was largest in ampli-
tude. One-way ANOVA and independent samples ¢-
tests were used for between-group comparisons.

6. Statistical topographical analysis of ERSP and ITC
differences was conducted for the alpha (8-12 Hz)
and beta (15-25 Hz) frequency bands, which are
known to be closely related to motor cortex func-
tion [Neuper and Pfurtscheller, 2001; Veniero
et al., 2011]. Two time ranges (20-200 ms and
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Figure 2.
Correlation between the Box and Block test and MT (a) and Box and Block test and GMFP area
(b). Better Box and Block test score is associated with lower MT and smaller GMFP. The differ-
ence between the age groups is also clearly seen.

200-500 ms post-stimulus) were analyzed. First,
the data were false discovery rate (FDR) corrected
for the number of channels, and thereafter Bonfer-
roni corrected for the number of groups and time
ranges. The time ranges were based on visual
inspection of the global values obtained by averag-
ing all channels.

RESULTS
General Indices

The examinations were well tolerated and no side effects
were observed. No abnormalities were found in MRL
Manual dexterity improved significantly as a function of
age (r=10.644, P < 0.001 for left hand; r=0.570, P = 0.001
for right hand). The scalp-to-cortex distance correlated sig-
nificantly with age (r=0.570, P =0.001) being shortest in
children and longest in adults.

MT decreased significantly with age (r=—0.497,
P =0.005). Furthermore, to exclude the effects of SCD
behind the age-related differences in MT, we ran a partial
correlation between MT and age and the result remained
significant (partial correlation, controlled for SCD,
r=—0.498, P =0.013). Manual dexterity for the right hand
correlated with MT (r = —0.474, P = 0.008) (Fig. 2).

The ratio of frontaljes;/M1es (intrahemispheric transmis-
sion) correlated with age (r=0.622, P < 0.001). Also the
Ml ight/ Ml ratio (interhemispheric transmission) yielded
similar results (r = 0.586, P = 0.001). See also Table I.

TMS-EEG Results
GMFP

The mean area of GMFP showed a significant decline
with age (r=—0.690, P < 0.001). Manual dexterity for the

right hand correlated with GMFP area (r= —0.592,
P =0.001) (Fig. 2). Group-wise differences as a function of
time are presented in Figure 3.

TEPS, topography and sources

Upon visual inspection of grand average waveform, in
children and adolescents, the TEP waveform was domi-
nated by a large deflection peaking at around 130 ms,
preceded by a positive deflection at around 50 ms and
followed by positivity at around 300 ms (Fig. 4a). On the
other hand, in adults, TEPs were composed of a sequence
of deflections similar to what has been already described
[Bonato et al., 2006; Ferreri et al., 2011, Kahkonen et al.,
2004; Lioumis et al., 2009; Paus et al., 2001; Premoli et al.,
2014] and reviewed [Ferreri and Rossini, 2013], with
peaks at 34, 43, 51, 117, 190, and 257 ms (Fig. 4b). The
group comparisons were only conducted for the peaks at

TABLE |. Measured or computed parameters shown as

mean (S.D.)

Parameter Children Adolescents Adults

MT (%) 60 (14) 50 (8) 45 (8)

Box and Block Test 68 (6) 75 (15) 87 (8)
right (score)

Box and Block Test 65 (6) 72 (12) 83 (7)
left (score)

GMEFP area (uV’ms) 5.2 (2.0) 2.9 (1.9) 1.0 (0.5)

Interhemispheric 36 45 65
propagation (%)

Intrahemispheric 29 26 57
propagation (%)

Scalp-to-cortex- 8.3 (1.2) 11.2 (2.0) 13.5 (2.8)

distance (mm)

Note: The mean MT of the children born at term was 61 (14), and
the MT for the child born preterm (35 weeks GA) was 57.
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TMS-evoked electrical activity presented as GMFP in children, adolescents, and adults. Statistical-

ly significant differences between groups are presented in the lower panel in grey.

around 50 and 100 ms, which appeared in all age groups,
and separately for the positive peak around 300 ms
between children and adolescents. For the purpose of
comparison, we also measured the negative peak that
was present in adults at around 300 ms, but statistical
analyses between negative adult N280 and positive P300
in children and adolescents were not conducted. Summa-
ry of results from linear mixed model analyses are pre-

sented in Table II.

P50 (maximal positivity between 40 and 70 ms)

The topography of P50 differed significantly between
the groups (Table II). In children and adolescents, the P50
response was largest in the central medial region (10.6 pV
in children and 14.3 uV in adolescents), whereas in adults,
it was largest in the central region at left lateral electrodes
(4.3 pV). Post hoc analyses for the interaction between AP,
ML, and group showed that in adolescents, P50 was larger
than that of adults in the central medial region (P <0.05).
P50 latency did not differ significantly between the

groups, as evaluated by the mean latency in the region
where the response was largest (children 51 ms, adoles-
cents 50 ms, adults 51 ms, P > 0.05 in all comparisons).

In children, one cortical dipole pointing radially out
between electrodes C1 and Cz accounted for the P50. In
adolescents, P50 was explained with two dipoles in the
left hemisphere: one cortical dipole pointing radially out
and located near electrode C1, and the other pointing tan-
gentially left and located medially in the lingual gyrus.
P50 in adults was also explained by two tangential cortical
dipoles in the left hemisphere: one superficial dipole
pointing laterally and another dipole just below it pointing
in the opposite direction. Both dipoles were located in the
vicinity of electrode C1. According to the literature and

upon visual inspection, adults have two distinct peaks

within the 30-60 ms time window. The additional N45 in
adults was explained by two dipole components. The first
dipole was tangential to the cortex, pointing from right to
left, located under electrodes C1 and Cz. The second one
was tangential to the cortex, pointing from left to right
and located in the vicinity of electrodes Cz and CPz. See

also Figure 5 and Supporting Information Table.

N100 (maximal negativity between 70 and 200 ms)

The N100 amplitude differed significantly between the
groups (Table II). In children, the N100 was significantly
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Figure 4.
Grand average of the EEG responses and the topography of the TEP peaks presented as scalp
distribution maps in children, adolescents, and adults using recording (forehead) reference. Zero
corresponds to the TMS pulse. (a) Topography of the TEP peaks in children 51, 127, and 307,
and in adolescents 50, 129, and 305 ms after | 10%MT motor cortex stimulation. (b) Topography
of the TEP peaks in adults 34, 43, 51, 117, 190, and 257 ms after |10%MT motor cortex

stimulation.
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TABLE Il. The main effects and interactions from linear mixed model analysis

P50 N100 P300
Main effect/interaction F (df) P F (df) P F (df) P
Group 9.25 (2,27.18) <0.01 8.81 (1,18.31) <0.05
AP X Group 17.39 (4,1728) <0.001 32.41 (4,1728) <0.001 14.35 (2,1152) <0.001
ML X Group 6.33 (8,1728) <0.001 28.86 (8,1728) <0.001 4.67 (4,1152) <0.01
AP X ML X Group 3.09 (16,1728) <0.001 7.56 (16,1728) <0.001 3.15 (8,1152) <0.01

larger than in adults (—60.1 pV vs. —15.4 uV, P = 0.001),
and there was a tendency for a larger response in children
than in adolescents (—=60.1 uV vs. —34.7 uV, P =0.066),
whereas the response did not differ between adults and
adolescents. The N100 amplitude was maximal centrally at
the left medio-lateral channels in all age groups (—131.4
1V in children, —62.4 pV in adolescents and —24.0 pV in
adults).

Also, significant differences in topography of N100 were
found between the groups (Table II). Post hoc analyses for
group, AP, and ML revealed that the response in children
was significantly higher than that of adults centrally in the
left lateral and left mediolateral regions (P <0.001 in both
cases), and parieto-occipitally in the left lateral and medio-
lateral regions (P = 0.024 and P < 0.001, respectively). Com-
pared with adolescents, the response of children was
higher in the central region in the left mediolateral elec-
trode group. No differences between adolescents and
adults were recorded.

The N100 latency did not differ significantly between
the groups as evaluated by the mean latency in the left
mediolateral region (127 ms in children, 129 ms in adoles-
cents, and 117 ms in adults; P >0.05 in all comparisons).

In children, the N100 was explained by two radial
dipoles: one between C3 and C1 pointing in and the other,
a weak dipole (SNR=1.5) pointing out in the middle
between Cz and C2. N100 in adolescents was accounted
for by two dipoles: a cortical dipole tangential in a
posterior-to-anterior direction between FC1 and C1 and a
deep radial dipole parasagittally between FCz and Cz,
pointing in. N100 in adults was explained by two dipoles:
a parasagittal dipole pointing in radially close to the FCz
electrode and a cortical dipole pointing tangentially to the
right in the vicinity of C1. See also Figure 5 and Support-
ing Information Table.

P300 (maximal positivity between 200 and 400 ms)

The P300 was significantly larger in children (16.5 pV)
than in adolescents (9.0 pV) (Table II). Significant differ-
ences in topography of P300 were also found between
these groups (Table II). In the post hoc analysis of the
group, AP, and ML interaction, the difference was only
significant in the left central mediolateral region
(P =0.001), where the response was also maximal in both
groups (33.2 uV in children and 16.0 puV in adolescents).

The P300 latency did not differ between children and ado-
lescents (307 and 305 ms, respectively).

In adults, the negative peak that was present within
200-400 ms time frame was maximal in the left central
mediolateral region (peak amplitude —9.7 pV, mean laten-
cy 257 ms).

P300 was explained by one radial cortical dipole point-
ing out between C1 and Cz in both children and adoles-
cents. N280 was explained by one deep radial dipole
pointing out to Cz. See also Figure 5 and Supporting Infor-
mation Table.

ERSP/ITC

The results of frequency analysis using ERSP and ITC are
presented in Figure 6a and b. For ITC, a significant incre-
ment was found in both alpha and beta bands between chil-
dren and adults, and the increment covered both of the
analyzed time periods. Within the first 200 ms, it peaked at
channels localized mainly in the left centro-parietal regions,
whereas in the later time range, differences were also seen
in the contralateral hemisphere. Adolescents also showed
increased ITC compared with adults in both alpha and beta
ranges. This difference was not significant within the first
200 ms, but peaked in the 200-500 time range in left central
and to a lesser extent in right central and frontal regions.
There were no statistically significant differences between
children and adolescents. In topographical analyses, ERSP
values for alpha and beta showed no significant difference
for either of the time ranges analyzed (data not shown).

DISCUSSION
Main Findings

The results of this study describe, for the first time,
brain development in multiple aspects of TEPs to supra-
threshold M1 stimulation. We demonstrated that typical
development from childhood to adulthood is accompanied
by changes in TEP morphology and amplitude, as well as
a modification of cortical intrahemispheric and interhemi-
spheric connectivity. Moreover, we revealed clear changes
in the phase-locking properties of alpha and beta rhythms.
Finally, we showed that developmental changes in TMS-
related general neurophysiological indices (i.e.,, MT and
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g

103ms

Figure 5.

Dipole localization using average reference was conducted in
order to approximate the number and site of sources account-
ing for TEP components. In upper panel, grand average of the
EEG responses presented as butterfly plots and GMFP in time
window 0-500 ms. Zero corresponds to the TMS pulse. Lower
panel visualizes dipoles from top and left view of the brain. Also
potential maps and electrode location are shown in top view. All

voltage scales are optimized for each group and component. (a)
TEP peaks in children 49 (P50), 124 (N100), and 313 (P300) ms
after 110%MT motor cortex stimulation. (b) TEP peaks in ado-
lescents 53 (P50), 124 (N100), and 320 (P300) ms after
110%MT motor cortex stimulation. (c) TEP peaks in adults 47
(N45), 60 (P50), 103 (N100), and 282 (N280) ms after | 10%MT
motor cortex stimulation
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GMFP) occur in parallel with improvement in manual
dexterity.

Motor Network Developmental Changes in the
Time Domain

Motor network excitability can be measured with vari-
ous parameters. The MT is used to describe the pathway
excitability. In accordance with the existing literature [Gar-
vey et al., 2003; Moll et al., 1999; Nezu et al., 1997; Pitcher
et al., 2015] we found a significant decrement in MT with
age. Furthermore, decreased excitability in children was
associated with poorer manual dexterity, which is also in
line with previous reports [Pitcher et al., 2012]. MT reflects
excitability in intracortical interneurons, upper motor neu-
rons, lower motoneurons, and muscle fibers. At the cellu-
lar level, MT expresses membrane excitability [Ziemann
et al., 1996]. Thus, MT reflects the developmental stage of
myelination in the corticospinal tracts, cortical motor affer-
ents, and synaptic efficacy within the motor cortex and
spinal cord. Recent observations have suggested that most
of the variance in MTs can be explained by the SCD and
white matter fiber orientation in cortico-pyramidal tracts
[Herbsman et al., 2009]. It is noteworthy that our results
do not support the view that developmental differences in
MT would stem from the SCD, which was significantly
shorter in children compared with adults.

Another relevant parameter is the GMFP, which is an
indicator of global cerebral activation in response to an
external perturbation, also giving information on the func-
tional connectivity of the stimulated area. When using a
suprathreshold stimulus intensity, TMS elicited a notably
enhanced GMFP response in children compared with
adults, with the adolescents’ responses lying between
those of children and adults. This age-dependent incre-
ment also associated with developmental changes in man-
ual dexterity. Previous developmental TMS-EEG studies
have focused on TEP in the N100 latency range and shown
that N100 is increased in children compared with adults
[Bender et al., 2005; D’Agati et al., 2014; Helfrich et al.,
2012]. Importantly, it has been demonstrated that the
decline in N100 amplitude with development is not attrib-
uted only to age-related differences in MT but represents
true maturational effects [Bender et al., 2005] and might be
associated with gray matter loss in the pre- and peripubes-
cent period [Jarczok et al., 2016; Whitford et al., 2007].
Adding to the literature, we found an increment in GMFP
amplitude that starts well before and goes well beyond the
N100 latency range.

In adults, suprathreshold stimulation of M1 elicited the
well-known TEP waveform [Bonato et al.,, 2006; Ferreri
et al.,, 2011; Kahkonen et al.,, 2004; Lioumis et al., 2009;
Paus et al.,, 2001; Premoli et al., 2014]. The younger age
groups, on the contrary, demonstrated a completely differ-
ent waveform. Within the N45-P60 latency window, no
distinction between N45 and P60 peaks was seen, but

positivity at around 50 ms was observed instead. Topo-
graphically, this component was located more posteriorly
compared with the adult N45, and more anteriorly and
centrally compared with the typical P60 in adults. Further-
more, at around 300 ms, the centrally maximal TEP was
negative in adults but positive in the younger age groups.

Our source analysis showed two dipoles for the N45
component in the motor region in adults. This is in accor-
dance with previous adult studies, in which the origin of
N45 has been localized to the ipsilateral central sulcus [Lit-
vak et al., 2007; Paus et al., 2001]. The sources for the fol-
lowing components, P50 and N100, have similar behavior:
both of these components in children were explained with
one dipole, whereas adolescents and adults have two
explaining sources. For P50, the sources we found were in
the vicinity of sensorimotor areas, except for the second
source for the P50 component in adolescents, which was
located in the lingual gyrus. The localized source in the
sensorimotor area is in concordance with an earlier study
suggesting that the P50 peak could be a hallmark of senso-
rimotor interaction [Ferreri et al., 2012].

The N100 has been related to the activity of the cortico-
striato-thalamo—cortical loops and/or long-range cortico-
cortical connections of the callosal fibers [Ferrarelli et al.,
2010; Premoli et al., 2014]. In all age groups, this TEP was
maximal in the left centroparietal region, with the dipoles
suggesting a source in the motor cortex. In children, the
N100 amplitude was significantly increased compared
with older age groups. Of interest is that much of the
amplitude augmentation was located under the stimulated
area and in its vicinity.

The TEP component around 300 ms is explained with
one dipole in all groups. The dipole of children and ado-
lescents is more lateralized and in the vicinity of the pri-
mary motor area of the hand, pointing out radially,
whereas the dipole in adults is closer to the midline in the
parietal area and pointing radially to Cz. The source struc-
ture and neuropharmacology of the late TEP components
is not known, but a link to GABAg-related activity has
been suggested [Ferreri and Rossini, 2013].

Consistent with the above-mentioned finding of a local
increase in TEP responses in the N100 latency range, we
found that signal spreading within the hemisphere as well
as the spreading of interhemispheric activity increased
with development. As activation of M1 in one hemisphere
sends an excitatory signal transcallosally that excites inhib-
itory interneurons in the contralateral M1, reducing the
net excitatory output [Daskalakis et al., 2002], spreading of
the interhemispheric signal has been related to the micro-
structure of the corpus callosum [Voineskos et al., 2010],
and the facilitation of interhemispheric transfer as a func-
tion of development was interpreted to reflect the matura-
tion of the corpus callosum [Jarczok et al., 2016]. Thus, one
likely contributor to increased efficiency of signal propaga-
tion is the elaboration of the myelin sheet, which may sup-
port the functional integration of distant regions [Fair
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et al,, 2007; Luna and Sweeney, 2004], as childhood and
adolescent development is accompanied by the refinement
of white matter connectivity between brain regions [Bar-
nea-Goraly et al., 2004; Battino et al., 1995; Chen et al,,
2016; Eluvathingal et al., 2007; Giedd et al., 1999a; Kesha-
van et al., 2002; Lebel et al., 2008; Rajapakse et al., 1996;
Snook et al., 2005]. It is generally agreed that maturation
of the corpus callosum continues through adolescence into
young adulthood [Barnea-Goraly et al., 2004; Chen et al.,
2016; Giedd et al., 1999b; Keshavan et al., 2002; Rajapakse
et al., 1996; Snook et al., 2005], although some recent stud-
ies suggest that the growth of callosal regions containing
motor fibers, that is, the body and isthmus, may be com-
plete before the age of 10 years [Cancelliere et al., 2013;
Kwon et al., 2014].

In addition to structural factors, the excitation—inhibition
(glutamate/GABA) balance and GABA levels are strictly
correlated with the strength of functional short-range and
long-range connectivity [Ferreri and Rossini, 2013; Ghisleni
et al., 2015; Sampaio-Baptista et al., 2015; Stagg et al.,
2014]. Accordingly, evidence strongly suggests that
GABAg receptors are involved in interhemispheric connec-
tivity [Daskalakis et al., 2002; Palmer et al., 2012]. In the
hippocampus, the GABAergic system attains mature
properties before the onset of puberty. Neocortical
GABA sergic projections may undergo massive modifica-
tions until the end of adolescence [Caballero et al., 2014;
Chugani et al., 2001; Hashimoto et al., 2009; Kilb, 2012; Sil-
veri et al., 2013; Wang and Kriegstein, 2009] although a
recent study suggests that GABAergic inhibitory motor
circuits are largely mature by 10 years of age [Schneider
et al., 2016]. Only a few (rodent) studies have investigated
the role of GABAg function in development, providing
evidence of the importance of GABAg receptor-mediated
signaling in normal brain maturation [Bolton et al., 2015;
Prosser et al., 2001; Queva et al., 2003; Schuler et al., 2001].
However, there are no data on how GABAg functioning
changes during different developmental periods. The con-
centration of glutamate, the major excitatory neurotrans-
mitter in the central nervous system, remains relatively
stable in both cerebral white and gray matter after early
infancy [Bluml et al., 2013].

Given that there is evidence showing that functional
connectivity without direct structural connections strength-
ens with development [Betzel et al., 2014], and that
cortico-cortical effective connectivity may depend on non-
structural factors such as medication and state of con-
sciousness [Ferrarelli et al., 2010; Massimini et al., 2005;
Premoli et al., 2014], different GABAergic neurotransmis-
sion in local inhibitory networks could in part underlie
enhanced cortical activation and restricted propagation of
TEPs from the stimulated area in the younger age groups
in our study. In the future, a developmental paired-pulse
TMS-EEG study assessing motor cortical short-interval and
long-interval intracortical inhibition [Ferreri et al., 2011;
Fitzgerald et al., 2008] could confirm the aforementioned

association between developmental differences in GABA-
mediated neurotransmission and TEPs.

Motor Network Developmental Changes in the
Frequency Domain

In addition to studying TEPs in the time domain, we
used two complementary indices in the frequency domain:
ITC and ERSP. The TMS-evoked oscillations most likely
result from the resetting of ongoing oscillatory activity,
and are not activated by TMS itself [Fuggetta et al., 2005;
Paus et al., 2001; Rosanova et al., 2009]. In our study, TMS
of the motor cortex produced a robust and highly signifi-
cant increase in phase locking in children and adolescents
compared with adults, while the ERSP measures showed
no statistically significant developmental differences. This
reflects the similar amplitude dynamics of TMS-evoked
activity between the groups, but the consistency of the
instantaneous phase was greater in children and adoles-
cents than in adults. The ITC increment of children was
not frequency specific and covered a large time range.
This suggests that in childhood and adolescence, there
may be a generic increase in the ability of motor circuits to
engage in synchronous activity. Topographical analyses
demonstrated that within the first 200 ms, differences
peaked at channels mainly localized in the left centro-
parietal regions, whereas in the later time range, differ-
ences were also seen in the contralateral hemisphere. The
difference between adolescents and adults did not reach
statistical difference within the first 200 ms, but peaked in
the 200-500 time range in left central and to a lesser extent
in right central and frontal regions. Previous studies have
proposed that evoked potentials in EEG result from the
combination of power enhancement and phase synchrony
in specific frequency bands [Cebolla et al., 2009; Cheron
et al., 2007]. In the present study, no between-group differ-
ences were observed in the power level of any of the eval-
uated frequency bands, whereas a significant increase in
phase synchrony was detected in children and adolescen-
ces in comparison to adults. The greater phase synchrony
in children and adolescences may thus explain the larger
TEPs observed in these groups in comparison to those of
adults. The electrical rhythms triggered by TMS probably
reflect overall circuit properties at the level of whole corti-
cal areas and connected thalamic, subcortical nuclei [Rosa-
nova et al, 2009]. Thus, various factors, including
differences in (GABAergic) inhibitory modulation of the
evoked oscillations [Cho et al., 2015; Ferrarelli et al., 2008;
Fukui et al., 2010; Julkunen et al., 2013], in signal variabili-
ty, or in neural network connectivity [Haider et al., 2010;
Lippe et al., 2009; Miyauchi et al., 2016, Moldakarimov
et al., 2015; Vakorin et al., 2011], may explain the age-
related differences in ITC in our study. The exact interac-
tion of the intracellular and network properties underlying
enhanced ITC in children and adolescents merits further
investigation.
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Strengths and Limitations of the Study

Since the number of participants was low, the results of
this study have to be considered as preliminary. In order
to maximize the accuracy and reliability of our results, we
used cutting edge technologies like HAdEEG and neurona-
vigation. Furthermore, the number of trials averaged per
subject was relatively high, thus minimizing the effect of
coincidental errors on the TEP waveform. Despite the
small group sizes, we found statistically significant
changes in cortical excitability and connectivity between
different age groups. These changes should be studied in
the future in a larger population.

The possible influence of volume conduction, the trans-
mission of electric or magnetic fields from an electric pri-
mary current source through biological tissue toward
measurement sensors, is another potential limitation in
TMS-EEG studies. Jarczok et al. [2016] addressed this
question by comparing TMS-evoked interhemispheric
transmission between different age groups, and found sig-
nal propagation to be higher in older subjects who can be
assumed to have larger heads and therefore a longer dis-
tance between the two cortical areas (i.e., reduced effects
of volume conduction). Our results showing reduced intra-
and interhemispheric signal propagation in children com-
pared with adults are in line with this, giving further sup-
port to the notion that age-related differences in signal
propagation are related to differences in connectivity and
not an artifact caused by signal degradation.

CONCLUSIONS

According to the results of our study, children have a
different pattern of activation in response to motor cortex
TMS than adults. They have a less complex waveform con-
figuration, particularly within the first 100 ms post-
stimulus, a more consistent phase of the response, higher
induced activation and more restricted signal spreading
compared with adults. These results are well in accor-
dance with the findings of developmental studies on
intrinsic functional connectivity [Supekar et al., 2009], the
evolution of brain connectivity patterns [Yap et al., 2011],
and the development of neural systems underlying cogni-
tion [Fair et al., 2009]. Previous observations [Fair et al.,
2009; Vakorin et al., 2011] and the results of the current
study together show that the brain of children develops
during maturation from strong local connectivity toward a
more distributed, predominantly functional based connec-
tivity pattern characterized by stronger integration.
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