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Abstract

In a previous MEG study of movement-related brain activity in preschool age children, we reported
that pre-movement fields and sensorimotor cortex oscillations differed from those typically
observed in adults, suggesting that maturation of cortical motor networks is still incomplete by late
preschool age (Cheyne et al., 2014). Here we describe the same measurements in an older group of
school-aged children (6 to 8 years old) and an adult control group, in addition to repeated recordings
in seven children from the original study approximately two years later. Differences were observed
both longitudinally within children and between age groups. Pre-movement (readiness) fields were
still not present in the oldest children, however both frequency and magnitude of movement-related
mu (8-12Hz) and beta (15-30Hz) oscillations demonstrated linear increases with age. In contrast,
movement-evoked gamma synchronization demonstrated a step-like transition from low (30-50 Hz)
to high (70-90 Hz) narrow-band oscillations, and this occurred at different ages in different children.
These data provide novel evidence of linear and non-linear changes in motor cortex oscillations and
delayed development of the readiness field throughout early childhood. Individual children showed
large differences in maturation of movement-related brain activity, possibly reflecting differing

rates of motor development.
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1. Introduction

The acquisition of skilled motor abilities is one of the most important aspects of human
development, with many motor and cognitive abilities emerging during early childhood. Difficulties
in acquiring motor skills often first appear during preschool age and may persist throughout
adulthood if not resolved within the first decade of life (Smith 2006, Piek et al. 2012) and may be
co-morbid with pervasive developmental disorders of language and cognition (McCleery et al.
2013). Surprisingly, little is known about the relationship between brain development and the
acquisition of motor abilities in early childhood, even though human neuroimaging studies have
demonstrated rapid changes in brain structure and function during this period (Durston and Casey
2006, Shaw et al. 2008, Brown and Jernigan 2012). We also know from observation that a child’s
movements are not the same as an adult. Fine motor control and dexterity do not resemble those of
the adult until late childhood and the development of these skills proceeds at different rates in
different children (Forssberg et al. 1991, Dayanidhi et al. 2013). This is accompanied by notable
differences in movement-related brain potentials. For example, Electroencephalography (EEG)
measures of movement-locked brain potentials do not show a typical slow pre-movement negative
shift — or “readiness potential” — until children reach 8 to 9 years of age (Chisholm and Karrer 1988,
Chiarenza et al. 1995). Cortical oscillatory activity also demonstrates amplitude and frequency
changes throughout childhood, likely reflecting changes in underlying sensorimotor networks
(Southgate et al. 2009, Berchicci et al. 2011, Marshall et al. 2011, Thorpe et al. 2016, Trevarrow et
al. 2018).

Magnetoencephalographic (MEG) recordings provide a well-established technique for
studying the time course of brain activity during motor tasks, as well as the role of oscillatory
networks in motor control (for review see, Cheyne 2013). With the introduction of customized MEG
systems for smaller children, MEG can fill the current gap between our knowledge of early neural

development and that of motor and cognitive abilities (Johnson et al. 2010, Cheyne et al. 2014,
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Roberts et al. 2014, He et al. 2015, Okada et al. 2016, He and Johnson 2018, Johnson and He in
press). There are however, relatively few MEG studies of motor development, partly due to the
challenges of recording motor responses in children and most studies to date have focused on older
children and adolescents (Gaetz et al. 2010, Wilson et al. 2010, Huo et al. 2011, Trevarrow et al.
2018). In a previous study (Cheyne et al. 2014) we reported the first recordings of movement-related
brain activity in preschool age children using a customized pediatric MEG system (Johnson et al.
2010). Using a child-friendly motor task and advanced source analysis techniques we were able to
successfully localize movement-related brain activity to the sensorimotor cortex in all children,
however as predicted, preschool aged children showed marked differences from the adult pattern
of pre-movement waveform morphology, with an absent early readiness field component.
Differences in both the timing and frequency and strength of motor cortex oscillations to those
typically observed in adults were also observed, although some of the youngest children (less than
4 years of age) demonstrated completely adult-like patterns of high frequency motor gamma
oscillations, suggesting that there are large individual differences in movement-related brain
activity in preschool age children.

Without longitudinal measurements within the same children, it is unclear whether the
individual differences observed in our earlier study may have persisted throughout development, or
simply reflected differences in the rate of emergence of these brain responses across individuals.
This has important implications for studies of normal motor development, as well the use of these
measures as indicators of atypical development. Here we report a follow-up to our previous study
of MEG recordings of motor activity in children, comparing data from preschool age children to
recordings in an older group of children two to two and one-half years older to test the hypothesis
that children showing less mature movement-related brain activity at preschool age would show a
transition to the adult form. In addition, approximately half of the children in the older age group

also participated in our first study, allowing us to observe such changes longitudinally within
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individual children. We also included a group of adults who performed the same motor task to
confirm that differences are not task related. To our knowledge, this is the first longitudinal MEG

data examining changes in neural activity in the motor cortex throughout early childhood.

2. Materials and Methods
2.1 Participants

We conducted MEG recordings of movement-related brain activity in children from two age
groups in two different recording sessions (details provided in Table 1). The first group (“Session
1) consisted of fifteen healthy preschool age children (8 female, mean age 4.20 years + 0.19, range
3.2 t0 4.9 years old, all right-handed) who were included in our previously published study (Cheyne
et al. 2014). For the follow-up study (“Session 2”), we recruited a second group of school-aged
children; seven from the original study who had been scanned approximately two years earlier and
ten additional children matched for age and sex to the children from the first study. Four children
were excluded from final analysis due to poor task compliance or excessively noisy data, leaving a
total of 13 children (6 female) with a mean age of 6.79 + 0.21 years in Session 2, ranging from 5.5
to 7.5 years old (referred to hereafter as 6 to 8-year-olds) with a subgroup of seven children in whom
longitudinal changes could be directly examined. Thirteen adults (6 female, 1 left-handed, mean
age 31.1 years, range 20.3 to 39.3 years) also participated in Session 2 to provide an adult
comparison group performing the same motor task. Handedness in adults was assessed using the
Edinburgh handedness inventory (Oldfield 1971). Handedness was assessed in the younger children
by observing which hand they used to perform a number of simple actions (hammering, writing
their name or drawing a picture, opening a jar, putting crayons into a box, throwing a ball and
cutting a piece of paper with child-safe scissors). Participants were recruited from the Sydney area
and provided informed consent using protocols approved by the Macquarie University Human

Subjects Ethics Committee.
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2.2 Motor Task

The same videogame-like task was used in both recording sessions to elicit self-paced motor
responses. Children were instructed to press a button when specific images appeared on a display
in a space-theme game. Images of space aliens appeared at the top of a screen every 3 s and
descended slowly towards a space ship at the bottom of the screen. Participants were instructed to
“feed the aliens” as they appeared by pressing a button with their right or left index finger, which
would launch cookies from the space ship towards the approaching aliens. Participants were also
coached to maintain their own timing to encourage more self-paced movements as in our previous
study. Children performed the task for approximately 5 minutes each for left or right-hand responses
(order counter-balanced across participants), which was sufficient in obtaining approximately 100
button responses for each hand. To help keep the children engaged in the task, explosive sounds
were heard when the cookie reached the target; however, these were not time-locked to the
appearance of the stimulus or the button press. Adults performed the task with their right hand only.
Motor responses were measured with a response button pad (LUMItouch Response System,
Lightwave Medical Industries, Burnaby, Canada). Visual stimuli were presented on a back-
projected screen mounted approximately 140 cm above the subject using an InFocus LCD projector
(Model IN5108). Auditory feedback was presented via plastic tubes with insert earphones

(Etymotic Research Inc., Model E-30, Elk Grove Village, IL).

2.3 Data Acquisition

MEG data in the children was acquired with a custom, child-sized MEG system (Model
PQ1064R-N2m, Kanazawa Institute of Technology (KIT), Kanazawa, Japan) in a magnetically
shielded room (MSR) (Fujihara Co. Ltd., Tokyo, Japan) located at Macquarie University. The
system consisted of 64 first-order axial gradiometers and is designed to fit approximately 90% of

heads of 5-year old children (Johnson et al. 2010). Session 2 scans were collected on the same child
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system, although approximately half of the participants were measured after the sensor array was
upgraded from 64 to 125 sensing channels. Adults were measured in a 160-channel adult MEG
(Model PQ1160R-N2, KIT, Kanazawa, Japan) located within the same magnetically shielded room.
All data was acquired at a sampling rate of 1000 samples per second with a 0.3 Hz to 200 Hz
bandwidth. All participants were recorded in the supine position with button pad positioned on their
chest.

Head shape data was collected with a pen digitizer (Polhemus Fastback, Colchester, VT) for all
participants, which included the digitization of three fiducial points on the head (nasion and pre-
auricular points), as well as five head position indicator (HPI) coils that were secured to the head
by an elasticized head cap that tracked total movement (pre and post MEG recording head location
measurements are averaged together). Off-line sensor data was transformed into a head-based

coordinate system based on the digitized fiducial points and HPI coils.

2.4 Data Analysis
All MEG data analyses and visualization was carried out using the BrainWave toolbox (Jobst
et al. 2018) developed at the Hospital for Sick Children implemented in C++ and MATLAB
(Mathworks, Natick, MA). The continuous KIT (.con) data recordings were imported into
BrainWave and segmented into 4 second trials (2 second prior to and 2 seconds following the first
button press in response to the target appearance). Each trial was examined for large signal
deviations (eye-blinks, movement artefacts) and removed prior to further analysis. In order to avoid
data processing differences between Session 1 and Session 2 all data from the first session was re-
analyzed using the identical analysis steps.
As in our previous study, a paediatric MRI template customized for children 4.5 to 8.5 years of
age from the NIHPD database (Fonov et al. 2011) was warped to fit each participant’s digitized

head shape using the iterative closest point (ICP) algorithm, producing a unique “surrogate” MRI
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for each participant for spatial normalization of source images to a standard (MNI) template brain

using SPM$ (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). As shown in our previous study,

this approach provides a good approximation to MNI coordinate space for group averaging of
whole-brain source images and for obtaining anatomical labels (Brodmann areas). Surrogate MRIs
were similarly created for adults using the Colin-27 adult template MRI (Holmes et al. 1998). MEG
source modeling was carried out using a single-sphere head model (Sarvas 1987) fit to the inner
skull surface extracted from the (warped) surrogate MRI (Lalancette et al. 2011). The inner skull

surface was extracted using FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).

Movement evoked activity was localized for a 600 ms window around time zero (-0.3 s to 0.3 s
in time increments of 5 ms) averaged across trials using a wide-band 1-30 Hz event-related
beamformer (ERB) algorithm (Cheyne et al. 2006, Cheyne et al. 2007) implemented in the
BrainWave toolbox. Beamformer weights were calculated using the data covariance -0.5 s to 1 s
around the time of the button press (t = 0.0), with diagonal regularization of 10 femtoTesla/sqrt
(Hz). For visualization of source activity, individual and group averaged source images were
interpolated onto an inflated cortical surface extracted from the template MRI used for spatial

normalization using the FreeSurfer toolbox (http://surfer.nmr.mgh.harvard.edu/).

2.5 Statistical Analyses

Time courses of neural activity were compared for the different age groups using the method
described by Guthrie and Buchwald to estimate the minimum number of empirically significant
consecutive paired t-tests between the two time series. Implemented in a MATLAB toolbox (Siegle
et al. 2003), this method uses the pooled autocorrelation value to threshold the minimum number
of consecutively significant t-values representing a p-value of less than 0.05 within 150 ms time

windows clusters along the entire time series (Guthrie and Buchwald 1991).
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Movement-induced power change in specific frequency band ranges of interest; mu (7-13 Hz),
beta (15-30 Hz), low gamma (30-60 Hz) and high gamma (60-90 Hz) using a Morlet wavelet-based
time-frequency decomposition implemented in the BrainWave toolbox. Time-frequency
representation (TFR) plots were computed using 5 cycles per wavelet for the mu frequency band (9
cycles for beta and 20 cycles for low and high gamma) and transformed to percent change from a
baseline period of -2 s to 0 s preceding the button press. Averaged (phase-locked) source power
was subtracted from the single-trial power for each individual to remove any power changes related
to the evoked response. Peak frequency and amplitude within a specified frequency band and time
window were estimated from the TFRs using a previously described bootstrapping procedure

(Muthukumaraswamy et al. 2009, Cheyne and Ferrari 2013).

3. Results
3.1 Movement-related Fields

Averaged time courses of peak activations in the event-related MEG source images revealed
typical motor responses in individual subjects localized to the contralateral hand region of
sensorimotor cortex (BA 4/6) around the time of movement onset (button press). Since the children
did not have a pre-movement readiness or motor field peak, the first peak of activity immediately
following movement onset was used as to extract their sensorimotor activation time course. Figure
1 shows the group averaged source activity peaking approximately 20 ms after movement onset for
right hand button press for adults and both child age groups (Session 1 and Session 2), projected
onto the inflated surface of the MNI template brain showing activation in the left sensorimotor hand
area and corresponding group averaged source activity waveforms. Time courses of source activity
for each individual were computed using the location of their individual peak activation. Negative
deflections in all plots reflect anterior directed dipole sources in MI after correcting for polarity

reversals across subjects.
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Source waveforms in the adults demonstrated a typical slow shift or readiness field beginning
approximately 500 ms prior to movement, peaking approximately 50 ms prior to the button press
(motor field, MF), followed by three field reversals or “movement-evoked” fields (MEFI, MEFII
and MEFIII) peaking at approximately 20 ms, 100 ms and 190 ms after the button press,
respectively. Periods of significant amplitude differences between waveforms (using Guthrie-
Buchwald correction at p < 0.05) are indicated by horizontal grey bars. There was a clear absence
of a pre-movement MF peak prior to movement onset in both child age groups as well as amplitude
differences during the movement evoked fields, due to an apparent earlier peak latency of the MEFII
in the adults. The latter was confirmed by comparing MEFII latency in adults which was
significantly earlier (112 ms +/- 0.004 s.e.m.) compared to preschool (160 ms +/- 0.010 s.e.m., p =
0.0001) and school age children (135 ms +/- 0.012 s.e.m., p = 0.0096).

Amplitude differences between the young and old child groups were not statistically
significant prior to or following movement onset. As shown in Figure 2, movement-related
waveforms were remarkably similar for left and right movements in both age groups. In comparison
to the younger age group, a small deflection around 200 ms prior to movement onset was apparent
in the 6 to 8-year-olds (also shown in Fig. 1, lower row) for both left and right movements,
suggesting the emergence of a pre-movement motor field, although this was not statistically
significant in the group data. In addition, there was a shift of the MEFII peak to an earlier latency
in the older children in the direction of an expected adult response, however this was not statistically

significant between the two child groups (p = 0.075).

3.2 Sensorimotor Mu and Beta Oscillations
Figure 3 shows a time-frequency representation plots of the modulation of source power in the
contralateral sensorimotor cortex from both child groups. As described in our original study,

preschool age children demonstrated a pre-movement suppression and post-movement increase


https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(rebound) of power in the mu (7-13 Hz) and beta (15-30 Hz) frequency bands that is much weaker
and delayed compared to that observed in adults. In comparison, the 6 to 8-year-old group in the
current study demonstrated a more robust beta suppression and an earlier and stronger beta rebound.
Beta rebound power was positively correlated with age in children pooled across both age groups
for both left sided (Pearson’s » = 0.603, p = 0.0008) and right-sided (» = 0.504, p = 0.007)
movements. Changes in oscillatory power with age were not consistent for any other frequency
bands or time periods in the children. Beta rebound power in the adults was clearly earlier and more
robust in comparison to the children, but also displayed greater variability in power and peak
frequency across individuals (data not shown). We did not find any statistically significant
differences in any of the above measures between male and female subjects in either the adult or

child age groups.

To examine whether frequency of sensorimotor oscillations increased with age, mean peak
frequency was estimated for the mu and beta bands for all age group during both pre-movement
suppression (-200 ms to +700 ms) and post-movement rebound (+800 ms to +1600 ms) time
windows, as shown in Figure 4a. Peak frequency of both mu and beta oscillations during pre-
movement beta suppression significantly increased with age across all age groups (all comparisons
using the Mann-Whitney test one-tailed t-test for unequal variances) for right button press but not
for left button press (although mean frequency showed the same increasing trend). Mu peak
frequency also increased during the rebound time window between children and adults, but was
only significant between child age groups for left hand movements (p < 0.01). Peak frequency of
beta rebound did not differ significantly across age groups with the exception of the young age
groups versus adults, again for right hand movements only. Plotting peak mu and beta frequency

pooled across all children and adults for right-hand movements as a function of fractionalized age

10
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(Figure 4b), revealed a significant linear increase of mu and beta frequency with age both during
pre-movement suppression and post-movement rebound.

As reported in the first study, some preschool age children displayed a 70-90 Hz narrow-band
gamma (also termed gamma event-related synchronization, ERS) at movement onset as previously
reported in adults, while others had weak or absent movement-evoked gamma ERS or in some
cases, a similar gamma ERS at movement onset, however at a much lower frequency (30-50 Hz).
In contrast, all children in the 6 to 8-year-old cohort in Session 2 demonstrated a clear high
frequency 70-90 Hz gamma burst (ranging from 50% to 150% above baseline) for both left and

right movements, as can be seen in the group averaged TFR in Figure 3.

3.3 Longitudinal Changes between Session 1 and Session 2

Changes in both motor field patters and oscillatory activity were examined separately for the
seven children who returned for Session 2 who were now 2 to 2 1/2 years older. Many of children
recorded again in Session 2 showed highly similar, almost completely overlapping movement-
related field patterns for both age time points. However, some children showed qualitative changes
in their pre-movement source activity, as shown in Figure 5, with the emergence of a clearer MF
and MEFI polarity reversal at movement onset. This likely contributes to the small deflection
observed in the group source waveforms for both left and right movements shown in Figure. 2.

It was noted that children who did not show high frequency movement-evoked gamma in their
first session, demonstrated a clear transition from low gamma burst at movement onset to high
frequency gamma when comparing their Session 1 and Session 2 data. This was consistent for both
left and right-hand movements as shown in Figure 6 (top row). In addition, children who did show
a high frequency (adult-like) motor gamma pattern when measured at preschool age in Session 1
showed almost identical timing and mean frequency of gamma activity for both left and right

movements when measured when two years older in Session 2 (Fig. 6, bottom row).

11
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4. Discussion

We examined movement-related fields and modulation of sensorimotor oscillations
accompanying motor responses to visual cues in a video-game like task over two separate recording
sessions in children ranging from 3 to 8 years of age compared to adults performing the same task.
Subjects were instructed to respond to targets at their own pace to avoid strict time-locking to the
visual stimulus. Results in the adult control group confirmed that our task elicited movement-
related readiness fields. These were typical of those observed in healthy adults during self-paced
movements, with pre-movement activity beginning about 1/2 second prior to movement reaching
maximum amplitude just prior to a button press, corresponding approximately to EMG onset in the
active muscles (Kristeva et al. 1991, Nagamine et al. 1996, Cheyne et al. 2006, Cheyne 2013).
Movement-related brain activity in our participants was consistently localized to the hand area of
the contralateral precentral gyrus (BA 4/6) confirming the validity of template MRI warping

procedure for group averaging and obtaining approximate anatomical locations.

4.1 Age-related changes in movement-related fields

Motor responses shown for the preschool children demonstrate notable differences when
compared to adults, as described in our previous study (Cheyne et al. 2014). However, even the
oldest children in the 6 to 8-year-old cohort still did not demonstrate a mature slow readiness field
or motor field peak reversal prior to the button press. Instead, pre-movement activity in children
showed a rapid increase just prior to button press peaking at 20 ms following movement onset with
the same polarity as the MEFIL. This pattern was remarkably similar in some of children who
returned up to 2.5 years following their initial recordings session, confirming that our task elicited
stable and replicable motor responses, even in very young children. Movement-evoked fields also

differed in children compared to adults, with longer MEFII and MEFIII peak latencies, which might

12
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be related to differences in movement duration or other kinematic parameters. It is interesting to
note however that the MEFI component was present at a similar latency as adults. This movement-
evoked brain response is thought to be related to proprioceptive feedback to the sensorimotor cortex
during muscle contraction (Cheyne et al. 1997). In this regard, the comparable latencies of child
and adult MEFI components is consistent with MEG responses to tactile stimulation of the hand in
children, which show similar latencies to adults by 6 years of age (Pihko et al. 2009). While the
afferent pathways in children are less myelinated and have slower conduction velocities, this is
thought to be offset by the shorter travel distance in smaller arms (Pihko et al. 2009).

Our study included equal numbers of boys and girls, however there were no notable sex
differences in the measured brain responses. This may reflect the fact that sex differences in the
development of both gross and fine motor skills in typically developing children are relatively small
(Flatters et al. 2014) and likely require a larger number of subjects to be detected.

The lack of a readiness field preceding movement in children, even in the oldest participants,
remains puzzling given its ubiquitous presence in adults. Our results are consistent with EEG studies
showing absent readiness potentials in children up to 9 years of age (Chisholm and Karrer 1988,
Chiarenza et al. 1995). Although there were signs of the emergence of pre-movement field
component, this was not statistically significant in the group data and likely reflects the large
amount of variability observed within this age group. Additional studies in older children are
required to determine when this important brain response develops and matures. However, our
current findings support the notion that the readiness potential, thought to reflect motor preparation
or intention (Cunnington et al. 2005, Colebatch 2007) is a late developing phenomenon, and raises
questions regarding its role in motor control. Pre-movement activity is also observed in ipsilateral
motor cortex in adults (Kristeva et al. 1990) and it has been proposed that this may reflect
interhemispheric inhibition of contralateral motor cortex, particularly during the performance of

skilled unilateral movements (Duque et al. 2007, Wischnewski et al. 2016). Notably, these

13
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inhibitory pathways do not appear to be fully developed until 10 years of age (Nezu et al. 1997)
which roughly corresponds to the disappearance of mirror movements during development
(Mayston et al. 1999). Although we were not able to assess the presence of mirror movements
during the motor task in the current study, movement-related activity was largely contralateral to
the side of movement, and differences were more significant for right hand compared to left hand
movements in children who were assessed to be right-hand dominant, possibly reflecting a role of

hand dominance in the maturation of movement-related brain activity.

4.2 Age-related changes in sensorimotor oscillations

In contrast to movement-related fields, we observed consistent differences between the two child
age groups in sensorimotor oscillations, with a linear increase in mu and beta band peak frequency
with age. We also observed significantly stronger and earlier onset of post-movement beta rebound
in the 6 to 8-year-old group, indicating that beta rebound is robust by this age, although we cannot
rule out that this might also reflect shorter duration movements in the older children, as beta rebound
has been shown to be time-locked to movement offset rather than onset (Pfurtscheller et al. 1996,
Cassim et al. 2001, Jurkiewicz et al. 2006) and our button box did not allow us to measure
movement duration. We also observed a small but consistent increase in mu band frequency with
age. In a review of mu rhythm activity across multiple age groups, Berchicci and colleagues
(Berchicci et al. 2011) reported a rapid increase in mu frequency from infancy up to one year of
age, followed by a more gradual increase in early childhood with lower (8-9 Hz) mean frequency
compared to the 10 to 12 Hz range observed in adults, although no data were available for children
older than 5 years of age. Our data complement these findings, showing a continued increase in mu
frequency, by approximately 0.5 Hz from preschool age to age 6 or 7, confirming that mu frequency

increases gradually throughout childhood, possibly reflecting changes in myelination, synaptic
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pruning or other neurophysiological changes that continue throughout childhood and adolescence
(Sowell et al. 2004, Shaw et al. 2008).

The most novel observation in our study was a very non-linear, step-like transition of movement-
evoked gamma band activity observed at movement onset. Unlike the preschool age children, all
children in the 6 to 8-year-old cohort demonstrated an adult-like movement gamma synchronization
(gamma ERS) at movement onset, in the typical frequency range of 70 to 90 Hz reported in MEG
studies of adults (Cheyne et al. 2008, Dalal et al. 2008, Muthukumaraswamy 2010). Even more
striking are the developmental changes observed in the longitudinal data, where children who had
a low frequency gamma response at an earlier age now show an adult high frequency gamma ERS,
as shown in Figure 6. Moreover, children who did have a high motor gamma ERS at preschool age
in Session 1, showed a gamma ERS response that was virtually unchanged in both frequency and
amplitude, and these patterns replicated for both left and right hand movements. This suggests that
high-frequency movement-evoked gamma ERS emerges for both dominant and non-dominant hand
movements, anywhere between 3 and 6 years of age and remains stable in frequency and amplitude
afterwards. This is consistent with studies in adults showing that motor gamma ERS duration and
peak frequency varies across individuals, but is highly similar within individuals in both frequency
and duration for left and right hand movements, and this remains stable over time (Cheyne and
Ferrari 2013). The role of movement-evoked gamma ERS is unknown, although it can be observed
at various levels of the motor system, including subcortical structures (Lalo et al. 2008, Jenkinson
et al. 2013), and appears to be related to higher cognitive aspects of movement execution such as
movement awareness or effort, rather than specific movement parameters or sensory feedback

(Muthukumaraswamy 2010, Cheyne and Ferrari 2013, Jenkinson et al. 2013).

15


https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

4.3 Theoretical considerations and future studies

The physiological mechanisms underlying the developmental changes in brain activity observed
in the current study are unknown. One currently popular hypothesis is that age-related changes in
cortical oscillations are related to increases in the available pool of the inhibitory neurotransmitter
GABA (Muthukumaraswamy et al. 2009, Gaetz et al. 2011). However, this is based on indirect
evidence from a small number of MRI spectroscopy studies with inconsistent findings (Robson et
al. 2015). Others have attributed age-related changes in cortical oscillations to altered long-range
connectivity (Brookes et al. 2018). Although changes in local synaptic inputs and/or inter-areal
connectivity likely play important roles in development, such hypotheses assume that the output
organization of the primary motor cortex is relatively fixed from early childhood. The primary
motor cortex and its associated efferent pathways has evolved across mammalian species in a way
that is reflective of the need for increasing dexterity and fine motor control and is most advanced
in non-human primates and humans (Lemon 2008). A major factor in this evolutionary trend is an
increased role of the corticomotoneuronal (CM) system — descending pathways from primary motor
cortex (MI) with monosynaptic connections directly onto spinal motor neurons — in the control of
fine motor skills, particularly dexterous hand movements (Armand et al. 1997). This system has
been shown to develop postnatally over an extended period in non-human primates, indicating that
this is a late developing system both phylogenetically and ontogenetically, although its development
in humans is unknown. Interestingly, compared to polysynaptic MI projections from the precentral
gyrus to the spinal cord that are present at birth, CM neurons are located in more caudal portions of
MI within the anterior wall of the central sulcus (Rathelot and Strick 2009). Thus, an alternative
explanation for the dramatic increase in amplitude of MEG activity in motor cortex with age might
be an increase in activity of neural populations of sulcal neurons in MI, as the CM system comes

“on-line” along with increased motor skills during development.
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A recent MEG study in children and adolescents from 9 to 15 years of age (Trevarrow et al.
2018) reported maturational changes in movement-related beta and gamma oscillations that peaked
in strength in adolescence, followed by decreases in early adulthood. Relevant to the current study,
their youngest participants showed movement-related cortical oscillatory activity similar in
amplitude and timing to adults, suggesting that these motor networks may be relatively mature by
9 or 10 years of age. In contrast, our data show that movement-related brain activity is still
undergoing changes after age 5 or 6 and it remains unclear at what age at which the transition to
adult-like motor activity is complete, in particular, the emergence of the pre-movement readiness
potential. Curiously, the absence of the readiness potential up to age 9 or 10 when general motor
skills are relatively mature would suggest that this pre-movement brain activity does not play a
direct role in motor execution. This is consistent however, with the general notion that role of MI
in motor control is one of sensorimotor integration, such as the comparison of internal models and
external feedback (corollary discharge), rather than sending specific motor commands to the
muscles (Kalaska 2009) although such models have not been considered in the context of brain
development.

Most importantly, our data confirm that there is a large degree of individual variability in the
maturational trajectory of movement-related brain activity during early childhood. Since motor
abilities were not assessed in the current study, it is unclear how the observed individual differences
in movement-related brain activity may have been related to differences in motor abilities or other
factors such as the development of hand dominance. Such studies will be particularly informative
given that some of the youngest children in the study showed completely adult-like gamma ERS at
less than 4 years of age, and more importantly, this remained stable at their second session, while
other children develop this brain response much later. If MEG recordings of movement-related

brain activity can be shown to track the rate of motor development across children, they may also
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provide useful indicators of atypical motor development, and whether motor disorders will resolve
with age. Finally, our findings emphasize that individual variability in both the timing and
frequency of movement-related oscillations, or other oscillatory responses needs be taken into

account when studying differences in across fixed age groups.
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Figure Captions

Figure 1. Group averaged source activity in the contralateral sensorimotor cortex time-locked to
right index finger movements (button press) for adults and children. The colour scale reflects source
strength (in units of nanoAmpere-meters) at the latency of the MEFI at 20 to 25 ms following
movement onset are projected onto an inflated template brain (the Colin-27 adult template for
adults, and a child template for 4.5-8.5 year-olds for children), thresholded at 30-65% of the group
maximum. Source waveforms computed for peak activity closest to the primary motor cortex in
individual subjects is shown on the left. Adult source activity (top row) shows typical pre-
movement readiness field, peaking with a motor field (MF) at approximately 50 ms prior to button
press followed by movement-evoked field components (MEFI-III). Source waveforms for Session
1 (3-5 year-olds) and Session 2 (6-8 year-olds) are shown bel; superimposed on the adult
waveforms. Shading represents the standard error across subjects. Grey horizontal bars indicate
periods during which waveforms are significantly different (p<0.05). The emergence of a motor

field peak is apparent in the older children (red arrow) along with delayed MEF components.

Figure 2. Group source waveforms for sensorimotor cortex sources superimposed for left and right
button press conditions plotted separately for Session 1 (3-5 year-olds) (top) and Session 2 (6-8
year-olds) showing high similarity between left and right movements. A small deflection can be

seen in the older child group at the latency of the motor field 50 to 100 ms prior to movement onset.

Figure 3. Time-frequency representation (TFR) plots of single-trial source power source power for
Session 1 (3-5 year-olds) (top) and Session 2 (6-8 year-olds) age groups. Notice earlier and more
robust beta activity and rebound and shift to high-frequency (70-90 Hz) gamma activity in the older
children. Lower plot shows the time course of power averaged over the beta band (15-30 Hz)

demarcated by the dotted lines in the TFR. Shading represents the standard error across subjects
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and periods of significant differences (p < 0.05) between the time series are indicated by horizontal

gray bars.

Figure 4. (A) Mean motor peak frequency (percent change relative to a baseline of -0.2s to 0Os) is
shown for mu and beta band oscillations during the left and right button press pre-movement
suppression time window (-0.2 s to +0.7 s) and post-movement rebound time window (0.8 s to 1.6
s) for Session 1 (3-5 year-old), Session 2 (6-8 year-old) and compared with adults (right button
press only). (B) Scatter plots of peak frequency of beta and mu band oscillations during the pre-
movement suppression time window (left) and post-movement rebound time window (right) as a

function of fractional age for all participants.

Figure 5. Longitudinal changes in movement-related source activity in two children measured at
two time points, approximately 2 years apart (age at time of measurements is indicated in legend),
compared to a typical response in one adult subject. Both children showed a weak motor field
response in their first session (green dotted trace) but improved post-movement peaks (MEFI and
MEFII) along with indications of an emerging pre-movement motor field (red trace) but no clear

slow readiness field shift.

Figure 6. Examples of longitudinal changes of motor cortex gamma event-related synchronization
(ERS) at movement onset in the gamma range (30-50 Hz). Top row: Two children showing
transition (arrows) from a burst of low-frequency gamma ERS in the 30-50 Hz range (left) in their
first session to the higher 70-90 Hz gamma burst in their second session (right) for both left and
right movements. Bottom row: Two children who had clear high 70-90 Hz gamma ERS in both the
first and second recordings sessions approximately two years apart. Note the high degree of

similarity of gamma ERS strength and frequency for left and right movements within children.
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Table Captions
Table 1. Fractionized age, sex and handedness of participants in each age group, adult, preschool

and school-age. Bold font indicates children imaged in both sessions 1 and 2.
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Figure 2
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Figure 5
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Figure 6

Movement-Evoked Gamma Oscillations - Longitudinal Changes
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Table 1.
Session 1: Preschool Session 2: School Age Healthy Adults
Subject  Sex Handedness Fractional Age | Subject  Sex Handedness  Fractional Age | Subject  Sex  Handedness  Fractional Age

0493 M Right 3.93 0493 M Right s.81 1662 M Right 29.82
0494 M Right 3.68 0494 M Right 6.34 1669 M Right 31.38
0498 M Right 4.01 0498 M Right 6.50 1670 M Right 33.65
0499 M Right 4.61 0499 M Right 7.27 1676 F Right 31.85
0511 F Right 4.84 0511 F Right 7.36 1677 F Right 27.16
0514 F Right 4.72 0514 F Right 725 1680 F Right 35.00
0515 M Right 3.64 0515 M Right 6.17 1685 M Right 28.53
0501 M Right 4.60 1674 M Right 7.73 1688 F Left 26.42
0502 F Right 4.70 1675 F Right 713 1703 Right 24.18
0503 F Right 4.02 1692 F Right 6.98 1707 F Right 20.27
0505 M Right 430 1693 F Right 748 1711 M Right 2
0506 F Right 316 1718 F Right 5.46 1721 M Right 2545
0509 F Right 439 1727 M Right 39.28
0510 F Right 441

0536 F Right 4.86

J"ia/” ;::‘ 4.20+~-0.19 6.79 +/-0.21 3106 +/- 1.05
S (3.64 - 4.84) (5.46 - 7.73) 27.16 - 35.00)
(Range)

29



https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Armand, J., E. Olivier, S. A. Edgley and R. N. Lemon (1997). "Postnatal development of
corticospinal projections from motor cortex to the cervical enlargement in the macaque monkey." J
Neurosci 17(1): 251-266.

Berchicci, M., T. Zhang, L. Romero, A. Peters, R. Annett, U. Teuscher, M. Bertollo, Y. Okada, J.
Stephen and S. Comani (2011). "Development of mu rhythm in infants and preschool children."
Dev Neurosci 33(2): 130-143.

Brookes, M. J., M. J. Groom, L. Liuzzi, R. M. Hill, H. J. F. Smith, P. M. Briley, E. L. Hall, B. A.
E. Hunt, L. E. Gascoyne, M. J. Taylor, P. F. Liddle, P. G. Morris, M. W. Woolrich and E. B. Liddle
(2018). "Altered temporal stability in dynamic neural networks underlies connectivity changes in
neurodevelopment." Neuroimage 174: 563-575.

Brown, T. T. and T. L. Jernigan (2012). "Brain development during the preschool years."
Neuropsychol Rev 22(4): 313-333.

Cassim, F., C. Monaca, W. Szurhaj, J. L. Bourriez, L. Defebvre, P. Derambure and J. D. Guieu
(2001). "Does post-movement beta synchronization reflect an idling motor cortex?" Neuroreport
12(17): 3859-3863.

Cheyne, D., L. Bakhtazad and W. Gaetz (2006). "Spatiotemporal mapping of cortical activity
accompanying voluntary movements using an event-related beamforming approach." Hum Brain
Mapp 27(3): 213-229.

Cheyne, D, S. Bells, P. Ferrari, W. Gaetz and A. C. Bostan (2008). "Self-paced movements induce
high-frequency gamma oscillations in primary motor cortex." Neuroimage 42(1): 332-342.

Cheyne, D., A. C. Bostan, W. Gaetz and E. W. Pang (2007). "Event-related beamforming: a robust
method for presurgical functional mapping using MEG." Clin Neurophysiol 118(8): 1691-1704.

Cheyne, D., H. Endo, T. Takeda and H. Weinberg (1997). "Sensory feedback contributes to early
movement-evoked fields during voluntary finger movements in humans." Brain Res 771(2): 196-
202.

Cheyne, D. and P. Ferrari (2013). "MEG studies of motor cortex gamma oscillations: evidence for
a gamma "fingerprint" in the brain?" Front Hum Neurosci 7: 575.

Cheyne, D., C. Jobst, G. Tesan, S. Crain and B. Johnson (2014). "Movement-related neuromagnetic
fields in preschool age children." Hum Brain Mapp 35(9): 4858-4875.

Cheyne, D. O. (2013). "MEG studies of sensorimotor rhythms: a review." Exp Neurol 245: 27-39.

Chiarenza, G. A., M. Villa and G. Vasile (1995). "Developmental aspects of bereitschaftspotential
in children during goal-directed behaviour." Int J Psychophysiol 19(2): 149-176.

30


https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Chisholm, R. C. and R. Karrer (1988). "Movement-related potentials and control of associated
movements." Int J Neurosci 42(1-2): 131-148.

Colebatch, J. G. (2007). "Bereitschaftspotential and movement-related potentials: origin,
significance, and application in disorders of human movement." Mov Disord 22(5): 601-610.

Cunnington, R., C. Windischberger and E. Moser (2005). "Premovement activity of the pre-
supplementary motor area and the readiness for action: studies of time-resolved event-related
functional MRI." Hum Mov Sci 24(5-6): 644-656.

Dalal, S. S., A. G. Guggisberg, E. Edwards, K. Sekihara, A. M. Findlay, R. T. Canolty, M. S. Berger,
R. T. Knight, N. M. Barbaro, H. E. Kirsch and S. S. Nagarajan (2008). "Five-dimensional
neuroimaging: localization of the time-frequency dynamics of cortical activity." Neuroimage 40(4):
1686-1700.

Dayanidhi, S., A. Hedberg, F. J. Valero-Cuevas and H. Forssberg (2013). "Developmental
improvements in dynamic control of fingertip forces last throughout childhood and into
adolescence." J Neurophysiol 110(7): 1583-1592.

Duque, J., N. Murase, P. Celnik, F. Hummel, M. Harris-Love, R. Mazzocchio, E. Olivier and L. G.
Cohen (2007). "Intermanual Differences in movement-related interhemispheric inhibition." J Cogn
Neurosci 19(2): 204-213.

Durston, S. and B. J. Casey (2006). "What have we learned about cognitive development from
neuroimaging?" Neuropsychologia 44(11): 2149-2157.

Flatters, 1., L. J. Hill, J. H. Williams, S. E. Barber and M. Mon-Williams (2014). "Manual control
age and sex differences in 4 to 11 year old children." PLoS One 9(2): e88692.

Fonov, V., A. C. Evans, K. Botteron, C. R. Almli, R. C. McKinstry and D. L. Collins (2011).
"Unbiased average age-appropriate atlases for pediatric studies." Neurolmage 54(1): 313-327.

Forssberg, H., A. C. Eliasson, H. Kinoshita, R. S. Johansson and G. Westling (1991). "Development
of human precision grip. I: Basic coordination of force." Exp Brain Res 85(2): 451-457.

Gaetz, W., J. C. Edgar, D. J. Wang and T. P. Roberts (2011). "Relating MEG measured motor
cortical oscillations to resting gamma-aminobutyric acid (GABA) concentration." Neuroimage
55(2): 616-621.

Gaetz, W., M. Macdonald, D. Cheyne and O. C. Snead (2010). "Neuromagnetic imaging of
movement-related cortical oscillations in children and adults: age predicts post-movement beta
rebound." Neurolmage 51(2): 792-807.

Guthrie, D. and J. S. Buchwald (1991). "Significance testing of difference potentials."
Psychophysiology 28(2): 240-244.

He, W., J. Brock and B. W. Johnson (2015). "Face processing in the brains of pre-school aged
children measured with MEG." Neuroimage 106: 317-327.

31


https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

He, W. and B. W. Johnson (2018). "Development of face recognition: Dynamic causal modelling
of MEG data." Dev Cogn Neurosci 30: 13-22.

Holmes, C. J., R. Hoge, L. Collins, R. Woods, A. W. Toga and A. C. Evans (1998). "Enhancement
of MR images using registration for signal averaging." J] Comput Assist Tomogr 22(2): 324-333.

Huo, X., Y. Wang, R. Kotecha, E. G. Kirtman, H. Fujiwara, N. Hemasilpin, T. Degrauw, D. F. Rose
and J. Xiang (2011). "High gamma oscillations of sensorimotor cortex during unilateral movement
in the developing brain: a MEG study." Brain Topogr 23(4): 375-384.

Jenkinson, N., A. A. Kuhn and P. Brown (2013). "gamma oscillations in the human basal ganglia."
Exp Neurol 245: 72-76.

Jobst, C., P. Ferrari, S. Isabella and D. Cheyne (2018). "BrainWave: A Matlab Toolbox for
Beamformer Source Analysis of MEG Data." Front Neurosci 12: 587.

Johnson, B. and W. He (in press). MEG studies on the connectivity of brain networks in children.
Magnetoencephalography: From Signals to Dynamic Cortical Networks, 2nd Edition. S. Supek and
C. Aine. Berlin, Springer-Verlag.

Johnson, B. W., S. Crain, R. Thornton, G. Tesan and M. Reid (2010). "Measurement of brain
function in pre-school children using a custom sized whole-head MEG sensor array." Clinical
neurophysiology 121(3): 340-349.

Jurkiewicz, M. T., W. C. Gaetz, A. C. Bostan and D. Cheyne (2006). "Post-movement beta rebound
is generated in motor cortex: evidence from neuromagnetic recordings." Neuroimage 32(3): 1281-
1289.

Kalaska, J. F. (2009). "From intention to action: motor cortex and the control of reaching
movements." Adv Exp Med Biol 629: 139-178.

Kristeva, R., D. Cheyne and L. Deecke (1991). "Neuromagnetic fields accompanying unilateral and
bilateral voluntary movements: topography and analysis of cortical sources." Electroencephalogr
Clin Neurophysiol 81(4): 284-298.

Kristeva, R., D. Cheyne, W. Lang, G. Lindinger and L. Deecke (1990). "Movement-related
potentials accompanying unilateral and bilateral finger movements with different inertial loads."
Electroencephalogr Clin Neurophysiol 75(5): 410-418.

Lalancette, M., M. Quraan and D. Cheyne (2011). "Evaluation of multiple-sphere head models for
MEG source localization." Phys Med Biol 56(17): 5621-5635.

Lalo, E., S. Thobois, A. Sharott, G. Polo, P. Mertens, A. Pogosyan and P. Brown (2008). "Patterns
of bidirectional communication between cortex and basal ganglia during movement in patients with
Parkinson disease." J Neurosci 28(12): 3008-3016.

Lemon, R. N. (2008). "Descending pathways in motor control." Annu Rev Neurosci 31: 195-218.

32


https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Marshall, P. J., T. Young and A. N. Meltzoff (2011). "Neural correlates of action observation and
execution in 14-month-old infants: an event-related EEG desynchronization study." Developmental
science 14(3): 474-480.

Mayston, M. J., L. M. Harrison and J. A. Stephens (1999). "A neurophysiological study of mirror
movements in adults and children." Ann Neurol 45(5): 583-594.

McCleery, J. P., N. A. Elliott, D. S. Sampanis and C. A. Stefanidou (2013). "Motor development
and motor resonance difficulties in autism: relevance to early intervention for language and
communication skills." Front Integr Neurosci 7: 30.

Muthukumaraswamy, S. D. (2010). "Functional properties of human primary motor cortex gamma
oscillations." J Neurophysiol 104(5): 2873-2885.

Muthukumaraswamy, S. D., R. A. Edden, D. K. Jones, J. B. Swettenham and K. D. Singh (2009).
"Resting GABA concentration predicts peak gamma frequency and fMRI amplitude in response to
visual stimulation in humans." Proc Natl Acad Sci U S A 106(20): 8356-8361.

Nagamine, T., M. Kajola, R. Salmelin, H. Shibasaki and R. Hari (1996). "Movement-related slow
cortical magnetic fields and changes of spontancous MEG- and EEG-brain rhythms."
Electroencephalogr Clin Neurophysiol 99(3): 274-286.

Nezu, A., S. Kimura, S. Uehara, T. Kobayashi, M. Tanaka and K. Saito (1997). "Magnetic
stimulation of motor cortex in children: maturity of corticospinal pathway and problem of clinical
application." Brain Dev 19(3): 176-180.

Okada, Y., M. Hamalainen, K. Pratt, A. Mascarenas, P. Miller, M. Han, J. Robles, A. Cavallini, B.
Power, K. Sieng, L. Sun, S. Lew, C. Doshi, B. Ahtam, C. Dinh, L. Esch, E. Grant, A. Nummenmaa
and D. Paulson (2016). "BabyMEG: A whole-head pediatric magnetoencephalography system for
human brain development research." Rev Sci Instrum 87(9): 094301.

Oldfield, R. C. (1971). "The assessment and analysis of handedness: the Edinburgh inventory."
Neuropsychologia 9(1): 97-113.

Pfurtscheller, G., A. Stancak, Jr. and C. Neuper (1996). "Post-movement beta synchronization. A
correlate of an idling motor area?" Electroencephalogr Clin Neurophysiol 98(4): 281-293.

Piek, J. P., B. Hands and M. K. Licari (2012). "Assessment of motor functioning in the preschool
period." Neuropsychol Rev 22(4): 402-413.

Pihko, E., P. Nevalainen, J. Stephen, Y. Okada and L. Lauronen (2009). "Maturation of
somatosensory cortical processing from birth to adulthood revealed by magnetoencephalography."
Clin Neurophysiol 120(8): 1552-1561.

Rathelot, J. A. and P. L. Strick (2009). "Subdivisions of primary motor cortex based on cortico-
motoneuronal cells." Proc Natl Acad Sci U S A 106(3): 918-923.

Roberts, T. P., D. N. Paulson, E. Hirschkoff, K. Pratt, A. Mascarenas, P. Miller, M. Han, J. Caffrey,
C. Kincade, B. Power, R. Murray, V. Chow, C. Fisk, M. Ku, D. Chudnovskaya, J. Dell, R.
Golembski, P. Lam, L. Blaskey, E. Kuschner, L. Bloy, W. Gaetz and J. C. Edgar (2014). "Artemis

33


https://doi.org/10.1101/531905

bioRxiv preprint doi: https://doi.org/10.1101/531905; this version posted January 27, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

123: development of a whole-head infant and young child MEG system." Front Hum Neurosci 8:
99.

Robson, S. E., S. D. Muthukumarawswamy, C. John Evans, A. Shaw, J. Brealy, B. Davis, G.
McNamara, G. Perry and K. D. Singh (2015). "Structural and neurochemical correlates of individual
differences in gamma frequency oscillations in human visual cortex." J Anat 227(4): 409-417.

Sarvas, J. (1987). "Basic mathematical and electromagnetic concepts of the biomagnetic inverse
problem." Phys Med Biol 32(1): 11-22.

Shaw, P., N. J. Kabani, J. P. Lerch, K. Eckstrand, R. Lenroot, N. Gogtay, D. Greenstein, L. Clasen,
A. Evans, J. L. Rapoport, J. N. Giedd and S. P. Wise (2008). "Neurodevelopmental trajectories of
the human cerebral cortex." J Neurosci 28(14): 3586-3594.

Siegle, G. J., S. R. Steinhauer, V. A. Stenger, R. Konecky and C. S. Carter (2003). "Use of
concurrent pupil dilation assessment to inform interpretation and analysis of fMRI data."
Neuroimage 20(1): 114-124.

Smith, A. (2006). "Speech motor development: Integrating muscles, movements, and linguistic
units." J Commun Disord 39(5): 331-349.

Southgate, V., M. H. Johnson, T. Osborne and G. Csibra (2009). "Predictive motor activation during
action observation in human infants." Biol Lett 5(6): 769-772.

Sowell, E. R., P. M. Thompson, C. M. Leonard, S. E. Welcome, E. Kan and A. W. Toga (2004).
"Longitudinal mapping of cortical thickness and brain growth in normal children." J Neurosci
24(38): 8223-8231.

Thorpe, S. G., E. N. Cannon and N. A. Fox (2016). "Spectral and source structural development of
mu and alpha rhythms from infancy through adulthood." Clin Neurophysiol 127(1): 254-269.

Trevarrow, M. P., M. J. Kurz, T. J. McDermott, A. I. Wiesman, M. S. Mills, Y. P. Wang, V. D.
Calhoun, J. M. Stephen and T. W. Wilson (2018). "The developmental trajectory of sensorimotor
cortical oscillations." Neuroimage 184: 455-461.

Wilson, T. W., E. Slason, R. Asherin, E. Kronberg, M. L. Reite, P. D. Teale and D. C. Rojas (2010).
"An extended motor network generates beta and gamma oscillatory perturbations during
development." Brain and cognition 73(2): 75-84.

Wischnewski, M., G. M. Kowalski, F. Rink, S. R. Belagaje, M. W. Haut, G. Hobbs and C. M.
Buetefisch (2016). "Demand on skillfulness modulates interhemispheric inhibition of motor
cortices." J Neurophysiol 115(6): 2803-2813.

34


https://doi.org/10.1101/531905

