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Abstract

Numerous studies of motor control have confirmed beta and gamma oscillations in the primary 

motor cortices during basic movements. These responses include a robust beta decrease that 

precedes and extends through movement onset, a transient gamma response that coincides with the 

movement, and a post-movement beta rebound (PMBR) response that occurs after movement 

offset. While the existence of these responses has been confirmed by many studies, very few 

studies have examined their developmental trajectory. In the current study, we utilized 

magnetoencephalography (MEG) to investigate age-related changes in sensorimotor cortical 

oscillations in a large cross-section of children and adolescents (n = 94; age range = 9–15 years-

old). All participants performed a stimulus detection task with their right finger and the resulting 

MEG data were examined using oscillatory analysis methods and imaged using a beamformer. 

Consistent with adult studies, these youth participants exhibited characteristic beta (16–24 Hz) 

decreases prior to and during movement, as well as PMBR responses following movement offset, 

and a transient gamma (74–84 Hz) response during movement execution. Our primary findings 

were that the strength of the PMBR increased with age, while the strength of the gamma 

synchronization decreased with chronological age. In addition, the strength of each motor-related 

oscillatory response was significantly correlated with the power of spontaneous activity in the 

same frequency range and same voxel. This was the case for all three oscillatory responses. In 

Corresponding Author: Tony W. Wilson, Ph.D., Center for Magnetoencephalography, University of Nebraska Medical Center, 988422 
Nebraska Medical Center, Omaha, NE 68198-8422, Phone: (402) 552-6431, twwilson@unmc.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuroimage. Author manuscript; available in PMC 2020 January 01.

Published in final edited form as:
Neuroimage. 2019 January 01; 184: 455–461. doi:10.1016/j.neuroimage.2018.09.018.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conclusion, we investigated motor-related oscillatory activity in the largest cohort of children and 

adolescents reported to date, and our results indicated that beta and gamma cortical oscillations 

continue to develop as children transition into adolescents, and that these responses may not be 

fully matured until young to middle adulthood.
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1. Introduction

Previous magnetoencephalographic (MEG), electroencephalographic (EEG), and electro-

corticographic (ECoG) studies have identified a series of cortical oscillations that 

accompany hand and finger movements (Cheyne et al., 2006; Cheyne et al., 2008; 

Jurkiewicz et al., 2006; Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller et al., 1997; 

Salenius et al., 1997; Schnitzler et al., 1997; Tzagarakis et al., 2010; Wilson et al., 2014; 

Wilson et al., 2010). For example, there is a sharp decrease in the beta band (15–30 Hz) 

power that begins several hundred milliseconds before the onset of movement, and this 

power change is sustained throughout movement duration (Cheyne et al., 2006; Engel and 

Fries, 2010; Gaetz et al., 2010; Wilson et al., 2014; Wilson et al., 2010). This beta event-

related desynchronization (ERD) has been linked with motor planning (Cheyne et al., 2008; 

Wilson et al., 2010), as it occurs prior to the onset of muscular activity, occurs sooner for 

easier motor tasks, and is influenced by the certainty of the movement pattern to be 

performed (Grent-’t-Jong et al., 2014; Heinrichs-Graham and Wilson, 2015, 2016; 

Heinrichs-Graham et al., 2014; Jurkiewicz et al., 2006; Kaiser et al., 2001; Kurz et al., 2016; 

Tzagarakis et al., 2010; Tzagarakis et al., 2015; Wilson et al., 2010; Wilson et al., 2011). 

Once the movement has been completed, there is a sharp increase or rebound in beta band 

power (Cheyne et al., 2006; Gaetz et al., 2010; Heinrichs-Graham and Wilson, 2015, 2016; 

Heinrichs-Graham et al., 2014; Jurkiewicz et al., 2006; Wilson et al., 2014; Wilson et al., 

2010), which has been termed the post-movement beta rebound (PMBR) response. This 

response is thought to reflect the active inhibition of cortical networks after movement 

termination (Neuper and Pfurtscheller, 2001; Salmelin et al., 1995; Solis-Escalante et al., 

2012), afferent feedback to the sensorimotor cortices (Cassim et al., 2001; Houdayer et al., 

2006), and/or the certainty of the feedforward motor actions that were executed based on the 

internal model (Arpin et al., 2017; Tan et al., 2016). Although these motor-related beta 

oscillations have been extensively studied, only a handful of investigations have evaluated 

their developmental trajectory. For example, one recent study showed that younger children 

tend to have a weaker beta ERD than older children when performing knee movements 

(Kurz et al., 2016), while other studies focused on index finger movements have revealed a 

linear increase in the amplitude of both the beta ERD and PMBR responses from childhood 

(4–6 years-old) to adolescence (11–13 years-old) to adulthood (Gaetz et al., 2010). However, 

both of these studies involved relatively small samples, with Gaetz and colleagues 

examining 10 participants per group in their study. Finally, it should be noted that recent 

studies have also suggested that the amplitude of the beta ERD may increase across the life 

Trevarrow et al. Page 2

Neuroimage. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



span in adults (Heinrichs-Graham and Wilson, 2016; Rossiter et al., 2014), and that this 

increase may be directly tied to the level of spontaneous beta activity in the motor cortices.

In addition to the motor-related beta oscillations, numerous studies have identified an 

increase (or synchronization) in the high gamma-frequency range (70–90 Hz) that generally 

begins slightly before movement onset and is sustained for about 200 ms after movement 

onset (Cheyne et al., 2008; Miller et al., 2007; Pfurtscheller et al., 2003; Wilson et al., 2010). 

This gamma event-related synchronization (ERS) is restricted to a smaller population of 

neurons within the contralateral primary motor cortex, and appears to closely follow the 

somatosensory and motor homuncular topological organization (Cheyne et al., 2008; Dalal 

et al., 2008; Gaetz et al., 2010; Muthukumaraswamy, 2010; Tecchio et al., 2008). It has been 

proposed that the transient gamma ERS serves to initialize activation of the motor command 

(i.e., is a motor execution signal), as it is temporally-succinct and closely yoked to the onset 

of muscular activity (Cheyne & Ferrari, 2013). This interpretation is further supported by 

evidence suggesting that the gamma ERS is elicited during active motor tasks, but is not 

present when the joint is moved passively (Muthukumaraswamy, 2010). In regard to 

developmental effects, the gamma ERS has been identified in children as young as 3.5 years 

of age (Cheyne et al., 2014), however, there appears to be considerable variability in the 

frequency range at this age. Specifically, some children displayed this response in the upper 

gamma range (70–80 Hz), others had the response in a lower gamma range (30–40 Hz), 

while a third group exhibited responses in both frequency ranges (Cheyne et al., 2014). Such 

wide variations in peak frequency may be restricted to toddlers and very young children, as 

Gaetz et al. (2010) observed ERS responses limited to the upper gamma range in their study 

of children (4–6 years-old), adolescents, and adults. In fact, they found that the adolescents 

had stronger motor-related gamma responses relative to both the children and adults, and 

that there were no age-related differences in peak gamma frequency between the groups 

(Gaetz et al., 2010). However, data from a prior study that combined children and 

adolescents into a single 8–15 year-old group found that the strength of the gamma ERS 

during both right and left finger movements became weaker with advancing age in the 

contralateral supplementary motor area (SMA) (Wilson et al., 2010). Thus, while the motor-

related gamma ERS appears to be a robust response seen across development and into 

adulthood, studies focused on the developmental trajectory have been inconsistent and at 

least partially contradictory. Nevertheless, the small sample sizes used in these prior 

investigations may be contributing to the inconsistent findings, as no study has had more 

than 10 participants per group.

The primary goal of the current study was to map the developmental trajectory of motor-

related oscillations during the transition from childhood to adolescence. It is well 

appreciated that motor performance sharply improves during this developmental stage, but 

the accompanying neurophysiological changes are not well understood. Given the 

disagreements in the literature, we aimed to conduct a definitive study using MEG in a large 

cross-section of children and adolescents (N = 94). Our primary hypotheses were: 1) the 

strength of the beta ERD and PMBR responses would increase with age, 2) the strength of 

the gamma ERS would decrease with age, and 3) the strength of the beta ERD would 

correlate with the baseline beta power. Secondarily, we explored if the peak frequency and 
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latency of these responses changed with developmental age, and tested for sex differences in 

the developmental trajectory of motor-related oscillations.

2. Methods and Materials

2.1 Subject Selection

Ninety-four healthy children and adolescents were recruited from the local community as 

part of the National Science Foundation (NSF) funded Developmental Chronnecto-

Genomics (Dev-CoG) study (NSF 1539067, http://devcog.mrn.org). All participants were 

recruited from the University of Nebraska Medical Center (UNMC) site and were between 

the ages of 9 and 15 years (Mage = 11.69 years, SDage = 1.57; 46 females, 48 males). The 

Dev-CoG study examines changes in cognition and brain function during the transition from 

childhood to adolescence (i.e., puberty onset), and thus the age range is 9–15 years. 

Participants were generally healthy, without attention deficit disorders, mental illness or 

previous head trauma, and with English as their primary language. Participants were 

excluded according to MEG/MRI exclusionary criteria such as metal implants, dental braces 

or permanent retainers, or other metallic or otherwise magnetic non-removable devices. 

Handedness was assessed using the Edinburgh handedness inventory test (89 right-handed, 5 

left-handed). Other exclusionary criteria included any medical illness affecting CNS 

function, any neurological or psychiatric disorder, and current substance abuse. The study 

protocol was approved by UNMC’s Institutional Review Board, and written informed 

consent was obtained from the parents and assent was acquired from all children.

2.2 Experimental Paradigm

During MEG recording, participants were seated in a nonmagnetic chair within the 

magnetically-shielded room with their right hand positioned on a custom-made five-finger 

button pad. Each button press sent a unique signal (i.e., TTL pulse/trigger code) to the MEG 

acquisition computer, and thus behavioral responses were temporally synced with the MEG 

data. For the experiment, participants initially fixated on a crosshair and this was followed 

by the presentation of a visual grating stimulus, auditory steady-state stimulus, or both for 

0.8 s. All stimuli were supra-threshold and easily detected. Participants were instructed to 

respond with a button press using their right index finger when any stimulus was detected. 

There were a total of 300 trials (100 per condition) and these were pseudo-randomized so 

that no more than three trials of the same type occurred consecutively. The interstimulus 

interval was 2.4 to 2.6 s and consisted of a fixation cross. In the current study, we focused on 

the 100 visual-only trials to ensure homogeneous brain responses; data from the full 

experiment will be reported elsewhere.

2.3 MEG Acquisition Parameters and Coregistration with MRI

All recordings were conducted in a one-layer magnetically-shielded room with active 

shielding engaged. Neuromagnetic responses were sampled continuously at 1 kHz with an 

acquisition bandwidth of 0.1–330 Hz using an Elekta MEG system with 306 magnetic 

sensors (Elekta, Helsinki, Finland). Using MaxFilter (v2.2; Elekta), MEG data from each 

subject were individually corrected for head motion and subjected to noise reduction using 
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the signal space separation method with a temporal extension (Taulu and Simola, 2006; 

Taulu et al., 2005).

Prior to starting the MEG experiment, four coils were attached to the subject’s head and 

localized, together with the three fiducial points and scalp surface, with a 3-D digitizer 

(Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). Once the subject 

was positioned for MEG recording, an electric current with a unique frequency label (e.g., 

322 Hz) was fed to each of the coils. This induced a measurable magnetic field and allowed 

for each coil to be localized in reference to the sensors throughout the recording session. 

Since the coil locations were also known in head coordinates, all MEG measurements could 

be transformed into a common coordinate system. With this coordinate system, each 

participant’s MEG data were coregistered with structural T1-weighted MRI data prior to 

source space analyses using BESA MRI (Version 2.0). Structural T1-weighted MRI images 

were acquired using a Siemens Skyra 3-Tesla MRI scanner with a 32-channel head coil and 

a MP-RAGE sequence with the following parameters: TR = 2400 ms; TE = 1.94 ms; flip 

angle = 8°; FOV = 256 mm; slice thickness = 1 mm (no gap); voxel size = 1 × 1 × 1 mm. 

These data were aligned in parallel to the anterior and posterior commissures and 

transformed into standardized space. Following source analysis (i.e., beamforming), each 

participant’s 4.0 × 4.0 × 4.0 mm MEG functional images were transformed into standardized 

space using the transform that was previously applied to the structural MRI volume and 

spatially resampled.

2.4 MEG Time-Frequency Transformation and Statistics

Cardiac artifacts were removed from the data using signal-space projection (SSP), which 

was accounted for during source reconstruction (Uusitalo and Imoniemi 1997). The 

continuous magnetic time series was divided into epochs of 2 s duration, with the baseline 

being defined as −0.950 to −0.550 and 0.0 s being movement onset (i.e., button press). 

Epochs containing artifacts (e.g., eye blinks, muscle artifacts, etc.) were rejected based on a 

fixed-threshold method using individual amplitude and gradient thresholds, supplemented 

with visual inspection. An average of 80.78 (SD: 4.2) trials per participant were used for 

further analysis.

Artifact-free epochs were transformed into the time-frequency domain using complex 

demodulation, and the resulting spectral power estimations per sensor were averaged over 

trials to generate time-frequency plots of mean spectral density. These sensor-level data were 

normalized using the respective bin’s baseline power, which was calculated as the mean 

power during the −0.950 to −0.550 s time period. The specific time-frequency windows used 

for imaging were determined by statistical analysis of the sensor-level spectrograms across 

the entire array of gradiometers. To reduce the risk of false positive results while 

maintaining reasonable sensitivity, a two-stage procedure was followed to control for Type 1 

error. In the first stage, one-sample t-tests were conducted on each data point and the output 

spectrogram of t-values was thresholded at p < 0.05 to define time-frequency bins containing 

potentially significant oscillatory deviations relative to baseline across all participants. In 

stage two, time-frequency bins that survived the threshold were clustered with temporally 

and/or spectrally neighboring bins that were also above the (p < 0.05) threshold, and a 
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cluster value was derived by summing all of the t-values of all data points in the cluster. 

Nonparametric permutation testing was then used to derive a distribution of cluster-values, 

and the significance level of the observed clusters (from stage one) were tested directly using 

this distribution (Ernst, 2004; Maris and Oostenveld, 2007). For each comparison, at least 

10,000 permutations were computed to build a distribution of cluster values. Based on these 

analyses, the time-frequency windows that corresponded to events of a priori interest (i.e., 

the beta ERD, PMBR, and motor-related gamma ERS) and contained significant oscillatory 

events across all participants were subjected to the beamforming analysis.

2.5 MEG Imaging & Statistics

Cortical networks were imaged using an extension of the linearly-constrained minimum 

variance vector beamformer (Gross et al., 2001; Van Veen et al., 1997), which employs 

spatial filters in the frequency domain to calculate source power for the entire brain volume. 

The single images were derived from the cross-spectral densities of all combinations of 

MEG gradiometers averaged over the time-frequency range of interest, and the solution of 

the forward problem for each location on a grid specified by input voxel space. This use of 

the cross-spectral densities is often referred to as the dynamic imaging of coherent sources 

(DICS) beamformer (Gross et al., 2001). Following convention, we computed noise-

normalized, source power per voxel in each participant using active (i.e., task) and passive 

(i.e., baseline) periods of equal duration and bandwidth (Hillebrand et al., 2005; Van Veen et 

al., 1997). Such images are typically referred to as pseudo-t maps, with units (pseudo-t) that 

reflect noise-normalized power differences (i.e., active vs. passive) per voxel. MEG pre-

processing and imaging used the Brain Electrical Source Analysis (BESA version 6.1) 

software.

Normalized differential source power was computed for the statistically-selected time-

frequency bands (see below) over the entire brain volume per participant at 4.0 × 4.0 × 4.0 

mm resolution. The resulting 3D maps of brain activity were averaged across participants to 

assess the neuroanatomical basis of significant oscillatory responses identified through the 

sensor-level analysis. We then extracted virtual sensors (i.e., voxel time series) for the peak 

voxel of each oscillatory response. To compute the virtual sensors, we applied the sensor 

weighting matrix derived through the forward computation to the preprocessed signal vector, 

which yielded two time series (i.e., one per orientation) for each coordinate in source space, 

and we used the time series with the maximal response for our analyses (Gross et al., 2001). 

Note that this virtual sensor extraction was done per participant, once the coordinates of 

interest (i.e., one per cluster) were known. Once these virtual sensors were extracted, 

absolute beta and gamma activity values were computed for the baseline period in each 

participant.

2.6 Correlation Analyses

Pearson product moments were calculated between the age in months and the respective 

MEG outcome variables. Pearson correlations were also computed between specific MEG 

variables. As an exploratory analysis, we also split the group by sex and computed Pearson 

correlations between age in months and the respective MEG outcome variables in each 

group. We then used Fisher’s z transformation to identify significant differences between 
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these group-wise correlation coefficients. The statistical analyses were conducted with SPSS 

(Version 22.0; IBM Corporation, Armonk, NY).

3. Results

3.1 Demographic and Behavioral Data

Of the 94 youth who completed the task, 11 were excluded during MEG preprocessing and 

analysis due to excessive motion and/or other MEG artifacts. A cohort of 83 participants 

remained and were used in the final analyses (M = 11.67 years, SD = 1.57; see Figure S1 in 

the Supplementary Materials). Participants detected the stimuli at a very high rate (> 98%), 

with a mean reaction time of 0.461 s (SD = 0.136 s).

3.2 Sensor-level and Beamforming Analyses

Figure 1 shows the group-averaged oscillatory responses from a MEG sensor located near 

the left primary motor cortex (see Figure S2 in the Supplementary Materials for a 

spectrogram per age group). A significant beta ERD response (16–24 Hz) was seen across a 

large number of sensors near the sensorimotor cortices, and this response began about −0.1 s 

before movement onset and persisted until about 0.3 s afterward (p < 0.0001, corrected). In 

addition, a classic PMBR response (18–24 Hz) emerged in largely the same MEG sensors 

after the movement was completed, with significant activity stretching from about 0.6 s to 

0.9 s (p < 0.0001, corrected). There was also an alpha ERD that began after movement onset 

and extended from 0.1 to 0.7 s, but this oscillatory response was beyond our primary focus 

as it has commonly been linked to somatosensory activity (Hari et al., 1997). Lastly, a 

significant gamma ERS in the 74–84 Hz range was also detected in a smaller group of 

sensors near the left sensorimotor cortices from −0.05 s before movement onset until about 

0.10 s afterward (p < 0.0001, corrected).

To identify the cortical origin of these responses, the significant time-frequency windows 

described above were independently imaged in each participant using a beamformer. Briefly, 

the beta ERD (16–24 Hz) was imaged from −0.1 to 0.3 s with a baseline period of −0.95 to 

−0.55 s, the PMBR (18–24 Hz) was imaged from 0.6 to 0.9 s with a baseline period of −0.9 

to −0.6 s, and the gamma ERS (74–84 Hz) was imaged from −0.05 to 0.10 s with a baseline 

period of −0.7 to −0.55 s. In addition, we also imaged the alpha ERD (8–14 Hz) from 0.1 to 

0.5 s with a baseline period of −0.95 to −0.55 s to inform future studies. After beamforming, 

the images for each oscillatory response were averaged separately across all participants to 

visualize their cortical origins. Consistent with prior studies, these images showed that the 

beta ERD, PMBR, and gamma ERS were generated by the left (contralateral) primary 

sensorimotor cortices (Figure 2), and the alpha ERD was generated by the contralateral left 

postcentral gyrus (i.e., somatosensory cortex). Next, we extracted the pseudo-t value of the 

peak voxel in each cluster and computed the absolute and relative (to baseline) time series 

corresponding to the same peak voxels for visualization of the dynamics and to quantify the 

baseline (i.e., spontaneous) power in each frequency window. The pseudo-t value of the peak 

voxel for each oscillatory response was then correlated with age in months, as well as the 

baseline power values to address our main hypotheses. These results are described in the 

following sections.
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3.3 Beta ERD Response

The peak amplitude (pseudo-t; Figure 3A), frequency, and latency of the beta ERD were not 

correlated with age. In contrast, there was a strong negative correlation between the absolute 

power in the baseline period and the strength of the beta ERD response (r = −0.56, p < 

0.001), which indicates that the beta ERD was stronger in youth who had greater 

spontaneous beta power during the baseline period (Figure 4A). Finally, the strength of beta 

activity during the baseline did not correlate with age. As mentioned above, we also 

performed an exploratory analysis using Fisher’s z to evaluate whether the correlation 

between chronological age, beta ERD strength, and absolute beta power statistically differed 

by sex. These analyses indicated that sex did not significantly affect the correlation between 

age and these two MEG metrics.

3.4 PMBR Activity

The peak amplitude of the PMBR (pseudo-t) was significantly correlated with age in months 

(r = 0.30, p = 0.013; Figure 3B), which indicated that the older participants tended to have a 

stronger PMBR. Consistent with the beta ERD findings, the peak frequency and latency of 

the PMBR were not correlated with age. Finally, spontaneous beta power during the baseline 

was significantly correlated with the strength of the PMBR (r = −0.29, p = 0.015; Figure 

4B), but not with chronological age. As with the beta ERD, the relationship between 

chronological age, the strength of the PMBR, and spontaneous beta power did not 

statistically differ by sex.

3.5 Movement-Related Gamma ERS

The peak of the gamma ERS amplitude (pseudo-t) was negatively correlated with age in 

months (r = − 0.26, p = 0.027), indicating that the younger participants tended to have a 

stronger gamma ERS than their adolescent peers (Figure 3C). Like the beta responses, no 

significant correlation was found between gamma ERS peak frequency or latency and age, 

and a significant negative correlation was found between spontaneous gamma power during 

the baseline period and the strength of the gamma ERS (r = −0.43, p < 0.001), suggesting 

that the relative gamma ERS response was weaker in those with higher spontaneous gamma 

levels during the baseline (Figure 4C). Finally, the absolute gamma power during the 

baseline was not correlated with age, and neither this relationship nor that between age and 

peak gamma ERS strength (pseudo-t) statistically differed by sex.

4. Discussion

We examined the developmental trajectory of motor-related oscillations during the transition 

from childhood to adolescence using a stimulus detection task. Consistent with previous 

findings in children and adults, we observed a beta ERD response that preceded and 

extended through movement duration, a transient high-frequency gamma oscillation that 

coincided with movement onset, and a PMBR response that began after the movement and 

extended a few hundred milliseconds. All three responses were strongest in the contralateral 

primary motor cortices. Importantly, we found that the strength of the PMBR and the 

gamma ERS responses, but not the beta ERD, were linked with chronological age. Finally, 

extending several recent studies of baseline (i.e., spontaneous) activity in the motor cortices, 
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we found that the strength of all three motor-related oscillations was correlated with the 

strength of spontaneous activity within the same frequency range and voxel. Below, we 

discuss the primary implications of these findings for understanding motor development 

during the transition to adolescence.

One of our most interesting findings was the developmental decrease observed in the 

strength of the gamma ERS. In other words, the strength of this response became weaker 

with increasing age across our 9–15 year-old sample. This finding is consistent with Gaetz et 

al. (2010) who found that the response was stronger in adolescents (11–13 year-olds) than in 

adults and very young children. Presumably, the response is weak during early childhood 

and gets stronger up until adolescence, then gradually decreases from adolescence into 

adulthood. This reduction in the gamma ERS may be related to a refinement of the neural 

populations that are involved in the execution of the finger motor command. Interestingly, if 

one focuses on the mean response amplitude for the 11–13 year-olds in our group, the values 

are almost identical to those observed in Gaetz et al. (2010). Thus, these findings expand the 

scope to include the trajectory of change in age ranges missing from the Gaetz study (i.e., 8–

10 and 13–15 years), and are also consistent with Wilson et al. (2010). In contrast to the 

amplitude findings, we did not observe any developmental effects for the peak frequency or 

latency of the gamma ERS. These data are consistent with the findings from Gaetz et al. 

(2010), but at odds with other studies that have found the peak gamma ERS frequency to 

vary in children that are younger (Cheyne and Ferrari, 2013; Cheyne et al., 2014). 

Potentially, the frequency (and latency) of the gamma ERS may be less stable in very young 

children, and become more stable as children enter adolescence.

We also found that the strength of the PMBR varied with age, becoming significantly 

stronger during the transition from childhood to adolescence. This result is broadly 

consistent with what has been previously reported in the literature (Gaetz et al., 2010; 

Wilson et al., 2010), and provides much more detailed data on the inherent trajectory of the 

underlying change. The PMBR has been suggested to represent active inhibition of neuronal 

networks after movement termination (Neuper & Pfurtscheller, 2001; Salmelin et al, 1995; 

Solis-Escalante et al., 2012; Heinrichs-Graham et al., 2017). This premise is at least partially 

supported by the outcomes of a prior magnetic resonance spectroscopy (MRS) study that has 

shown that the strength of the PMBR is related to the concentration of inhibitory GABA 

within the sensorimotor cortices (Gaetz et al., 2011). Taken together, it is possible that the 

age related PMBR correlations seen in this investigation may be partially driven by 

increased activity in GABAergic interneurons with maturation. Recent experimental work 

has also suggested that a stronger PMBR is related to the certainty of the internal model of 

the muscular system and afferent feedback that is returned to the sensorimotor cortices (Tan 

et al., 2016; Arpin et al., 2017; Cassim et al., 2001; Houdayer et al., 2006; Parkes et al., 

2006). It is alternatively plausible that the stronger PMBR seen in the older participants may 

reflect a more robust internal model of the motor actions and/or better integration of the 

afferent feedback returned after completing the motor action.

Our hypothesis that the strength of the beta ERD would be significantly correlated with 

chronological age was not supported. This finding was somewhat surprising since prior 

studies have found that the beta ERD during hand and finger movements becomes stronger 
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with age in roughly the same developmental window (Gaetz et al., 2010; Wilson et al., 

2010). However, this discrepancy could be due to relatively small samples in these previous 

studies (both had no more than 10 participants per group), or slight differences in the age 

range between studies. For example, the Gaetz et al. (2010) study examined three groups 

with the youngest being 4–6 years-old, the second being 11–13 years-old, and the third 

group being adults (~32 years-old). They found that the beta ERD was stronger in the 11–13 

year-olds compared to the 4–6 year-olds, and that the 11–13 year-olds did not differ from the 

adults, although response strength was highly variable in the two older groups (Gaetz et al., 

2010). This lack of a difference between the two older groups might imply that the beta 

ERD becomes more stable during adolescence, which would be consistent with the current 

findings. Of note, a recent paper focusing on the life span trajectory of the beta ERD also 

supports this contention, as they found no differences between adolescents and young adults 

(mean ~28 years-old) in beta ERD power, but that older adults significantly differed from 

both groups (Heinrichs-Graham et al., 2018).

Finally, across this developmental sample, we found that the strength of the gamma ERS, 

beta ERD, and PMBR was related to the power of spontaneous activity at the same 

frequency and within the same voxel during the baseline period. Similar findings have been 

recently reported in the motor control literature (Heinrichs-Graham and Wilson, 2016; 

Wilson et al., 2014). Essentially, we found that participants with the strongest spontaneous 

beta activity during the baseline also had the strongest beta desynchronization (i.e., beta 

ERD) prior to and during movement, which may suggest that beta levels in the motor cortex 

need to reach a specific threshold for the execution of a movement. For further development 

and discussion of this framework, see other recent publications (Heinrichs-Graham and 

Wilson, 2016; Wilson et al., 2014). Interestingly, the opposite pattern was observed for the 

gamma ERS and PMBR responses, as increased spontaneous gamma power during the 

baseline was related to weaker gamma ERS during movement execution; the same pattern 

was observed for the PMBR. These findings may indicate that there is an absolute maximum 

amplitude for beta and gamma responses in the motor cortex, and that movement-associated 

increases (i.e., oscillations) in power are limited to the difference between the absolute 

maximum and spontaneous levels during the baseline (i.e., a dynamic range). However, 

additional work is needed and future studies should further test this relationship and identify 

whether this ‘dynamic range’ for motor-related oscillations predicts behavioral performance. 

The basic movements performed in the current study were likely too simple to identify any 

such relationship.

In conclusion, we evaluated the developmental trajectory of motor-related oscillations during 

the transition from childhood to adolescence in a large sample of 9–15 year-olds using 

MEG. Our primary findings were that the strength of the motor-related gamma ERS 

response decreased with age, the strength of the PMBR increased with age, and that the 

strength of motor-related oscillatory activity was directly related to the power of 

spontaneous activity in the same frequency window and brain region. These relationships 

were not statistically different between males and females. In addition, we found no 

developmental effects related to the peak frequency or peak latency of the beta ERD, PMBR, 

or gamma ERS. To date, the current study is the largest MEG oscillatory study of motor 

control in this age range, and our findings extend and clarify the field’s understanding of 
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age-related changes in motor-related oscillatory activity during the transition from childhood 

to adolescence. That said, an important limitation of the study is the relatively narrow age 

range (i.e., 9–15 years), which prevented a long range trajectory from being estimated. 

Future studies should evaluate the transition to young adulthood, as combining our findings 

with those from young adults allows specific predictions about the underlying trajectory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A large cohort of 94 healthy youth completed a motor control task during 

MEG

• MEG data were analyzed using oscillatory methods and imaged using a 

beamformer

• The strength of movement-related gamma and post-movement beta were 

modulated by age

• Spontaneous baseline power was correlated with the strength of beta and 

gamma oscillations

• Motor-related neural oscillations continue to develop throughout childhood
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Figure 1. 
Group-averaged time-frequency spectra from a gradiometer sensor located near the left 

sensorimotor cortices (the same sensor was selected in each participant). Time is denoted on 

the x-axis in seconds (s), with 0.0 s defined as movement onset. Frequency (in Hz) is shown 

on the y-axis. All signal power is expressed as a percent difference from baseline, with the 

color legend shown to the far right. Prior to and during movement, there was a strong beta 

event-related desynchronization (ERD) that occurred about −0.1 s before movement onset 

and persisted until about 0.3 s afterward. There was also a transient high-frequency gamma 

synchronization that began slightly before movement onset and quickly dissipated (-0.05 to 

0.10 s). Finally, after movement termination, there was a post movement beta rebound 

(PMBR) response that extended from about 0.6 to 0.9 s. There also was an alpha ERD that 

began after movement onset (0.1 to 0.7 s), but this response was beyond our primary focus 

as it has commonly been linked to somatosensory activity. Of note, the low-frequency 

response centered near 0.0 s likely reflects the evoked response, as it was strongly phase-
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locked to movement onset. See Figure S2 in the supplementary materials for this 

spectrogram shown per age group.
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Figure 2. 
Group mean beamformer images (pseudo-t; see color bar) for the beta ERD (left; 16–24 Hz, 

−0.1 to 0.3 s), PMBR response (middle; 18–24 Hz, 0.6 to 0.9 s), and the gamma ERS 

(middle; 74–84 Hz, −0.05 to 0.1 s). All images are displayed following neurological 

convention (Right = Right). As shown, all three motor-related oscillatory responses were 

centered on the left precentral gyrus near the motor-hand knob feature of this structure.
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Figure 3. 
Scatter plots showing the relationship between peak amplitude of each motor-related 

oscillation and chronological age. In each plot, age is shown on the x-axis in months and 

peak voxel amplitude (pseudo-t) is shown on the y-axis. Pearson’s r-values are shown near 

the top of each plot. (Left) There was no relationship between age and the strength of the 

beta ERD response. In contrast, the PMBR became stronger with age (middle; p = 0.013), 

while the gamma ERS became weaker with age (right; p = 0.027).
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Figure 4. 
Scatter plots showing the relationship between the peak strength of each motor-related 

oscillation and spontaneous power in the same frequency band and brain area (i.e., voxel). In 

each plot, spontaneous power is shown on the x-axis (nAm2) and peak voxel amplitude 

(pseudo-t) is shown on the y-axis. Pearson’s r-values are shown near the top of each plot. 

There was a significant correlation between the beta ERD and spontaneous beta power (left; 

p < 0.001), which indicated that responses were stronger (more negative) in participants with 

higher baseline beta. Likewise, there was also significant relationship between the PMBR 

amplitude and spontaneous beta (middle; p = 0.015), and gamma ERS strength and 

spontaneous gamma power (right; p < 0.001), but in these cases oscillatory response strength 

was lower in those with higher baseline levels in each frequency range.
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