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The Strength of the Movement-
related Somatosensory Cortical
Oscillations Differ between
Adolescents and Adults
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Adolescents demonstrate increasing mastery of motor actions with age. One prevailing hypothesis is
that maturation of the somatosensory system during adolescence contributes to the improved motor
control. However, limited efforts have been made to determine if somatosensory cortical processing
is different in adolescents during movement. In this study, we used magnetoencephalographic brain
imaging to begin addressing this knowledge gap by applying an electrical stimulation to the tibial
nerve as adolescents (Age =14.8 + 2.5 yrs.) and adults (Age =36.8 5.0 yrs.) produced an isometric
ankle plantarflexion force, or sat with no motor activity. Our results showed strong somatosensory
cortical oscillations for both conditions in the alpha-beta (8-30 Hz) and gamma (38-80 Hz) ranges that
occurred immediately after the stimulation (0-125 ms), and a beta (18-26 Hz) oscillatory response
shortly thereafter (300-400 ms). Compared with the passive condition, all of these frequency specific
cortical oscillations were attenuated while producing the ankle force. The attenuation of the alpha-beta
response was greater in adolescents, while the adults had a greater attenuation of the beta response.
These results imply that altered attenuation of the somatosensory cortical oscillations might be
central to the under-developed somatosensory processing and motor performance characteristics in
adolescents.

Adolescents demonstrate greater mastery of single joint movements, including drawing, aiming, reaching and
grasping objects as they become older'~”. Although this is a common finding, there is no consensus on why motor
control improves during this developmental stage. One prevailing hypothesis is that maturation of the soma-
tosensory system during adolescence might contribute to improved motor control®-'2. Essentially, adolescents
may have a diminished ability to detect errors in their selected motor actions because their interpretation of the
sensory feedback is less precise and delayed®*!*-16, Alternatively, other investigations have hypothesized that the
motor control differences may not be related to the quality of the sensory feedback, but rather adolescents are less
experienced at properly weighting all of the available sensory feedback during a movement (i.e.., muscle spindle,
joint position, visual tracking)!-12. While both of these hypotheses are plausible, limited efforts have been made
to determine if there is a connection between the somatosensory cortical processing and the motor actions seen
in adolescents.

Principally, insight into movement-related somatosensory attenuation (i.e., gating) has come from periph-
eral nerve stimulation investigations focusing on event related potentials (ERP)'7-%°. Overall these studies have
shown that the amplitude of the evoked somatosensory cortical activity is attenuated during movement. Although
these outcomes have been essential for providing insight into somatosensory gating during a motor action and
sensorimotor integration, cortical oscillations are likely to play a role in this computational processing, and this
field remains mostly unexplored. Investigating the cortical oscillations may advance our understanding of the
neural dynamics that are not directly phase-locked to the stimulation of the periphery. It is well established that
stimulating the peripheral receptors of the foot during passive sitting generates an immediate and transient syn-
chronization (e.g., increase in power) of the oscillatory activity in the somatosensory cortices across the 10-75Hz
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Figure 1. Grand averaged time-frequency spectrograms collapsed across group and conditions. Frequency
(Hz) is shown on the y-axis and time (s) is denoted on the x-axis, with 0 ms defined as stimulation onset. The
event-related spectral changes after the stimulation are expressed as percent difference from baseline (—200 to
0ms). The MEG gradiometer with the greatest response amplitude was located near the medial sensorimotor
cortices, contralateral to the ankle used during the task. There was a strong event related synchronization (ERS)
in the alpha-beta (8-30Hz, 0 to 125 ms) and gamma (38-80 Hz, 0 to 100 ms) bands for both the passive and
active conditions. Additionally, there was an event related desynchronization (ERD) in the beta (18-26 Hz, 300
to 400 ms). The color scale bar is shown on the right.

frequency bands*'~?*. These neural synchronizations are generally followed by a desynchronization (e.g., decrease
in power) stretching across the alpha (8-16 Hz) and beta (18-26 Hz) frequency bands that extends from about
150 to 400 ms. It has also been shown that neural synchronizations within the more limited theta-beta frequency
range (6-24 Hz) are sustained while performing a haptic task, while the other frequency bands that were seen in
the no movement condition are completely gated®. Although our knowledgebase on how changes in the soma-
tosensory cortical oscillations reflect differences in sensory processing is rapidly expanding, whether these corti-
cal oscillations are different between adolescents and adults during movement remains unknown.

In the present study, magnetoencephalographic (MEG) brain imaging was used to begin addressing this
knowledge gap by stimulating the tibial nerve with an electrical pulse as adolescents and adults generated an iso-
metric ankle plantarflexion force, or sat quietly with no motor activity (e.g., passive condition). Our key hypoth-
eses were: (1) that for both groups the strength of the somatosensory cortical oscillations would be altered while
producing the isometric force relative to the passive condition, and (2) while producing the isometric force, there
will be a significant difference in the attenuation magnitude of the somatosensory cortical oscillations between
the adolescents and adults.

Results

Sensor-level results. The sensor-level MEG data were collapsed across the respective conditions (active and
passive) and age groups and examined using the two-stage permutation based approach (Fig. 1). This revealed
significant alpha-beta (8-30 Hz) and gamma (38-80 Hz) event related synchronizations (ERS) in a cluster of
fronto-parietal sensors that began immediately after the stimulation and were sustained for 125 ms and 100 ms,
respectively (P < 0.0001, corrected). In addition, a significant beta (18-26 Hz) event related desynchronization
(ERD) was observed during the latter 300-400 ms time window (P < 0.0001, corrected).

Gamma oscillations. To image the gamma (38-80Hz) ERS, a beamformer was applied to the 0 to 100 ms
time window using data collapsed across the respective conditions and a baseline period of —125 to —25 ms.
The resulting images were then averaged across groups and this revealed that the gamma ERS was generated by
the leg region of the contralateral somatosensory cortex (Fig. 2A). The local maximum seen in this cortical area
was subsequently used to extract virtual sensor time courses for each condition per participant, and the average
activity across the 0 to 100 ms time window was subsequently calculated. There was a significant difference in
the power of the somatosensory response between conditions, indicating that the strength of the gamma ERS
was weaker during the active condition (P=0.014, Fig. 2A). However, there was no difference in the amount of
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Figure 2. Grand averaged beamformer images collapsed across active and passive conditions and all
participants for (A) gamma activity (38-80 Hz) from 0 to 100 ms, (B) alpha-beta activity (8-30 Hz) from 0 to
125ms, and (C) beta oscillations (18-26 Hz) from 300 to 400 ms revealed strong clusters in the contralateral
somatosensory cortex. Scale bars represent pseudo-t values. The neural time series shown to the right were
extracted from the peak voxel in respective beamformer images. The solid line represents the neural time course
during the passive condition, while the dash line repesents the active condition. The bar graphs represent the
average relative power from 0 to 100 ms for gamma activity (38-80 Hz), 0 to 125 ms for alpha-beta activity
(8-30Hz), and 300 to 400 ms for beta oscillations (18-26 Hz). The windows have been shaded gray across the
three panels. Significant power differences are denoted by the asterisk (P <0.05). As shown, the strength of
somatosensory cortical activity was significantly weaker (e.g., gated) when participants generated the isometric
ankle plantarflexion force (i.e., during the active condition).
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Figure 3. Average of the neural time courses per condition and group. Time series were extracted from the
peak voxel in the alpha-beta grand averaged beamformer images as above, except now they are separated
for the adolescents (blue) and adults (red). The solid lines represent the neural time course for the passive
condition, while the dashed lines represent the neural time course for the active condition. The bar graph
shows the amount of attenuation (Passive — Active) of the average relative power of alpha-beta event related
synchronization (ERS) during the 0-125 ms time window. Significant differences in the magnitude of
attenuation are denoted by the asterisk (P <0.05). As shown, the adolescents had greater attenuation (e.g.,
gating) of the alpha-beta ERS during the isometric ankle plantarflexion task compared to the adults.

attenuation between the groups (P =0.67). Thus, the attenuation of the gamma ERS in the active condition was
similar between the adolescents and adults.

Alpha-beta event-related synchronization. Aswith the gamma response, the alpha-beta (8-30 Hz) ERS
was imaged using data collapsed across the respective conditions (i.e., active and passive trials). The imaging win-
dow was 0 to 125 ms and a baseline period of —150 to —25 ms was used. The results indicated that the alpha-beta
ERS also originated in the leg region of the contralateral somatosensory cortex (Fig. 2B). The maxima in this
cortical area was subsequently used to extract the virtual sensor time series separately for the active and passive
condition for each participant to show the source space power, and the average activity across the 0 to 125 ms
time window was calculated. Statistical analyses indicated a significant difference in the power of the alpha-beta
ERS between conditions (P=0.016, Fig. 2B), which revealed that the response was significantly weaker during
the active condition in the somatosensory cortices. Additionally, the attenuation of the alpha-beta ERS during the
active condition was greater in the adolescents (P = 0.045, Fig. 3).

Beta event-related desynchronization. The beta (18-26 Hz) ERD was imaged from 300 to 400 ms using
passive and active trials and a baseline period of —125 to —25 ms. The beta ERD was also centered on the leg
region of the contralateral somatosensory cortex (Fig. 2C). Virtual sensor time series were extracted from the
peak of the response separately for the active and passive conditional images per participant, and then averaged
across the 300 to 400 ms time window. The power of the somatosensory ERD response was significantly weaker
during the active condition (P < 0.001, Fig. 2C). Additionally, the the attenuation of the beta ERD in the active
condition was greater in the adults (P=0.029, Fig. 4).

Correlational Results. The magnitude of attenuation for the alpha-beta and gamma ERS and beta ERD were
not related to subject age (Ps > 0.05).

Discussion

This investigation used MEG and advanced beamforming to quantify changes in the somatosensory cortical
oscillations while sitting quietly (e.g., passive condition) and while producing an ankle plantarflexion isomet-
ric force. The data-directed methodology utilized in this investigation revealed that for both conditions there
were an alpha-beta (8-30 Hz, 0-125ms) and a gamma (38-80 Hz, 0-100 ms) ERS in the contralateral soma-
tosensory cortices near the leg region that occurred immediately after the peripheral stimulation. These oscil-
latory changes were followed by a beta ERD (18-26 Hz) that occurred in the later time window (300-400 ms).
When compared with the passive condition, all of these frequency specific cortical oscillations were attenuated
when participants produced the isometric force (i.e., during the active condition). Furthermore, the adolescents
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Figure 4. Average of the neural time series extracted from the peak voxel in the beta grand averaged
beamformer images for the adolescents (blue) and adults (red). The solid lines represent the neural time courses
for the passive condition, while the dashed lines represent the neural time courses for the active condition. The
bar graph shows the amount of attenuation (Passive — Active) of the average relative power of beta event related
desynchronization (ERD) during the 300-400 ms time window. Significant differences in the magnitude of
attenuation are denoted by the asterisk (P <0.05). As shown, the adults had greater attenuation (e.g., gating) of
the beta ERD relative to the adolescents during the isometric ankle plantarflexion task.

demonstrated greater attenuation of the alpha-beta ERS, while the adults had greater attenuation of the beta ERD.
These results imply that altered attenuation of the respective cortical oscillations might be central to the altered
or under-developed somatosensory processing and motor performance characteristics previously reported in the
behavioral literature on adolescents®*!3-16,

The strength of the gamma ERS in the somatosensory cortex was significantly weaker during the active con-
dition, but the amount of attenuation was not different between the adults and adolescents. This may imply that
this frequency specific somatosensory oscillation is mature by adolescents and thus would not likely underlie the
motor control differences previously reported for adolescents. Gamma cortical oscillations are typically asso-
ciated with higher-order information processes, such as attention?*-2%. Prior MEG research has shown that the
gamma ERS in the somatosensory cortex tends to be stronger when the participants attend to the peripheral
stimulation®. Based on this evidence, it is possible that the reduction in the gamma ERS seen during the motor
task may be driven by allocation of attentional resources. In other words, the somatosensory gamma ERS was
gated during the movement because more attentional resources were allocated towards generating the isometric
muscular force.

These results also showed that the strength of the alpha-beta ERS in the somatosensory cortex was signifi-
cantly weaker while the participants generated the isometric ankle plantarflexion force. This conditional effect
is aligned with the prior results from EEG with humans and animal model studies!’-23°-32, Additionally, our
analysis identified that the adolescents exhibit a greater attenuation of the alpha-beta ERS while generating the
isometric force. This may indicate that the adolescents have greater difficulty processing somatosensory feedback
during volitional motor actions. Similar to the conjecture put forth in the preceding paragraph, we suspect that
the excessive hyper-gating may be a result of allocation of resources that are essential for simultaneously process-
ing the sensory feedback and generating an isometric force. This gating during a motor action may stop necessary
sensory information from reaching higher cortical levels, thus contributing to immature motor patterns charac-
teristic of adolescents. Alternatively, it could be that the circuitry in local neural populations has yet to be fully
optimized and the combined sensorimotor input results in a strong suppression of certain activity.

In contrast to the alpha-beta ERS, the somatosensory beta ERD occurred in a later time well after the stim-
ulation. This response is considered to be a rebound or resetting of the somatosensory cortical oscillations®*34,
Hence, it is possible that the adolescents uncharacteristically reset the somatosensory cortical oscillations while
generating the isometric force, while the adults tend to continue to process the ongoing somatosensations.
Alternatively, it has been postulated that this later oscillatory activity may be a result of the sensory information
generated through electrically stimulating the Ia afferents that interface with the muscle spindles and/or periph-
eral alpha motor neurons®. This is based on the premise that the Hoffman reflex can be modulated by stimulation
of the Ia afferents with a submaximal electrical stimulus®*-*". A muscle twitch is produced by this reflexive path-
way through the monosynaptic connections linking the Ia afferents and alpha motor neurons in the anterior horn
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Figure 5. (A) Participant seated in the MEG chair with the electrical stimulator placed over the tibial nerve

and the custom pneumatic ankle force system on their right leg. (B) Exemplary visual feedback displayed to

the participant. The isometric ankle plantarflexion forces generated by the participant animated the vertical
position of a yellow box’s position on the screen. The goal of the task was to generate an isometric force that shot
the yellow box through the presented green target box.

of the spinal cord. Throughout adolescence, the magnitude of the Hoffman reflex scales with age®. Therefore, it is
plausible that the altered beta ERD might be linked with the maturation of the Hoffman reflex, but further studies
are needed.

Our results showed that all of the frequency specific somatosensory cortical oscillations were reduced during
the production of an ankle plantarflexion isometric force. Further, attenuation of the alpha-beta somatosen-
sory ERS during isometric force production appears to be greater in adolescents relative to adults. In contrast,
adults have a greater attenuation of the beta ERD. These results imply that alterations of frequency specific soma-
tosensory cortical oscillations may partly underlie the altered motor performance characteristics seen during
adolescence.

Material and Methods

Subjects. Nineteen adolescents (Age = 14.8 & 2.5 yrs.; Female =9) and nineteen adults (Age = 36.8 & 5.0;
Female =9) with no neurological or musculoskeletal impairments were enrolled in this study. All participants
were right-handed. The Institutional Review Board at the University of Nebraska Medical Center reviewed and
approved the protocol for this investigation, and all participants or their legal guardians provided informed con-
sent or assent prior to participation in the study. All methods were carried out in accordance with relevant guide-
lines and regulations.

MEG Data acquisition and experimental paradigm. All MEG recordings were conducted in an
ETS-Lindgren one-layer magnetically shielded room (Eura, Finland) with active shielding engaged for advanced
environmental noise compensation. During data acquisition, participants were monitored via real-time
audio-video feeds from inside the shielded room. Neuromagnetic responses were acquired with a bandwidth
of 0.1-330 Hz and were sampled continuously at 1 kHz using an Elekta MEG system (Helsinki, Finland) with
306 sensors, including 204 planar gradiometers and 102 magnetometers. With the use of the MaxFilter software
(Elekta), each MEG dataset was individually corrected for head motion and subjected to noise reduction using
the signal space separation method with a temporal extension®®.

The participants were seated in a nonmagnetic chair with their head positioned within the MEG
helmet-shaped sensor array. Unilateral electrical stimulation was applied to the right posterior tibial nerve using
external cutaneous stimulators that were connected to a Digitimer DS7A constant-current stimulator system
(HW Medical Products, Neuberg, Germany). During stimulation, each participant sat quietly focused on a fix-
ation cross (passive condition), or performed an ankle isometric force target matching task (active condition).
During both the passive and active conditions, single 0.2 ms constant-current square waves were presented using
an interstimulus interval that randomly varied between 1800 and 2200 ms. The amplitude of the pulses were set to
the threshold required to elicit a visible flexor twitch in the big toe and was constant for both conditions.

During the active condition, the participants were instructed to generate an isometric ankle plantarflexion
force with the right leg. A custom-built magnetically-silent pneumatic force transducer was used to measure the
isometric forces and was concurrently sampled at 1 kHz along with the MEG data (Fig. 5*+*%;). The experimental
task consisted of the participant generating an isometric force that would animate a box to ascend vertically and
shoot through a target box. The target boxes had vertical positions that were between 5-30% of the participant’s
maximum isometric ankle plantarflexion force and their positions were randomly determined. The respective
boxes were visually displayed on a back-projection screen that was ~1 meter in front of the participant at eye
level. Each participant generated ~200 isometric plantarflexion forces. Each trial lasted 1500 ms and was followed
by an 800 ms rest period. Only those trials where electrical stimulation occurred during the isometric force were
selected for analysis.

SCIENTIFIC REPORTS |

(2019) 9:18520 | https://doi.org/10.1038/s41598-019-55004-1


https://doi.org/10.1038/s41598-019-55004-1

www.nature.com/scientificreports/

MEG Coregistration. Four coils were affixed to the head of the participant and were used for continuous
head localization during the MEG experiment. Prior to the experiment, the location of these coils, three fiducial
points, and the scalp surface were digitized to determine their three-dimensional position (Fastrak 3SF0002,
Polhemus Navigator Sciences, Colchester, VT, USA). Once the participant was positioned for the MEG recording,
an electric current with a unique frequency label (e.g., 322 Hz) was fed to each of the four 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 (including the scalp surface points),
each participant’s MEG data were coregistered with native space neuroanatomical MRI data using three external
landmarks (i.e., fiducials) and the digitized scalp surface points prior to source space analyses. The neuroanatom-
ical MRI data were aligned parallel to the anterior and posterior commissures and transformed into standardized
space following source imaging using BESA MRI (Version 2.0; BESA GmbH, Grifelfing, Germany).

MEG Pre-processing, time-frequency transformation, & statistics. Artifact rejection was based on
a fixed threshold method, supplemented with visual inspection. The number of trials were balanced between age
group and condition, and were tested for differences using a mixed model ANOVA (Adolescent/Adult Group X
Active/Passive Condition), which showed no significant difference between the number of trials per age group or
condition (Ps > 0.05). The continuous magnetic time series was divided into epochs of 1100 ms in duration (—500
to 600 ms), with the onset of the electrical simulation defined as 0 ms and the baseline defined as —200 to 0 ms.
Artifact-free epochs for each sensor were transformed into the time-frequency domain using complex demod-
ulation and averaged over the respective trials. These sensor-level data were normalized per time-frequency bin
by using the respective bin’s baseline power, which was calculated as the mean power during the baseline (—200
to 0 ms). The specific time-frequency windows used for imaging were determined by statistical analysis of the
sensor-level spectrograms across the entire array of gradiometers. Briefly, each data point in the spectrogram was
initially evaluated using a mass univariate approach based on the general linear model. 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 across all participants and conditions. 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 cluster value was derived by summing all of the t-values of all data points in the cluster. Nonparametric per-
mutation 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*"*2. For each comparison, at least 10,000
permutations were computed to build a distribution of cluster values.

MEG Source imaging. A minimum variance vector beamforming algorithm was employed to calculate
the source power across the entire brain volume using a spherical head model*. The single images were derived
from the cross spectral densities of all combinations of MEG sensors and the solution of the forward problem for
each location on a grid specified by input voxel space. Following convention, the source power in these images
was normalized per subject using a separately averaged pre-stimulus noise period of equal duration and band-
width**-*¢. Thus, the normalized power per voxel was computed over the entire brain volume per participant
at 4.0 x 4.0 x 4.0 mm resolution. Each participant’s functional images, which were co-registered to anatomical
images prior to beamforming, were transformed into standardized space using the transform previously applied
to the structural MRI volume and spatially resampled. MEG pre-processing and imaging used the Brain Electrical
Source Analysis (BESA) software (BESA v6.0; Grafelfing, Germany).

Time series analysis was subsequently performed on the neural activity extracted from the peak voxel in the
grand-averaged beamformer images (see Results below). The virtual neural time courses were created by applying
the sensor weighting matrix derived through the forward computation to the preprocessed signal vector, which
resulted in a time series with the same temporal resolution as the original MEG recording*~*°. Once the neural
time courses were extracted, they were transformed into the time-frequency domain, and the two orientations
for each peak voxel per individual were combined using a vector-summing algorithm. The power of these time
courses, relative to baseline, was averaged across the window of interest for each individual to assess the key
oscillatory responses. The data were then collapsed across groups and paired-samples t-tests were used to test
if condition had an effect on the power of the somatosensory responses. Further, to test if the attenuation of the
somatosensory response differed between groups, the average difference of the power (Passive — Active) during
time-frequency bins of interest were tested using a two-sample t-test. Pearson’s correlations were ran to assess the
relationship between the magnitude of attenuation of the individual signals and the subject age.

It should be noted that the methodology described in the proceeding sections were similar to what has been
employed in our prior experimental work?!24253940.50-55,

Data availability
The de-identified datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request and IRB approval.

Received: 31 May 2019; Accepted: 22 November 2019;
Published online: 06 December 2019

SCIENTIFIC REPORTS |

(2019) 9:18520 | https://doi.org/10.1038/s41598-019-55004-1


https://doi.org/10.1038/s41598-019-55004-1

www.nature.com/scientificreports/

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jansen-Osmann, P, Richter, S., Konczak, J. & Kalveram, K. T. Force adaptation transfers to untrained workspace regions in children:
evidence for developing inverse dynamic motor models. Experimental brain research 143, 212-220, https://doi.org/10.1007/s00221-
001-0982-8 (2002).

. Contreras-Vidal, J. L. Development of forward models for hand localization and movement control in 6- to 10-year-old children.

Human movement science 25, 634-645, https://doi.org/10.1016/j.humov.2006.07.006 (2006).

. Contreras-Vidal, J. L., Bo, J., Boudreau, J. P. & Clark;, J. E. Development of visuomotor representations for hand movement in young

children. Experimental brain research 162, 155-164, https://doi.org/10.1007/s00221-004-2123-7 (2005).

. Yan, J. H., Thomas, J. R,, Stelmach, G. E. & Thomas, K. T. Developmental features of rapid aiming arm movements across the

lifespan. Journal of motor behavior 32, 121-140, https://doi.org/10.1080/00222890009601365 (2000).

. Hay, L., Bard, C., Fleury, M. & Teasdale, N. Kinematics of aiming in direction and amplitude: A developmental study. Acta

Psychologica 77, 203-215, https://doi.org/10.1016/0001-6918(91)90035-X (1991).

. Fayt, C., Schepens, N. & Minet, M. Children’s development of reaching: temporal and spatial aspects of aimed whole-arm

movements. Perceptual and motor skills 75, 375-384, https://doi.org/10.2466/pms.1992.75.2.375 (1992).

. Kuhtz-Buschbeck, J. P, Stolze, H., Johnk, K., Boczek-Funcke, A. & Illert, M. Development of prehension movements in children: a

kinematic study. Experimental brain research 122, 424-432 (1998).

. King, B. R,, Kagerer, F. A, Contreras-Vidal, J. L. & Clark, J. E. Evidence for multisensory spatial-to-motor transformations in aiming

movements of children. Journal of neurophysiology 101, 315-322, https://doi.org/10.1152/jn.90781.2008 (2009).

. King, B. R, Oliveira, M. A., Contreras-Vidal, J. L. & Clark, J. E. Development of state estimation explains improvements in

sensorimotor performance across childhood. Journal of neurophysiology 107, 3040-3049, https://doi.org/10.1152/jn.00932.2011
(2012).

Cignetti, F, Chabeauti, P. Y., Sveistrup, H., Vaugoyeau, M. & Assaiante, C. Updating process of internal models of action as assessed
from motor and postural strategies in children. Neuroscience 233, 127-138, https://doi.org/10.1016/j.neuroscience.2012.12.040
(2013).

Cignetti, E. et al. Protracted Development of the Proprioceptive Brain Network During and Beyond Adolescence. Cerebral Cortex
27, 1285-1296, https://doi.org/10.1093/cercor/bhv323 (2017).

Goble, D. ], Lewis, C. A., Hurvitz, E. A. & Brown, S. H. Development of upper limb proprioceptive accuracy in children and
adolescents. Human movement science 24, 155-170, https://doi.org/10.1016/j.humov.2005.05.004 (2005).

Angel, R. W. & Malenka, R. C. Velocity-dependent suppression of cutaneous sensitivity during movement. Exp Neurol 77, 266-274
(1982).

Milne, R. J., Aniss, A. M., Kay, N. E. & Gandevia, S. C. Reduction in perceived intensity of cutaneous stimuli during movement: a
quantitative study. Exp Brain Res 70, 569-576 (1988).

Gori, M. et al. Motor commands in children interfere with their haptic perception of objects. Exp Brain Res 223, 149-157, https://
doi.org/10.1007/500221-012-3248-8 (2012).

Holst-Wolf, J. M., Yeh, I. L. & Konczak, J. Development of Proprioceptive Acuity in Typically Developing Children: Normative Data
on Forearm Position Sense. Front Hum Neurosci 10, 436, https://doi.org/10.3389/fnhum.2016.00436 (2016).

Papakostopoulos, D., Cooper, R. & Crow, H. J. Inhibition of cortical evoked potentials and sensation by self-initiated movement in
man. Nature 258, 321-324 (1975).

Jones, S. ]., Halonen, J. P. & Shawkat, F. Centrifugal and centripetal mechanisms involved in the ‘gating’ of cortical SEPs during
movement. Electroencephalogr Clin Neurophysiol 74, 36-45 (1989).

Kristeva-Feige, R. et al. Neuromagnetic study of movement-related somatosensory gating. Electroencephalogr Clin Neurophysiol
Suppl 46, 337-342 (1996).

Macerollo, A. et al. Abnormal movement-related suppression of sensory evoked potentials in upper limb dystonia. Eur ] Neurol 23,
562-568, https://doi.org/10.1111/ene.12890 (2016).

Kurz, M. J., Wiesman, A. I, Coolidge, N. M. & Wilson, T. W. Children with Cerebral Palsy Hyper-Gate Somatosensory Stimulations
of the Foot. Cerebral cortex (New York, N.Y.: 1991), 1-8, https://doi.org/10.1093/cercor/bhx144 (2017).

Kurz, M. J., Heinrichs-Graham, E., Arpin, D. J., Becker, K. M. & Wilson, T. W. Aberrant synchrony in the somatosensory cortices
predicts motor performance errors in children with cerebral palsy. ] Neurophysiol 111, 573-579, https://doi.org/10.1152/
jn.00553.2013 (2014).

Kurz, M. J., Heinrichs-Graham, E., Becker, K. M. & Wilson, T. W. The magnitude of the somatosensory cortical activity is related to
the mobility and strength impairments seen in children with cerebral palsy. ] Neurophysiol 113, 3143-3150, https://doi.org/10.1152/
jn.00602.2014 (2015).

Wiesman, A. I. et al. Oscillatory dynamics and functional connectivity during gating of primary somatosensory responses. J Physiol
595, 1365-1375, https://doi.org/10.1113/JP273192 (2017).

Kurz, M. J., Wiesman, A. I., Coolidge, N. M. & Wilson, T. W. Haptic exploration attenuates and alters somatosensory cortical
oscillations. J Physiol, https://doi.org/10.1113/jp276263 (2018).

Gaetz, W, Roberts, T. P. L., Singh, K. D. & Muthukumaraswamy, S. D. Functional and structural correlates of the aging brain:
Relating visual cortex (V1) gamma band responses to age-related structural change. Human brain mapping 33, 2035-2046, https://
doi.org/10.1002/hbm.21339 (2012).

Ray, S., Niebur, E., Hsiao, S. S., Sinai, A. & Crone, N. E. High-frequency gamma activity (80-150Hz) is increased in human cortex
during selective attention. Clinical Neurophysiology 119, 116-133, https://doi.org/10.1016/j.clinph.2007.09.136 (2008).

Bauer, M., Oostenveld, R., Peeters, M. & Fries, P. Tactile Spatial Attention Enhances Gamma-Band Activity in Somatosensory Cortex
and Reduces Low-Frequency Activity in Parieto-Occipital Areas. The Journal of Neuroscience 26, 490-501, https://doi.org/10.1523/
jneurosci.5228-04.2006 (2006).

Dockstader, C., Cheyne, D. & Tannock, R. Cortical dynamics of selective attention to somatosensory events. Neuroimage 49,
1777-1785, https://doi.org/10.1016/j.neuroimage.2009.09.035 (2010).

Seki, K. & Fetz, E. E. Gating of sensory input at spinal and cortical levels during preparation and execution of voluntary movement.
] Neurosci 32, 890-902, https://doi.org/10.1523/J]NEUROSCI.4958-11.2012 (2012).

Seki, K., Perlmutter, S. I. & Fetz, E. E. Sensory input to primate spinal cord is presynaptically inhibited during voluntary movement.
Nat Neurosci 6, 1309-1316, https://doi.org/10.1038/nn1154 (2003).

Houdayer, E., Labyt, E., Cassim, F, Bourriez, J. L. & Derambure, P. Relationship between event-related beta synchronization and
afferent inputs: analysis of finger movement and peripheral nerve stimulations. Clin Neurophysiol 117, 628-636, https://doi.
org/10.1016/j.clinph.2005.12.001 (2006).

Della Penna, S. et al. Temporal dynamics of alpha and beta rhythms in human SI and SII after galvanic median nerve stimulation. A
MEG study. Neuroimage 22, 1438-1446, https://doi.org/10.1016/j.neuroimage.2004.03.045 (2004).

Palva, S., Linkenkaer-Hansen, K., Nadtanen, R. & Palva, J. M. Early Neural Correlates of Conscious Somatosensory Perception. The
Journal of Neuroscience 25, 5248-5258, https://doi.org/10.1523/jneurosci.0141-05.2005 (2005).

Grosset, J. E, Mora, I, Lambertz, D. & Perot, C. Changes in stretch reflexes and muscle stiffness with age in prepubescent children.
] Appl Physiol (1985) 102, 2352-2360, https://doi.org/10.1152/japplphysiol.01045.2006 (2007).

Zehr, E. P. Considerations for use of the Hoffmann reflex in exercise studies. Eur ] Appl Physiol 86, 455-468, https://doi.org/10.1007/
$00421-002-0577-5 (2002).

SCIENTIFIC REPORTS |

(2019) 9:18520 | https://doi.org/10.1038/s41598-019-55004-1


https://doi.org/10.1038/s41598-019-55004-1
https://doi.org/10.1007/s00221-001-0982-8
https://doi.org/10.1007/s00221-001-0982-8
https://doi.org/10.1016/j.humov.2006.07.006
https://doi.org/10.1007/s00221-004-2123-7
https://doi.org/10.1080/00222890009601365
https://doi.org/10.1016/0001-6918(91)90035-X
https://doi.org/10.2466/pms.1992.75.2.375
https://doi.org/10.1152/jn.90781.2008
https://doi.org/10.1152/jn.00932.2011
https://doi.org/10.1016/j.neuroscience.2012.12.040
https://doi.org/10.1093/cercor/bhv323
https://doi.org/10.1016/j.humov.2005.05.004
https://doi.org/10.1007/s00221-012-3248-8
https://doi.org/10.1007/s00221-012-3248-8
https://doi.org/10.3389/fnhum.2016.00436
https://doi.org/10.1111/ene.12890
https://doi.org/10.1093/cercor/bhx144
https://doi.org/10.1152/jn.00553.2013
https://doi.org/10.1152/jn.00553.2013
https://doi.org/10.1152/jn.00602.2014
https://doi.org/10.1152/jn.00602.2014
https://doi.org/10.1113/JP273192
https://doi.org/10.1113/jp276263
https://doi.org/10.1002/hbm.21339
https://doi.org/10.1002/hbm.21339
https://doi.org/10.1016/j.clinph.2007.09.136
https://doi.org/10.1523/jneurosci.5228-04.2006
https://doi.org/10.1523/jneurosci.5228-04.2006
https://doi.org/10.1016/j.neuroimage.2009.09.035
https://doi.org/10.1523/JNEUROSCI.4958-11.2012
https://doi.org/10.1038/nn1154
https://doi.org/10.1016/j.clinph.2005.12.001
https://doi.org/10.1016/j.clinph.2005.12.001
https://doi.org/10.1016/j.neuroimage.2004.03.045
https://doi.org/10.1523/jneurosci.0141-05.2005
https://doi.org/10.1152/japplphysiol.01045.2006
https://doi.org/10.1007/s00421-002-0577-5
https://doi.org/10.1007/s00421-002-0577-5

www.nature.com/scientificreports/

37. Tucker, K. J., Tuncer, M. & Turker, K. S. A review of the H-reflex and M-wave in the human triceps surae. Human movement science
24, 667-688, https://doi.org/10.1016/j.humov.2005.09.010 (2005).

38. Taulu, S. & Simola, J. Spatiotemporal signal space separation method for rejecting nearby interference in MEG measurements. Phys
Med Biol 51, 1759-1768, https://doi.org/10.1088/0031-9155/51/7/008 (2006).

39. Gehringer, J. E., Arpin, D. ]., Heinrichs-Graham, E., Wilson, T. W. & Kurz, M. ]. Neurophysiological changes in the visuomotor
network after practicing a motor task. ] Neurophysiol 120, 239-249, https://doi.org/10.1152/jn.00020.2018 (2018).

40. Arpin, D. J., Gehringer, J. E., Wilson, T. W. & Kurz, M. ]. Movement-Related Somatosensory Activity Is Altered in Patients with
Multiple Sclerosis. Brain Topogr 31, 700-707, https://doi.org/10.1007/s10548-018-0632-0 (2018).

41. Ernst, M. D. Permutation Methods: A Basis for Exact Inference. Statistical Science 19, 676-685, https://doi.
org/10.1214/088342304000000396 (2004).

42. Maris, E. & Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. ] Neurosci Methods 164, 177-190, https://doi.
org/10.1016/j.jneumeth.2007.03.024 (2007).

43. Gross, J. et al. Dynamic imaging of coherent sources: Studying neural interactions in the human brain. Proc Natl Acad Sci USA 98,
694-699, https://doi.org/10.1073/pnas.98.2.694 (2001).

44. Van Veen, B. D., van Drongelen, W.,, Yuchtman, M. & Suzuki, A. Localization of brain electrical activity via linearly constrained
minimum variance spatial filtering. IEEE Trans Biomed Eng 44, 867-880, https://doi.org/10.1109/10.623056 (1997).

45. Hillebrand, A. & Barnes, G. R. In International Review of Neurobiology 149-171 (Elsevier, 2005).

46. Hillebrand, A., Singh, K. D., Holliday, I. E., Furlong, P. L. & Barnes, G. R. A new approach to neuroimaging with
magnetoencephalography. Hum Brain Mapp 25, 199-211, https://doi.org/10.1002/hbm.20102 (2005).

47. Cheyne, D., Bakhtazad, L. & Gaetz, W. Spatiotemporal mapping of cortical activity accompanying voluntary movements using an
event-related beamforming approach. Hum Brain Mapp 27, 213-229, https://doi.org/10.1002/hbm.20178 (2006).

48. Heinrichs-Graham, E., Arpin, D. J. & Wilson, T. W. Cue-related Temporal Factors Modulate Movement-related Beta Oscillatory
Activity in the Human Motor Circuit. ] Cogn Neurosci 28, 1039-1051, https://doi.org/10.1162/jocn_a_00948 (2016).

49. Heinrichs-Graham, E. & Wilson, T. W. Is an absolute level of cortical beta suppression required for proper movement?
Magnetoencephalographic evidence from healthy aging. Neuroimage 134, 514-521, https://doi.org/10.1016/j.
neuroimage.2016.04.032 (2016).

50. Trevarrow, M. P. et al. The developmental trajectory of sensorimotor cortical oscillations. Neuroimage 184, 455-461, https://doi.
org/10.1016/j.neuroimage.2018.09.018 (2019).

51. Arpin, D. J. et al. Altered sensorimotor cortical oscillations in individuals with multiple sclerosis suggests a faulty internal model.
Hum Brain Mapp 38, 4009-4018, https://doi.org/10.1002/hbm.23644 (2017).

52. Gehringer, J. E., Arpin, D. J., Heinrichs-Graham, E., Wilson, T. W. & Kurz, M. J. Practice modulates motor-related beta oscillations
differently in adolescents and adults. The Journal of Physiology 597, 3203-3216, https://doi.org/10.1113/jp277326 (2019).

53. Kurz, M. J., Proskovec, A. L., Gehringer, J. E., Heinrichs-Graham, E. & Wilson, T. W. Children with cerebral palsy have altered
oscillatory activity in the motor and visual cortices during a knee motor task. Neuroimage Clin 15, 298-305, https://doi.
org/10.1016/j.nicl.2017.05.008 (2017).

54. Spooner, R. K. et al. Aberrant oscillatory dynamics during somatosensory processing in HIV-infected adults. Neuroimage Clin 20,
85-91, https://doi.org/10.1016/j.nicl.2018.07.009 (2018).

55. Spooner, R. K., Wiesman, A. L, Proskovec, A. L., Heinrichs-Graham, E. & Wilson, T. W. Rhythmic Spontaneous Activity Mediates
the Age-Related Decline in Somatosensory Function. Cereb Cortex 29, 680688, https://doi.org/10.1093/cercor/bhx349 (2019).

Acknowledgements
This work was partially supported by grants from the National Institutes of Health (1R01-HD086245) and the
National Science Foundation (NSF 1539067). The authors declare no competing interests.

Author contributions

J.G., M.K. and T.W. contributed to the conceptual design of the experimental work, acquisition and interpretation
of the data, and drafting/revising the intellectual content of the manuscript. D.A. contributed to the conceptual
design of the experimental work and acquisition of the data. J.V. and M.T. contributed to the acquisition and
interpretation of the data. All authors approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.J.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:18520 | https://doi.org/10.1038/s41598-019-55004-1


https://doi.org/10.1038/s41598-019-55004-1
https://doi.org/10.1016/j.humov.2005.09.010
https://doi.org/10.1088/0031-9155/51/7/008
https://doi.org/10.1152/jn.00020.2018
https://doi.org/10.1007/s10548-018-0632-0
https://doi.org/10.1214/088342304000000396
https://doi.org/10.1214/088342304000000396
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1073/pnas.98.2.694
https://doi.org/10.1109/10.623056
https://doi.org/10.1002/hbm.20102
https://doi.org/10.1002/hbm.20178
https://doi.org/10.1162/jocn_a_00948
https://doi.org/10.1016/j.neuroimage.2016.04.032
https://doi.org/10.1016/j.neuroimage.2016.04.032
https://doi.org/10.1016/j.neuroimage.2018.09.018
https://doi.org/10.1016/j.neuroimage.2018.09.018
https://doi.org/10.1002/hbm.23644
https://doi.org/10.1113/jp277326
https://doi.org/10.1016/j.nicl.2017.05.008
https://doi.org/10.1016/j.nicl.2017.05.008
https://doi.org/10.1016/j.nicl.2018.07.009
https://doi.org/10.1093/cercor/bhx349
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The Strength of the Movement-related Somatosensory Cortical Oscillations Differ between Adolescents and Adults

	Results

	Sensor-level results. 
	Gamma oscillations. 
	Alpha-beta event-related synchronization. 
	Beta event-related desynchronization. 
	Correlational Results. 

	Discussion

	Material and Methods

	Subjects. 
	MEG Data acquisition and experimental paradigm. 
	MEG Coregistration. 
	MEG Pre-processing, time-frequency transformation, & statistics. 
	MEG Source imaging. 

	Acknowledgements

	Figure 1 Grand averaged time-frequency spectrograms collapsed across group and conditions.
	Figure 2 Grand averaged beamformer images collapsed across active and passive conditions and all participants for (A) gamma activity (38–80 Hz) from 0 to 100 ms, (B) alpha-beta activity (8–30 Hz) from 0 to 125 ms, and (C) beta oscillations (18–26 Hz) from
	Figure 3 Average of the neural time courses per condition and group.
	Figure 4 Average of the neural time series extracted from the peak voxel in the beta grand averaged beamformer images for the adolescents (blue) and adults (red).
	Figure 5 (A) Participant seated in the MEG chair with the electrical stimulator placed over the tibial nerve and the custom pneumatic ankle force system on their right leg.




