
ORIGINAL RESEARCH
published: 17 May 2019

doi: 10.3389/fneur.2019.00451

Frontiers in Neurology | www.frontiersin.org 1 May 2019 | Volume 10 | Article 451

Edited by:

Jack Tsao,

University of Tennessee Health

Science Center (UTHSC),

United States

Reviewed by:

Sergio Bagnato,

Institute Foundation G. Giglio, Italy

Ralph George Depalma,

United States Department of Veterans

Affairs, United States

*Correspondence:

Karen M. Barlow

k.barlow@uq.edu.au

Specialty section:

This article was submitted to

Neurotrauma,

a section of the journal

Frontiers in Neurology

Received: 18 February 2019

Accepted: 12 April 2019

Published: 17 May 2019

Citation:

King R, Kirton A, Zewdie E, Seeger TA,

Ciechanski P and Barlow KM (2019)

Longitudinal Assessment of Cortical

Excitability in Children and

Adolescents With Mild Traumatic Brain

Injury and Persistent Post-concussive

Symptoms. Front. Neurol. 10:451.

doi: 10.3389/fneur.2019.00451

Longitudinal Assessment of Cortical
Excitability in Children and
Adolescents With Mild Traumatic
Brain Injury and Persistent
Post-concussive Symptoms
Regan King 1,2,3, Adam Kirton 1,2,3,4, Ephrem Zewdie 1,2,3, Trevor A. Seeger 1,2,

Patrick Ciechanski 1,2,3 and Karen M. Barlow 1,2,3,4,5*

1Cumming School of Medicine, University of Calgary, Calgary, AB, Canada, 2Hotchkiss Brain Institute, University of Calgary,

Calgary, AB, Canada, 3 Alberta Children’s Hospital Research Institute, Alberta Children’s Hospital, Calgary, AB, Canada,
4Departments of Pediatrics, Clinical Neurosciences and Community Health Sciences, Calgary, AB, Canada, 5Department of

Pediatrics, Faculty of Medicine, The University of Queensland, Brisbane, QLD, Australia

Introduction: Symptoms following a mild traumatic brain injury (mTBI) usually resolve

quickly but may persist past 3 months in up to 15% of children. Mechanisms

of mTBI recovery are poorly understood, but may involve alterations in cortical

neurophysiology. Transcranial Magnetic Stimulation (TMS) can non-invasively investigate

such mechanisms, but the time course of neurophysiological changes in mTBI

are unknown.

Objective/Hypothesis: To determine the relationship between persistent

post-concussive symptoms (PPCS) and altered motor cortex neurophysiology over time.

Methods: This was a prospective, longitudinal, controlled cohort study comparing

children (8–18 years) with mTBI (symptomatic vs. asymptomatic) groups to controls.

Cortical excitability was measured using TMS paradigms at 1 and 2 months post injury.

The primary outcome was the cortical silent period (cSP). Secondary outcomes included

short interval intracortical inhibition (SICI) and facilitation (SICF), and long-interval cortical

inhibition (LICI). Generalized linear mixed model analyses were used to evaluate the effect

of group and time on neurophysiological parameters.

Results: One hundred seven participants (median age 15.1, 57% female) including

78 (73%) with symptomatic PPCS and 29 with asymptomatic mTBI, were compared

to 26 controls. Cortical inhibition (cSP and SICI) was reduced in the symptomatic group

compared to asymptomatic group and tended to increase over time. Measures of cortical

facilitation (SICF and ICF) were increased in the asymptomatic group and decreased over

time. TMS was well tolerated with no serious adverse events.

Conclusions: TMS-assessed cortical excitability is altered in children following mild TBI

and is dependent on recovery trajectory. Our findings support delayed return to contact

sports in children even where clinical symptoms have resolved.

Keywords: transcranial magnetic stimulation, mild traumatic brain injury, pediatrics, persistent post-concussive

symptoms, cortical silent period
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INTRODUCTION

Mild traumatic brain injury (mTBI) is a significant health
concern due to its frequency and the possibility that it
can contribute to long-term morbidities (1–4). The pediatric
population is at the highest risk of incurring a mTBI (5, 6)
and ∼30% of children will go on to have prolonged symptoms
lasting 4 weeks or longer (7), referred to as Persistent Post-
Concussive Symptoms (PPCS) (8–10). Children with PPCS often
have difficulty returning to school and sport, and experience a
significant negative impact on quality of life of both the child and
family (11, 12).

Disturbances of cortical excitability and neurophysiology may
be involved in the pathogenesis of ongoing post-concussive
symptoms. Current understanding of the pathophysiology of
mTBI includes a cascade of cellular damage that may result
in excitotoxicity, neuronal death, and cellular energy crisis
(13–15). Underlying many of these consequences are changes
to ion concentration (16, 17) and thus, resting membrane
potential (17). As resting membrane potential is altered, so too
is the conductivity of the surrounding neurons. Alterations to
membrane potential in broader cortical regionsmay have a global
effect on cortical excitability.

Transcranial magnetic stimulation (TMS) is a useful modality
for measuring neurophysiological changes after various forms
of brain injury increasing our understanding of how the brain
responds and changes after injury (18–20). TMS studies in adults
with mTBI and PPCS have demonstrated acute alterations in
primary motor cortex excitability (21–26). Findings have varied
across studies but potential changes include alterations in cortical
inhibitory systems such as the prolongation of the cortical silent
period (cSP) (21, 22) or reduction of long interval intracortical
inhibition (LICI) (23, 24, 27). Longitudinal studies examining
how these alterations change over time however have been
limited and none include children.

We conducted a prospective, longitudinal, controlled cohort
study to determine the relationship between motor cortex
excitability, and post-concussive symptoms over time in
children with mTBI. We hypothesized that measurements of
cortical excitability would be associated with severity of post-
concussive symptoms, and that these would change over time as
symptoms decreased.

METHODS

Population
Participants were recruited in the setting of a randomized
controlled trial of melatonin for the treatment of PPCS
following pediatric mTBI performed in the Complex Concussion
Rehabilitation Program at the Alberta Children’s Hospital (28)
(clinicaltrials.gov/NCT01874847). Children (aged 8–18 years)
were included if they presented to the Emergency Department
or Concussion Clinic with a mTBI or concussion (diagnosed by
a physician and a history of a mechanically-induced alteration
of consciousness, or change in neurological function satisfying
the ACRM criteria for mTBI (7, 12, 29) and persistent PPCS at
1 month post injury. Persistent PPCS was defined as an increase

in post-concussive symptoms by at least 10 points compared to
baseline using the Post-Concussion Symptom Inventory (PCSI).
Children were not eligible if they had a Glasgow Coma Score
of <13, loss of consciousness >30min, a previous head injury
in the last 3 months, the injury was due to an assault, or
if there was alcohol or illicit substance use at the time of
injury. Children with a significant past medical history (e.g.,
epilepsy, moderate/severe developmental delay, inflammatory
bowel disease) or psychiatric history (e.g., hospital admission,
regular follow-up by a psychiatrist, or requiring the use of
psychiatric medications) or any contraindications to TMS (30).

Eligible families were contacted by telephone at 4 weeks post
injury (Figure 1). Typically developing controls were recruited
from friends and siblings of mTBI participants who satisfied
all exclusion criteria including no history of TBI. Controls
were recruited to maintain equal proportions of age and sex
to the case population. Participants in the TBI groups were
seen at 1 and 2 months post-injury and were not receiving any
study medications. Each session included symptom evaluation
and TMS neurophysiology. Control participants were seen at
1 month post-injury. Written informed consent was obtained
from the parents of each participant, as well as verbal assent
from the participant themselves. This study was approved by
the University of Calgary Conjoint Health Research Ethics
Board (REB13-0372).

Clinical Outcome and Classification
The Post-Concussion Symptom Inventory (PCSI) is a validated
questionnaire of 26 symptoms using a Likert scale (0–6), that
provides an overall score of PPCS symptoms (range 0 to 156) (8,
31). It has four clinical domains; somatic, cognitive, affective and
sleep. As PCSI symptoms are common in healthy populations,
an assessment of the pre-injury PCSI score was obtained at
enrollment (4 weeks post injury). Participants were designated
as “symptomatic” if the PCSI score was increased by 10 or more
points compared to the pre-injury PCSI score. A smaller cohort
of children with clinical recovery by 4 weeks post injury was
also recruited. This “asymptomatic” group had PCSI scores at or
below the pre-injury score. Participants completed the PCSI at
the initial TMS session (1 month post-injury), and at the follow-
up TMS session at 2–3 months post injury. At follow-up, the
symptomatic group was classified as “recovered” if their PCSI
returned to pre-injury levels or below.

TMS Neurophysiology Measures
Participants attended the Alberta Children’s Hospital Pediatric
Non-invasive Brain Stimulation Laboratory and were oriented
to the TMS procedures. Participants could watch a movie
of their choice while seated comfortably. Ag-AgCl electrodes
(Kendall; Chicopee, MA, USA, 1.5-cm radius) were placed on
first dorsal interosseous (FDI) muscles bilaterally to record
surface electromyograms (EMG). Grounds were attached to
a wrist band. EMG signals were amplified 1,000x and band-
pass filtered from 20 to 2,000Hz and then digitized at a rate
of 5,000Hz using CED1401 hardware and Signal 6.0 software
(Cambridge Electronic Design, Cambridge, UK).
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FIGURE 1 | Participant recruitment flow. Schematic of individuals at each stage of the recruitment process. Final boxes show participants from each TBI group who

completed the first TMS session.

Single-Pulse TMS
Assessment of motor cortex neurophysiology was performed by
eliciting motor evoked potentials (MEPs) in the dominant FDI
muscle using single pulse TMS of contralateral primary motor
cortex (M1). TMS was performed with a figure-of-eight coil
(70mm) connected to a Magstim Bistim2 stimulator (Magstim;
Dyfed, UK) which induced posterior-anterior currents in the
dominant motor cortex while recording bimanual FDI. The
optimal location or ‘hotspot’ that produced the largest and most
consistent MEP was determined using suprathreshold intensities,
which were then reduced. The hotspot was marked on a standard
T1 MRI using neuronavigation (Brainsight 2, Rogue Research,
Montreal, CA) and used for all further testing. For active
TMS trials, FDI contraction was held at 20 or 50% maximum

voluntary contraction with continuous visual feedback via an
oscilloscope (GDS-1022, GwINSTEK, Taiwan) with the full-wave
EMG rectified and smoothed (100ms time constant, Neurolog
NL703EMG Integrator, Digitimer UK).

Following localization of the motor hotspot, the resting motor
threshold (RMT) was determined per published standards (32)
as the minimum stimulator intensity (percentage of maximum
stimulator output, MSO) required to elicit >50 µV FDI motor-
evoked potentials (MEP) in 5/10 consecutive trials. MEP were
recorded by Signal software and imported into MATLAB R2014b
(Mathworks, Inc., Natick MA) for scripted analysis. The EMG
from each paradigmwasmanually inspected for artifacts and pre-
stimulationmuscle activation, with poor quality frames removed.
EMG traces were blinding prior to manual analysis to eliminate
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experimenter bias. All MEP analyses were performed using
Matlab scripts developed by our team.

Single Pulse TMS Outcomes
Stimulus Response Curve (SRC)
Ten single pulse TMS stimulations at each of six intensities (100–
150% RMT, in steps of 10%) were delivered in random order to
produce recruitment curves. MEP were recorded bilaterally from
FDI muscles. Recruitment curves were analyzed by measuring
peak to peak amplitude of 10 MEP from six intensities (100–
150%RMT, in steps of 10%) then averaged to produce a sigmoidal
input/output curve.

Cortical Silent Period (cSP)
Fifteen suprathreshold stimuli were applied with a three second
separation while the dominant hand was contracted at 20%
maximum voluntary contraction. The silent period was defined
as a continuous disrupted EMG waveform beginning after the
end of MEP waveform, continuing until the return of the
background EMG waveform.

Ipsilateral Silent Period (iSP)
Ten suprathreshold (120% RMT) TMS stimuli were applied
during 50%maximal voluntary contraction in the non-dominant
hand (ipsilateral to the stimulated M1). Silent periods were
measured synonymously to cSPs. The start of the silent period
was manually determined as the point at which the EMG trace
dropped below 25% of the background. The end of the silent
period was determined when the EMG trace returned above
25% of the normal background. Silent periods were averaged to
produce a mean silent period duration.

Paired Pulse TMS Outcomes
Paired-pulse TMS used two stimulators (Bistim2 and 2002

Magstim, UK) connected by an adaptor. Paired pulses were
separated by an interstimulus interval (ISI) between an initial
conditioning stimulus (CS, 80% RMT), followed by a test
stimulus (TS, 120% RMT). Paired pulse outputs were expressed
as a ratio of CS:TS, with >1 indicating facilitation and <1
indicating inhibition.

Short Interval Intracortical Inhibition/Intracortical

Facilitation (SICI/ICF)
Ten unconditioned TS were randomly intermixed with 10 paired
stimulation each at 10ms ISI for ICF and 2ms ISI for SICI
(total of 30 stimulations). Long Interval Intracortical Inhibition
(LICI): Here, the CS and TS were separated by a 100ms ISI.
Ten CS-TS pairs were randomized with ten TS alone. Short
Interval Intracortical Facilitation (SICF): Ten unconditioned and
10 conditioned stimuli at each of three separate ISIs (1.5, 2.6,
4.3ms) were delivered in random order (40 stimulations in total).

Safety and Tolerability
After each session, participants completed a previously developed
pediatric TMS tolerability questionnaire (33) that documented
the presence and severity of five common potential side effects

(headache, unpleasant tingling, neck pain, nausea, and light-
headedness) (34). Participants were also asked to rank their TMS
experience against 7 other common childhood experiences.

Statistical Analyses
The sample size was estimated as 24 per group using the
cSP data from Miller et al. (23). Demographic characteristics
were compared between experimental and control groups using
student t-tests and Chi-square tests. Between group contrasts
of SRC data indicated no significant changes in activation
across sessions (using a two-way ANOVA). One sample t-tests
were performed to determine the presence of inhibition or
facilitation, as per our stipulated paired pulse ratio criterion.
Partial correlations were used to analyse the relationship between
change in cortical excitability and PCSS symptoms controlling
for the PCSI pre-injury scores. We used generalized linear mixed
models (GLMM) were used to analyse the relationships between
Group and Time characteristics in a linear mode (cSP and
iSP) and log-normal mode (SICI, LICI, SICF, and ICF) in our
neurophysiological data. Time and group were fitted as fixed
factors and participant as a random factor. Where there was
an effect of time, GLMM in logistic mode (with Satterthwaite
approximation) was used to analyze the relationship between
recovery and cortical excitability change in the symptomatic
group. Analyses were performed using SigmaPlot (version 13.0)
and SPSS (version 24) software.

RESULTS

Population
Details of participant recruitment are shown in Figure 1.
Population demographics are summarized in Table 1. One
hundred and sixty-one participants were enrolled, and 133
had measurable and complete stimulus response curves
allowing them to complete the entire study protocol. The
final experimental sample consisted of 107 participants (78
symptomatic and 29 asymptomatic) with a median age of 15.1
(range: 9.0–18.0 years, 57% female). A smaller experimental
population completed a second session of TMS (see Table 1).
The healthy control population included 26 participants (median
age= 14.6 years, range: 9.9–18.0 years, 54% female). The median
age of the experimental groups was comparable, as was the ratio
of males to females.

Single Pulse TMS
Stimulus Response Curves
Resting SRCs were obtained from all participants across
each experimental group. Sigmoidal curves are shown in
Figure 2. Responsiveness to increased TMS intensity were similar
across groups at the initial measurement (p = 0.5), and at
follow-up (p= 0.9).

Cortical Silent Periods
CSP was measured in a total of 124 participants (29
asymptomatic, 69 symptomatic, 26 control). cSP did not
differ between groups overall, [F(2, 121) = 0.281, p = 0.281].
Mean MEP amplitude, which may effect cSP, did not differ
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TABLE 1 | Population demographics. Demographic characteristics and recovery

statusa.

Control Asymptomatic Symptomatic

N at Session 1 26 29 78

N at Session 2 - 9 54

Age ± SD, Range 14.6 ± 3, 9–18 14.2 ± 2, 9–17 15.2 ± 2, 9–17

Gender, F% 54 48 60

Handedness, R% 88 86 90

Cause of Injury %

• Sport 82 71

• Fall 12 7

• MVA 3 10

• Other 3 12

PCSI 1 1mo (median) - 1 28

PCSI 1 2mo (median) - 4 3

Cognitive Domain Score 0.55 (1.2) 0.93 (1.6) 11.8 (8.1)

Physical Domain Score 1.6 (2.4) 2.3 (3.4) 16.2 (10.4)

Emotional Domain Score 0.75 (1.3) 0.65 (1.5) 7.2 (6.2)

Fatigue Domain Score 0.85 (1.0) 0.9 (1.8) 5.4 (4.1)

aTBI participants were divided into 2 groups; symptomatic and asymptomatic. Mean age

was expressed in years, ± standard deviation. Dominant handedness was reported as %

right hand dominant. PCSI scores were expressed as the median change from baseline.

Asterisk indicates significantly different from controls.

between groups. There was no effect of age or sex on cSP change
over time. Generalized linear mixed-effects model demonstrated
shorter cSP durations (18.84 (SD 2.82) ms) in the symptomatic
group compared to asymptomatic group at the initial timepoint
[F(1, 167) = 4.838, p = 0.029], with a trend for cSP duration to
increase over time (11.36 (SD 2.60) ms; [F(1, 84.51) = 3.27, p =

0.074]. There was significant subject heterogeneity (random
intercept) accounting for 22% of the variance (95% CIs: 12.14,
36.18). Recovery in the symptomatic group at 2–3 months post
injury could be predicted by cSP duration at 1 month (OR 1.029,
p = 0.049) and change in cSP over time (OR.984, p = 0.006).
Although the overall model was significant (LR Chi (2) = 9.78, p
< 0.001), the effect size was small.

Ipsilateral Silent Periods
ISP wasmeasured in a total of 123 participants (28 asymptomatic,
69 symptomatic, 26 healthy controls). Significant differences in
iSP across all groups were observed [F(2, 119) = 3.828, p =

0.024]: Symptomatic EM = 18.044 (95% CI: 16.092, 19.996),
Asymptomatic EM = 14.150 (95% CIs: 10.823, 17.478), Control
EM = 16.263, (95% CIs 12.433, 20.093). Generalized linear
mixed-effects modeling demonstrated longer iSP durations in the
symptomatic group [F(1, 112) = 4.052, p = 0.046] but no effect of
time [F(1, 76) = 0.977, p= 0.324] (Figures 3C, D).

Paired Pulse TMS
Short Interval Intracortical Inhibition
SICI was evaluated in 131 participants (30 asymptomatic, 76
symptomatic, 25 control). An average inhibitory effect consistent
with SICI was present in all groups [t(25) = 4.372, p < 0.001].
Generalized linear mixed-effect modeling revealed significant

differences in SICI at 1 month post injury between groups,
[F(2, 128) = 3.752, p = 0.026]: Symptomatic EM = 0.164 (95%
CI:0.132, 0.202), Asymptomatic EM = 0.277 (95% CIs:0.198,
0.388), Control EM = 0.161, (95% CIs.112, 0.233) (Figure 4A).
Change over time was analyzed in the TBI groups. Here, the
effect of Group was not significant [F(1, 179) = 1.005, p = 0.317]
but there was a significant effect of Time post injury [F(1,179) =
18.746, p < 0.001] and a significant Group × Time interaction
[F(1, 179) = 18.746, p < 0.007] (Figure 4B). Logistic regression,
however, failed to demonstrate a relationship between recovery
and change in SICI over time in the symptomatic group (LR
chi(2)= 0.59, p= 0.744).

Long Interval Intracortical Inhibition
LICI was evaluated in 128 participants (30 asymptomatic,
73 symptomatic, 25 control). A significant inhibitory effect
consistent with LICI was present in each group [t(25) = 4.372, p
< 0.001]. There were no significant difference in LICI between
groups, [F(2, 125) = 0.678, p = 0.509]. Over time, GLMM
demonstrated no effect of mTBI group [F(1, 174) = 1.453, p =

0.230] or Time post-injury [F(1, 174) = 0.623, p= 0.431].

Intracortical Facilitation
SICF was measured in 120 participants (28 asymptomatic, 69
symptomatic, 23 control). The SICF effect was present at both ISI
in the control group at 1 month (ISI 1.5ms, p= 0.05; 4.3ms, p=
0.02) (Figure 5). There was a significant effect of Group [F (2, 117)

= 5.46, p = 0.005] on the SICF effect: Asymptomatic estimated
mean (EM) = 0.348 (95%CI:0.262, 0.463), symptomatic EM =

0.206 (95% CI:0.172, 0.247), and control EM = 0.297 (95%
CI:0.217, 0.406), see Figure 5. Change was analyzed using a
generalized linear mixed effects model, there was no effect of
mTBI Group [F(1, 168) = 0.021, p = 0.885] on the SICF at 1.5ms
ISI effect but a significant effect of Time [F(1, 168) = 9.064, p =

0.003]. There was a significant Group × Time interaction effect,
[F(1, 169) = 10.719, p = 0.001]. There were similar effects of
Group and Group× Time on SICF at 2.6ms and 4.3ms (data not
shown). Change in SICF at 1.5ms ISI however was not related to
recovery in the symptomatic group (B=−0.959, p= 0.423).

A typical range of facilitation was observed in all groups using
the 2ms ICF paradigm (n = 131). There was a significant effect
of Group at 1 month post injury, [F(2, 128) = 4.076, p = 0.019]:
Symptomatic EM = 0.328 (95% CI:0.273, 0.395), Asymptomatic
estimated mean (EM) = 0.492 (95%CI:0.367, 0.660), and control
EM = 0.271 (95% CI:0.196, 0.374), see Figure 6. When change
was analyzed with GLMM, there was no longer an effect of Group
[F (1, 179) = 0.785, p = 0.377], but ICF decreased significantly
over time [F(1, 179) = 11.826, p = 0.001] with a Time × Group
interaction effect [F(1, 179) = 6.347, p = 0.013]. (Figure 6).
Change in ICF in the symptomatic group however was not related
to recovery in the symptomatic group (B= 1.226, p= 0.072).

Tolerability
No serious adverse events were reported. TMS was well-
tolerated with sessional tolerability measures summarized in
Table 2. Mild headache was reported in 13% of participants
with a higher proportion in the symptomatic group (27%). This
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FIGURE 2 | Stimulus response curves. Stimulus response curves from dominant FDI muscle in 1 month post injury (solid black line), 2 months post injury (dotted

black line). Control data (red line) was included in each figure as a reference. Longitudinal asymptomatic data shown in plot A (n = 29), symptomatic data in plot B (n

= 78). Group means were comparable across session.

FIGURE 3 | Cortical and ipsilateral silent periods. (A) Comparison of cSP duration across groups at 1 month post injury found shorter cSP duration in the

symptomatic compared to the asymptomatic group. (B) cSP durations increased over time in the symptomatic group at 1 month than 2 months post injury [F (1, 167)
= 4.838, p = 0.029]. (C) iSP durations differed across groups at 1 month post injury, [F (2, 119) = 3.828, p = 0.0240]. (D) Generalized linear model mixed-effects

modeling demonstrated longer iSP durations in the symptomatic group [F(1, 112) = 4.052, p = 0.046] but no effect of time [F (1, 76) = 0.977, p = 0.324]. For all

boxplots, thick line is mean, thin line is median, edges are quartiles, and whiskers are 5 and 95th percentiles. *p < 0.05.

difference at 1 month did not persist to the session completed at
2-months post-injury.

DISCUSSION

In this study, we have characterized multiple aspects of motor
cortex neurophysiological change in children recovering
from mTBI and PPCS. The cSP is shortened at 1 month in
the symptomatic children and increases over time. Overall,
parameters associated with cortical inhibition (cSP and SICI)
were more likely to be relatively increased in asymptomatic
children. Conversely, parameters associated with cortical

excitation/facilitation (SICF and ICF) were decreased in
symptomatic children. Taken together, these findings suggest
that longitudinal neurophysiological measurements, via TMS,
over the motor cortex suggest a demonstrable change in cortical

excitability between symptomatic and asymptomatic PPCS

groups. Our findings substantially add to current understanding

of neurophysiological alterations that occur following a pediatric

mTBI, and support the safety and tolerability of TMS in
this population.

There is a paucity of research regarding the
neurophysiological changes occurring in PPCS in adults
and especially children. Increased cSP duration has been
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FIGURE 4 | Estimated means charts for SICI. SICI is expressed as a ratio of conditioning stimulus (CS, 80% RMT) to test stimulus (TS, 120% RMT) at interstimulus

interval of 2ms. Values <1 indicate inhibition. (A) Significant differences were found in SICI between groups at 1 month post injury, [F (2, 128) = 3.752, p = 0.026]. (B)

Generalized linear mixed model analysis demonstrated a significant effect of Time and Time × Group interaction on SICI in mTBI groups corrected model [F (3, 179) =

8.135, p < 0.001]. Although both the symptomatic (red) and asymptomatic (blue) groups show decreasing SICI over time, the trajectory is steeper in the

asymptomatic group. The error bars represent 95% confidence intervals of the estimated means.

FIGURE 5 | Estimated means charts for SICF effect at 1.5ms ISI. (A) The SICF effect differed significantly across groups [F (2,117) = 5.46, p = 0.005]. (B) There

was a significant effect of Time and a Group × Time interaction effect, corrected model [F (3,168) = 6.058, p = 0.001]. The error bars represent 95% confidence

intervals of the estimated means.

FIGURE 6 | Estimated means charts for ICF. ICF is expressed as a ratio of conditioning stimulus (CS, 80% RMT) to test stimulus (TS, 120% RMT) at interstimulus

interval of 10ms. (A) There was a significant effect of Group at 1 month post injury, [F (2, 128) = 4.076, p = 0.019]; (B) There was a significant effect of Time and Time

× Group interaction on ICF [corrected model F (3, 179) = 9.154, p < 0.001]. Although both the symptomatic (red) and asymptomatic (blue) groups show decreasing

ICF over time, the trajectory is steeper in the asymptomatic group. The error bars represent 95% confidence intervals of the estimated means.
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TABLE 2 | Tolerability. Longitudinal tolerability datab.

Healthy Asymptomatic Symptomatic X2 P (2)

Headache

1mo 1 (4) 4 (12) 21 (27) 8.1 0.02

2mo – 4 (30) 9 (12) 0.6 0.4

Neck Pain

1mo 1 (4) 5 (15) 11 (14) 2.2 0.3

2mo – 1 (8) 17 (24) 0.9 0.3

Tingling

1mo 0 (0) 5 (15) 11 (14) 4.3 0.1

2mo – 1 (8) 10 (14) 0.03 0.9

Nausea

1mo 0 (0) 2 (6) 4 (5) 1.5 0.5

2mo – 2 (15) 3 (4) 0.9 0.3

Lightheaded

1mo 2 (8) 1 (3) 8 (10) 1.6 0.4

2mo – 2 (15) 3 (4) 0.9 0.3

bTolerability values were expressed as the total number of participants in each group that

reported each side effect. The number in parentheses represented the corresponding

percentage of the group.

reported previously in adults with mTBI (21, 22, 24, 35).
The only other longitudinal TMS study following 15 adults
with acute mTBI reported increased cSP durations at 72 h
post-injury and persisted beyond 8 weeks post injury (23).
Although not reported specifically, these adults seem to have
experienced normal recovery trajectories with symptom scores
similar to controls by 1-month post-injury i.e., similar to our
asymptomatic group (21, 27, 36). Tremblay et al. (25) Other
research in asymptomatic adults with a history of mTBI found
increased cSP durations from 9 months to 30 years post-injury
(19, 21, 23, 25). Interestingly, the cSP duration increased over
time in our symptomatic group i.e., becoming similar to the
asymptomatic group. However, this was not significantly related
to clinical PPCS scores or recovery. Further longitudinal studies
are required to elucidate the trajectory of cSP duration over time.

Short-interval intracortical inhibition was increased in the
asymptomatic group and changed significantly over time. This
finding is somewhat in keeping with the changes in cSP reported
above and support the cortical origin of the neurophysiological
changes. Indeed, inhibitory interneurons have been shown to be
particularly vulnerable to injury in TBI (37). In contrast, long-
interval intracortical inhibition was not significantly different
between groups in our study. Previous research in smaller
samples of asymptomatic athletes with concussion has reported
both enhanced LICI (25) and no significant differences to
controls (25). LICI and cSP have often been thought to operate
by similar cellular and neurotransmitter mechanisms including
alterations in GABAb receptor-mediated processes (38, 39).
However, studies in other populations of acquired brain injury
and neurodegeneration have suggested a dissociation between
the neuronal systems reflected in these two paradigms (38, 39).
Although Tremblay et al. report possible metabolic imbalances
between GABA and glutamate concentrations in previously

TABLE 3 | Summary of results.

Control Asymptomatic Symptomatic

N at Session 1 20 32 72

N at Session 2 - 12 71

cSP

Mean (SD) T1 110.52 (8.9) 120.38 (8.4)+ 103.24 (5.4)+

Mean (SD) T2 - 134.16 (11.87) 113.55 (5.4)

iSP

Mean (SD) T1 15.62 (1.9) 14.15 (1.7)*+ 18.04 (0.9)*+

Mean (SD) T2 - 19.29 (3.3) 18.12 (1.3)

LICI

Mean (SD) T1 0.06 (0.01) 0.08 (0.008) 0.06 (0.008)

Mean (SD) T2 - 0.05 (0.06) 0.15 (0.03)

SICI

Mean (SD) T1 0.16 (0.03) 0.28 (0.05)*+ 0.16 (0.02)*+

Mean (SD) T2 - 0.0.5 (0.03) 0.15 (0.03)

SICF

Mean (SD) T1 0.30 (0.05) 0.35 (0.05) 0.21 (0.02)

Mean (SD) T2 - 0.16 (0.05) 0.28 (0.03)

ICF

Mean (SD) T1 0.27 (0.04) 0.49 (0.07)*+ 0.33 (0.03)*+

Mean (SD) T2 - 0.1 (0.05) 0.34 (0.05)

* indicates significantly different from control group. + indicates significantly different

between symptomatic and asymptomatic groups.

concussed athletes using MR spectroscopy (25), further well-
powered research is required using multimodal imaging to tease
out whether this occurs in mild TBI.

Our previous pilot study examining cortical excitability at
1 month post injury found reduced LICI in children with
persistent symptoms following mTBI (40). The current study
follows on from this. It is likely that the main reason for the
discrepant finding is likely due to sample size, especially as
logarithmic transformation can underestimate the variability in
the sample. This is particular important as children with mTBI
have greater variability in motor cortex neurophysiology (33).
This has been addressed in our current larger study by employing
generalized linear mixed effect modeling in order to take into
account the between and within subject variability and maximize
sample size.

In keeping with changes in cortical inhibition, we also found
significant differences in intracortical facilitation (ICF and SICF).
This is the first study to examine SICF in pediatric mTBI.
Increased ICF was present in the asymptomatic group, and
decreased SICF in the symptomatic group with both groups
changing toward “normal” over time. Similar SICF results
were found across the different ISI intervals which supports
the legitimacy of this finding. SICF is also suggested to be
mediated by GABAergic systems, with increased GABA activity
resulting in reduced SICF (41). Loss of facilitation in the
asymptomatic group, combined with prolonged cSP in the
same population, might suggest underlying differences between
the normal behavior of GABA in the motor cortex compared
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with those of controls or symptomatic children. Interestingly,
the rate of change was greatest in the asymptomatic group.
This finding supports other recent literature suggesting that
there is ongoing cerebral recovery despite resolution of clinical
symptoms (42, 43). The change in ICF and SICF in the
symptomatic group did not predict recovery of symptoms.
This may be due to the slow rate of change in ICF and
SICF in the symptomatic group during this time period. The
next step to better elucidate these underlying mechanisms
might be to quantify GABA levels using neuroimaging
methodology such as MR spectroscopy. This technique would
allow quantification of GABA release patterns over time,
which may be involved in mediating changes in cortical
neurophysiology (44).

Transcallosal inhibition was measured using iSP.
Transcallosal tracts have been shown to be particularly
sensitive to damage in TBI (45, 46). iSP values were significantly
different between groups with the asymptomatic group having
decreased transcallosal inhibition. Measurement of iSP in
children has been infrequent and somewhat inconsistent, in
part due to differences in methodology. We used 120% RMT,
based on methods of 40, who found iSP to be associated with
paired-pulse TMS measures of interhemispheric inhibition
and motor performance in a pediatric population (47).
Transcallosal injury provides a complex research target due
to the elaborate circuitry involved. Future research into
transcallosal injury using iSP, IHI and imaging measures of both
structural and functional connectivity might better elucidate
any alteration of interhemispheric interactions in children
with mTBI.

Significant limitations of our study should be considered.
Groups were comparable in age- and gender but a significant
proportion lacked repeated measures, this decreased the power
in the longitudinal component of our study (especially in the
asymptomatic group) although this was somewhat limited by
our statistical approach. Nevertheless, the intersession variability
of TMS neurophysiology remains a significant challenge in this
type of research (48). Pre-injury neurophysiological data was not
available in our participants. Although it is it is possible that the
TMS parameter changes could have been present pre-injury, the
rate of change observed over time would suggest otherwise. No
differences between the SRC measures of groups, or of sessions,
were observed. Our population did not include children younger
than 8 years of age as younger children often have thresholds
too high to stimulate at 150% RMT. Our findings suggest that
the cortical excitability properties reflected by SRC are similar
across participants and perhaps not altered bymTBI. This finding
suggests that SRC may not be sensitive to such changes and
is perhaps a paradigm that is less likely to yield interesting
information in future studies.

Despite these limitations, the power of our study was
much higher than the previous work in this field. Additional
strengths of our study included well-standardized TMS

methodologies designed to deliver stimulus intensity based
on each individual participants RMT, as well as a participant
group displaying a broad range of PPCS phenotypes. TMS has
been safe and well tolerated all participants, with no adverse
events (35).

CONCLUSIONS

In summary, children with different recovery trajectories after
mTBI show significant and complex alterations in TMSmeasures
of cortical excitability which change during recovery. Cortical
inhibition is increased in children who have early recovery
whereas cortical excitation is decreased in children with
persistent symptoms. Motor cortex neurophysiology changed
significantly over time. These finding suggests that there is
ongoing cerebral recovery at 1-month post-injury even where
there is resolution of clinical symptoms. Further well-powered
longitudinal studies of pediatric TBI can help to inform our
knowledge and monitor neurophysiological recovery following
pediatric mTBI.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

Ethical clearance was granted by the University of Calgary
Conjoint Health Research Ethics Board (REB13-0372).

AUTHOR CONTRIBUTIONS

KB and AK conceived study design. RK and KB performed
participant recruitment. RK, EZ, PC, and TS performed data
collection. RK, KB, EZ, PC, and TS performed data analysis and
drafting the manuscript. RK, AK, EZ, PC, TS, and KB revised the
manuscript. KB and AK obtained funding.

FUNDING

This study was funded by the Canadian Institutes of Health
Research (grant number: 293375); the Faculty of Medicine,
University of Calgary; and the Alberta Children’s Hospital
Research Institue (Neurotrauma initiative). These funding
sources had no role in the design of this study and did not have
any role during its execution, analyses, interpretation of the data,
or decision to submit results.

ACKNOWLEDGMENTS

We would like to thank Dr. Sultan Nelson, Dr. Liu Shi Gan, and
Heather Godfrey for their contributions to this study.

Frontiers in Neurology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 451

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


King et al. Longitudinal Cortical Excitability in Children

REFERENCES

1. Ryu WH, Feinstein A, Colantonio A, Streiner DL, Dawson DR. Early

identification and incidence of mild TBI in Ontario. Can J Neurol Sci. (2009)

36:429–35. doi: 10.1017/S0317167100007745

2. Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact

of traumatic brain injury: a brief overview. J Head Trauma Rehabil. (2006)

21:375–8. doi: 10.1097/00001199-200609000-00001

3. Macpherson A, Fridman L, Scolnik M, Corallo A, Guttmann A. A population-

based study of paediatric emergency department and office visits for

concussions from 2003 to 2010. Paediatr Child Health. (2014) 19:543–6.

doi: 10.1093/pch/19.10.543

4. McKinlay A, Grace RC, Horwood LJ, Fergusson DM, Ridder EM, MacFarlane

MR. Prevalence of traumatic brain injury among children, adolescents and

young adults: prospective evidence from a birth cohort. Brain Inj. (2008)

22:175–81. doi: 10.1080/02699050801888824

5. Faul M, Xu L, Wald MM, Coronado VG. Traumatic Brain Injury in the

United States: Emergency Department Visits, Hospitalizations, and Deaths.

Atlanta: Centers for Disease Control and Prevention. National Center for

Injury Prevention and Control (2010).

6. Corrigan JD, Selassie AW, Orman JAL. The epidemiology of

traumatic brain injury. J Head Trauma Rehabil. (2010) 25:72–80.

doi: 10.1097/HTR.0b013e3181ccc8b4

7. Barlow KM, Crawford S, Brooks BL, Turley B, Mikrogianakis A. The

incidence of postconcussion syndrome remains stable following mild

traumatic brain injury in children. Pediatr Neurol. (2015) 53:491–7.

doi: 10.1016/j.pediatrneurol.2015.04.011

8. Barlow KM, Crawford S, Stevenson A, Sandhu SS, Belanger F, Dewey D.

Epidemiology of postconcussion syndrome in pediatric mild traumatic brain

injury. Pediatrics. (2010) 126:e374–81. doi: 10.1542/peds.2009-0925

9. Zemek R, BarrowmanN, Freedman SB, Gravel J, Gagnon I, McGahern C, et al.

Clinical risk score for persistent postconcussion symptoms among children

with acute concussion in the ED. J Am Med Assoc. (2016) 315:1014–25.

doi: 10.1001/jama.2016.1203

10. Novak Z, Aglipay M, Barrowman N, Yeates KO, Beauchamp MH,

Gravel J, et al. (2016). Association of persistent postconcussion

symptoms with pediatric quality of life. JAMA Pediatr. 170:e162900.

doi: 10.1001/jamapediatrics.2016.2900

11. Barlow KM. Postconcussion syndrome: a review. J Child Neurol. (2016)

31:57–67. doi: 10.1177/0883073814543305

12. Moran LM, Taylor HG, Rusin J, Bangert B, Dietrich A, Nuss KE,

et al. Quality of life in pediatric mild traumatic brain injury and its

relationship to postconcussive symptoms. J Pediatr Psychol. (2011) 37:736–44.

doi: 10.1093/jpepsy/jsr087

13. Giza CC, Hovda DA. The neurometabolic cascade of concussion. J Athl Train.

(2001) 36:228.

14. Prins M, Greco T, Alexander D, Giza CC. The pathophysiology of

traumatic brain injury at a glance. Dis Model Mech. (2013) 6:1307–15.

doi: 10.1242/dmm.011585

15. Giza CC, Hovda DA. The new neurometabolic cascade

of concussion. Neurosurgery. (2014) 75(suppl. 4), S24–33.

doi: 10.1227/NEU.0000000000000505

16. Ommaya AK, Goldsmith W, Thibault L. Biomechanics and neuropathology

of adult and paediatric head injury. Br J Neurosurg. (2002) 16:220–42.

doi: 10.1080/02688690220148824

17. Meaney DF, Smith DH. Concussion in sports biomechanics of concussion.

Clin. Sports Med. (2014) 30:19–31. doi: 10.1016/j.csm.2010.08.009

18. Kirton A, Andersen J, Hoyt-Hallett G, O’Byrne C, Yager J. Measuring plastic

change in pediatric interventional therapies with TMS: methodology of the

plastic champs clinical trial. In: Proceedings of the First InternationalWorkshop

on Synaptic Plasticity: From Bench to Bed Side. Sicily (2010).

19. Kirton A, Gunraj C, Chen R. Cortical excitability and interhemispheric

inhibition after subcortical pediatric stroke: plastic organization

and effects of rTMS. Clin Neurophysiol. (2010) 121:1922–9.

doi: 10.1016/j.clinph.2010.04.021

20. Kirton A, Gunraj C, Chen R. Neurocardiogenic syncope complicating

pediatric transcranial magnetic stimulation. Pediatr Neurol. (2008) 39:196–7.

doi: 10.1016/j.pediatrneurol.2008.06.004

21. De Beaumont L, Mongeon D, Tremblay S, Messier J, Prince F, Leclerc S, et al.

Persistent motor system abnormalities in formerly concussed athletes. J Athl

Train. (2011) 46:234–40. doi: 10.4085/1062-6050-46.3.234

22. De Beaumont L, Tremblay S, Poirier J, Lassonde M, Théoret H. Altered

bidirectional plasticity and reduced implicit motor learning in concussed

athletes. Cereb Cortex. (2012) 22:112–21. doi: 10.1093/cercor/bhr096

23. Miller NR, Yasen AL, Maynard LF, Chou LS, Howell DR, Christie AD. Acute

and longitudinal changes in motor cortex function following mild traumatic

brain injury. Brain Inj. (2014) 28:1270–6. doi: 10.3109/02699052.2014.915987

24. De Beaumont L, LassondeM, Leclerc S, Théoret H. Long-term and cumulative

effects of sports concussion on motor cortex inhibition. Neurosurgery. (2007)

61:329–37. doi: 10.1227/01.NEU.0000280000.03578.B6

25. Tremblay S, De Beaumont L, Lassonde M, Theoret H. PTMS14 Specificity

of neurophysiologic dysfunctions in asymptomatic concussed athletes. Clin

Neurophysiol. (2011) 122:S185. doi: 10.1016/S1388-2457(11)60667-6

26. De Beaumont L, Theoret H, Mongeon D, Messier J, Leclerc S, Tremblay

S, et al. Brain function decline in healthy retired athletes who sustained

their last sports concussion in early adulthood. Brain. (2009) 132:695–708.

doi: 10.1093/brain/awn347

27. Powers KC, Cinelli ME, Kalmar JM. Cortical hypoexcitability persists beyond

the symptomatic phase of a concussion. Brain Inj. (2014) 28:465–71.

doi: 10.3109/02699052.2014.888759

28. Barlow KM, Brooks BL, MacMaster FP, Kirton A, Seeger T, Esser M,

et al. A double-blind, placebo-controlled intervention trial of 3 and 10mg

sublingual melatonin for post-concussion syndrome in youths (PLAYGAME):

study protocol for a randomized controlled trial. Trials. (2014) 15:271.

doi: 10.1186/1745-6215-15-271

29. Head J. Definition of mild traumatic brain injury. J Head Trauma Rehabil.

(1993) 8:86–7. doi: 10.1097/00001199-199309000-00010

30. Keel JC, Smith MJ, Wassermann EM. A safety screening questionnaire

for transcranial magnetic stimulation. Clin Neurophysiol. (2001) 112:720.

doi: 10.1016/S1388-2457(00)00518-6

31. Sady MD, Vaughan CG, Gioia GA. Psychometric characteristics of the

postconcussion symptom inventory in children and adolescents. Arch Clin

Neuropsychol. (2014) 29:348–63. doi: 10.1093/arclin/acu014

32. Rossini PM, Barker AT, Berardelli A, CaramiaMD, CarusoG, Cracco RQ, et al.

Non-invasive electrical and magnetic stimulation of the brain, spinal cord

and roots: basic principles and procedures for routine clinical application.

Report of an IFCN committee. Electroencephalogr Clin Neurophysiol. (1994)

91:79–92. doi: 10.1016/0013-4694(94)90029-9

33. Garvey MA, Kaczynski KJ, Becker DA, Bartko JJ. Subjective reactions of

children to single-pulse transcranial magnetic stimulation. J Child Neurol.

(2001) 16:891–4. doi: 10.1177/088307380101601205

34. Garvey MA, Ziemann U, Becker DA, Barker CA, Bartko JJ. New

graphical method to measure silent periods evoked by transcranial

magnetic stimulation. Clin Neurophysiol. (2001) 112:1451–60.

doi: 10.1016/S1388-2457(01)00581-8

35. Zewdie E, Damji O, Ciechanski P, Seeger T, Kirton A. Contralesional

corticomotor neurophysiology in hemiparetic children with

perinatal stroke: developmental plasticity and clinical function.

Neurorehabil Neural Repair. (2017) 31:261–71. doi: 10.1177/1545968316

680485

36. Livingston S. Electrophysiologic evidence for the effects of acute cerebral

concussion in a collegiate women’s soccer player. J Head Trauma Rehabil.

(2012) 27: E12–3.

37. Cantu D. Traumatic brain injury alters cortical glutamate network

function by compromising gabaergic inhibition. Epilepsy Curr. (2014)

14:472.

38. Berardelli A, Rona S, Inghilleri M, Manfredi M. Cortical inhibition in

Parkinson’s disease: a study with paired magnetic stimulation. Brain. (1996)

119:71–7. doi: 10.1093/brain/119.1.71

39. Valzania F, Strafella AP, Quatrale R, Santangelo M, Tropeani A, Lucchi D,

et al. Motor evoked responses to paired cortical magnetic stimulation in

Parkinson’s disease. Electroencephalogr Clin Neurophysiol. (1997) 105:37–43.

doi: 10.1016/S0924-980X(96)96517-0

40. Seeger TA, Kirton A, Esser MJ, Gallagher C, Dunn J, Zewdie E, et al. Cortical

excitability after pediatric mild traumatic brain injury. Brain Stimul. (2017)

10:305–14. doi: 10.1016/j.brs.2016.11.011

Frontiers in Neurology | www.frontiersin.org 10 May 2019 | Volume 10 | Article 451

https://doi.org/10.1017/S0317167100007745
https://doi.org/10.1097/00001199-200609000-00001
https://doi.org/10.1093/pch/19.10.543
https://doi.org/10.1080/02699050801888824
https://doi.org/10.1097/HTR.0b013e3181ccc8b4
https://doi.org/10.1016/j.pediatrneurol.2015.04.011
https://doi.org/10.1542/peds.2009-0925
https://doi.org/10.1001/jama.2016.1203
https://doi.org/10.1001/jamapediatrics.2016.2900
https://doi.org/10.1177/0883073814543305
https://doi.org/10.1093/jpepsy/jsr087
https://doi.org/10.1242/dmm.011585
https://doi.org/10.1227/NEU.0000000000000505
https://doi.org/10.1080/02688690220148824
https://doi.org/10.1016/j.csm.2010.08.009
https://doi.org/10.1016/j.clinph.2010.04.021
https://doi.org/10.1016/j.pediatrneurol.2008.06.004
https://doi.org/10.4085/1062-6050-46.3.234
https://doi.org/10.1093/cercor/bhr096
https://doi.org/10.3109/02699052.2014.915987
https://doi.org/10.1227/01.NEU.0000280000.03578.B6
https://doi.org/10.1016/S1388-2457(11)60667-6
https://doi.org/10.1093/brain/awn347
https://doi.org/10.3109/02699052.2014.888759
https://doi.org/10.1186/1745-6215-15-271
https://doi.org/10.1097/00001199-199309000-00010
https://doi.org/10.1016/S1388-2457(00)00518-6
https://doi.org/10.1093/arclin/acu014
https://doi.org/10.1016/0013-4694(94)90029-9
https://doi.org/10.1177/088307380101601205
https://doi.org/10.1016/S1388-2457(01)00581-8
https://doi.org/10.1177/1545968316680485
https://doi.org/10.1093/brain/119.1.71
https://doi.org/10.1016/S0924-980X(96)96517-0
https://doi.org/10.1016/j.brs.2016.11.011
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


King et al. Longitudinal Cortical Excitability in Children

41. ZiemannU, Siebner HR. Inter-subject and inter-session variability of plasticity

induction by non-invasive brain stimulation: boon or bane? Brain Stim. (2015)

8:662–3. doi: 10.1016/j.brs.2015.01.409

42. Tremblay S, Beaulé V, Proulx S, Tremblay S, Marjanska M, Doyon J, et al.

(2014). Multimodal assessment of primary motor cortex integrity following

sport concussion in asymptomatic athletes. Clin Neurophysiol. 125:1371–9.

doi: 10.1016/j.clinph.2013.11.040

43. Maugans TA, Farley C, Altaye M, Leach J, Cecil KM. Pediatric sports-

related concussion produces cerebral blood flow alterations. Pediatrics. (2012)

129:28–37. doi: 10.1542/peds.2011-2083

44. Schneider LA, Goldsworthy MR, Cole JP, Ridding MC, Pitcher JB.

The influence of short-interval intracortical facilitation when assessing

developmental changes in short-interval intracortical inhibition.

Neuroscience. (2016) 312:19–25. doi: 10.1016/j.neuroscience.2015.10.057

45. Dennis EL, Ellis MU, Marion SD, Jin Y, Moran L, Olsen A, et al.

Callosal function in pediatric traumatic brain injury linked to

disrupted white matter integrity. J Neurosci. (2015) 35:10202–11.

doi: 10.1523/JNEUROSCI.1595-15.2015

46. Lao Y, Law M, Shi J, Gajawelli N, Haas L, Wang Y, et al. A T1 and DTI

fused 3D Corpus Callosum analysis in pre-vs. post-season contact sports

players. Proc SPIE Int Soc Opt Eng. (2015) 9287:1e6. doi: 10.1117/12.20

72600

47. Ciechanski P, Zewdie E, Kirton A. Developmental profile of motor cortex

transcallosal inhibition in children and adolescents. J Neurophysiol. (2017)

118:140–8. doi: 10.1152/jn.00076.2017

48. Ridding MC, Ziemann U. Determinants of the induction of cortical plasticity

by non-invasive brain stimulation in healthy subjects. J Physiol. (2010)

588:2291–304. doi: 10.1113/jphysiol.2010.190314

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 King, Kirton, Zewdie, Seeger, Ciechanski and Barlow. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 11 May 2019 | Volume 10 | Article 451

https://doi.org/10.1016/j.brs.2015.01.409
https://doi.org/10.1016/j.clinph.2013.11.040
https://doi.org/10.1542/peds.2011-2083
https://doi.org/10.1016/j.neuroscience.2015.10.057
https://doi.org/10.1523/JNEUROSCI.1595-15.2015
https://doi.org/10.1117/12.2072600
https://doi.org/10.1152/jn.00076.2017
https://doi.org/10.1113/jphysiol.2010.190314
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Longitudinal Assessment of Cortical Excitability in Children and Adolescents With Mild Traumatic Brain Injury and Persistent Post-concussive Symptoms
	Introduction
	Methods
	Population
	Clinical Outcome and Classification
	TMS Neurophysiology Measures
	Single-Pulse TMS
	Single Pulse TMS Outcomes
	Stimulus Response Curve (SRC)
	Cortical Silent Period (cSP)
	Ipsilateral Silent Period (iSP)

	Paired Pulse TMS Outcomes
	Short Interval Intracortical Inhibition/Intracortical Facilitation (SICI/ICF)

	Safety and Tolerability
	Statistical Analyses

	Results
	Population
	Single Pulse TMS
	Stimulus Response Curves
	Cortical Silent Periods
	Ipsilateral Silent Periods

	Paired Pulse TMS
	Short Interval Intracortical Inhibition
	Long Interval Intracortical Inhibition
	Intracortical Facilitation
	Tolerability


	Discussion
	Conclusions
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


