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cortical responses following pediatric
mild traumatic brain injury:
A longitudinal fMRI study
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Abstract

Persistent post-concussion symptoms (PPCS) lasting longer than 4weeks affect 25% of children with mild traumatic

brain injury (mTBI) or concussion. Working memory (WM) problems are a common complaint in children with PPCS.

Despite normal function on traditional neuropsychological tests, these children exhibit aberrant cortical responses

within the dorsolateral prefrontal cortex (dlPFC) and default mode network (DMN) regions – both of which are

implicated in WM. Using a prospective, longitudinal cohort study design, we investigated changes in cortical fMRI

responses within the dlPFC and DMN during an nback WM task at two timepoints: one and two months post-injury.

Across these timepoints, the primary outcome was change in cortical activations (increase in BOLD) and deactivations

(decrease in BOLD) of both dlPFC and DMN. Twenty-nine children (mean age 15.49� 2.15; 48.3% male) with fMRI

scans at both timepoints were included, following data quality control. Student’s t-tests were used to examine cortical

activations across time and task difficulty. ANCOVA F-tests examined cortical responses after removal of baseline across

time, task difficulty and recovery. Volumes of interest (5mm sphere) were placed in peak voxel regions of the DMN and

dlPFC to compare cortical responses between recovered and unrecovered participants over time (one-way ANOVA).

Between one and two months post-injury, we found significant increases in dlPFC activations and significant activations

and deactivations in the DMN with increasing task difficulty, alongside improved task performance. Cortical responses of

the DMN and bilateral dlPFC displayed increased intensity in recovered participants, together with improved attention

and behavioural symptoms. Overall, our findings suggest evidence of neural compensation and ongoing cognitive recov-

ery from pediatric TBI over time between one and two months post injury in children with PPCS. These results highlight

the wider and persisting implications of mTBI in children, whose maturing brains are particularly vulnerable to TBI.
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Introduction

Pediatric mild traumatic brain injury (mTBI) can have

a significant impact on childhood development and

cognitive functions. It is an important public health

problem, affecting 55.9 million people each year world-

wide.1 mTBI commonly occurs in children, where 20%

of children and adolescents less than 16 years of age

sustain an mTBI per year.2,3 In the child and adolescent

population (aged 0–18 years), falls and contact sport

injuries are the most frequent modes of injury.4
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Concussion is a form of mTBI, and the term is some-
times used interchangeably with mTBI.5 Persistent
post-concussion symptoms (PPCS) occur in 50% of
children for longer than one month after injury, and
in 14% of children for three or more months after
injury.6,7 PPCS include physical, cognitive, emotional,
and behavioural symptoms such as headaches, fatigue,
irritability, insomnia, and concentration and memory
difficulties.8,9 In childhood, female adolescents (over
the age of 12 years) are particularly at risk of PPCS.10

Deficits in cognitive functions such as attentional pro-
cesses, and in particular, working memory (WM) are
common in PPCS and may affect a child’s learning
capabilities and quality of life.11–18

Working memory is a temporary, capacity-limited
memory holding store critical for executive function
that matures during puberty, adolescence and early
adulthood.15,19 This maturation process is associated
with increases in cortical activation in the middle fron-
tal gyrus, especially the dorsolateral prefrontal cortex
(dlPFC), a region strongly implicated in WM.20,21 The
dlPFC has been extensively researched as a core area
for WM in adults.22–27 However, younger children
recruit more widespread brain regions during WM
tasks,28,29 and their maturation involves a shift from
diffuse and posterior activation, to focal and anterior
activation.28

Closely associated with the WM-related activation is
the default mode network (DMN). The DMN consists
primarily of the posterior cingulate cortex (PCC), ret-
rosplenial cortex and ventromedial prefrontal cortex,
and is usually anti-correlated with the WM-related
areas.30,31 In healthy individuals, DMN activation is
seen during internally-directed attention, such as
during planning and introspection, and exhibits a
reduced level of activity during the maintenance
phase of most attentionally-demanding tasks.31

However, in adult TBI studies, participants with
PPCS have been shown to exhibit abnormal DMN
activation during attentionally-demanding tasks.32

Functional neuroimaging provides insight into both
the working memory and default mode networks, in
both typically developing children and following
mTBI, allowing the pathophysiological and clinical
sequelae of injury to be elucidated.33

Functional neuroimaging studies of WM- and
default mode-related areas following mTBI have
reported differing results across adult and pediatric
populations.34–36 Although different methodologies
go some way to explain these differences, they also
potentially reflect the vulnerability of an actively
maturing region in adolescence so vital for executive
function.37 We have previously reported cortical acti-
vation during an nback working memory task in 60
children with PPCS one month following mTBI.34

Children with PPCS were found to have decreased acti-
vation in the dlPFC, and DMN regions (precuneus and
posterior cingulate gyri), when compared to 30 children
who had recovered following mTBI at the same time
point post-injury.34

The present study aims to examine changes in WM-
related cortical activations over time during recovery in
children with PPCS. Our study will be the first that
longitudinally examines changes in cortical activations
during short-term recovery from mTBI in a pediatric
population.12 We hypothesise that WM-related cortical
activation in children with PPCS will increase over time
in the dlPFC, and decrease concurrently in the DMN.
We also hypothesise that changes in cortical activation
over time will be related to recovery.

Methods

Study design

The current study was a prospective cohort study
which recruited participants from the PLAYGAME
trial: a randomised, placebo-controlled, clinical trial
of melatonin conducted in children aged 8–18 years
with PPCS following mTBI at 4–6weeks post-injury
(NCT01874847)38 between February 2014 and April
2017 at the Alberta Children’s Hospital, Calgary. In
the PLAYGAME trial, participants were randomized
to receive placebo (n¼ 33), 3mg of melatonin (n¼ 33);
or 10mg melatonin (n¼ 33) for 28 days. Concussion
and/or mTBI was defined according to the American
Academy of Neurology criteria.39 Exclusion criteria
included a loss of consciousness greater than 30min,
or Glasgow Coma Scale (GCS) score of less than 13;
mTBI within the previous three months, or failure to
recover from a previous mTBI; significant past medical
or psychiatric history (attention deficit hyperactivity
disorder (ADHD) or mild learning difficulties were
not excluded); the use of neuroactive drugs affecting
fMRI; an inability to complete questionnaires or eval-
uations; or a contradiction to MRI. Consent and assent
were obtained from the parent and child, respectively.
At enrolment, a standardized interview and medical
examination were performed by a physician experi-
enced in concussion/mTBI assessment. The study was
conducted in accordance with Good Clinical Practice
and ethical approval was received by the University of
Calgary Health Ethics Research Board (13–0372) and
the University of Queensland (2,01,70,01,523).

Participants

Out of 64 eligible children with PPCS and neuroimag-
ing at 4–6weeks, 29 were included in the current study;
where participants were excluded due to single MRI
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only (n¼ 22), motion/displacement (n¼ 11), poor task
performance/failed TOMM (A’ score< 0.6; n¼ 1), or
abnormal neuroimaging (n¼ 1; Figure 1). Participant
characteristics are presented in Table 1. The partici-
pants in this study completed an nback WM task
during fMRI around one month post-injury and
again one month later. Out of the 29 participants, 15
participants at the second imaging session had clinical-
ly recovered with Post Concussion Symptom Inventory
(self-report, PCSI-Y) scores returning to baseline and
return to normal activities40 and 14 participants
remained unrecovered at two months post-injury.

Procedure

A standardised clinical assessment was performed by a
physician where demographic, medical and injury
details were recorded. Cognitive and behavioural meas-
ures were completed together with symptom validity
testing using the Test of Memory Malingering
(TOMM).41,42 Following safety screening, a mock
MRI scan for younger children, and training on the
nback task with a graduate student or research assis-
tant, MRI was performed at both timepoints.

Neurocognitive assessment

The Post-Concussion Symptom Inventory for Youth
(PCSI-Y) was used to assess symptoms and classify
symptomatic status and recovery.40 This questionnaire
assesses symptoms in four domains: somatic, cognitive,

emotional, and sleep. It has been demonstrated to have
good internal reliability when measuring PPCS.6,7

Clinically significant symptomatology was defined as
a 10 point increase in PCSI as compared with the
pre-injury report (assessed at 4weeks post-injury).43

The PCSI cognitive domain questions were used to
examine subjective cognitive difficulties, including the
domain questions, “feeling slowed down”, “mentally
foggy”, “difficulty concentrating”, “difficulty
remembering”, “feeling dazed” and “becomes confused
with directions”. Symptoms were rated from zero
to six.

Cognitive ability was assessed using the CNS-Vital
Signs computerised cognitive assessment on the day of
MRI.44 This assessment included seven tests: Verbal
Memory, Visual Memory, Finger Tapping, Symbol
Digit Coding, Stroop test, Shifting Attention test, and
the Continuous Performance test (age adjusted, mean
[M]¼ 100, standard deviation [SD]¼ 15). The CNS-
Vital Signs assessment has a good test-retest reliability
(r¼ 0.63–0.82) in the pediatric population, as well as
concurrent reliability with traditional neurocognitive
testing measures.44–47 Behaviour was measured with
the Behaviour Assessment System for Children (2nd

Edition, parent report) (BASC-2) which has high reli-
ability and validity in TBI populations.48–50 The
Attention subdomain was used as a measure of atten-
tion problems. The Behavioural Symptoms Index (BSI)
is a composite score of the BASC-2,51 derived from
Hyperactivity, Aggression, Depression, Atypicality,

Figure 1. Enrolment into the study. Participant exclusion included single scan, excessive motion, excessive framewise displacement
(FD), low A’ score (< 0.6)/failure of TOMM (Test of Memory Malingering), or an incidental finding, and 29 symptomatic participants
were included in the final sample. mTBI: mild traumatic brain injury.
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Withdrawal and Attention problems (M¼ 50,

SD¼ 10). The Behaviour Rating Inventory of

Executive Function (BRIEF, parent report) was used

to assess executive function and which has very good

validity in children with TBI and concussion.52,53 Three

summary scores were used: the Global Executive

Composite, Behavioural Regulation Index, and the

Metacognition Index (M¼ 50, SD¼ 10).

fMRI

A letter stimuli-based, visuospatial nback working

memory task was designed in Eprime 2.0 (PSTNET

Psychology Software Tools Inc., Sharpsburg, PA)

with inspiration from Dettwiler and colleagues35 and

was implemented as described by Khetani and col-

leagues.34 Each trial consisted of uppercase letters pre-

sented in circles around the screen. The task

incorporated three levels of working memory load:

n¼ 0, 1, 2. The 0back condition required participants

to respond if the presented stimulus matched a pre-

defined exemplar, and thus acted as a control condition

in terms of the visual and motor processing require-

ments of the task. The 1back condition required a

response when two successive stimuli were identical

(in letter and position), and the 2back condition

required a response when identical stimuli were sepa-

rated by a single non-identical image.
During the task, three experimental blocks of each

cognitive load were presented, totalling nine blocks

(Figure 2). Overall, 60 images were presented; 20% of

which were identical to the target (i.e., a correct match).

At the beginning of the task, a 20 second introduction

was presented, followed by an information and fixation

slide before each block. The stimulus and interstimulus

interval (ISI) presentation times were 0.5 s and 1.5 s,

respectively. Pseudo-randomization of stimuli was

undertaken in each block. A practice task was complet-

ed by participants outside the scanner, where one block

of each cognitive load was completed, with 75% accu-

racy required to proceed. All participants were able to

complete practice training within two attempts.

Reaction time and A-Prime (A’), which was calculated

as a non-parametric measure using true positives and

false positives, were used to measure performance on

the nback working memory task.54 Any participants

with an A’ score of below 0.6 on any task condition

were excluded from analysis due to potential misunder-

standing of the working memory task.54

MRI acquisition parameters

Cortical activity corresponding to the nback working

memory task was measured by fMRI BOLD signal

change. MRI data were acquired at the Alberta

Children’s Hospital, using a 3.0 T GE Healthcare

Discovery MR 750w Magnetic Resonance scanner

with a 32-channel head coil. A Gradient Echo EPI

pulse sequence was used to obtain oblique axial plane

fMRI images, with the following scanning parameters:

repetition time (TR)¼ 2000 msec, echo time (TE)¼ 30

msec, flip angle¼ 90, number of dummy

Table 1. Pre-injury characteristics.

Participants with initial fMRI

(n¼ 64)

Final sample

(n¼ 29) Test statistic p

Age, years, median (IQR) 14.63 (3.27) 15.49 (2.15) U¼ 678 0.02*

Male sex, n (%) 29 (55) 14 (48) v2 ¼0.19 0.67

Right-handed, n (%) 56 (88) 24 (83) v2 ¼1.09 0.30

Average household income, median (IQR) 11,18,090 (50,843) 1,34,627 (40,813) U¼ 611.50 0.16

Previous concussions, n (%) v2 (3)¼4.46 0.49

0 35 (55) 16 (55)

1 17 (27) 7 (24)

2 4 (6) 3 (10)

3 or more 8 (13) 3 (10)

Pre-injury PCSI-Y, median (IQR) 5 (6.75) 5 (16.0) U¼ 544 0.48

Cause of injury, n (%) v2 (2)¼5.49 0.24

Sports 48 (62) 24 (83)

MVC 2 (3) 1 (3)

Other 14 (18) 4 (14)

Loss of consciousness, n (%) 8 (10) 3 (10) v2 (2)¼5.22 0.07

Post-injury PCSI-Y, median (IQR) 36 (25.8) 41 (33.0) U¼ 252 <0.01*

ADHD: attention deficit hyperactivity disorder; PCSI-Y: post-concussion symptom inventory for youth; MVC: motor vehicle collision; IQR: inter-

quartile range.

*Indicates significance at p< 0.05 level
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acquisitions¼ 5, field of view (FOV)¼ 23 cm, slice

thickness¼ 3.6mm, number of slices¼ 317, matrix¼ 64

x 64, scan time¼ 10:44min, interleaved acquisition.
Both T1 and T2-weighted images were acquired for

registration. The T2-weighted anatomical images were

acquired with a T2 FRFSE-XL (fast relaxation fast

spin echo) sequence with the following parameters:

TR¼ 6216 msec, TE¼ 80 msec, echo train length¼ 26,

flip angle¼ 111, FOV¼ 23 cm, slice thick-

ness¼ 3.6mm, scan time¼ 0:44min, interleaved acqui-

sition. The T1-weighted anatomical images were

acquired with a FSPGR (fast spoiled gradient echo)

BRAVO sequence with the following parameters:

TR¼ 8.2 msec, TE¼ 3.2 msec, flip angle¼ 10,

FOV¼ 24 � 24 cm, matrix¼ 300 � 300, number of

slices¼ 230, slice thickness¼ 0.8mm, scan

time¼ 5:32min.

fMRI processing pipeline

All MRI pre-processing and analysis were completed

using the MATLAB SPM software fMRI toolbox

(Wellcome Department of Imaging Neuroscience,

UCL. Released 2014. Statistical Parametric Mapping

12 for Mac OS, London, UK: The MathWorks, Inc.).

Realignment, slice timing correction, coregistration,

segmentation, normalisation and smoothing were

applied to images (FWHM 8.0mm). High pass tempo-

ral filtering with a 200 s cut-off was used. fMRI images

were registered to the extracted T1-weighted image.

Images were standardised to the MNI152 2mm brain

template, using non-linear transformation with 12 d.o.

f. and 10mm warp resolution. Motion regressors were

modelled within SPM12, and volumes exceeding a

framewise displacement threshold of 0.4mm were

excluded. Participants with volumes with greater than

25% excessive displacement and with an absolute dis-

placement> 4.0mm were excluded from analysis.

Flagged volumes in retained participants were censored

and motion regressors were included in the first-level

general linear model (GLM) analysis. Following scan

exclusions, inadequate performance on task (A’ score-

< 0.6) or a “Fail” on the TOMM, retained participants

were incorporated into our first level GLM analysis.
Univariate GLM was used to perform the first-level

analysis. The nback task conditions were modelled by

three different explanatory variables (EVs), where

block onsets were convolved with a double-gamma

hemodynamic response function of 38.5 seconds in

duration.55 The following contrasts were run: 1back

>0back; 2back >0back; and 2back >1back. Contrast

images generated from first-level models were then

entered into group-level analyses. To ensure that the

task engaged expected WM-related regions, activation

maps were generated within each group. Group com-

parisons were undertaken using second-level analyses,

involving t-tests and ANCOVA F-tests. De-meaned

regressors for age, sex, and task were included in the

model since these factors may influence working

memory related activation and deactivation.56–58

Statistical analyses

Descriptive statistics were performed using the IBM

SPSS Statistics software (IBM Corporation Version

26 for Mac OS, Armonk, NY). The Shapiro-Wilk test

was used to test normality of the data. Mann-Whitney

U-test was used to assess non-parametric differences

between groups (recovered vs unrecovered and includ-

ed vs. excluded participants). Change over time was

assessed using paired Student’s t-test (BASC, CNSVS,

BRIEF) and Wilcoxon signed-rank test (A’ scores,

PCSI) using the Bonferroni multiple comparison

correction.
Cortical activation and deactivation responses were

evaluated using MATLAB SPM 12 software. Group

level two-sample t-tests were used to derive significant

differences in cortical responses across the three nback

Figure 2. Visual representation of nback task.33–35
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tasks with age and gender as covariates. To control for
any change in task performance over time, all analyses
included the A’ score as a covariate. A difference anal-
ysis was also undertaken, where 0back (control condi-
tion) performance was subtracted from 1back and
2back task performance. ANCOVA F-tests with age
and gender as covariates were then performed on the
1back – 0back and 2back – 0back conditions to com-
pare change in cortical activations and deactivations
over time and between groups (recovered; unrecov-
ered). To compare groups (recovered; unrecovered), a
volume of interest (VOI; 5mm sphere) analysis was
conducted. For each participant, VOIs were extracted
at the peak of the group average response. These VOIs
were placed in statistically significant regions of the
dlPFC and DMN, to ascertain localized changes in
BOLD signal intensity within these areas in each indi-
vidual. One-way ANOVAs were used to compare
changes in BOLD values between groups in activations
and deactivations, independently, in the PCC and
dlPFC, with a Benjamini-Hochberg correction. As the
sample of participants in this study had been part of a
larger clinical trial which assessed the effects of place-
bo, 3mg or 10mg melatonin on clinical symptoms fol-
lowing TBI, we performed a repeated-measures 2x3
level ANOVA (treatment group, time) to determine if
there was any influence of treatment group on cortical
activations across the three nback conditions in our
sample of 29 participants.

All statistical contrasts were first identified via a
cluster-level threshold at p< 0.001 uncorrected, with
multiple comparisons correction accounted for via
family-wise error (FWE) pFWE< 0.05. All fMRI-
related analyses were corrected for multiple compari-
sons using the in-built SPM Random Field Theory
Method.59 Post-hoc analyses of region of interest
values between recovered and unrecovered participants
were corrected for multiple comparisons at a signifi-
cance threshold of pFDR (false discovery rate)¼ 0.05
due to a minimal number of post-hoc comparisons
and more liberal correction approach than a FWE
approach used for fMRI contrasts. Cortical activations
and deactivations within the dlPFC were measured via
the Stanford University Functional Region of Interest
(ROI) with voxel radius of 5mm in all analyses.60

Results

Overall, 29 participants were eligible for the study
(mean age 15.49 (range 8.9 – 17.8; IQR 2.15) years,
48.3% male). Both parent (P) and youth (Y)-reported
PCSI scores significantly decreased over time between
one and two months post-injury (PCSI-Y:
median¼ 22, IQR¼ 24 and 7.5 (13) at one and two
months, respectively; PCSI-P: 41 (35), 15 (24.8) at

one and two months, respectively; both p< 0.001).

Although the 29 participants were similar in most

demographic and clinical details, they were more

likely to have higher initial post-injury PCSI scores

and were older than participants with single imaging

(Table 1). Almost half of participants had experienced

at least one previous concussion. Most mTBIs were

sports-related (n¼ 24, 82.8%). Participants were
scanned first at 4 – 6weeks post-injury

(M¼ 37.6 days, SD¼ 6.2), and again at 8 – 10weeks

post-injury (M¼ 68.5 days, SD¼ 6.9). This will be

hereafter referred to as one and two months post-

injury.

Cognition

Performance on neurocognitive measures and working

memory task performance is reported in Table 2.

Overall, mean neurocognitive function was well

within the normal range. Neurocognition scores signif-
icantly increased over time (t¼ 2.8, 95% CI¼ 2.8, 7.8,

p< 0.01). Visual Memory scores decreased over time

(t¼ -2.7, 95% CI¼ -13.4, 1.8, p< 0.05). However, nei-

ther the neurocognition nor visual memory changes

survived post-hoc Bonferroni correction. Performance

on the 2back task significantly increased at two months

post-injury (Z¼ -3.8, p< 0.001), which remained signif-

icant after a post-hoc Bonferroni correction.

Working memory BOLD response

After controlling for task performance, age, and
gender, there were significant differences in WM task-

related cortical activation over time (pFWE< 0.05;

Figure 3). All changes over time occurred while chil-

dren were actively recovering, demonstrated by

decreased PCSI scores over time. MNI coordinates

and associated Brodmann Areas for all significant acti-

vations are presented in Table 3. During the 0back task

(Figure 3(a)), increased activation at one month com-

pared to two months post-injury was seen in the dlPFC

bilaterally (voxel coordinates in mm [x, y, z]: 30, 17, 47;

Z ¼ 20.4 and -33, 14, 47; Z ¼ 19.6) as well as in the

posterior cingulate cortex (PCC; -9, -67, 47; Z ¼ 21.8;

Figure 3(a)). No significant differences in activity were
seen at two months compared to one-month post-

injury. During the 1back, increased right dlPFC acti-

vation (33, 14, 47; Z ¼ 16.7) as well as some PCC

activation (-9, -40, 50; Z ¼ 14.7) was seen at one

month compared to two months post-injury (Figure 3

(b)); whereas less dlPFC activation and significantly

increased PCC deactivation was seen over time

(Figure 3(c)). During the 2back, no significantly

increased activation was seen at one month compared

to two months post-injury. At two months post-injury

6 Journal of Concussion



Figure 3. Significant working memory (WM) task-related changes in neural activation of the dlPFC and DMN over time between one
and two months post-injury, by WM task load (2back> 1back> 0back; n¼ 29). Overall, increased deactivation of the DMN occurred
over time and with increased task load. Red represents increased activation over time (i.e., significantly increased at two months); blue
represents increased deactivation over time. (a) 0back WM condition cortical activation at one month post-injury; (b) 1back WM task
cortical activation at one month post-injury; (c) 1back WM task cortical activation at two months post-injury; (d) 2back WM task
cortical activation at two months post-injury. Activations represent statistically significant regions thresholded at KE¼ 20, with cluster
level correction (pFWE< 0.05). Slice numbers shown above axial slices. Stanford University Functional Imaging in Neuropsychiatric
Disorders Lab dlPFC and DMN masks used to create region of interest in all contrasts. Colour bars represent Z-scores for each
contrast. Neurological convention displayed (left side of brain shown on left). WM: working memory; dlPFC: dorsolateral prefrontal
cortex; DMN: default mode network; FWE: family-wise error.

Table 2. Neuropsychological outcomes at one- and two-months post-injury in children with repeated neuroimaging.

Neurocognitive measure

(Mean T score, SD) One month Two months Test statistic [95% CI] PFWE
þ

CNSVS

Neurocognition 99.2 (10.7) 103.7 (9.3) t(28)¼2.8, [1.2, 7.8] 0.12

Visual memory 101.5 (15.2) 93.9 (14.1) t(28)¼�2.7 [�13.4, �1.8] 0.60

Verbal memory 99.1 (17.8) 97.9 (17.6) t(28)¼�0.31 [�8.4, 6.2] 1

Composite memory 99.7 (16.7) 95.1 (16.1) t(28)¼�1.6 [�10.3, 1.2] 1

BASC

Behavioural Symptoms Index 46.4 (11.5) 47.3 (6.9) t(26)¼0.5 [�3.0, 4.8] 1

Attention 51.1 (6.8) 50.9 (8.6) t(28)¼�0.1 [�3.2, 2.8] 1

BRIEF

Global executive composite 50.86 (8.1) 49.4 (10.8) t(28)¼�1.1 [�4.2, 1.3] 1

Behavioural regulation index 49.0 (8.9) 48.7 (10.7) t(28)¼�0.2 [�3.5, 2.8] 1

Metacognition index 50.3 (12.0) 50.0 (10.2) t(28)¼�0.1 [�4.6, 4.1] 1

A0 scores
0back, median (IQR) 0.98 (0.05) 0.96 (0.03) W¼�0.53 1

1back, median (IQR) 0.98 (0.04) 0.98 (0.02) W¼�0.65 1

2back, median (IQR) 0.89 (0.10) 0.94 (0.05) W¼�3.8 0.01*

BASC: behaviour assessment system for children; BRIEF: behaviour rating inventory of executive function; IQR: interquartile range; 95% CI, 95%

confidence interval.

*Indicates significance at p< 0.05 level with Bonferroni correction.
þAll values include Bonferroni correction.
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(Figure 3(d)), increased deactivation was seen over time

in the right dlPFC (33, 11, 50; Z ¼ 12.0) and PCC (9,

-43, 50; Z ¼ 14.8). There was no effect of melatonin on

cortical response over time compared to placebo. Task

performance (A’), age, and gender did not significantly

influence cortical responses.
After removing the effect of the control condition

(0back), changes in cortical activity were noted over

time (see Figure 4). During the 1back task, increased

deactivation was seen over time in the left dlPFC (-45,

14, 38; Z ¼ 13.7) and the dorsal part of the PCC (9, -67,

47; Z ¼ 16.1), whereas increased activation was seen

over time in the ventral part of the PCC (3, -40, 50; Z ¼
13.8) (pFWE< 0.05; Figure 4(a)). During the 2back

task, activation was seen mostly in the left dlPFC

(-33, 23, 44; Z ¼ 14.9), and deactivation mostly in the

right dlPFC (38, 25, 35; Z ¼ 19.8), although both acti-
vation and deactivation was seen bilaterally (Figure 4
(b)). In the PCC, ventral activations and dorsal PCC
deactivations were seen during the 2back task, in sim-
ilar regions to that seen during the 1back. Overall, all
cortical responses increased in intensity as task difficul-
ty increased.

Effect of recovery status

Of the 29 symptomatic participants, 15 had clinically
recovered by two months post-injury. The recovered
and unrecovered participants were similar in handed-
ness (v2 (1)¼ 0.05, p¼ 0.83), average household income
(U¼ 79, p¼ 0.61), age (U¼ 60, p¼ 0.15), pre-injury
symptom scores (PSCI-Y; U¼ 120, p¼ 0.15), and
task performance (measured by A’ score) in all three
levels of task difficulty and across both timepoints (all
p> 0.05). Children in the unrecovered group were more
likely to be female (v2¼ 4.32, p¼ 0.04), and more likely
to have had previous injuries (v2¼ 9.2, p¼ 0.03).
Attention t score (U¼ 59.5, p< 0.05) and
Behavioural Symptoms Index score (U¼ 52.5,
p¼ 0.04) were significantly lower in recovered com-
pared to unrecovered participants at two months
post-injury. In measuring change over time, during
the 1back, recovered participants displayed significant-
ly higher intensity of activations in the ventral PCC,
deactivations of the dorsal PCC, both activations and
deactivations in the right dlPFC (RDLPFC), and acti-
vations in the left dlPFC (LDLPFC) compared to their
unrecovered counterparts (pFDR< 0.05; Figure 5(a)
and (b)). There were three outliers in the unrecovered
group (D BOLD intensity¼ 10.87, 10.91, 10.91). These
data points were checked and verified to be valid.
Although these outliers were included in the final anal-
ysis, it is important to note that censoring these values
still yielded a trend-level effect (puncorrected¼ 0.052).
During the 2back, recovered participants had greater
BOLD signal intensity of activations and deactivations
of the LDLPFC.

Discussion

This study is the first to examine changes in WM-
related cortical responses within the dlPFC and
DMN longitudinally in children with PPCS during
recovery. Over time, and with increased task difficulty,
we found significant increases in dlPFC activation, as
well as increases in activation and deactivation of dis-
tinct posterior DMN areas (PCC) during a working
memory task. The intensity of WM-related cortical
activations and deactivations within these regions was
higher in participants who had clinically recovered by
two months post injury during the 1back task. These

Table 3. MNI coordinates and Brodmann’s areas (BAs) for
regions displayed in Figures 1 to 3.

Location BA

Voxel coordinates

(mm, [x, y, z])

Figure 3: BOLD signal changes over time with task

performance

BOLD activations

PCC 7, 31 �9, �40, 50

LDLPFC 8 �33, 23, 44

RDLPFC 8 33, 11, 50

BOLD deactivations

PCC 7, 31 �9, �67, 47

LDLPFC 6, 8 �33, 14, 47

RDLPFC 8, 9 30, 17, 47

Figure 4: BOLD signal changes over time with removal

of baseline

BOLD activations

PCC 7, 31 3, �40, 50

LDLPFC 8 �33, 23, 44

RDLPFC 8 33, 11, 50

BOLD deactivations

PCC (1back) 7, 31 9, �67, 47

PCC (2back) 7, 31 �6, �49, 47

LDLPFC 8 �45, 14, 38

RDLPFC 8, 9 38, 25, 35

Figure 5: Peak BOLD signal intensity change (recovered

vs. unrecovered participants)

BOLD activations

Ventral PCC 31 3, �40, 50

LDLPFC 8 �33, 23, 44

RDLPFC 8 33, 11, 50

BOLD deactivations

Dorsal PCC 31 �12, �67, 47

LDLPFC 8 �45, 14, 38

RDLPFC 8, 9 38, 25, 35

Note: All coordinates displayed are �5mm for simplicity.

BOLD: blood oxygen level-dependent; PCC: posterior cingulate cortex;

LDLPFC: left dorsolateral prefrontal cortex; RDLPFC: right dorsolateral

prefrontal cortex.
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results provide a valuable contribution to the scarce

literature in the field of pediatric TBI, highlighting

the implications of injury during a time of maturation

and development.
We have previously reported increased deactivation

of the DMN and hypoactivation of the dlPFC during a

WM task in children with PPCS at one month post-

injury relative to children with mTBI and good recov-

ery, and so postulated that DMN interference may

contribute to some of the cognitive symptoms so

common in PPCS.34 In our current study, we hypoth-

esised that over time there would be increased dlPFC

activation, and decreased DMN interference. Our

hypotheses were partially upheld in that there was

increased dlPFC activation over time, which was

most prominent in the 2back task. There was also

greater deactivation in the PCC (posterior part of the

DMN). However, we also found evidence of continuing

DMN interference at 2months post injury (increased

PCC activation, and some areas of dlPFC

deactivation).
Mild TBI in childhood is sustained during a period

of considerable developmental change for WM- and

DMN-related areas. In typically developing popula-

tions, large-scale maturational changes occur in the

regions responsible for healthy WM and DMN func-

tions during teenage years. Maturation of WM-related

areas is marked by increasingly stronger recruitment of

the dlPFC and a change from activation of diffuse and

posterior brain regions to focal and anterior regions.28

Similarly, network connectivity of the DMN

increases as children mature,61–64 and becomes progres-

sively less activated (or increasingly deactivated) during

sustained attention tasks.65 These ongoing changes

must be considered when interpreting the results of

our study.
The dlPFC has an important role in modulating

WM task performance,66 where increased dlPFC acti-

vation has been reported in both adult and adolescent

TBI populations during WM tasks. Similarly to our

study, Dettwiler et al.35 studied dlPFC activation

during a WM task in 15 adults with clinical recovery

from mTBI at 2weeks, 1month and 2months post-

injury. Compared to healthy controls, subacute

increases in cortical activations were found in bilateral

dlPFC regions over time. Previously, we reported

dlPFC hypoactivation in children with PPCS at one

month post-injury when compared to children who

had recovered from their mTBI.34 In our current

study, we found evidence of increased activation of

the dlPFC during a WM task over time, especially

during the 2back task. In order to assess how changes

in cortical activations were influenced by symptom

improvement, we compared those children with good

Figure 4. Effect of removing baseline (0back) on WM task-related cortical changes over time in 1back and 2back tasks. (a, b) Two
months vs. one month WM task-related activations and deactivations over time (n¼ 29). Within the PCC, ventral activations and
dorsal deactivations were noted. Overall, increased activation of the bilateral dlPFC, and increased deactivation of the DMN was seen
over time with increasing task difficulty. Red represents increased activation over time (i.e., significantly increased at two months);
blue represents increased deactivation over time. Activations represent statistically significant regions thresholded at KE¼ 20, with
cluster level correction (pFWE< 0.05). Stanford University Functional Imaging in Neuropsychiatric Disorders Lab dlPFC and DMN
masks used to create region of interest. Colour bars represent Z-scores for each contrast. Slice numbers are shown above axial slices.
Neurological convention displayed (left side of brain shown on left).WM: working memory; dlPFC: dorsolateral prefrontal cortex;
DMN: default mode network; LDLPFC: left dorsolateral prefrontal cortex; FWE: family-wise error
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and poor recovery. Here, we found that overall net
increases in signal intensity of cortical activations and
deactivations in the dlPFC over time were linked with
recovery. Changes in cortical activity within the dlPFC
may be associated with WM-related compensatory
mechanisms,67,68 and may demonstrate the broader
nature of task engagement networks normally present
in children.28

Suppression of the default mode network is recog-
nized as a correlate of task engagement, where the
DMN exhibits linear deactivation as task difficulty
increases.69 In working memory research, the DMN

is traditionally regarded as anticorrelated with WM-
related areas. Here, increased prefrontal activation is
associated with decreased activation in the DMN (i.e.
the external focus of attention during WM processing
corresponds with decreased internal engagement of
DMN attention processes).31 However, anticorrelation
of the executive control network and DMN has been
shown to occur following adult TBI. A recent fMRI
study in adult chronic TBIs (mild to severe) at approx-
imately 8.5months post-injury and 5weeks later found
decreased anticorrelation between executive control
and posterior default mode networks32 which was sug-
gestive of possible neural compensation mechanisms
occurring in these brain networks during recovery. In
our study, we also noted decreased anticorrelation
between DMN and executive control networks. This
finding provides evidence of similar compensatory
mechanisms present in pediatric mTBI to those seen
in adult mTBI. In addition, our findings extend obser-
vations made within these networks from resting-state
data in the same cohort,70,71 where changes in DMN
activity between one and two months post-injury may
suggest the ongoing presence of neural compensation
and cognitive recovery following mTBI.

Neural compensation and recovery seems to be
closely tied to posterior regions of the DMN, where
regions such as the PCC have been noted to be impli-
cated in mild to moderate TBI.72 The PCC has been
suggested as a highly heterogeneous network hub and
shows variable levels of cortical activity depending on
arousal state73–75 and age.76 During maturation,
increased anticorrelation of the DMN and task-
positive regions has been observed, where between
the ages of 10 to 13 years, participants exhibited
increasing segregation between the PCC and executive
areas.76 The PCC is affected in mTBI, where functional
connectivity studies have shown abnormally high PCC
connectivity to be associated with more efficient
response speeds, which may reflect a novel mechanism
for cognitive recovery after TBI.31 In healthy popula-
tions, the PCC shows a complex functional organisa-
tion, where multiple functionally-distinct networks
have been identified within the region.77 A previous
study by Sharp et al. found that as cognitive demands
increased, the ventral aspect of the PCC displayed less
integration with the rest of the DMN and less anticor-
relation with the executive network (including dlPFC);
whereas the dorsal aspect of the PCC exhibited better
integration within the DMN and increased anticorrela-
tion with the executive network.77 In a later study, the
same group found that PCC deactivation during an
attentionally-demanding task was isolated to signals
arising from the dorsal PCC.78 We noted a similar anti-
correlation pattern in our study, where distinct
increases in ventral PCC activation and dorsal PCC

Figure 5. Significant changes in (a) posterior cingulate cortex
(PCC) and (b) right dlPFC (RDLPFC) peak BOLD activation and
deactivation signal intensity between unrecovered and recovered
participants over time during the 1back task (n¼ 29). Recovered
participants displayed greater intensity of activations in the ven-
tral PCC, deactivations of the dorsal PCC, and both activations
and deactivations in the RDLPFC compared to unrecovered
participants. Recovered participants also showed greater inten-
sity of activations in the left dlPFC (LDLPFC) during the 1back,
and both activations and deactivations of the LDLPFC during the
2back (not shown here). Red and dark blue diamonds represent
BOLD activations and deactivations in unrecovered participants,
respectively; orange and light blue circles represent BOLD acti-
vations and deactivations in recovered participants, respectively.
BOLD: blood oxygen level-dependent; dlPFC: dorsolateral pre-
frontal cortex; D: change * indicates significance at pFDR< 0.05.

10 Journal of Concussion



deactivation occurred with increasing task difficulty
over time, alongside improved task performance.
These results were further supported by changes
noted in the PCC of recovered, compared to unrecov-
ered participants over time. It is important to note that
direct testing for correlation between ventral PCC
activity and cognitive performance, as well as ventral
PCC activity and PCSI scores could not be directly
tested due to insufficient data. Thus, these relationships
should be treated as inferences rather than direct cor-
relations. Nonetheless, we observed that the intensity
of posterior DMN activations and deactivations signif-
icantly increased in recovered participants, compared
to unrecovered participants. Notably, the changes in
ventral PCC activation may predominantly reflect the
contribution of three outliers (shown in Figure 5); how-
ever, a trend-level effect was still noted if these outliers
were censored. Thus, decreased power in our study
may have influenced these data points. These
recovery-specific changes also reflected a dorsal and
ventral PCC distribution. Overall, the differences in
ventral and dorsal PCC activity are likely to suggest
evidence of DMN normalization in our participants
over time.77

Although this is one of few longitudinal task fMRI
studies following mTBI and the only longitudinal study
in children with PPCS, it has several limitations. The
most prominent limitation is the lack of a control
group in this study, particularly at the second study
timepoint, which affects interpretations of changes in
cortical responses over time during WM processing.
Comparisons of healthy and mTBI participants with
early recovery could provide more information on the
natural history of cortical activations seen over time.
However, our results suggest that it is reasonable to
assume that the cortical activations seen over time
related to hyperactivation in mTBI recovery. In addi-
tion, participant refusal to undergo repeat imaging sig-
nificantly decreased power. Moreover, during this
study, we used a continuous nback WM task, which
has a good test-retest reliability.79 However, the
nback was structured so that participants only pressed
a button when the stimuli matched, and not when there
was a mismatch. Although this was implemented to
make the task less complicated and easier to under-
stand for the children, as well to reduce motion arti-
facts, it may have decreased the sensitivity of task
performance. Finally, the exclusion of participants
with serious illnesses or neurological conditions may
limit the generalisability of our findings; however, it
reduced the likelihood of confounding.80

It is important to note that most available literature
relating to cortical activation during recovery from
mTBI encompasses adult populations, and thus it is
unclear whether the discussed findings can be

generalised to a child population. Despite the potential
differences in WM and DMN circuitry between adults
and children, there is a paucity of longitudinal fMRI
studies conducted on WM in pediatric mTBI. In order
to accurately understand deficits in WM following
mTBI in children, further longitudinal pediatric studies
during recovery from mTBI are crucial. In the future,
functional connectivity studies measured during execu-
tive functioning task paradigms should be conducted to
investigate the longitudinal relationship between
dlPFC and DMN networks both in children with
mTBI and matched control groups. These task-
related connectivity findings have the potential to
extend upon key observations of whole-brain resting-
state networks in childhood mTBI, and provide further
insight into the dynamic reconfiguration of brain net-
works and how they relate to cognitive performance
outcomes resting-states.81

Conclusions

We examined the changes in cortical responses within
working memory- and default mode-related areas over
time in children with persistent post-concussion symp-
toms during recovery from mTBI. Over time and with
increasing task difficulty, increases in bilateral dlPFC
activation and both activation and deactivation in dis-
tinct areas of the PCC were noted, the intensity of
which were increased in recovered participants. Our
findings extend results from our previous study,
thus suggesting neural compensation and ongoing
recovery of cognitive functions over time between one
and two months post injury. On the whole, this study
has provided valuable insights into WM functions
during longitudinal recovery from pediatric mTBI.
Our findings contribute to understanding changes
in activity of the dlPFC and DMN during increased
working memory loads in children with PPCS and
highlight the wider implications of mTBI in
children, whose maturing brains are particularly vul-
nerable to TBI.

Acknowledgements

We extend our gratitude to all participants who were involved
in this study.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this

article: This study was funded by the Canadian Institutes of

Stein et al. 11



Health Research (Grant 293375), the Alberta Children’s

Hospital Research Institute, and the University of Calgary.

ORCID iDs

Athena Stein https://orcid.org/0000-0002-0802-4694
Kartik K Iyer https://orcid.org/0000-0002-3046-1401
Karen M Barlow https://orcid.org/0000-0003-2612-8507

References

1. Dewan MC, Rattani A, Gupta S, et al. Estimating the

global incidence of traumatic brain injury. J Neurosurg

2019; 130: 1080–1097.
2. Langlois JA, Rutland-Brown W and Thomas KE.

Traumatic brain injury in the United States: emergency

department visits, hospitalizations, and deaths. Atlanta,

Georgia: US Centers for Disease Control and

Prevention, 2006.
3. Feigin VL, Theadom A, Barker-Collo S, et al. Incidence

of traumatic brain injury in New Zealand: a population-

based study. Lancet Neurol 2013; 12: 53–64.
4. McKinlay A, Grace R, Horwood L, et al. Prevalence of

traumatic brain injury among children, adolescents and

young adults: prospective evidence from a birth cohort.

Brain Inj 2008; 22: 175–181.
5. Sussman ES, Pendharkar AV, Ho AL, et al. Mild trau-

matic brain injury and concussion: terminology and clas-

sification. Handb Clin Neurol 2018; 158: 21–24.
6. Barlow KM. Postconcussion syndrome: a review. J Child

Neurol 2016; 31: 57–67.
7. Barlow KM, Crawford S, Stevenson A, et al.

Epidemiology of postconcussion syndrome in pediatric

mild traumatic brain injury. Pediatrics 2010; 126:

e374–e381.
8. WHO. ICD-10: international statistical classification of

diseases and related health problems: tenth revision. 2nd

ed. Geneva, Switzerland: World Health Organization,

2004.
9. Carroll L, Cassidy JD, Peloso P, et al. Prognosis for mild

traumatic brain injury: results of the WHO collaborating

Centre task force on mild traumatic brain injury.

J Rehabil Med 2004; 36: 84–105.
10. Munivenkatappa A, Agrawal A, Shukla DP, et al.

Traumatic brain injury: does gender influence outcomes?

Int J Crit Illn Inj Sci 2016; 6: 70.
11. Anderson V, Spencer-Smith M, Leventer R, et al.

Childhood brain insult: can age at insult help us predict

outcome? Brain 2009; 132: 45–56.
12. McAllister TW, Flashman LA, McDonald BC, et al.

Mechanisms of working memory dysfunction after mild

and moderate TBI: evidence from functional MRI and

neurogenetics. J Neurotrauma 2006; 23: 1450–1467.
13. McCrory P, Meeuwisse WH, Aubry M, et al. Consensus

statement on concussion in sport – the 4th

international conference on concussion in sport held in

Zurich, November 2012. Phys Med Rehabil 2013; 5:

255–279.
14. Kumar S, Rao SL, Chandramouli BA, et al. Reduced

contribution of executive functions in impaired working

memory performance in mild traumatic brain injury

patients. Clin Neurol Neurosurg 2013; 115: 1326–1332.

15. Toledo E, Lebel A, Becerra L, et al. The young brain and

concussion: imaging as a biomarker for diagnosis and

prognosis. Neurosci Biobehav Rev 2012; 36: 1510–1531.
16. Laborde A and Haas J. Rehabilitation of persons with

traumatic brain injury. J Am Med Assoc 1999; 282:

974–983.
17. Kirkwood MW, Yeates KO, Taylor HG, et al.

Management of pediatric mild traumatic brain injury: a

neuropsychological review from injury through recovery.

Clin Neuropsychol 2008; 22: 769–800.
18. Massagli TL, Fann JR, Burington BE, et al. Psychiatric

illness after mild traumatic brain injury in children. Arch

Phys Med Rehabil 2004; 85: 1428–1434.
19. Vuontela V, Steenari M-R, Carlson S, et al. Audiospatial

and visuospatial working memory in 6–13 year old school

children. Learn Mem 2003; 10: 74–81.
20. Bunge SA and Wright SB. Neurodevelopmental changes

in working memory and cognitive control. Curr Opin

Neurobiol 2007; 17: 243–250.
21. Gogtay N, Giedd JN, Lusk L, et al. Dynamic mapping of

human cortical development during childhood through

early adulthood. Proc Natl Acad Sci U S A 2004; 101:

8174–8179.
22. Finn AS, Minas JE, Leonard JA, et al. Functional brain

organization of working memory in adolescents varies in

relation to family income and academic achievement. Dev

Sci 2017; 20: e12450.
23. Crone EA, Wendelken C, Donohue S, et al.

Neurocognitive development of the ability to manipulate

information in working memory. Proc Natl Acad Sci

USA 2006; 103: 9315–9320.
24. Maruishi M, Miyatani M, Nakao T, et al. Compensatory

cortical activation during performance of an attention

task by patients with diffuse axonal injury: a functional

magnetic resonance imaging study. J Neurol Neurosurg

Psychiatry 2007; 78: 168–173.
25. Scheibel RS, Newsome MR, Steinberg JL, et al. Altered

brain activation during cognitive control in patients with

moderate to severe traumatic brain injury. Neurorehabil

Neural Repair 2007; 21: 36–45.
26. McAllister TW, Sparling MB, Flashman LA, et al.

Differential working memory load effects after mild trau-

matic brain injury. Neuroimage 2001; 14: 1004–1012.
27. McAllister TW, Saykin A, Flashman L, et al. Brain acti-

vation during working memory 1 month after mild trau-

matic brain injury: a functional MRI study. Neurology

1999; 53: 1300–1300.
28. Scherf KS, Sweeney JA and Luna B. Brain basis of devel-

opmental change in visuospatial working memory.

J Cogn Neurosci 2006; 18: 1045–1058.
29. Nagel BJ, Barlett VC, Schweinsburg AD, et al.

Neuropsychological predictors of BOLD response

during a spatial working memory task in adolescents:

what can performance tell us about fMRI response pat-

terns? J Clin Exp Neuropsychol 2005; 27: 823–839.
30. Piccoli T, Valente G, Linden DE, et al. The default mode

network and the working memory network are not anti-

12 Journal of Concussion

https://orcid.org/0000-0002-0802-4694
https://orcid.org/0000-0002-0802-4694
https://orcid.org/0000-0002-3046-1401
https://orcid.org/0000-0002-3046-1401
https://orcid.org/0000-0003-2612-8507
https://orcid.org/0000-0003-2612-8507


correlated during all phases of a working memory task.

PLoS One 2015; 10: e0123354.
31. Sharp DJ, Beckmann CF, Greenwood R, et al. Default

mode network functional and structural connectivity

after traumatic brain injury. Brain 2011; 134: 2233–2247.
32. Wu SCJ, Jenkins LM, Apple AC, et al. Longitudinal

fMRI task reveals neural plasticity in default mode net-

work with disrupted executive-default coupling and selec-

tive attention after traumatic brain injury. Brain Imaging

Behav 2020; 14: 1638–1650.
33. Keightley M, Chen J-K and Ptito A. Examining the

neural impact of pediatric concussion: a scoping review

of multimodal and integrative approaches using function-

al and structural MRI techniques. Curr Opin Pediatr

2012; 24: 709–716.
34. Khetani A, Rohr C, Sojoudi A, et al. Alteration in cere-

bral activation during a working memory task following

pediatric mild traumatic brain injury: a prospective con-

trolled cohort study. J Neurotrauma 2019; 36: 3274–3283.
35. Dettwiler A, Murugavel M, Putukian M, et al. Persistent

differences in patterns of brain activation after sports-

related concussion: a longitudinal functional magnetic

resonance imaging study. J Neurotrauma 2014; 31:

180–188.
36. Westfall DR, West JD, Bailey JN, et al. Increased brain

activation during working memory processing after pedi-

atric mild traumatic brain injury (mTBI). J Pediatr

Rehabil Med 2015; 8: 297–308.
37. Tamnes CK, Walhovd KB, Grydeland H, et al.

Longitudinal working memory development is related

to structural maturation of frontal and parietal cortices.

J Cogn Neurosci 2013; 25: 1611–1623.
38. Barlow KM, Brooks BL, Esser MJ, et al. Efficacy of

melatonin in children with postconcussive symptoms: a

randomized clinical trial. Pediatrics 2020; 145:

e20192812.
39. Giza CC, Kutcher JS, Ashwal S, et al. Summary of

evidence-based guideline update: evaluation and manage-

ment of concussion in sports: report of the guideline

development subcommittee of the American Academy

of Neurology. Neurology 2013; 80: 2250–2257.
40. Janusz JA and Sady Md Gioia GA. Postconcussion

symptom assessment. In: Kirkwood MW and Yeates

KO (eds) Mild traumatic brain injury in children and ado-

lescents: from basic science to clinical management. New

York: Guilford Press, 2012.
41. Rees LM, Tombaugh TN and Boulay L. Depression and

the test of memory malingering. Arch Clin Neuropsychol

2001; 16: 501–506.
42. Kirk JW, Harris B, Hutaff-Lee CF, et al. Performance on

the test of memory malingering (TOMM) among a large

clinic-referred pediatric sample. Child Neuropsychol 2011;

17: 242–254.
43. Barlow KM, Brooks BL, MacMaster FP, et al. A double-

blind, placebo-controlled intervention trial of 3 and 10

mg sublingual melatonin for post-concussion syndrome

in youths (PLAYGAME): study protocol for a random-

ized controlled trial. Trials 2014; 15: 271.

44. Gualtieri CT and Johnson LG. Reliability and validity of

a computerized neurocognitive test battery, CNS vital

signs. Arch Clin Neuropsychol 2006; 21: 623–643.
45. Khetani AM, Brooks BL, Mikrogianakis A, et al.

Incorporating a computerized cognitive battery into the

emergency department care of pediatric mild traumatic

brain injuries – is it feasible? Pediatr Emerg Care 2018;

34: 501–506.
46. Brooks BL, Iverson GL, Sherman EM, et al. Identifying

cognitive problems in children and adolescents with

depression using computerized neuropsychological test-

ing. Appl Neuropsychol 2010; 17: 37–43.
47. Brooks BL, Khan S, Daya H, et al. Neurocognition

in the emergency department after a mild traumatic

brain injury in youth. J Neurotrauma 2014; 31:

1744–1749.
48. Mash EJ and Barkley RA. Assessment of childhood dis-

orders. New York: Guilford Press, 2009.
49. Thaler NS, Mayfield J, Reynolds CR, et al. Teacher-

reported behavioral disturbances in children with trau-

matic brain injury: an examination of the BASC-2.

Appl Neuropsychol Child 2012; 1: 30–37.

50. Reynolds CR and Kamphaus RW. BASC-2 parent rating

scales – adolescent behavior assessment system for chil-

dren. 2nd ed. Clinical Report, 2008.
51. Shultz EL, Hoskinson KR, Keim MC, et al. Adaptive

functioning following pediatric traumatic brain injury:

relationship to executive function and processing speed.

Neuropsychology 2016; 30: 830–840.
52. Roth RM, Isquith PK and Gioia GA. Assessment of

executive functioning using the behavior rating inventory

of executive function (BRIEF). In: S. Goldstein & J. A.

Naglieri (eds) Handbook of executive functioning. Berlin:

Springer, 2014, pp.301–331.
53. Gioia GA, Isquith PK, Retzlaff PD, et al. Confirmatory

factor analysis of the behavior rating inventory of exec-

utive function (BRIEF) in a clinical sample. Child

Neuropsychol 2002; 8: 249–257.
54. Stanislaw H and Todorov N. Calculation of signal detec-

tion theory measures. Behav Res Methods Instrum

Comput 1999; 31: 137–149.
55. Lindquist MA, Loh JM, Atlas LY, et al. Modeling

the hemodynamic response function in fMRI:

efficiency, bias and mis-modeling. Neuroimage 2009; 45:

S187–S198.
56. Speck O, Ernst T, Braun J, et al. Gender differences in

the functional organization of the brain for working

memory. Neuroreport 2000; 11: 2581–2585.
57. Klingberg T, Forssberg H and Westerberg H.

Increased brain activity in frontal and parietal cortex

underlies the development of visuospatial working

memory capacity during childhood. J Cogn Neurosci

2002; 14: 1–10.
58. Pessoa L, Gutierrez E, Bandettini PA, et al. Neural cor-

relates of visual working memory: fMRI amplitude pre-

dicts task performance. Neuron 2002; 35: 975–987.
59. Brett M, Penny W and Kiebel S. Introduction to random

field theory. In R.S.J. Frackowiak, K.Friston (eds)

Human Brain Function (2nd ed.). Oxford: Elsevier, 2004.

Stein et al. 13



60. Shirer WR, Ryali S, Rykhlevskaia E, et al. Decoding

subject-driven cognitive states with whole-brain connec-

tivity patterns. Cereb Cortex 2012; 22: 158–165.
61. Supekar K, Uddin LQ, Prater K, et al. Development of

functional and structural connectivity within the default

mode network in young children. Neuroimage 2010; 52:

290–301.
62. Supekar K, Musen M and Menon V. Development of

large-scale functional brain networks in children. PLoS

Biol 2009; 7: e1000157.
63. Sato JR, Salum GA, Gadelha A, et al. Age effects on the

default mode and control networks in typically develop-

ing children. J Psychiatr Res 2014; 58: 89–95.
64. Uddin LQ, Supekar KS, Ryali S, et al. Dynamic reconfi-

guration of structural and functional connectivity across

core neurocognitive brain networks with development.

J Neurosci 2011; 31: 18578–18589.
65. Horowitz-Kraus T, Farah R, Hajinazarian A, et al.

Maturation of brain regions related to the default mode

network during adolescence facilitates narrative compre-

hension. J Child Adolescent Behav 2017; 5: 328- 336.
66. Hillary FG, Genova HM, Medaglia JD, et al. The nature

of processing speed deficits in traumatic brain injury: is

less brain more? Brain Imaging Behav 2010; 4: 141–154.
67. Christodoulou C, DeLuca J, Ricker J, et al. Functional

magnetic resonance imaging of working memory impair-

ment after traumatic brain injury. J Neurol Neurosurg

Psychiatry 2001; 71: 161–168.
68. Perlstein WM, Cole MA, Demery JA, et al. Parametric

manipulation of working memory load in traumatic brain

injury: behavioral and neural correlates. J Int

Neuropsychol Soc 2004; 10: 724–741.
69. Singh KD and Fawcett I. Transient and linearly graded

deactivation of the human default-mode network by a

visual detection task. Neuroimage 2008; 41: 100–112.
70. Iyer KK, Zalesky A, Barlow KM, et al. Default mode

network anatomy and function is linked to pediatric con-

cussion recovery. Ann Clin Transl Neurol 2019; 6:

2544–2554.

71. Iyer KK, Zalesky A, Cocchi L, et al. Neural correlates of
sleep recovery following melatonin treatment for pediat-
ric concussion: a randomized controlled trial.
J Neurotrauma 2020; 37(24): 2647–2655.

72. Leech R and Sharp DJ. The role of the posterior
cingulate cortex in cognition and disease. Brain 2014;
137: 12–32.

73. Vogt BA and Laureys S. Posterior cingulate, precuneal
and retrosplenial cortices: cytology and components of
the neural network correlates of consciousness. Prog

Brain Res 2005; 150: 205–217.
74. Gusnard DA, Raichle ME and Raichle ME. Searching

for a baseline: functional imaging and the resting human
brain. Nat Rev Neurosci 2001; 2: 685–694.

75. Leech R, Kamourieh S and Beckmann CF. Fractionating
the default mode network: distinct contributions of the
ventral and dorsal posterior cingulate cortex to cognitive
control. J Neurosci 2011; 31: 3217–3224.

76. Sherman LE, Rudie JD, Pfeifer JH, et al. Development of

the default mode and Central executive networks across
early adolescence: a longitudinal study. Dev Cogn

Neurosci 2014; 10: 148–159.
77. Leech R, Kamourieh S, Beckmann CF, et al.

Fractionating the default mode network: distinct contri-
butions of the ventral and dorsal posterior cingulate
cortex to cognitive control. J Neurosci 2011; 31:
3217–3224.

78. Leech R, Braga R and Sharp DJ. Echoes of the brain
within the posterior cingulate cortex. J Neurosci 2012;
32: 215–222.

79. Hockey A and Geffen G. The concurrent validity and
test–retest reliability of a visuospatial working memory
task. Intelligence 2004; 32: 591–605.

80. Danielson ML, Bitsko RH, Ghandour RM, et al.
Prevalence of parent-reported ADHD diagnosis and
associated treatment among US children and adolescents,
2016. J Clin Child Adolesc Psychol 2018; 47: 199–212.

81. Iyer KK, Barlow KM, Brooks B, et al. Relating brain
connectivity with persistent symptoms in pediatric con-
cussion. Ann Clin Transl Neurol 2019; 6: 954–961.

14 Journal of Concussion


	table-fn1-20597002211006541
	table-fn2-20597002211006541
	table-fn3-20597002211006541
	table-fn4-20597002211006541
	table-fn5-20597002211006541
	table-fn6-20597002211006541

