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Abstract

In children, the importance of detecting deficits after mild traumatic brain injury (mTBI) or concussion has grown with the

increasing popularity of leisure physical activities and contact sports. Whereas most postconcussive symptoms (PCS) are

similar for children and adults, the breadth of consequences to children remains largely unknown. To investigate the effect

of mTBI on brain function, we compared working memory performance and related brain activity using blood-oxygen-

level–dependent (BOLD) functional magnetic resonance imaging (fMRI) in 15 concussed youths and 15 healthy age-

matched control subjects. Neuropsychological tests, self-perceived PCS, and levels of anxiety and depression were also

assessed. Our results showed that, behaviorally, concussed youths had significantly worse performances on the working

memory tasks, as well as on the Rey figure delayed recall and verbal fluency. fMRI results revealed that, compared to

healthy children, concussed youths had significantly reduced task-related activity in bilateral dorsolateral prefrontal

cortex, left premotor cortex, supplementary motor area, and left superior parietal lobule during performance of verbal and

nonverbal working memory tasks. Additionally, concussed youths also showed less activation than healthy controls in the

dorsal anterior cingulate cortex, left thalamus, and left caudate nucleus during the nonverbal task. Regression analysis

indicated that BOLD signal changes in bilateral dorsolateral prefrontal cortex were significantly correlated with perfor-

mance such that greater activities in these regions, relative to the control condition, were associated with greater accuracy.

Our findings confirmed functional alterations in brain activity after concussion in youths, a result similar to that observed

in adults. However, significant differences were noted. In particular, the observation of reduced working memory accuracy

suggests that youths may be unable to engage compensatory strategies to maintain cognitive performance after mTBI. This

has significant implications for safe return to daily activities, including competitive sport.
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Introduction

One of the most commonly reported injuries in children

who participate in sports is concussion or mild traumatic brain

injury (mTBI). For the purposes of this article, these two terms will

be used interchangeably. Children and youth involved in organized

sports are nearly six times more likely to suffer a severe concussion

than those involved in other leisure physical activities.1 Whereas

the most common cognitive sequelae of mTBI appear similar for

children and adults, the recovery profile and breadth of conse-

quences in children remain largely unknown.2 This dearth of lit-

erature is compounded by the recent scrutiny youth participation in

competitive contact sports (e.g., hockey and football) has received.

Concussion is defined as ‘‘a complex pathophysiological process

affecting the brain, induced by traumatic biomechanical forces’’

that may or may not involve loss of consciousness.3 Concussion is a
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concern in contact sports, such as hockey and football, because,

once cleared to play after the resolution of symptoms, the players

return to an environment in which a brain injury has a reasonable

likelihood of recurring. The variability of the developmental im-

pact of concussion in youths appears to result from the complex

interplay between age at time of injury, its severity, and the

mechanism of injury.4

Children’s brain injuries were traditionally thought to be offset

by physiological and adaptive factors, such as the young brain’s

plasticity or ‘‘reserve,’’ which served to increase impact tolerance

and recovery after insult.1,5,6 A growing amount of literature,

however, strongly indicates that the immature brain is, in fact, more

vulnerable, not more ‘‘plastic,’’ to diffuse injury.2,6 Specific un-

derlying neural mechanisms make the developing brain more vul-

nerable to neuronal injury, possibly because pathophysiological

differences exist. These include the mechanical and compositional

properties of the brain, such as brain water content, level of mye-

lination, skull geometry, suture elasticity, and neck strength, which

may result in a markedly diminished shear resistance of the im-

mature brain tissue.7 Consequently, similar mechanical load as that

applied to the mature brain could, in fact, induce more-intense brain

tissue displacements. A concussion sustained before or during

critical developmental periods may permanently alter and impair

the development of a particular function or skill, such as working

memory (the ability to temporarily store and manipulate informa-

tion for the purpose of carrying out a complex cognitive task).8,9

Although it has been suggested that individuals with mTBI typi-

cally recover within 1–2 weeks,10,11 symptoms and related perfor-

mance deficits persisting for several weeks to months postinjury have

been reported in a small, but significant, number of youths.12 Most

recently, Baillargeon and colleagues13 reported that adolescents are

more susceptible to short-term neuropsychological and -physiologi-

cal deficits after concussion than younger children and adults.

Relatively recent advances in magnetic resonance imaging

(MRI) technology have enhanced its sensitivity to detect traumatic

abnormalities among concussed athletes, including the character-

ization of diffuse axonal injury, defined as foci of abnormal signal

intensity.14–17 Whereas MRI can furnish knowledge of structural

anatomical abnormalities, functional techniques, such as functional

MRI (fMRI), reveal the pathophysiological and functional sequelae

of injury.

Although working memory performance in adults has been

found to be comparable to healthy controls after concussion, no-

table differences in brain activation patterns accompanying task

performance have been observed and include both increased and

decreased activations, relative to control subjects, across frontal,

parietal, and temporal areas, with increased activity found in re-

gions not typically employed during working memory (i.e., tem-

poral cortices).18–23 Together, these results suggest that recruitment

of other brain regions in adults may represent cerebral compensa-

tory mechanisms to maintain cognitive performance.

Despite the availability of research findings in adult athletes,

research utilizing neuroimaging approaches, such as fMRI, to in-

vestigate the neural impact of concussion have largely neglected

the pediatric population.24 This represents a critical oversight be-

cause findings from adult data cannot be applied to this population.

Developmentally, brain changes in healthy children and youth on

working memory tasks involve increased localization in regions

associated with increased age, such as the dorsolateral prefrontal

and parietal cortices.25–27

A recent scoping review identified only five studies investigating

the neural impact of pediatric concussion (19 years of age or

younger), as measured with structural and functional MRI tech-

niques.24 Only two of these studies were focused specifically on

sports-related concussion and presented fMRI data.28,29

Specifically, Yang and colleagues30 found hypoactivation dur-

ing an auditory orienting task in mTBI youth, relative to healthy

controls, but this difference did not correlate with task performance

and there were no statistically significant differences between the

groups. However, because moderate effect sizes and trends for

group differences in performance were found, the researchers ar-

gued that the lack of group differences may be a result of the small

sample size. Talavage and colleagues28 also recorded functional

changes in brain activity associated with a working memory n-back

task from pre- to in-season assessment in football players with

clinically diagnosed concussion, as well as in a subset of players

who sustained a high number of high-magnitude impacts, but who

did not present with clinically identified concussion. Specifically,

fMRI activation patterns shifted from greater activity during the

more-complex task to greater activity during the less-complex task,

suggesting hyperactivation associated with the simpler task con-

dition. However, the researchers did not report whether there were

performance differences between groups on the tasks. Hyper-

activation in the frontal and parietal lobes on a working memory

task has also been found to predict length of time to recovery in

concussed high school athletes, with the mean age of participants

being approximately 18 years (range, 13–24).31 Taken together, the

paucity of literature in adolescent athletes indicates that more re-

search is needed to better understand the clinical and neural im-

plications of concussion in youth.

Thus, the aim of the present study was to examine and compare

working memory performance and related brain activity using

fMRI in concussed youths and healthy age-matched control sub-

jects. We employed the same working memory task previously

described by Chen and colleagues20,21 in concussed adult athletes.

Because decreased working memory performance has been ob-

served in children and youths after mTBI,32,33 we hypothesized

that, unlike studies involving adult participants, concussed youths

would demonstrate observable differences in working memory

performance, compared to age-matched healthy controls. Further,

we hypothesized that deficits in performance would be linked to

reduced change in activation from baseline to task performance.

This reduced change in activation is hypothesized to occur pri-

marily in the dorsolateral prefrontal cortex and brain areas previ-

ously shown to be preferentially involved during working memory

in both children and adults.20,21,23,31,34,35

Methods

Participants

Participants included 15 concussed youths (8 females and 7
males; mean age, 14.47 – 2.29 years) who had previously sustained
a concussion ranging from 9 to 90 days at the time of testing, as well
as 15 age-matched control subjects (7 females and 8 males; mean
age, 14 – 2.3 years). Inclusion criteria for the mTBI groups were: 1)
a diagnosis of mTBI, as per the World Health Organization task
force definition,36 by a physician at the Montreal Children’s Hos-
pital (Montreal, Quebec, Canada), where the children were re-
cruited. Operational criteria for clinical identification included the
following: i) confusion or disorientation, loss of consciousness
(LOC) for 30 min or less, post-traumatic amnesia for less than 24 h,
and/or transient neurological abnormalities, such as focal signs,
seizure, and intracranial lesion not requiring surgery; ii) Glasgow
Coma Score of 13–15 after 30 min postinjury or later upon pre-
sentation for health care; 2) no history of mTBI at least in the
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previous year; and 3) a functional knowledge of French or English.
Exclusion criteria included a premorbid diagnosis of learning dis-
abilities, attention deficit hyperactivity disordered (ADHD), and/or
behavior problems. Because many children present with features of
ADHD without having been formally diagnosed, parents filled out
the Conners’ Rating Scale (CRS)37 while their child underwent
testing. This scale provides additional information for screening for
attention, learning, and behavioral problems. Based on cut-off
scores provided in the literature, we excluded those children who
displayed 1) severe clinical criteria for ADHD (90th percentile on
all scales), 2) severe pain and vestibular, neurological (other than
mTBI), or musculoskeletal problems (other than upper extremity
injuries), and 3) violation of standard criteria regarding eligibility
for MRI scan. All participants were right-handed and screened to
ensure that there was no history of psychological or neurological
illness apart from the current concussion. Of the 15 concussed
subjects, 3 had a history of a previous concussion more than 1 year
earlier. All control subjects were given the same screening ques-
tionnaire as the concussed subjects to ensure that they had no major
medical issues, no history of any pre- or perinatal insults, learning
disabilities, history of ADHD, neurological or psychiatric condi-
tions, history of any oncologic conditions, nor any history of re-
current ear infections. In addition, the control subjects also reported
an absence of any previous concussions.

Data regarding age, gender, presence or absence of LOC, time
since injury, and degree of postconcussion symptoms (PCS) present
at the time of testing are presented in Table 1. Structural scans for
mTBI subjects were reviewed by a neuroradiologist who was blind

to their injury status. All were reported as normal. PCS were as-
sessed using an adapted version of the Post-Concussion Scale-
Revised.38 The scale consists of 21 symptoms (i.e., headache,
nausea, dizziness, and so on) assessed by the subject on a scale from
zero to six, with six being a severe problem. Total PCS scores
reflect the following severities: 0–5 = within normal limits; 6–
21 = low PCS; 22–84 = moderate PCS; and 85–132 = high PCS.20,21

Each participant provided informed written consent as approved by
the ethics committee at McGill University, Montreal Neurological
Institute (Montreal, Quebec, Canada).

Neuropsychological testing

All participants completed a comprehensive neuropsychological
battery, comprised of tests that demonstrate the greatest sensitivity
to the effects of mTBI. Tests administered included the Wechsler
Abbreviated Scale of Intelligence (WASI),39 Rey Complex Fig-
ure,40 Verbal Fluency,41 Rey Auditory Verbal Learning Test
(RAVLT),42 Stroop Color and Word Test,43 Symbol Digit Modality
Test (SDMT),44 Children’s Color Trails Test,45 and the Place and
Remove tasks of the Grooved Pegboard Test.46 We also assessed
behavior and emotional functioning by obtaining parent reports on
the CRS37 and the Child Behavior Checklist (CBCL).47 The CRS-
Revised (CRS-R) evaluate problem behaviors by obtaining reports
from a child’s parents and teachers across a number of domains (i.e.,
oppositional behavior, inattention, hyperactivity, and so on). The
CBCL is a series of parent/teacher/self-report questionnaires de-
signed to assess competencies, adaptive functioning, and problems

Table 1. Demographic, Medical, and Injury Information for All Participants

Subject ID Group Gender
Age

(years)
Time since

injury (days) Mechanism of injury PCS
Number of previous

concussions

TC079 mTBI F 10 41 Hit wall in gym class 2 0
TC051 mTBI M 11 61 Kicked in head playing soccer 14 0
TC033 mTBI M 12 90 Fell playing soccer 17 0
TC078 mTBI F 13 12 Fell playing ringette 62 0
TC050 mTBI M 13 34 Hit head while swimming 32 0
TC068 mTBI F 14 49 Hit head playing football 39 0
TC056 mTBI F 14 62 Hit head against wall while swimming 47 0
TC007 mTBI F 15 16 Hit in head by ball in soccer 45 1
TC074 mTBI F 15 20 Fell playing ringette 12 0
TC053 mTBI M 15 19 Struck on head by a knee while on trampoline 35 0
TC069 mTBI F 17 72 Hit in head by ball playing soccer 29 0
TC001 mTBI M 17 26 Fell while skiing 39 0
TC076 mTBI M 17 9 Hit head playing football 54 1
TC077 mTBI F 17 44 Hit head playing soccer 33 0
TC067 mTBI M 17 62 Hit head playing football 0 1
TC009 Control F 10 N/A 2 0
TC003 Control M 11 10 0
TC022 Control M 12 3 0
TC045 Control F 13 33 0
TC021 Control M 13 15 0
TC004 Control F 14 20 0
TC055 Control M 14 9 0
TC011 Control F 15 13 0
TC010 Control F 15 7 0
TC049 Control M 15 6 0
TC041 Control F 17 6 0
TC040 Control M 17 5 0
TC036 Control M 17 21 0
TC029 Control F 17 32 0
TC037 Control M 17 21 0

PCS as assessed on the day of scanning using the Post-Concussion Symptom Scale-Revised.
mTBI, mild traumatic brain injury; F, female; M, male; PCS, post-concussion symptoms; N/A, not available.
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in child behavior that map onto the major mood and behavioral
disorders listed in the Diagnostic and Statistical Manual of Mental
Disorders (4th edition). Finally, participants’ self-perceived levels
of anxiety and depression were assessed by the Beck Youth In-
ventories.48 The testing was performed by a neuropsychologist
blinded to the injury history of all subjects and was completed in a
standardized order. All testing was completed over a period of 1.5–
2.0 h in a single session, either before or after the MRI testing,
depending on scheduling constraints.

Functional magnetic resonance imaging
experimental task

The experimental task used during the fMRI session was an
adapted version of the externally ordered working memory task
devised by Petrides and colleagues49 and validated in studies of
patients with lateral frontal lesions, monkeys with dorsolateral
prefrontal cortex lesions, and functional neuroimaging work with
positron emission tomography and fMRI.50,51 This task has also
been used with adult concussed athletes where less activity in the
dorsolateral prefrontal cortex was found during working memory
performance, compared with baseline task performance.20,21 We
replicated the methodology (imaging protocol and working mem-
ory tasks) to compare findings from adults to concussed youth.
There are two versions of the task: verbal and nonverbal (see
Fig. 1). In each, subjects were familiarized with a set of five items
that were to be used throughout the test (five abstract drawings or
five pseudo words). On each trial, four of the five items were pre-
sented successively in random order at the center of a computer
screen. The subject had to monitor their occurrence and identify the
one item from the set that had not been presented. The four items
presented were randomly selected from the five items. After the
presentation of the fourth item, a 1-sec delay occurred. Immediately
after this delay, a test item was presented and the subject had to
indicate within 1.5 sec, by pressing a mouse button (yes = right
button; no = left button), whether this test item was one of the four
items presented before the delay or whether it was the item from the
set of five that had not been presented.

A control condition was introduced to ‘‘subtract out’’ any acti-
vation related to the motor and perceptual components of the
working memory task. In the control condition, the format and type
of stimulus presentation, mode of response, and timing of events
were identical to those in the experimental working memory task.
The stimuli used in the control condition were similar, but not
previously used for the experimental task. During stimulus

presentation in each trial, a single item (abstract design or pseudo
word for the nonverbal and verbal conditions, respectively) was
presented four times in succession at the center of the screen, fol-
lowed by a delay of 1 sec. After the delay, one of two items asso-
ciated with either a left or a right mouse button press was presented
at the center of the screen and the subject had 1.5 sec to respond.
The subjects learned before scanning which one of the two items
(two abstract designs or two pseudo words) was associated with a
left mouse button press and which one with a right button press.
Thus, in the control condition, the subject was making an identical
response as in the experimental task (i.e., press left or right), but
these motor responses were based on particular conditional asso-
ciations learned before scanning rather than a decision based on the
monitoring of information in working memory (i.e., whether a
particular item from the expected set of five had or had not been
presented during the trial). Thus, the crucial difference between the
experimental and control conditions was that the working memory
task required constant monitoring of which items from a familiar
set of stimuli had or had not been presented (i.e., an executive
function depending on the dorsolateral prefrontal cortex), whereas
in the control task, the decision was made on the basis of learned
associations. The experimental task was administered by two
trained examiners. A graphical illustration of the task can be found
in Figure 1.

Image acquisition

The fMRI scanning was carried out using a 3T Siemens MAG-
NETOM Trio� A Tim System with a 32-channel head coil (Siemens
Medical Solutions, Erlangen, Germany). Each fMRI session started
with the acquisition of high-resolution T1-weighted three-dimen-
sional (3D) anatomical images using 3D magnetization prepared rapid
gradient echo sequence (time of repetition [TR] = 23 ms; echo time
[TE] = 2.98 ms; slice thickness = 1 mm; image matrix = 256 · 256; flip
angle = 30 degrees; field of view [FOV] = 256 mm; interleaved exci-
tation), followed by acquisitions of T2*-weighted gradient echo (GE)
echo-planar images (EPIs) for blood-oxygenation-level–dependent
(BOLD) fMRI (TR = 3000 ms; TE = 51 ms; flip angle = 90 degrees;
in-plane resolution = 2.34 · 2.34 mm; FOV = 300 mm; 128 · 128 im-
age matrix; slice thickness = 4 mm; number of slices: 37; interleaved
excitation).

Four functional scans (two for the verbal working memory
condition and its control and two for the nonverbal working
memory condition and its control) were acquired in a single ses-
sion. Each functional scan lasted 6 min, with activation and

FIG. 1. Schematic diagram of the externally ordered working memory task. Color image is available at www.liebertpub.com/neu

440 KEIGHTLEY ET AL.



baseline conditions alternating every eight trials (60 sec). Before
entering the scanner, all participants were introduced to the tasks
and given at least 48 practice trials (i.e., two runs) outside the
scanner before entering the magnet.

Statistical analyses

All behavior data analyses were conducted using the IBM Sta-
tistical Package for the Social Sciences (version 19.0 for Windows;
IBM Corp., Armonk, NY).

Post-Concussion Symptom Scale–Revised

A total score for participants’ endorsement of PCS was gener-
ated by summing the ratings for each of the 21 symptoms. Graphing
revealed that the data were positively skewed, so a nonparametric
test (Mann-Whitney’s U) was performed to compare degree of
perceived symptoms for mTBI versus control subjects. Spearman’s
correlations were carried out to determine whether performance on
the fMRI experimental task was significantly correlated with par-
ticipants’ degree of endorsement of PCS.

Neuropsychological testing and parental
questionnaires

The statistical analyses performed on the neuropsychological
testing data included descriptive statistics calculated by group. For all
tests, Student’s t-tests were performed to determine whether any group
differences existed using an a of 0.01 given the multiple comparisons
performed. For tests consisting of multiple-component measures (i.e.,
RAVLT), multivariate analysis of variance (MANOVA) was per-
formed using the group (concussed vs. control) as the independent
variable and each of the submeasures (i.e., immediate memory recall,
delayed memory recall, and so on) as the dependent variables.

Functional magnetic resonance imaging
experimental task data

Descriptive statistics for the sample were calculated for the total
sample and by group. A MANOVA was calculated where group
(concussed vs. control) was the between-subjects variable and
working memory performance measures (verbal control condition
accuracy, verbal control condition reaction time [RT], verbal
working memory condition accuracy, verbal working memory
condition RT, nonverbal control condition accuracy, nonverbal
control condition RT, nonverbal working memory condition ac-
curacy, and nonverbal working memory condition RT) were the
within-subjects variables.

Functional neuroimaging data

Whole-brain voxel-wise statistical analysis of the motion-cor-
rected fMRI time series was performed with fMRIstat.52 The fMRI
data were first converted to percentage of whole volume. Sig-
nificant BOLD changes between experimental (i.e., working
memory task) and baseline (i.e., control task) conditions were de-
termined at each voxel, based on a linear model with correlated
errors (Y = Xb + e). A design matrix containing the explanatory
variables (X), and their respective onset time and duration, was first
convolved with a hemodynamic response function modeled as a
difference of two gamma functions and corrected for slice timing to
coincide with the acquisition of each slice.53 Temporal and spatial
drifts and other estimated errors (e) were modeled and removed.
The linear model was then fit with the fMRI time series (Y), solving
parameter estimates (b) in the least-squares sense, yielding esti-
mates of effects, standard errors, and t statistics for each run.

Data from each individual run were then normalized to the
Montreal Neurological Institute template (MNI305) using an in-
house algorithm54 and combined together using a fixed-effects

analysis for the following comparisons: 1) verbal working memory
minus verbal control condition and 2) nonverbal working memory
minus nonverbal control condition. Within-group average across
participants was achieved by using a mixed-effects linear model
with fixed-effects standard deviations (SDs) taken from the previous
analysis. A random-effects analysis was performed by first esti-
mating the ratio of the random-effects variance to the fixed-effects
variance, then regularizing this ratio by spatial smoothing with a
Gaussian filter. The variance of the effect was then estimated by the
smoothed ratio multiplied by the fixed-effects variance. The amount
of smoothing was chosen to achieve 100 effective degrees of free-
dom. The resulting t-statistic images were thresholded using the
minimum given by a Bonferroni correction and random field theory
to correct for multiple comparisons, taking into account the non-
isotropic spatial correlation of the errors.55 Threshold for signifi-
cance was established at t = 4.10 for the activation peaks, or t = 3.10
for activation clusters greater than 222 mm3, based on the number of
resolution elements in the acquisition volume (2880 resels).

Finally, to address differences in brain activity between mTBI
and healthy controls, a group subtraction analysis was carried out
on the data for the group average analysis, using a fixed-effects
model. In control minus mTBI subtraction, positive t statistics
showed brain regions that had greater increase in activity during
working memory against control task for control group relative to
the mTBI group, and vice versa for the mTBI minus control sub-
traction. The percent BOLD signal change, relative to the control
task, was also extracted at voxels of interest obtained from this
analysis, which were identified as 6-mm-radius gray matter volume
centered at the voxel with the highest t value from the group sub-
traction analysis.

To identify brain regions where performance modulated BOLD
signal changes, whole-brain, voxel-wise linear regressions were
carried out using performance (accuracy) as the covariate in sep-
arate analyses for each working memory condition against the re-
spective control task condition. This analysis was completed to
look for systematic variation in BOLD signal change as a function
of performance and to determine whether there was a link between
performance and BOLD signal change in those brain areas where
the concussed group may differ from the control group.

Results

Post-Concussion Symptom Scale-Revised

Mann-Whitney’s U test for independent samples revealed that

the total score for the Post-Concussion Scale-Revised (PCS-R) was

higher for the mTBI, compared to the control group ( p = 0.011).

Further, perceived severity of PCS was not significantly correlated

with any of the fMRI experimental task performance measures.

Neuropsychological testing and parental
questionnaires

Using Student’s t-tests, of all the variables examined using an a
of 0.01, only the Rey figure delayed recall ( p = 0.0083) and verbal

fluency ( p = 0.0078) showed a statistically significant difference

between the concussed subjects and controls. In both cases, as

expected, the controls performed better than the concussed sub-

jects. Using MANOVA, none of the tests demonstrated statistically

significant differences between the two groups. The results are

summarized in Table 2.

Functional magnetic resonance imaging
experimental task data

Table 3 depicts the means, SDs, and 95% confidence intervals

for the mTBI and control groups on the working memory and
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Table 2. Summary of Neuropsychological Testing and Parental Questionnaires

Mean SD
t-test MANOVA

Test Control mTBI Control mTBI p value p value

WASI
IQ score 115.3 110.5 13.7 9.2 0.23

Rey figure
Copy 30.7 30.4 3.6 4.0 0.74 0.81
Copy time 301.7 325.6 88.8 139.7 0.47
Immediate recall 22.2 18.5 5.6 6.1 0.078 0.095
Immediate Recall time 203.7 194.9 82.1 60.8 0.68
Delayed recall 21.0 17.2 3.9 4.8 0.0084* 0.072
Delayed recall time 160.1 144.3 57.0 62.5 0.52
Recognition 21.4 20.8 1.4 2.8 0.51 0.46

Verbal fluency
Animals 24.2 21.2 7.1 6.6 0.09 0.24
Food/drink 23.9 21.9 8.4 5.4 0.35 0.45
S words 15.7 11.1 7.1 3.6 0.0086* 0.031
F words 13.7 11.4 6.1 4.2 0.19 0.25
Total 77.6 65.6 24.0 16.3 0.0078* 0.12

RAVLT
I 7.4 6.3 1.8 1.3 0.033 0.23
II 9.9 9.8 2.1 2.1 0.75 0.96
III 12.6 11.2 1.5 2.2 0.06 0.079
IV 13.3 13.0 1.3 1.8 0.66 0.40
V 13.5 12.9 1.4 1.7 0.39 0.21
B 6.9 5.9 2.0 1.4 0.15 0.76
Immediate 12.3 11.5 2.0 2.2 0.20 0.20
Delayed 12.3 11.0 1.9 2.3 0.09 0.084
Word recognition 14.2 13.7 1.1 1.7 0.47 0.57

Beck Youth
BSCI 40.5 39.4 7.8 7.1 0.71
BAI 14.5 16.7 8.4 9.9 0.54
BDI 8.5 11.2 5.7 8.8 0.39
BANI 11.8 12.5 6.4 9.7 0.84
BDBI 6.5 6.3 4.2 4.4 0.94

Stroop
Word Score 92.5 89.1 32.0 21.4 0.70
Color Score 70.6 63.6 16.0 17.5 0.25
Color-Word Score 45.1 37.5 10.4 13.3 0.13
Interference Score - 19.1 - 22.9 16.1 13.8 0.55

SDMT 61.3 52.2 13.8 12.8 0.094

Color Trails
CT-1 Time 14.0 20.8 4.2 13.4 0.084
Standard score 103.3 100.8 15.2 16.8 0.72 0.64
CT-2 Time 29.3 37.5 6.3 13.8 0.099
Standard score 101.9 94.0 8.9 17.1 0.20 0.30

PASAT
2.8 18.9 16.7 1.2 3.5 0.12 0.088
2.4 16.6 14.7 1.3 3.9 0.12 0.18
2.0 16.9 15.0 2.5 4.7 0.33 0.25
1.6 11.8 11.2 2.5 2.8 0.54 0.58
1.2 13.7 12.9 2.6 2.8 0.47 0.32

Pegboard (s)
Right mean 61.0 60.2 8.5 10.6 0.82
Left mean 64.9 68.1 9.9 8.5 0.36

Pegboard Removal (s)
Right mean 20.5 23.0 3.0 9.4 0.30
Left mean 20.5 20.6 2.7 4.2 0.93

CPRS (T-score)
Oppositional 51.6 48.2 10.8 17.2 0.47
Cognitive problems/inattention 46.4 51.9 4.7 12.8 0.11

(continued)
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associated control tasks, respectively. MANOVA results revealed

that the mTBI group performed significantly worse than the control

group across all accuracy conditions of the task, including verbal

control (F(1,28) = 11.92, p = 0.002), verbal working memory

(F(1,28) = 10.79, p = 0.003), nonverbal control (F(1,28) = 5.44,

p = 0.027), and nonverbal working memory (F(1,28) = 17.58,

p < 0.001). A subsequent MANOVA performed on the RT data did

not reveal any significant group differences in speed of responding

across the four conditions ( p > 0.05).

Functional neuroimaging data

Working memory > control conditions. Independent sample

t-tests compared the mean percentage of BOLD signal change for

the verbal and nonverbal working memory conditions to their re-

spective control conditions. Significant peak activations and 3D t

maps depicting these activations can be found in Table 4 and

Figure 2. Brain regions demonstrating greater bilateral activation

for the verbal working memory versus control conditions included

Table 2. (Continued)

Mean SD
t-test MANOVA

Test Control mTBI Control mTBI p value p value

Hyperactivity 47.6 51.0 5.1 6.7 0.12
ADHD index 48.1 49.6 6.0 9.3 0.39

CBCL (T-score)
Activities 47.7 49.8 5.9 12.4 0.55
Social 48.6 54.3 8.3 8.7 0.032
School 53.1 50.6 3.7 7.6 0.34
Total competence 49.5 52.8 6.7 13.3 0.34
Anxious/depressed 53.3 54.5 5.5 6.7 0.65
Withdrawn/depressed 54.3 55.1 5.8 7.5 0.78
Somatic complaints 55.5 61.8 4.2 8.6 0.030
Social problems 53.1 54.9 4.7 5.9 0.26
Thought problems 52.9 55.9 4.3 6.6 0.23
Attention problems 52.7 53.8 3.5 4.9 0.48
Rule-breaking behavior 52.2 52.4 3.9 3.6 0.91
Aggressive behavior 53.3 52.4 5.4 3.3 0.66
Internalizing problems 50.2 55.2 9.2 9.9 0.25
Externalizing problems 48.4 48.1 8.6 7.0 0.93
Total problems 47.6 51.2 9.6 8.0 0.32

CBCL DSM-IV
Affective problems 54.7 55.3 7.3 7.1 0.82
Anxiety problems 53.8 53.7 6.4 5.5 0.97
Somatic problems 55.6 60.9 5.0 7.7 0.034
ADH problems 52.9 53.2 5.1 3.9 0.85
Oppositional defiant problems 54.7 52.6 4.9 2.6 0.19
Conduct problems 51.9 52.2 3.9 3.7 0.79

WASI, Wechsler Abbreviated Scale of Intelligence; RAVLT, Rey Auditory Verbal Learning Test; SDMT, Symbol Digit Modalities Test; PASAT,
Paced Auditory Serial Addition Test; CPRS, Conners Rating Scale for Parents; CBCL, Child Behavior Checklist; DSM-IV, Diagnostic and Statistical
Manual of Mental Disorders, 4th edition; [Beck Youth] BSCI, Beck Self-Concept Inventory; BAI, Beck Anxiety Inventory; BDI, Beck Depression
Inventory; BANI, Beck Anger Inventory; BDBI, Beck Disruptive Behaviour Inventory; ADHD, attention deficit hyperactivity disorder; ADH, attention
deficit hyperactivity; mTBI, mild traumatic injury; SD, standard deviation; MANOVA, multivariate analysis of variance.

Table 3. Functional Magnetic Resonance Imaging Experimental Task Data:

Accuracy and Reaction Time for mTBI and Control Subjects

Mean SD 95% confidence interval

mTBI Control mTBI Control mTBI Control

Task condition
Verbal control ACC 86.07 95.87 9.84 4.88 81.96–90.18 91.76–99.98
Verbal control RT 1019.07 933.40 124.04 121.35 954.17–1083.96 868.51–998.30
Verbal WM ACC 61.07 71.73 6.65 10.67 56.36–65.77 67.03–76.44
Verbal WM RT 1233.60 1146.47 84.24 153.06 1168.26–1298.94 1081.13–1211.81
Nonverbal control ACC 88.27 94.67 9.85 3.99 84.29–92.24 90.69–98.64
Nonverbal control RT 967.73 912.33 120.65 97.16 909.80–1025.67 854.40–970.27
Nonverbal WM ACC 61.53 74.93 7.41 9.91 56.91–66.16 70.31–79.56
Nonverbal WM RT 1181.20 1117.33 91.77 130.78 1121.45–1240.95 1057.59–1177.08

mTBI, mild traumatic brain injury; WM, working memory; ACC, accuracy as percent correct; RT, reaction time in milliseconds; SD, standard deviation.
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the dorsolateral prefrontal cortex (Brodmann area [BA] 9/46, 46),

premotor cortex (BA 6), superior parietal lobes (BA 7), inferior

occipital cortices (BA 18, 19), insula, caudate nucleus, and thala-

mus. In addition, the supplementary motor area, left superior

temporal gyrus, and dorsal anterior cingulate cortex (BA 32) also

showed greater percent BOLD signal change for the verbal working

memory versus control condition. The nonverbal working memory

condition demonstrated greater percent BOLD signal change in all

of the above areas as well as some additional regions. These were

the bilateral fusiform gyrus (BA 37) and primary visual cortices

(BA 17).

Control > mTBI participants. Independent sample t-tests

comparing the mean percentage of BOLD signal change during the

verbal working memory condition revealed significantly greater

activation for the control versus the mTBI participants in the left

(BA 9/46: [t (2, 28) = - 5.59; p < 0.001]) and right dorsolateral

prefrontal cortex (two activation peaks BA 9/46: [t (2, 28) = - 5.10;

p < 0.001] and BA 9: [t (2, 28) = - 3.92; p = 0.001]), left premotor

cortex (BA: 6 [t (2, 28) = - 3.34; p = 0.002], supplementary motor

area [t (2, 28) = - 3.24; p = 0.004], and left superior parietal lobule

(BA 7: [t (2, 28) = - 5.37; p < 0.001]; see Table 5; Fig. 3A). Of these

regions, only the left dorsolateral prefrontal cortex (BA 9/46) was

Table 4. Functional Magnetic Resonance Imaging t-map Activation Peaks Unique to the Verbal

and Nonverbal Working Memory Task Conditions Across All Subjects

Control mTBI

Region BA x y z t x y z t

Verbal working memory condition activation peaks
Left dorsolateral prefrontal cortex 9/46 - 26 40 12 6.55 — — — —
Left dorsolateral prefrontal cortex 9 - 32 22 24 5.73 - 42 24 26 4.11
Right dorsolateral prefrontal cortex 9/46 32 48 16 6.18 — — — —
Right dorsolateral prefrontal cortex 9 48 26 34 5.82 40 30 28 4.23
Left rostral insula - 30 20 2 7.59 - 30 22 2 4.32
Right rostral insula 30 22 0 7.50 34 22 - 2 4.13
Dorsal anterior cingulate cortex 32 10 26 26 8.90 4 26 36 5.76
Supplementary motor area - 4 4 58 7.34 8 14 48 5.29
Left premotor 6 - 44 - 2 44 7.62 - 44 4 28 4.60
Right premotor 6 34 - 2 50 5.21 38 2 30 3.73*
Left caudate nucleus - 16 - 4 16 6.20 - 20 - 8 20 3.97*
Right caudate nucleus 16 - 2 14 4.61 18 2 20 3.39*
Left thalamus - 12 - 14 10 6.21 - 12 - 12 6 4.11
Right thalamus 8 - 8 10 4.52 14 - 12 8 3.68*
Left superior temporal gyrus 22 - 54 - 32 4 4.13 - 58 - 32 - 2 3.90*
Left superior parietal lobule 7 - 28 - 64 54 6.58 - 36 - 40 34 4.98
Right superior parietal lobule 7 42 - 46 48 5.15 40 - 46 40 4.96
Left inferior occipital gyrus 19 - 40 - 68 - 4 6.16 - 38 - 66 - 10 4.87
Left inferior occipital gyrus 18 - 24 - 96 - 6 5.51 - 26 - 92 - 6 4.61
Right inferior occipital gyrus 18 34 - 86 - 2 6.49 26 - 94 2 4.78

Nonverbal working memory condition activation peaks
Left dorsolateral prefrontal cortex 9/46 - 26 42 12 5.12 - 30 50 12 3.18*
Left dorsolateral prefrontal cortex 9 - 34 22 24 5.54 — — — —
Right dorsolateral prefrontal cortex 9 46 30 32 5.29 42 34 22 3.82*
Left rostral insula - 30 22 4 8.04 - 30 20 4 5.15
Right rostral insula 30 22 2 9.69 32 22 4 4.88
Dorsal anterior cingulate cortex 32 6 20 42 9.60 6 20 42 5.64
Supplementary motor area - 6 4 56 7.54 8 14 48 6.02
Left premotor 6 - 50 - 2 42 6.79 - 42 4 32 4.14
Right premotor 6 34 - 2 50 5.66 34 - 4 52 4.43
Left caudate nucleus - 18 - 2 18 5.84 — — — —
Left thalamus - 8 - 18 12 4.72 — — — —
Right thalamus 6 - 14 14 5.54 8 - 20 14 4.51
Left superior parietal lobule 7 - 28 - 62 50 6.86 — — — —
Right superior parietal lobule 7 28 - 62 52 4.93 32 - 70 34 4.55
Left fuiform gyrus 37 - 34 - 54 - 14 6.74 - 36 - 50 - 18 5.96
Right fusiform gyrus 37 36 - 50 - 18 6.11 30 - 50 - 18 4.91
Left inferior occipital gyrus 19 - 40 - 76 - 8 7.51 - 38 - 74 - 14 4.66
Left inferior occipital gyrus 18 - 30 - 86 - 6 6.86 - 42 - 90 0 4.77
Right inferior occipital gyrus 19 32 - 72 - 14 6.43 36 - 76 - 10 4.19
Right inferior occipital gyrus 18 40 - 80 - 6 6.52 44 - 78 - 2 6.79
Left primary visual cortex 17 - 16 - 100 2 6.22 - 18 - 100 - 4 3.35*
Right primary visual cortex 17 16 - 100 12 5.68 14 - 100 0 4.07

t threshold = 4.10, p < 0.05 corrected; *nonsignificant trend.
BA, Brodmann area; mTBI, mild traumatic brain injury.
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found to be significantly correlated with performance such that

greater activity in this region, relative to the verbal control condi-

tion, was significantly associated with greater accuracy for both the

mTBI (r = 0.548; p = 0.04) and control subjects (r = 0.699; p = 0.04;

Fig. 4).

Independent sample t-tests comparing the mean percentage

BOLD signal change revealed significantly greater activation for

the control group versus the mTBI group in the left (BA 9: [t (2,

28) = - 5.95; p < 0.001] and right (BA 9: [t (2, 28) = - 2.59;

p = 0.015] dorsolateral prefrontal cortex as well as the dorsal

FIG. 2. Blood-oxygen-level–dependent activation patterns for (A) verbal and (B) nonverbal working memory condition against their
respective control condition. The numbers correspond to the z coordinate, where the images were sampled. mTBI, mild traumatic brain injury.
Color image is available at www.liebertpub.com/neu
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anterior cingulate cortex (BA 32: [t (2, 28) = - 3.56; p = 0.001], left

premotor cortex (BA 6: [t (2, 28) = - 3.16; p = 0.004], supplemen-

tary motor area [t (2, 28) = - 3.44; p = 0.003], left superior parietal

lobe (BA 7: [t (2, 28) = - 3.23; p < 0.003], left thalamus [t (2,

28) = - 2.54; p = 0.017], and left caudate nucleus [t (2, 28) = - 4.88;

p < 0.001] during the nonverbal working memory condition (see

Table 5; Fig. 3B). Of these regions, the left (r = 0.808; p < 0.001)

and right (r = 0.895; p < 0.001) dorsolateral prefrontal cortices were

found to be significantly correlated with performance for the mTBI

subjects only (Fig. 4).

The reverse analysis (mTBI > control) did not reveal any signifi-

cant regions of greater percent BOLD signal change for the mTBI

participants on either the verbal or nonverbal working memory tasks.

Discussion

The aim of this study was to examine and compare working

memory performance and related brain activity using fMRI in

concussed youths and healthy age-matched control subjects. As

hypothesized, the behavioral data revealed significant group dif-

ferences in performance, where the concussed subjects demon-

strated significantly poorer accuracy on both the verbal and visual

versions of the task, with no difference in reaction time. However,

concussed subjects also demonstrated significantly poorer perfor-

mance on the baseline condition of each task. This finding is dif-

ferent from previous studies examining working memory

performance in concussed versus control adult subjects, where no

difference in group performance had been found.20,21,23 However,

these findings are similar to other studies that document decreased

performance on working memory tasks after more-severe TBI in

children,32,33 and they suggest that attentional and/or more general

associative learning deficits specific to the baseline task may be

present as well, given the poorer performance on the baseline task.

Neuropsychological findings that demonstrated statistically sig-

nificant differences in performance between the mTBI and control

groups (RAVLT Delayed Memory Recall and Verbal Fluency) also

suggest the presence of more-general learning challenges in this

group. These findings support previous studies suggesting that the

adolescent group may be more vulnerable to the neuropsycholo-

gical effects of sports concussion than younger children or adults.13

PCS scores were also significantly different between the concussed

and control groups, indicating that some members of the concussed

group were still clinically symptomatic. Therefore, it is unknown

whether these group differences in cognitive performance would

persist or resolve with symptom resolution.

This study is unique and the first of its kind to link behavioral

deficits in working memory performance after concussion in youth

with functional alterations in brain activity. In one of the few

previous investigations involving youth athletes,28 fMRI activation

patterns in concussed athletes shifted from greater activity during

the more-complex task to greater activity during the less-complex

task, suggesting hyperactivation associated with the simpler task

condition.30 However, the researchers did not report on whether

there were performance differences between groups on the tasks.

Similarly, whereas Yang and colleagues30 found hypoactivation

during an auditory orienting task in mTBI youths, relative to

healthy controls, this difference did not correlate with task per-

formance and there were no statistically significant differences

between the groups in this respect.

Overall, in the present study, similar regions were associated

with BOLD signal change for both the verbal and nonverbal abstract

design conditions across concussed and age-matched control sub-

jects. Regions demonstrating BOLD signal change included bilateral

prefrontal, premotor, parietal, and occipital cortices as well as the

dorsal anterior cingulate cortex. A direct comparison of percent

BOLD change from the baseline task to the verbal working memory

task revealed significantly greater change for the controls, compared

to the concussed subjects, in the left premotor cortex. The same

analysis with the nonverbal abstract design condition also revealed

greater percent BOLD change in the left premotor cortex for age-

matched control subjects, as well as greater change in the left dor-

solateral prefrontal and dorsal anterior cingulate cortices. The reverse

analysis did not reveal any regions where concussed subjects showed

greater percent BOLD signal change from baseline to working

memory task condition, compared to age-matched control subjects.

Given its demonstrated importance for working memory and the

observed difference in performance for concussed versus control

subjects, we regressed percent change in BOLD signal in this re-

gion on working memory performance and found a significant re-

lationship between the two in the left and right hemispheres for the

Table 5. Functional Magnetic Resonance Imaging t-map Activation Peaks for Control > mTBI Participants

region BA x y z t

Verbal working memory
Left dorsolateral prefrontal cortex 9/46 - 42 40 12 3.00
Right dorsolateral prefrontal cortex 9/46 32 42 16 3.45
Right dorsolateral prefrontal cortex 9 48 26 28 3.28
Left premotor cortex 6 - 46 - 2 44 4.76
Supplementary motor area - 2 4 56 3.60
Left superior parietal lobule 7 - 22 - 66 50 3.74

Nonverbal working memory
Left dorsolateral prefrontal cortex 9 - 32 22 24 3.00
Right dorsolateral prefrontal cortex 9 42 26 28 2.70
Dorsal anterior cingulate cortex 32 4 18 42 3.56
Left premotor cortex - 48 - 4 44 4.37
Supplementary motor area - 6 4 54 3.92
Left superior parietal lobule 7 - 22 - 68 50 3.74
Left caudate nucleus - 18 - 2 20 3.07
Left Thalamus - 4 - 16 6 2.93

mTBI, mild traumatic brain injury; BA, Brodmann area.
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FIG. 3. Results from between-group subtraction showing significantly greater activation for control versus mTBI participants during the (A)
verbal and (B) nonverbal working memory condition. mTBI, mild traumatic brain injury; BOLD, blood-oxygen-level dependent; DLPFC,
dorsolateral prefrontal cortex; SPL, superior parietal lobule; SMA, supplementary motor area; dACC, dorsal anterior cingulate cortex. Color
image is available at www.liebertpub.com/neu
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nonverbal visual abstract design condition as well as a trend toward

significance for the verbal condition. Interestingly, performance

was not correlated with PCS severity, suggesting that performance

may be directly related to the lack of BOLD signal change in this

region and not solely as a result of the presence of somatic and

cognitive PCS, such as headache, fatigue, and so on. This is an

important finding, given that return-to-play decisions are made

based solely on the absence of PCS.

Taken together, these results suggest that, unlike in adults,

working memory performance in youth is significantly affected by

concussion. Moreover, unlike the adult population, where differ-

ences in performance are not observed between mTBI subjects

and healthy controls,18,20,21,23 there is a significant relation-

ship between activity in this region and performance in youth,

suggesting poorer compensatory resources after mTBI in the

immature brain.

FIG. 4. Whole-brain regression analysis showing brain areas of the concussed group where BOLD signal changes were modulated by
performance accuracy for (A) verbal and (B) nonverbal working memory. BOLD, blood-oxygen-level dependent; DLPFC, dorsolateral
prefrontal cortex; BA, Brodmann area. Color image is available at www.liebertpub.com/neu
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These results cannot be solely explained by differences in task

methodology, because we deliberately employed the same exper-

imental paradigm used by Chen and colleagues20,21 in order to

compare our findings to adult subjects. In addition to lack of BOLD

signal change found in the dorsolateral prefrontal cortex, Chen and

colleagues20,21 also reported regions of increased BOLD signal

change in the temporal lobes of concussed adults while performing

the nonverbal abstract design working memory task. The reason for

this pattern of findings is unclear. Regions of hyperactivation have

been suggested in many areas of neuroimaging investigation to

reflect compensatory strategies in information processing. In the

current study, we did not find any regions of hyperactivation during

either the verbal or nonverbal visual abstract design condition,

supporting the idea that youths may be less likely to engage com-

pensatory mechanisms to maintain cognitive performance after a

mild neural insult.

Further research is clearly needed to better understand the re-

lationship observed between changes in working memory per-

formance and cortical activity. The lack of ability to engage

compensatory mechanisms is one possible hypothesis. Specific

underlying neural mechanisms may be related to pathophysio-

logical differences in the immature brain, which make it more

vulnerable to neuronal injury. These pathophysiological differ-

ences include the mechanical and compositional properties of the

brain, which result in a markedly diminished shear resistance of

immature brain tissue.7 As such, immature brain tissue appears to

be more susceptible to mechanical alterations, because similar

mechanical loads induce a more intense brain tissue displace-

ment. Although our concussed athletes were not young children

(the mean age was 14 years for both groups), the frontal lobes

demonstrate protracted structural development, compared to

other regions in the brain, and thus continue to develop

throughout adolescence and into adulthood.56 This protracted

development has been shown to be related to the ability to perform

demanding memory tasks.56 More specifically, Crone and col-

leagues27 focused on development of nonspatial working memory

and revealed that although children made more errors than ado-

lescents and adults, they engaged highly overlapping brain re-

gions during task performance. A significant positive correlation

was found between accuracy and activation in the dorsolateral

prefrontal cortex. This region has demonstrated particular in-

volvement for the manipulation of items in working memory in

adolescents and adults,57 but not in 8- to 12-year-olds.27

Clinical implications

The findings from this study regarding poorer cognitive per-

formance associated with differential patterns of cortical activa-

tion after youth concussion supports the 4th International

Consensus Statement, which advises greater caution in the clin-

ical management of youths after sports-related concussion.58 This

statement, which represents the clinical ‘‘gold standard’’ for

concussion management, highlights the need to consider the de-

velopmental impact of concussive injuries, such as diffuse cere-

bral swelling, and to increase rest and recovery time after injury,

accordingly. The statement additionally highlights the need for

cognitive rest that includes school and recreational activities,

such as video games and text messaging. The results from the

current study provide the first known empirical data to support

this recommendation for concussed youth, and further research is

clearly indicated to better understand the nature of working

memory performance deficits and associated alterations in corti-

cal activity. The impact of concussion on short-term cognitive

function has serious implications for the risk of reinjury and

second impact syndrome (where the brain swells rapidly and

catastrophically if a second injury is incurred before complete

neuronal recovery from an earlier injury) if youth athletes return

to sport participation too early. Overall, there is a dire need for

systematic evaluation and reintegration after concussion in youth.

The results of the regression analysis validate the idea that fMRI

activity in well-studied regions of interest (e.g., the dorsolateral

prefrontal cortex) hold significant potential as clinical markers of

recovery in youth as well as adults.

Methodological considerations

The employment of a subtraction technique in the current study

does not allow us to determine whether the lack of change in BOLD

signal is the result of decreased activity for both baseline and

working memory task or hyperactivation for baseline task in mTBI

group. This is important to consider because some studies have

shown hyperactivation after concussion in youth athletes.28,31 Fi-

nally, in the current study, concussed participants were still

symptomatic (mean PCS score, 31; SD, 18), so not representative of

uncomplicated concussion where youth may recover quickly (i.e.,

7–10 days after injury).

Conclusions

Functional alterations in brain activity during a working memory

task show some similarity between youth and adults, including a lack

of BOLD signal change in the dorsolateral prefrontal cortex. How-

ever, there are also notable and significant differences. In particular,

the observation of reduced working memory accuracy, relative to

healthy controls, is of great concern and warrants further investiga-

tion. Combined with a lack of increased BOLD signal typically ob-

served in temporal and parietal regions,20,21,31 it suggests that youths

may be unable to engage compensatory strategies to maintain cog-

nitive performance after neuronal injury. This has significant impli-

cations for safe return to daily activities, including competitive sport.
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