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Abstract

Concussion, or mild traumatic brain injury (mTBI), is a growing concern, especially among the pediatric population. By

age 25, as many as 30% of the population are likely to have had a concussion. Many result in long-term disability, with

some evolving to postconcussion syndrome. Treatments are being developed, but are difficult to assess given the lack of

measures to quantitatively monitor concussion. There is no accepted quantitative imaging metric for monitoring con-

cussion. We hypothesized that because cognitive function and fiber tracks are often impacted in concussion, interhemi-

spheric brain communication may be impaired. We used functional near-infrared spectroscopy (fNIRS) to quantify

functional coherence between the left and right motor cortex as a marker of interhemispheric communication. Studies

were undertaken during the resting state and with a finger-tapping task to activate the motor cortex. Pediatric patients (ages

12–18) had symptoms for 31–473 days, compared to controls, who have not had reported a previous concussion. We

detected differences between patients and controls in coherence between the contralateral motor cortices using mea-

surements of total hemoglobin and oxy-hemoglobin with a p < 0.01 (n = 8, control; n = 12 mTBI). Given the critical need

for a quantitative biomarker for recovery after a concussion, we present these data to highlight the potential of fNIRS

coupled with interhemispheric coherence analysis as a biomarker of concussion injury.
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Introduction

Mild traumatic brain injury (mTBI), including concus-

sion, has become a major health issue.1 By age 10, 10%

of children will suffer an mTBI, and by age 25, the incidence may

be as high as 30%.2 A follow-up study of pediatric cases reported

that 13.7% suffered from postconcussive syndrome (PCS), with

symptoms present for more than 3 months.3 Further, PCS is asso-

ciated with significant disability in the child and burden on his or

her family, and the recovery period may be greater in youth, when

compared to adults.4–6 Biological explanations for mTBI and PCS

symptoms are unclear. It is important that these be determined

because of the high incidence rate, occurrence at a critical period

of brain maturation, and potential for long-term consequences of

mTBI and PCS.7,8

mTBI and PCS symptoms may be the result of a disturbance in

cerebral energy metabolism.9–12 Cell membrane perturbation re-

sulting from head trauma can lead to a cascade of events, resulting in

mitochondrial dysfunction, oxidative stress, free radical generation,

and alterations in cerebral blood flow.9,11 As a result, there is po-

tential for a cerebral ‘‘energy crisis’’ owing to a mismatch between

cerebral glucose requirement and energy demand.13,14 Mitochondrial

dysfunction impairs cellular repair mechanisms (leading to activa-

tion of both apoptotic and necrotic pathways) and results in free

radical generation, which can lead to lipid peroxidation, cell mem-

brane damage, and an increase in cell permeability. Although much

of this evidence is for acute mTBI, there is also evidence for chronic

metabolic changes in PCS.11 These data show that the long-term

sequalae of brain injury can impact brain metabolism.

Indeed, functional magnetic resonance imaging (fMRI) studies

of mTBI patients using working memory and spatial memory tasks

have demonstrated increased activity within multiple cortical net-

works, relative to control subjects, even though the performance on

the task was similar to controls.15–17 This suggests that additional

brain networks may need to be recruited in order to perform cog-

nitive tasks after mTBI.
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Given that there is a strong coupling between brain function,

perfusion, and metabolism, functional activation studies may pro-

vide insight into ongoing pathology. An increase in brain activity

is associated with an increase in microvascular hemoglobin

(Hb) saturation as well as an increase in oxyhemoglobin (oxy-Hb)

concentration and a decrease in deoxyhemoglobin (deoxy-Hb)

concentration.18,19 Using MRI, these changes in deoxy-Hb

concentration can be localized using blood-oxygenation-level–

dependent imaging, which forms the foundation of fMRI.20 Func-

tional near-infrared spectroscopy (fNIRS) can be used to calculate

changes in deoxy-Hb, oxy-Hb, and total-Hb concentration at the

cortical surface.21–24 fNIRS also has the added benefit of being a

portable technology that can be easily sited in a clinic or at a sporting

facility. Indeed, fNIRS has successfully demonstrated a decrease in

oxy-Hb and deoxy-Hb concentration within the prefrontal cortex of

mTBI patients during cognitive tasks, as compared to controls.25

It has been demonstrated, using fMRI, that spontaneous fluctu-

ations of brain activity are synchronous between brain regions

that make up functional networks in the brain.26–28 The degree

of synchrony (typically determined through a variant of temporal

cross-correlation analysis, or coherence of temporal frequency

signal components) has been termed functional connectivity and

reflects the strength of inter-regional communication during subject

rest. Functional connectivity was first used during subject rest and

has subsequently been used during tasks.29,30 We and others have

shown that fNIRS can also be used to measure functional con-

nectivity during the resting state and during tasks.24,31

Functional connectivity can be applied to a variety of clinical

populations, with the expectation that a reduction in connectivity is

indicative of a disruption in brain region communication.32,33

There is evidence to suggest that a reduction in connectivity may be

present in mTBI patients. In the primary motor cortex (M1), there

is a disruption in metabolism that may be the result of the high

content of pyramidal cells, which are more susceptible to an energy

crisis.34 As noted above, this may occur in PCS, potentially altering

connectivity between the left and right hemisphere. This may be

exacerbated during the performance of tasks, when energy balance

may be more severe. Reduction in interhemispheric connectivity

could also occur if communicating fiber tracts are damaged or

broken. Diffusion tensor imaging (DTI) studies have revealed re-

duced structural integrity of major white matter (WM) tracts after

mTBI.35–38

Based on these studies, in the current study, we used fNIRS to

investigate our primary hypothesis that interhemispheric connec-

tivity of the motor cortices is reduced in youth with persistent

symptoms after mTBI, as compared to controls.

Methods

Subjects

This study was approved by the research ethics board governing
the institution. Participants were recruited from the Calgary
Complex Concussion and Traumatic Brain Injury Program at the
Alberta Children’s Hospital (Calgary, Alberta, Canada). mTBI was
defined as any direct or indirect biomechanical force resulting in a
change in neurological state without the following: loss of con-
sciousness for more than 20 min, focal neurological deficits, and/or
post-traumatic amnesia for more than 24 h.39 The terms mTBI and
concussion are often used interchangeably, with the term concus-
sion used more often in sports medicine or as a subset of mTBI.40,41

As a result, for this article, mTBI and concussion were not differ-
entiated. PCSs were recorded using the Rivermead Post-Concussion
Symptoms Questionnaire.42 Controls were healthy children with

with no previous history of TBI. Exclusion criteria included use of
neuroactive medication, regular use of alcohol or recreational drugs,
and presence of skull fractures. All participants were right handed.
Informed consent was obtained from all participants and legal
guardians before participation.

Functional near-infrared spectroscopy system

A continuous-wave, diffuse optical system was used for data
collection (CW5; TechEn, Inc., Milford, MA).43 Near-infrared
light for source optodes was supplied by diode lasers, and detector
optodes were avalanche photodiodes. A head pad consisting of four
source and eight detector optodes, 2.0 cm apart, was placed over the
location of the motor cortex of each hemisphere (Fig. 1). Posi-
tioning was based on the standard 10–20 electroencephalogram
(EEG) protocol at 40% of the measured distance from nasion to
inion.24,44,45 Each pad was held in place by a velcro strap placed in
the coronal orientation and tightened for comfort. Pads were then
connected to one another, and hair was moved out of the way for
optimal contact of the optodes with the scalp.

Study paradigm

To minimize background noise, room lights were dimmed and
the room was kept quiet. The participant was positioned comfort-
ably in a chair and was asked to limit movement. Data were
then collected for 300 sec while the subject rested. The subject was
then asked to perform a motor task, which consisted of tapping the
index and middle finger of the right hand to the thumb at a rate of
1 Hz, as paced by an audio metronome. Task periods lasted 15 sec
and alternated with 30 sec of rest. Total task time was 300 sec.

Calculation of hemoglobin concentration change
during the motor task

All measurements were based on changes in chromophore
concentrations corresponding to optimal absorbance for deoxy-Hb
and oxy-Hb at wavelengths of 690 and 830 nm, respectively. Pre-
processing of raw optical density (OD) by a CW Filter (TechEn
designed program; TechEn, Inc., Milford, MA) down-sampled data
from 200 to 100 Hz. These were down-sampled to 10 Hz using
MATLAB (The MathWorks, Natick, MA). Identification of each
source-detector pair was accomplished by Fourier transform of
the received signal.46 Next, a graphical user interface software
package was used to process the filtered OD data (HoMER; TechEn,
Inc.). A low-pass filter of 0.8 Hz was applied to the data, which
were then converted to change in OD as a function of time for each
source-detector pair. Changes in total Hb, deoxy-Hb, and oxy-Hb
were calculated using a modified Beer-Lambert law.43 In order to
calculate concentration changes in each of the total Hb, deoxy-Hb,
and oxy-Hb during the motor task, for each source-detector pair, data
during the rest periods 5 sec preceding task commencement were
averaged and subtracted from averaged data during the last 10 sec of
the motor task periods. Using MATLAB (The Mathworks), a to-
mographical map of the average change in chromophore concen-
tration (in micromolar units) during the motor task was generated.
For each participant, the changes in concentration of total-Hb (D-
total-Hb), deoxy-Hb (D-deoxy-Hb), and oxy-Hb (D-oxy-Hb) were
averaged over the source-detector pair exhibiting the maximum
change during finger tapping and the three nearest source-detector
pairs.

Coherence analysis

In this study, we used coherence as the measure of connectivity.
Coherence is an estimate of a linear-time variant relationship of two
time-varying signals, at a particular frequency, on a scale of 0–1. A
value of 1 indicates a complete linear relationship and 0 indicates
no relationship. That is, coherence determines connectivity in terms
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of the common temporal frequencies between two signals. The
calculation of coherence for fNIRS data has been described pre-
viously by our group.24 The source-detector pair exhibiting the
greatest change in total Hb and oxy-Hb during the tapping task was
chosen as the reference, whose signal during the 300-sec rest period
was compared with all other source-detector pairs by coherence
analysis. Tomographical maps of coherence within the frequency
range of 0.04–0.10 Hz were then computed using software written
in MATLAB (The MathWorks). For each participant, coherence
was averaged over the three source-detector pairs surrounding the
reference region in the ipsilateral hemisphere (i.e., the reference
source-detector pair was excluded, given that the coherence is
equal to 1 at that location), as well as over the four anatomically
homologous source-detector pairs in the contralateral hemisphere.

Coherence analysis was repeated for data collected during the
finger-tapping task, to see whether coherence at resting-state fre-
quencies (0.04–0.10 Hz) was modulated differentially between
participant groups during the performance of the motor task.

Statistical analysis

Means, standard deviations, and ranges were used to describe the
samples. Kolmogorov-Smirnov’s test was used to test for normal
distribution of the data. Between-group chromophore magnitude of
change (D-total-Hb and D-oxy-Hb) during motor task performance
was compared using the Student’s t-test. Differences in mean co-
herence between hemispheres and participant groups were com-
pared using analysis of variance (ANOVA). In order to allow for
multiple comparisons, Tukey’s post-hoc analysis was used to
compare means through pair-wise comparisons. We examined the
direction of change in coherence within each hemisphere with task
activation using paired t-tests.

Results

Twelve mTBI participants (6 male; average age, 15.3 – 1.9

years) and 8 controls (5 males; average age, 14.0 – 2.2 years) were

enrolled. Participants and controls were similar in age (t = - 1.50;

p = 0.152) and sex (v2 = 1, 0.30; p = 0.58). Details of the mTBI cases

are shown in Table 1. Average time postinjury was 158 – 131 days.

The most common symptoms were: difficulty concentrating (82%);

dizziness (82%); headache (64%); fatigue (64%); balance problems

(64%); difficulty remembering (64%); feeling mentally foggy

(55%); slowed down (55%); and irritable (55%).

Figure 2 shows examples of topographic maps of the increase in

total Hb concentration during task performance. The magnitude of

the increase in total Hb concentration was similar between the

patient and control subject. Group statistical analysis confirmed

that the change in total Hb concentration during the motor task was

FIG. 1. (A) Participant setup, showing the position of the head cap. (B) Diagram of the source and detector fiber pattern.

Table 1. mTBI Subject Demographic

and Injury Characteristics

Patient Gender Age

Days
after

injury (*)

No. of
previous
mTBIs

PCS-I
score

Mechanism
of injury

1 M 18 473 1 a MVA
2 M 15 38 0 a MVA
3 F 18 31 0 a Fall
4 F 13 42 0 27 Sport
5 F 16 203 2 12 Sport
6 M 15 238 0 22 Sport
7 M 16 147 2 27 Sport
8 F 13 175 0 27 Sport
9 F 15 188 0 39 Sport

10 F 13 40 1 4 MVA
11 M 15 60 1 8 Sports
12 M 17 266 2 31 Sports

aSubjects did not complete PCS-I. PCS-I includes the additive scores of
each patient, including a Likert scale between 0 and 4 for each of the 18
symptoms.

F, female; M, male; mTBI, mild traumatic brain injury; MVA, motor
vehicle accident; PCS-I, Post-Concussion Symptom Inventory.
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not significantly different ( p = 0.42) between mTBI (18.5 – 6.4 lM)

and controls (12.7 – 2.8 lM). There was also no difference in the

change in oxy-Hb concentration ( p = 0.51; 12.3 – 3.4 lM for mTBI

and 15.9 – 4.3 lM for controls).

Examples of coherence maps during rest and task performance

are shown in Figure 3. Table 2 and Figure 4 show the calculated

coherence values. Table 1 highlights changes within each group

caused by task activation. Figure 4 highlights the comparison be-

tween controls and mTBI patients. To provide an example of data

variability, the coefficient of variation of the total Hb coherence

measurement for the right hemisphere of controls during the resting

state was 33%. This was similar to the value obtained in a previous

study in an adult control population using the same data collection

paradigm.47

During the resting state, ANOVA revealed there was a signifi-

cant difference in coherence between hemispheres for total Hb

(F(1,36) = 14.77; p < 0.001) and oxy-Hb (F(1,36) = 14.72; p < 0.001),

but not between subject groups. During task activation, there was a

significant difference between hemispheres for total Hb

(F(1,36) = 11.24; p < 0.002) and oxy-Hb (F(1,36) = 14.87; p = 0.005)

and between subject groups for total Hb (F(1,36) = 18.06;

p < 0.001) and oxy-Hb (F(1,36) = 6.83; p = 0.013).

Tukey’s post-hoc multiple comparisons (results shown in Fig. 4)

revealed that coherence was significantly different between hemi-

spheres for mTBI patients only. Total Hb was lower in the right

hemisphere during the resting state ( p = 0.013; 95% confidence

interval [CI] = - 0.57 to - 0.12) and task activation ( p = 0.021;

95% CI = - 0.38 to - 0.02). This reduction was also observed

in oxy-Hb during the resting state ( p = 0.009; 95% CI = - 0.51 to

- 0.06) and task activation ( p = 0.013; 95% CI = - 0.46 to - 0.04).

Tukey’s post-hoc multiple comparison tests on the coherence

data during the motor task also revealed that the difference in co-

herence between subject groups for total Hb was significant for the

right hemisphere ( p = 0.009; 95% CI = - 0.44 to - 0.05), with a

strong trend toward significance in the left hemisphere ( p = 0.057;

95% CI = - 0.39 to - 0.004). Coherence in the right hemisphere of

mTBI patients was also significantly less than the coherence in the

left hemisphere of controls ( p < 0.001; 95% CI = - 0.59 to - 0.20).

For oxy-Hb, the only significant difference between groups was

that coherence in the right hemisphere of mTB patients was sig-

nificantly less than the left hemisphere of controls ( p < 0.001; 95%

CI = - 0.63 to - 0.16; see also Fig. 4).

Total Hb coherence in the left hemisphere between the rest-

ing state and task performance was significantly increased in con-

trols (t(7) = 2.65; p = 0.033), but decreased in mTBI patients

(t(11) = 2.64; p = 0.023). Oxy-Hb coherence did not change sig-

nificantly when comparing the resting state to task performance.

Discussion

Previous studies have proposed that brain activation in response

to a task can be altered after mTBI.15,48–52 Studies of adults have

FIG. 2. Tomographic maps of total hemoglobin signal change in
the contralateral motor cortex during the unilateral motor task for
(A) mild traumatic brain injury (mTBI) and (B) control partici-
pant. The magnitude of activation was similar between mTBI and
control. dConcentration, delta concentration.

FIG. 3. Coherence maps calculated from total hemoglobin for a
control (A) and an mTBI (B) participant during task activation.
Arrow indicates the location of the reference source-detector pair.
mTBI, mild traumatic brain injury.

Table 2. Coherence Values During Resting and Motor

Task Activation in Control and mTBI Patients

Hemisphere Task

Control
(n = 8)

(mean – SEM)
mTBI

(n = 12)

Total Hb Left Resting state 0.59 – 0.06 0.66 – 0.08
Task Activation 0.74 – 0.04 0.54 – 0.07

Right Resting state 0.43 – 0.05 0.26 – 0.11
Task Activation 0.58 – 0.08 0.31 – 0.06

Oxy-Hb Left Resting state 0.66 – 0.05 0.59 – 0.07
Task Activation 0.69 – 0.05 0.53 – 0.07

Right Resting state 0.42 – 0.08 0.23 – 0.11
Task Activation 0.45 – 0.06 0.22 – 0.09

Average coherence values for controls and mTBI subjects during resting
state and task activation in the left and right hemisphere. Coherence values
are shown as mean and SEM.

mTBI, mild traumatic brain injury; Hb, hemoglobin; oxy-Hb, oxyhe-
moglobin; SEM, standard error of the mean.
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shown reduced task-related activation in the normal network along

with hyperactivation of areas outside of this network.49 An fMRI

study of symptomatic pediatric patients performing a working

memory task demonstrated hypoactivation of the normal networks

involved and a hyperactivation of a larger, more dispersed group of

networks.53 Although it has been proposed that the amount of re-

cruitment to achieve the same task requires greater functional ac-

tivation and such activation will dispersed over a larger region of

area,53 our study did not support this during a motor task. The

magnitude of response to tapping task was not significantly dif-

ferent between mTBI and control patients, although there was a

larger variability in the magnitude of response for mTBI patients.

Similarly, during the resting state, the total Hb and oxy-Hb co-

herence values did not differ from controls.

The most significant finding in our study is the reduced total Hb

and oxy-Hb coherence during motor activation tasks in the con-

tralateral hemisphere, suggesting impairment in interhemispheric

functional connectivity in PCS patients. Specifically, coherence is

reduced, relative to controls, during task activation. Currently, the

mechanism for a decrease in functional connectivity is not fully

FIG. 4. Coherence in the motor coretex in controls and mTBI patients for total hemoglobin (Hb) and oxy-Hb. Left and right refer to
hemisphere of the brain. The task was right-hand finger tapping. (A) and (C) show data from the resting state, and (B) and (D) show data
from the motor task. Bars indicate standard deviation of the mean (*p < 0.05; **p < 0.01). For total Hb, (A) and (B) there is a significant
difference in coherence between left and right hemisphere of mTBI patients during the resting state and during task performance. During
task performance, mTBI patients exhibit significantly lower coherence in the right hemisphere, compared to controls. Oxy-Hb (C and D)
data also reveal that mTBI patients show a difference in coherence between hemispheres. mTBI, mild traumatic brain injury.
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understood. In a healthy population, there is an increase in func-

tional connectivity (or coherence) with task activation, as shown

from fMRI studies.33 Controls in our study showed a trend toward

decreased coherence in between hemisphere; however, within

hemisphere there was an increase. Investigations of the motor

cortex have also shown that functional connectivity increases

during task activation, as compared to the resting state.33,54 This

increase has been suggested to relate to the increased activity of

the interhemispheric inhibitory pathways associated with motor

control.33,54

Without further study, it is not clear whether these changes re-

flect dysfunction in the WM tracts or a metabolic dysfunction.

Metabolic changes have been reported in the motor cortex.34 Re-

duction of coherence could be a result of WM volume loss,55 focal

axonal injury,56 metabolic dysfunction in the corpus callosum

(CC),57 or the M1.34 The decrease in coherence could also be a

result of cellular damage after an mTBI.58

WM tract damage or dysfunction has been reported based on

DTI studies.59–61, which is consistent with our finding of disruption

in functional connectivity between left and right motor cortices in

mTBI patients. A correlation has been reported between fractional

anisotropy (FA) and task reaction times in several areas of the

brain, including the genu of the CC and the thalamus59–61; in par-

ticular, a decrease in FA values in the ascending fiber tracts from

the CC to the PMC after mTBI.34 A previous fNIRS study on

patients with multiple sclerosis, a disorder associated with WM

damage, also reported reduced coherence during task activation,

compared to controls.47

Measurements of functional connectivity have been done be-

tween the motor cortices using fMRI in patients with traumatic

brain injury (TBI).57,62 Functional connectivity in healthy controls

increased during task activation, in agreement with the increase

within hemisphere with task activation in controls using fNIRS

coherence analysis. Functional connectivity in TBI patients de-

clined during task activation, resulting in a lower connectivity

during motor function in patients versus controls.57 These fMRI

results are similar to our findings, in that during task activation,

the patient population had lower connectivity than controls. A re-

duction in task-specific coherence is consistent with the altered

connectivity/cortical activation during task activation in fMRI,

transcranial magnetic stimulation, and EEG of mTBI patients.62–66

Further work is needed to compare these methods.

A limitation of the study is the sample size, although this group

number was sufficient to show significant changes between groups.

Also, it remains possible that the motor cortex may not be the

location with the largest differences in interhemispheric com-

munication. Further analysis should incorporate other brain re-

gions, such as the dorsal lateral prefrontal cortex, which shows

functional impairment after mTBI.67,68 A larger mapping study

should be done to examine other regions. There was also a large

variability in time after injury and symptom presence. If symp-

toms changed with time, this could account for part of the var-

iance. Although we found a group difference, compared to

controls, the sample size is too small to determine whether there

is a relationship between time after injury and magnitude of the

change in coherence.

Children with mTBI and PCS often have headaches, fatigue

easily, and are intolerant of noise or bright lights. fNIRS is quiet,

and the participant can sit comfortably in a chair and complete

tasks. Further, in our study, fNIRS was well tolerated, with no study

failures, and suggests that this could be a useful tool for studies of

cortical function, especially in children with PCS.

This is the first fNIRS study, of which we are aware, to use

coherence analysis in an mTBI population to explore cortical

communication. This study provides evidence of underlying dis-

ruption in intercortical functional connectivity based on a reduction

in interhemispheric coherence in pediatric mTBI PCS patients,

compared to controls. fNIRS, combined with coherence analysis,

provides an objective protocol that may be used to assess mTBI.

fNIRS may also provide a portable, quantitative tool that one can

used to monitor functional impairment after mTBI as well as to

monitor treatment response and recovery.

Acknowledgments

The authors acknowledge funding from the Alberta Children’s

Hospital Research Institute, the Alberta Children’s Hospital Re-

search Foundation, the Canadian Foundation for Innovation, and

the National Sciences and Engineering Research Council.

Author Disclosure Statement

No competing financial interests exist.

References

1. Pieper, P., and Garvan, C. (2014). Health-related quality-of-life in
the first year following a childhood concussion. Brain Inj. 28, 105–
113.

2. McKinlay, A., Grace, R.C., Horwood, L.J., Fergusson, D.M., Ridder,
E.M., and MacFarlane, M.R. (2008). Prevalence of traumatic brain
injury among children, adolescents and young adults: prospective
evidence from a birth cohort. Brain Inj. 22, 175–181.

3. Barlow, K.M., Crawford, S., Stevenson, A., Sandhu, S.S., Belanger,
F., and Dewey, D. (2010). Epidemiology of postconcussion syn-
drome in pediatric mild traumatic brain injury. Pediatrics 126, e374–
e381.

4. Emanuelson, I., Wendt, L.V, Hagberg, I., Marchioni-Johansson, M.,
Ekberg, G., Olsson, U., Larsson, J., Egerlund, H., Lindgren, K., and
Pestat, C. (2003). Early community outreach intervention in children
with acquired brain injury. Int. J. Rehabil. Res. 26, 257–264.

5. Gagnon, I., Swaine, B., Friedman, D., and Forget, R. (2005). Ex-
ploring children’s self-efficacy related to physical activity perfor-
mance after a mild traumatic brain injury. J. Head Trauma Rehabil.
20, 436–449.

6. Guskiewicz, K.M., and Valovich McLeod, T.C. (2011). Pediatric
sports-related concussion. PM R. 3, 353–364; quiz, 364.

7. Shrey, D.W., Griesbach, G.S., and Giza, C.C. (2011). The patho-
physiology of concussions in youth. Phys. Med. Rehabil. Clin. N. Am.
22, 577–602, vii.

8. McCrory, P., Meeuwisse, W.H., Aubry, M., Cantu, R.C., Dvorak, J.,
Echemendia, R.J., Engebretsen, L., Johnston, K., Kutcher, J.S., Raf-
tery, M., Sills, A., Benson, B.W., Davis, G.A., Ellenbogen, R., Gus-
kiewicz, K.M., Herring, S.A., Iverson, G.L., Jordan, B.D., Kissick, J.,
McCrea, M., McIntosh, A.S., Maddocks, D., Makdissi, M., Purcell, L.,
Putukian, M., Schneider, K., Tator, C.H., and Turner, M. (2013).
Consensus statement on concussion in sport: the 4th International
Conference on Concussion in Sport, Zurich, November 2012. J. Athl.
Train. 48, 554–575.

9. Giza, C.C., and Hovda, D.A. (2001). The neurometabolic cascade of
concussion. J. Athl. Train. 36, 228–235.

10. Henry, L.C., Tremblay, S., Boulanger, Y., Ellemberg, D., and Las-
sonde, M. (2010). Neurometabolic changes in the acute phase after
sports concussions correlate with symptom severity. J. Neurotrauma
27, 65–76.

11. Henry, L.C., Tremblay, S., Leclerc, S., Khiat, A., Boulanger, Y.,
Ellemberg, D., and Lassonde, M. (2011). Metabolic changes in con-
cussed American football players during the acute and chronic post-
injury phases. BMC Neurol. 11, 105.

12. Chamard, E., Henry, L., Boulanger, Y., Lassonde, M., and Theoret, H.
(2014). A follow-up study of neurometabolic alterations in female
concussed athletes. J. Neurotrauma 31, 339–345.

13. Kirov, I.I., Tal, A., Babb, J.S., Reaume, J., Bushnik, T., Ashman, T.A.,
Flanagan, S., Grossman, R.I., and Gonen, O. (2013). Proton MR

838 URBAN ET AL.



spectroscopy correlates diffuse axonal abnormalities with post-
concussive symptoms in mild traumatic brain injury. J. Neurotrauma
30, 1200–1204.

14. Kirov, I.I., Tal, A., Babb, J.S., Lui, Y.W., Grossman, R.I., and Gonen,
O. (2013). Diffuse axonal injury in mild traumatic brain injury: a 3D
multivoxel proton MR spectroscopy study. J. Neurol. 260, 242–252.

15. Slobounov, S.M., Zhang, K., Pennell, D., Ray, W., Johnson, B., and
Sebastianelli, W. (2010). Functional abnormalities in normally ap-
pearing athletes following mild traumatic brain injury: a functional
MRI study. Exp. Brain Res. 202, 341–354.

16. Krivitzky, L.S., Roebuck-Spencer, T.M., Roth, R.M., Blackstone, K.,
Johnson, C.P., and Gioia, G. (2011). Functional magnetic resonance
imaging of working memory and response inhibition in children with
mild traumatic brain injury. J. Int. Neuropsychol. Soc. 17, 1143–1152.

17. Wilde, E.A., Newsome, M.R., Bigler, E.D., Pertab, J., Merkley, T.L.,
Hanten, G., Scheibel, R.S., Li, X., Chu, Z., Yallampalli, R., Hunter,
J.V, and Levin, H.S. (2011). Brain imaging correlates of verbal
working memory in children following traumatic brain injury. Int. J.
Psychophysiol. 82, 86–96.

18. Buxton, R.B., and Frank, L.R. (1997). A model for the coupling be-
tween cerebral blood flow and oxygen metabolism during neural
stimulation. J. Cereb. Blood Flow Metab. 17, 64–72.

19. Strangman, G., Culver, J.P., Thompson, J.H., and Boas, D.A. (2002).
A quantitative comparison of simultaneous BOLD fMRI and
NIRS recordings during functional brain activation. Neuroimage 17,
719–731.

20. Ogawa, S., Menon, R.S., Tank, D.W., Kim, S.G., Merkle, H., Eller-
mann, J.M., and Ugurbil, K. (1993). Functional brain mapping by
blood oxygenation level-dependent contrast magnetic resonance im-
aging. A comparison of signal characteristics with a biophysical
model. Biophys. J. 64, 803–812.

21. Boas, D.A., Dale, A.M., and Franceschini, M.A. (2004). Diffuse op-
tical imaging of brain activation: approaches to optimizing image
sensitivity, resolution, and accuracy. Neuroimage 23, Suppl 1, S275–
S288.

22. Mesquita, R.C., Franceschini, M.A., and Boas, D.A. (2010). Resting
state functional connectivity of the whole head with near-infrared
spectroscopy. Biomed. Opt. Express. 1, 324–336.

23. Len, T.K., and Neary, J.P. (2011). Cerebrovascular pathophysiology
following mild traumatic brain injury. Clin. Physiol. Funct. Imaging
31, 85–93.

24. Varshney, V., Liapounova, A., Golestani, A.M., Goodyear, B., and
Dunn, J.F. (2013). Detection of inter-hemispheric functional connec-
tivity in motor cortex with coherence analysis. J. Eur. Opt. Soc. Rap.
Public 7, 12047. doi: 10.2971/jeos.2012.12047.

25. Kontos, A.P., Huppert, T.J., Beluk, N.H., Elbin, R.J., Henry, L.C.,
French, J., Dakan, S.M., and Collins, M.W. (2014). Brain activation
during neurocognitive testing using functional near-infrared spec-
troscopy in patients following concussion compared to healthy con-
trols. Brain Imaging Behav. 8, 621–634.

26. Damoiseaux, J.S., Rombouts, S.A., Barkhof, F., Scheltens, P., Stam,
C.J., Smith, S.M., and Beckmann, C.F. (2006). Consistent resting-state
networks across healthy subjects. Proc. Natl. Acad. Sci. U. S. A. 103,
13848–13853.

27. Johnson, B., Zhang, K., Gay, M., Horovitz, S., Hallett, M., Sebastianelli,
W., and Slobounov, S. (2012). Alteration of brain default network in
subacute phase of injury in concussed individuals: resting-state fMRI
study. Neuroimage 59, 511–518.

28. Ciuciu, P., Abry, P., and He, B.J. (2014). Interplay between functional
connectivity and scale-free dynamics in intrinsic fMRI networks.
Neuroimage 95, 248–263.

29. Arfanakis, K., Cordes, D., Haughton, V.M., Moritz, C.H., Quigley,
M.A., and Meyerand, M.E. (2000). Combining independent compo-
nent analysis and correlation analysis to probe interregional connec-
tivity in fMRI task activation datasets. Magn. Reson. Imaging 18,
921–930.

30. Biswal, B., Yetkin, F.Z., Haughton, V.M., and Hyde, J.S. (1995).
Functional connectivity in the motor cortex of resting human brain
using echo-planar MRI. Magn. Reson. Med. 34, 537–541.

31. Sasai, S., Homae, F., Watanabe, H., and Taga, G. (2011). Frequency-
specific functional connectivity in the brain during resting state re-
vealed by NIRS. Neuroimage 56, 252–257.

32. Riedl, V., Bienkowska, K., Strobel, C., Tahmasian, M., Grimmer, T.,
Förster, S., Friston, K.J., Sorg, C., and Drzezga, A. (2014). Local

activity determines functional connectivity in the resting human brain:
a simultaneous FDG-PET/fMRI study. J. Neurosci. 34, 6260–6266.

33. Newton, A.T., Morgan, V.L., and Gore, J.C. (2007). Task demand
modulation of steady-state functional connectivity to primary motor
cortex. Hum. Brain Mapp. 28, 663–672.

34. Chamard, E., Lassonde, M., Henry, L., Tremblay, J., Boulanger, Y.,
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