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Abstract

Avoiding recurrent injury in sports-related concussion (SRC) requires understanding the neural mechanisms involved
during the time of recovery after injury. The decision for return-to-play is one of the most difficult responsibilities facing
the physician, and so far this decision has been based primarily on neurological examination, symptom checklists, and
neuropsychological (NP) testing. Functional magnetic resonance imaging (fMRI) may be an additional, more objective
tool to assess the severity and recovery of function after concussion. The purpose of this study was to define neural
correlates of SRC during the 2 months after injury in varsity contact sport athletes who suffered a SRC. All athletes were
scanned as they performed an n-back task, for n=1, 2, 3. Subjects were scanned within 72 hours (session one), at 2 weeks
(session two), and 2 months (session three) post-injury. Compared with age and sex matched normal controls, concussed
subjects demonstrated persistent, significantly increased activation for the 2 minus 1 n-back contrast in bilateral dorso-
lateral prefrontal cortex (DLPFC) in all three sessions and in the inferior parietal lobe in session one and two (o <0.01
corrected). Measures of task performance revealed no significant differences between concussed versus control groups at
any of the three time points with respect to any of the three n-back tasks. These findings suggest that functional brain
activation differences persist at 2 months after injury in concussed athletes, despite the fact that their performance on a
standard working memory task is comparable to normal controls and normalization of clinical and NP test results. These
results might indicate a delay between neural and behaviorally assessed recovery after SRC.
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Introduction increased media attention to concussive injury in sports, as well as
better diagnosis and detection by clinicians. Nevertheless, the
THE CENTERS FOR DISEASE CONTROL AND PREVENTION esti-  huge incidence of SRC in adolescents and young adults calls for a
mate that 300,000 sports-related concussions (SRC) occur  full understanding of the neural correlates and consequences of
annually in the United States.' The study included only concus-  this condition.
sions for persons who sustained loss of consciousness (LOC), According to the most recent consensus statement,6 concussion
which has been reported to occur in just 8% or 19.2% of sports-  is considered a brain injury (caused by a direct blow to the head,
related concussions. Given the fact that athletes tend not to report  neck, or face), involving a complex pathophysiological process,
their injury, a more accurate estimate may be that between 1.6 and  induced by biomechanical forces, typically resulting in the rapid
3.8 million SRC occur each year in the United States including onset of short-lived impairment of neurological function that re-
injuries for which no medical treatment is sought.* At the same  solves spontaneously. The authors of this statement affirm that: “a
time, the annual rate of diagnosed concussions over the past 10  concussion may result in neuropathologic injury, but the acute
years in high school sports rose by 16.5%,% which may partly clinical symptoms largely reflect a functional disturbance rather
reflect an increased awareness by parents and coaches through than structural injury.”
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This definition is questionable in light of recent neuroimaging
research results. Although clinical and cognitive symptoms may
subside after approximately 2 weeks in most athletes who sustain a
concussion, alteration of physiological brain measures persist. For
example, magnetic resonance spectroscopy (MRS) studies have
demonstrated neurometabolic alterations lasting up to 1 month
post-injury.”™ Structural changes from repetitive concussive head
impacts have been reported in ice hockey players over the course of
a single season, '® in athletes with prolonged symptoms,'! as well as
in adolescents exhibiting close to normal Sports Concussion As-
sessment Tool (SCAT) 2 scores at <2 months postinjury.'>

One methodology for evaluating the neural consequences of mild
traumatic brain injury (mTBI) is blood oxygenation level dependent
(BOLD) functional magnetic resonance imaging (fMRI), which
allows non-invasive evaluation of brain activity based on hemo-
dynamic response to task demands'*™'> The imaging contrast
in fMRI results from the higher ratio of oxy- to deoxyhemoglobin in
local draining veins that accompanies neuronal activation, which in
turn changes local magnetic susceptibility because of properties of
hemoglobin.'*'® fMRI can reveal brain pathology, often enjoying
more power than standard clinical measures.'”~'® This makes fMRI
an attractive marker for recovery of function after mTBI. fMRI can
also be repeated safely, allowing successive measurements.”*>'

Recent fMRI studies have revealed alterations of the BOLD
signal after mTBI when subjects perform working memory,
sensory-motor, attention, and other neurocognitive tasks. Specifi-
cally, differences in brain activation under varying cognitive load
(0, 1, 2, and 3-back conditions in the n-back task) were identified in
subjects with mTBIL>' During the first month after injury, patients
with mTBI, presenting with a Glasgow Coma Scale (GCS) score of
13-15, demonstrated a significant increase of activation in bilateral
frontal and parietal regions during 1-back and 2-back tasks. An
fMRI study? using a finger sequencing task in four football players
with concussion and four uninjured player controls revealed sig-
nificantly increased activity in lateral frontal, superior, and inferior
parietal, and bilateral cerebellar regions within the week after in-
jury. No significant differences in NP test performance were re-
ported between pre-injury and 1 week post-injury conditions.
Similarly, larger cluster sizes in the parietal cortex and right dor-
solateral prefrontal cortex (DLPFC) and significantly larger BOLD
signal percent change in the right hippocampus were identified in
athletes with concussion as they performed a spatial memory
navigation task in a virtual environment.?*

On the other hand, fewer task-related activations in athletes with
mTBI who had persistent symptoms were found compared with
normal controls, when they performed a verbal memory task at one
month after injury. In particular, working memory task-related
BOLD signal changes were significantly decreased in the DLPFC
in all athletes with concussion who had persistent symptoms.>* A
subsequent study” reported increased activation peaks in the left
temporal lobe in response to a verbal memory task when comparing
athletes with concussion and persistent symptoms (at 1 month post-
injury) with normal elite athletes; this is in addition to decreased
activity in the prefrontal areas.

The present study investigates the neural correlates of functional
recovery after SRC during the 2 months after injury in male and
female varsity level collegiate athletes. Specifically, we track
changes of cortical activation at 2 days, 2 weeks, and 2 months post-
injury in contact sports athletes who had sustained a concussion
without LOC. The first time point (2 days post-injury) was chosen
to assess brain function during the acute phase of concussive injury.
Whereas neurometabolic changes during the first 3—6 days post-
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injury are well documented,®® much less is known about neural
function in the acute phase. The 2-week time point was chosen to
assess functional brain activation at a time of recovery when the
majority of concussions (80-90%) are thought to resolve (cognitive
function returning to normal).® The third time point (2 months post-
injury) provided the opportunity to track patterns of recovery in
subjects whose brain activation continued to be atypical at 2 weeks
(compared with normal control subjects) and whose NP test results
had not returned to baseline at 2 weeks post-injury.

Based on the studies discussed previously (suggesting alter-
ations in DLPFC, parietal, and temporal areas), we designed a
working memory task inspired by Hockey and associates,?® that
allows assessment of the frontoparietal network during the 2
months after injury. We asked whether atypical brain activation in
response to memory load persisted after persons with SRC were
symptom free and tested neuropsychologically within normal
range. Our results provide information about the appropriate timing
of return to play and substantiate the idea that fMRI is a useful tool
for the assessment and management of concussion.

Methods
Subjects

Participants in this study included 15 varsity level college stu-
dents who sustained a SRC (12 male, 3 female; mean age 19.8,
standard deviation [SD] 0.94 years). The concussions of all 15
athletes were diagnosed by University Athletic Medicine personnel
using the third International Consensus Conference definition.””
History of concussion was obtained through self-report. It should be
noted that it is difficult to evaluate number of previous concussions
objectively in contact sport athletes, given the limitations and sub-
jectivity of self-report. On this basis, eight subjects had no history of
concussion. Five subjects had sustained one previous concussion,
one subject had two, and the remaining subject had sustained three
previous concussions (mean time since last concussion 2.94, SD
1.99 years). Based on review of medical history and physical ex-
aminations performed by University Athletic Medicine personnel,
no subject had a history of medical, genetic, or psychiatric disorder.

All subjects with concussion were enrolled in the Princeton
University Concussion Program for high-risk sports. This program
includes baseline NP testing using Immediate Post-Concussion
Assessment and Cognitive Testing (ImPACT)*® and SCAT 2,%’
history, and physical examination as well as post-injury evaluation
and testing. Post-injury testing included SCAT 2, hybrid NP tests
from ImPACT and paper/pencil tests administered within 2448
hours of injury; test results were interpreted by a consulting neu-
ropsychologist. The following tests were included in the paper
pencil tests: (1) Brief Visuospatial Memory Test-Revised, 2(2)
Hopkins Verbal Learning Test-Revised,* (3) Symbol Digit Mod-
alities Test,*! (4) Digit Span Test,*? (5) Trail Making Test,** (6)
The Stroop Test,>* (7) Patient Health Questionnaire,®> and (8)
Generalized Anxiety Disorder Test.*®

After their most recent SRC, subjects included in this study were
evaluated by a certified athletic trainer and team physician. None of
the subjects demonstrated symptomatology warranting further as-
sessment by the GCS* or the use of computed tomography (CT)
scan or any other clinical imaging. All subjects tested abnormally
on paper/pencil and computerized INPACT tests*® administered
immediately after injury (within 24-48 hours). A given athlete’s
degree of abnormality was determined through the comparison of
post-injury NP test scores to that athlete’s baseline scores. In par-
ticular, abnormality of ImPACT clinical composites was based on
Reliable Change Indices at the 0.8 confidence interval. **>% After
concussion, individualized management and return-to-play deci-
sions were made by the team physician. Typically, athletes are kept
out of activity until their symptoms resolve and their balance and
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TABLE 1. SUBJECT DEMOGRAPHICS OF ATHLETES WITH CONCUSSION AND MATCHED CONTROLS

Concussed Controls
#Previous NP Symptom
Subject Sex Age Sport concussions  normal free Return to play ~ Sex Age Sport
1 F 19 Field hockey 2 13 days 12 No return to play F 19  Volleyball
2 M 19 Football 0 2 mo? 14 No return to play M 19 Crew Heavyweight
3 M 19 Water polo 0 6 days 6 24 days M 19 Volleyball
4 M 20 Football 1 24 days® 17 (Ist), 77(2nd) 31 days M 21 Crew lightweight
5 F 21 Basketball 1 9 days 6 9 days F 21 Volleyball
6 F 18 Rugby 0 17days® 23 No return to play F 18 Swimming
7 M 21 Ice hockey 0 3 days 5 12 days M 21 Volleyball
8 M 20 Football 0 6 days 5 15 days M 18 Swimming
9 M 20 Basketball 1 9 days 6 12 days M 18 Squash
10 M 19 Football 0 18 days 10 22 days M 18 Crew heavyweight
11 M 21 Ice hockey 3 15 days 162 No return to play M 22 Cross country
12 M 20 Lacrosse 0 17 days 10 23 days M 22 Track
13 M 20 Wrestling 0 11 days 3 18 days M 22 Track
14 M 19 Ice hockey 1 2 days 4 23 days M 18 Crew heavyweight
15 M 21 Sprint foot ball 1 13 days 7 16 days M 22 Track

“Not normal at 2 weeks, not repeated until 2 months since season over.

PReturned to play after 1®* injury at 31 days, sustained a 2" concussion and decided not to return to play.

“No return to play, season was over.

NP testing return to pre-injury levels, at which time they are al-
lowed to initiate a return to play progression and resume an exer-
tional program that gradually increases both their level of exertion
as well as their risk for contact following the First International
Consensus Conference on Concussion guidelines.> Furthermore, the
return to play progression is also adapted to each individual athlete,
taking into consideration where he or she is in the competitive sea-
son and hence to what type of activities he or she might return.

All athletes with concussion agreed to participate in scanning
sessions (fMRI) and repeated SCAT 2 and NP testing assessments
within 2 days (session 1), 2 weeks (session 2), and 2 months (ses-
sion 3) post-injury. Additional NP testing, however, was adminis-
tered between these time points to determine the return to play for
each athlete. Healthy control subjects included 15 sex and age
matched non-contact varsity athletes (12 male, 3 female; mean age

19.8, SD 1.73 years). They were in good physical condition with no
history of head trauma, psychiatric, neurological, or developmental
disorder. For controls, data were analyzed from a single scanning
session. Concussion and control subject demographics are pre-
sented in Table 1. All participants gave written consent to partici-
pate in the study, which was approved by the Princeton University
Institutional Review Panel for Human Subjects Research.

Working memory paradigm

Subjects performed a working memory task inspired by Hockey
and colleagues® during the three fMRI sessions. The task was ““n-
back” for n=1, 2, 3. Specifically, subjects viewed successive
presentations of one of four letters (B, G, Q, and R) chosen ran-
domly in either upper or lower case, appearing at one of the four

1 back

o (G
(5]

FIG. 1.

Illustration of 1-back, 2-back, 3-back tasks.
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compass points (Fig. 1). For 1-back, subjects were asked to press a
button on a button box when successive images were identical
(ignoring case). The 2-back task was the same except that matching
images had to be separated by one non-matching image; for 3-back
the matching images had to be separated by two non-matching
images. Note that matches required that the corresponding letters
appear at the same compass point (Fig. 1).

Subjects performed 10 blocks for each of 1-back, 2-back, and
3-back. The 30 blocks were individually randomized and divided
into three runs of 10 blocks. Runs were separated by a few minutes.
At the start of each block, subjects viewed a screen displaying the
upcoming n-back task for 2 sec, followed by a blank screen for an
additional 2 sec. They then viewed 20 images, each presented for
500 ms, followed by an interstimulus interval of 1200 ms. Between
each block, there was a 18.5 sec rest period.

fMRI image acquisition

MR images were acquired on a 3T Siemens (Erlangen, Germany)
Skyra whole body scanner with a 16 channel, phase array coil
(Siemens). Siemens Skyra EPI PACE sequence was used for fMRI
data acquisition with the following parameters: 36 axial slices,
3x3x3 mm? voxel resolution, repetition time (TR) =2020 ms, echo
time (TE)=30ms, flip angle =76 degrees, field of view =192 mm.

A single contiguous run comprised 284 volumes with an ac-
quisition time of 9min and 34 sec incorporating 10 randomized
blocks of n-back trials with 18.5 sec rest intervals. Three volumes
(3 TRs) were incorporated into the task paradigm to ensure syncing
with the scanner pulse trigger. Before triggering the start of the run
acquisition, additional hidden dummy volumes (3 TRs) were ac-
quired by the scanner for magnetic stabilization. A total of three
such runs comprised one fMRI imaging session. The n-back trials
were programmed in a MATLAB (Mathworks, Natick, MA) en-
vironment using Psychophysics Toolbox extensions.***? To sup-
port downstream image registration to the MNI (Montreal
Neurological Institute) brain atlas and to align functional data
across subjects and sessions, a high resolution T1-weighted
MPRAGE image was acquired at the end of each fMRI session: 192
sagittal slices, 0.90x0.94 x0.94 mm? voxel resolution, TR =1900
ms, TE=2.13ms, flip angle=9 degrees, field of view =240 mm,
and a total anatomical scan time of 4 min, 26 sec.

A total of 175 volumes of resting state images with identical
imaging parameters as in the working memory task were also ac-
quired before the fMRI n-back task sequence. During image ac-
quisition (5 min, 54 sec), subjects were asked to stay awake but keep
their eyes closed. Resting state data were acquired for all 15 subjects
with concussion at 2 weeks and 2 months. For the 2 days post-injury
time point, however, only 12 subjects completed their resting state
scan. All 15 controls completed the resting state protocol.

fMRI image data analysis

All imaging data were processed using standard, General Linear
Modeling (GLM) based block design routines in FSL-FEAT* (ver-
sion 4.1.9). Preprocessing steps included spatial and temporal
smoothening with a full width at half maximum filter (FWHM) of
6mm (2 voxel spacing), high pass filter cutoff set to 110sec, and
motion correction via the included MCFLIRT algorithm. “First
Level” analyses GLM used a double-gamma hemodynamic re-
sponse function to model the three original n-back task conditions
(1 to 3-back, with respect to the 15sec rest intervals). Additional
contrasts (2-1, 3-1, with respect to the 1-back task) were set up based
on the original task conditions for each fMRI run comprising 10
blocks. Individual fMRI runs were coregistered to the MNI 152
standard brain atlas via a 12 degrees of freedom (DOF) linear regis-
tration search in FEAT, using the associated high resolution
MPRAGE volume. A “Second Level” analysis via a “‘Fixed Effects”
model was used to collapse the three discrete runs in each session,
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resulting in beta volumes for the 2-1 and 3-1 contrasts. Post-hoc
analyses were run on the derived contrasts in the AFNI* environment,
using 3d analysis of variance (3dANOVA3). All analyses were con-
ducted in fMRI space.

To reduce the number of multiple comparisons, a gray matter
mask of the imaged volume was obtained through binary thresh-
olding® of the average 152 gray matter T1 volume (included in the
FSL suite version 4.1.9) of the co-registered MNI 152 atlas. The
ventricles were additionally masked (mask included in the FSL suite
4.1.9). Noise in the fMRI dataset was computed from the First Level
residuals of the GLM. AFNI subroutines 3dFWHMXx and 3dClust-
Sim were used to compute cluster size thresholds to address the
issue of multiple comparisons correction. For this dataset, the cluster
size threshold was 31 voxels (in fMRI resolution) with a corre-
sponding p value threshold of 0.005 for an alpha correction of 0.01.
In this article, we report results of the between-group 2-1 contrast.

Amplitude of Low Frequency Fluctuation (ALFF) was chosen as
ameasure of resting state neuronal activity.**~*® Whole brain ALFF
was computed using the acquired resting state data, via AFNI and
FSL 4.1.9 functions with a script adapted from www.nitrc.org/
projects/fcon_1000. The T1-weighted MPRAGE volume served as
the anatomical reference for each subject. The FWHM was set to
6 mm, the frequency band of interest was selected to range from
0.01 to 0.1 Hz, and the standard space was the 3 mm, MNI 152 T1
volume matching the spatial resolution of the resting scan data.

Results
Behavioral data

Each subject (concussed and control) was scored on the three n-
back tasks via the accuracy statistic: number of correct detections
(hits) minus number of incorrect responses (false alarms). The
mean accuracy for each group at each of the three time points on
each of the three n-back tasks is presented in Table 2. The ¢ tests
revealed no significant differences between the two groups (con-
cussed vs. control) at any of the three time points with respect to any
of the three n-back tasks.

For each group individually, 3-back was more difficult than 2-back,
which was more difficult than 1-back (all comparisons by paired 7 test,
p<0.05 in all cases). These results suggest that concussed and control
subjects were comparably challenged by the n-back paradigm. Of the
15 subjects with concussion, all but two tested in the normal range on
the ImPACT and paper/pencil tasks by the date of their second
scanning session, or a few days later (see column 6 in Table 1).

Imaging

For the imaging analysis, in each group we computed for each
voxel the difference in beta values in response to the 2-back minus
1-back tasks (using the latter as baseline). We did not use 3-back for
this purpose because of its relatively low performance scores and
high variability in both groups. We identified all brain areas that

TABLE 2. MEAN AccURACY (HiTs MINUS FALSE ALARMS)
FOR CONTROLS AND SUBJECTS WITH CONCUSSION
DURING 1-BACK, 2-BACK, AND 3-BAcK TASKS

1-back 2-back 3-back

M (SD) M (SD) M (SD)
Controls 35.20 (2.88) 28.73 (4.61) 13.33 (5.12)
Concussed Session 1 36.07 (3.15) 26.53 (5.94) 12.40 (4.00)
Concussed Session 2 35.07 (3.43) 28.93 (7.58) 16.64 (7.08)
Concussed Session 3 35.21 (4.41) 28.36 (8.24) 16.36 (8.34)

SD, standard deviation.
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TABLE 3. MNI COORDINATES OF THE VOXEL WITH THE MINIMUM P VALUE FOR EACH SIGNIFICANT CLUSTER
(BETWEEN GROUP COMPARISON FOR THE 2 MINUS 1 N-BAack CONTRAST, ¢ <0.01, CORRECTED)*

Cluster size

MNI coordinates, min. p value
voxel count

ROI (1 voxel=3x3x3mm’) X y z
Controls vs. concussed session 1

Left inferior frontal gyrus, BA10 extending into BA 46 253 -36 57 0
Left cingulate gyrus BA31 212 0 -24 42
Left inferior parietal (supramarginal) gyrus BA40 166 -36 -66 51
Left medial frontal/cingulate gyrus BA6, BA9 140 0 24 51
Left middle frontal gyrus BAS 76 -33 18 57
Left thalamus 58 -3 -6 6
Right inferior parietal (angular) gyrus, BA39 55 39 -69 42
Right postcentral gyrus BA3 35 24 -39 66
Right superior frontal gyrus BA6 34 27 12 63
Right superior frontal gyrus BA11 33 27 60 -12
Right inferior frontal gyrus BA46 32 48 33 18
Controls vs. concussed session 2

Left inferior frontal gyrus BA10 extending into BA46/44 339 -39 51 15
Left inferior parietal (supramarginal) gyrus BA40 134 -42 -54 54
Right inferior frontal gyrus BA46 46 48 33 18
Left caudate 43 -12 6 12
Right caudate 42 15 15 6
Left medial frontal gyrus BA8 41 -3 24 42
Controls vs. concussed session 3

Left cingulate gyrus BA31 105 0 -24 42
Right inferior frontal gyrus, BA46 96 45 39 12
Right precentral BA4 87 33 -24 63
Left inferior frontal gyrus BA46 60 —48 33 12
Left parahippocampal (lentiform, putamen) 47 -18 -3 -18
Left precentral 33 -63 -21 24

*The corresponding cluster voxel count is also listed.
ROI, region of interest; MNI, Montreal Neurological Institute.

manifested significant between-group differences in each of the
three sessions for the 2-back minus 1-back contrast (3dClustSim
corrected 2<0.01). In every one of these areas, subjects with
concussion demonstrated significantly increased activity compared
with their age and sex matched controls.

Turning to activation contrasts in particular sessions, subjects
with concussion demonstrated significantly higher activation in 11
clusters in session 1, compared with only six clusters in session two
and session three (Table 3). Thus, when performing a working
memory task at a comparable level of performance to normal
controls, subjects with concussion significantly increased their
activation in a greater number of brain areas immediately after
injury as compared with 2 weeks and 2 months post-injury. The
areas showing group differences in activation for all three sessions
were limited to left and right prefrontal areas (BA46, extending into
BA10 in the left hemisphere). Restricting attention to just sessions
one and two, there were significant group differences in the left
inferior parietal (supramarginal) gyrus (BA40) as well (Fig. 2).
These findings suggest that subjects with concussion demonstrated
persistent significantly increased activation not only in the first
phase of recovery, but also at 2 weeks and 2 months post-injury.

To study individual differences, we proceeded as follows. We
computed the average percent signal change of the voxels in a given
subject’s brain that were mapped to the left BA46/BA10 cluster that
was revealed by the between-group contrast (thresholded at
2 <0.01, corrected). Figure 3 shows the trajectory of these averages
for each subject with concussion over the three sessions; the median
value of the corresponding averages for control subjects is shown as

well. The figure reveals the variability in recovery for subjects with
concussion along with a suggestion of overall nonlinearity (in-
creased hyperactivity from session one to two followed by decline).
Group differences, however, were swamped by the variability in
activation from session one to three; indeed, there was no main
effect of session number for any of the neural areas revealed by the
2-back minus 1-back contrast.

It is important to note that by 2 weeks from injury or shortly
thereafter, most athletes were symptom free and tested neu-
ropsychologically within normal range. Most subjects returned to
play between 9 and 31 days after injury, with the exception of four
subjects who did not return to play either because the season ended
too soon or because the subject decided not to resume the sport.

To test whether altered resting state activity might contribute to
the observed persistent increased activity in the concussed com-
pared with the normal control group, we assessed mean ALFF
values in bilateral DLPFC. The session-specific left BA46 mask
from the 2-1 between-group contrast served as the primary region
of interest for between-group comparisons. The mask was mirrored
for each session to create a BA46 mask for the right hemisphere.
The mean ALFF values were examined for both left and right BA46
masks for each session. Pooled ¢ tests were used to investigate
between-group differences of the left minus right BA46 as well as
between-group differences for each hemisphere separately, using
the mean ALFF measures for each session.

None of these ¢ tests produced significant results. That is, we
found no between-group differences in resting state in the com-
parison between left and right BA46; likewise, no differences in
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2 Weeks

2 Months

FIG. 2. Between group comparison (concussed—controls), for the 2 minus 1 n-back contrast, demonstrated persistent, significantly
increased (2<0.01, corrected) activity in bilateral, dorsolateral prefrontal areas throughout all three time points and in the left inferior
parietal area within 72 hours and at 2 weeks post-injury. Images are shown in radiological convention (right=subject’s left) for slice
coordinates: x=—48 mm, y=32mm, z=12mm. Color image is available online at www.liebertpub.com/neu
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FIG. 3. Individual trajectories (red) of the average percent signal change derived for each subject with concussion in each of the three

sessions for the cluster in left BA46 (mask derived from the 2 minus 1 contrast, «<0.01 for each session). The median of the concussed
(black) and controls (blue) are overlaid. Color image is available online at www.liebertpub.com/neu
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mean ALFF reached significance in tests within each hemisphere in
any session. These negative results suggest that altered resting state
activity does not drive the persistent BOLD signal differences
identified in the DLPFC between concussed and normal groups.
Rather, it appears that the increased BOLD signal identified in the
whole brain analysis for the 2-1 n-back contrast in the participants
with concussion can be attributed to a task-specific response to
working memory load.

Discussion

The present study examined brain activation, clinical symptoms,
and cognitive function based on NP testing in a sample of athletes
with concussion within 2 days of injury, then at 2 weeks and
2 months later. Previous fMRI experiments have typically inves-
tigated changes in brain activation at just one time point, either
during the first weeks after injury® or at a later stage of recov-
ery.>** Exceptions include a study®? in which athletes with con-
cussion who had previously participated in a baseline scan were
scanned again within 1 week after injury and another experiment™
in which athletes with concussion were scanned at 1 week after
injury and at full clinical recovery. To our knowledge, no previous
study has compared brain activation between normal and con-
cussed brains at three temporal landmarks after injury.

Compared with normal control subjects, in response to a verbal/
spatial working memory task (n-back), our subjects with concus-
sion manifested significantly higher activity in left and right
DLPFC (persisting up to 2 months) and in the left inferior parietal
area (persisting up to 2 weeks post-injury). In contrast, the subjects
with concussion performed the working memory task at a level of
performance that is comparable to that of normal controls. Subjects
with concussion also demonstrated abnormally high activation in
brain regions beyond DLPFC and the inferior parietal area. The
number of hyperactive brain regions was greater in the days after
injury than at 2 weeks and 2 months.

In scanning sessions one and two, the largest clusters of acti-
vation demonstrating significant between-group differences were
located in the left frontoparietal network, with hyperactivation
persisting bilaterally in the DLPFC through session three. The
hyperactive regions we observed in subjects with concussion are
typically activated in the normal population only for high load
conditions in the n-back task.’'-*

The hyperactivation in bilateral DLPFC and inferior parietal areas
is in close agreement with the results of previous working memory
fMRI studies in athletes with SRC.?**° It also corresponds to find-
ings involving subjects with mTBI who had a GCS score of 13-15.'
It should be mentioned, however, that significantly decreased BOLD
signal (hypoactivation) was reported in the DLPFC when athletes,
diagnosed with post-concussive syndrome, performed a working
memory task.>*?> These opposite findings are likely because of
methodological differences between the two studies. The studies dif-
fered in the choice of working memory tasks, timing of fMRI scan
(the average was 4-5 months after injury), and history of multiple
concussions.”**> Moreover, the subjects®* exhibited prolonged
symptoms for several months after injury, whereas in our sample, only
one subject was symptomatic beyond 2 months.

Beyond SRC, the majority of imaging studies on working
memory report differences in brain activation (increased activation
in prefrontal regions and elsewhere) when comparing healthy con-
trols with clinical populations with severe TBI or other neurological
disorders.”*™® In cases of mild brain dysfunction, where perfor-
mance on the working memory task may not differ between the

experimental and control groups, additional recruitment of neural
resources has usually been interpreted as neural compensation in the
face of cognitive deficits.>">*7® This hypothesis posits transient
alteration of brain function to support task performance without
permanent alteration of the underlying brain structure.

Neural compensation may be contrasted with the hypothesis of
brain reorganization, which assumes that additional DLPFC re-
cruitment reflects structural alteration and changes in functional
networks associated with working memory.*>*-%! Consistent with
neural reorganization, DTI studies provide preliminary evidence of
alteration in white matter fiber tracts in persons with SRC. These
studies involved athletes with prolonged symptoms'! among col-
lege varsity football players®® and male ice hockey players.'® The
latter study was prospective, assessing brain structure in players in a
pre- and post-season DTI scan.'”

Yet another interpretation has been articulated, termed latent
support hypothesis.%* According to this idea, the hyperactivation of
the prefrontal cortex observed in mTBI is representative of the
engagement of additional cognitive and attentional resources to
meet the task demands in a challenged neural system.®*® Neither
structural alteration nor bolstering cognitive functioning is posited.
Instead, the latent support hypothesis®® suggests that the hyper-
activation of the prefrontal cortex and (depending on the task de-
mands) in the inferior parietal areas®®>"3%% is from increased
cognitive and attention control similar to what is observed in load
manipulations with healthy controls.>'**¢7

Returning to the data presented here, the fact that no between-
group differences in BOLD signal were found in bilateral DLPFC
cortex during the resting state suggests that hyperactivation of the
DLPEC is task driven. In turn, this discourages the thesis of
structural brain reorganization, consistent instead with either neural
compensation or latent support. Obviously, the relative merits of
the foregoing hypotheses (specifically, the extent of structural brain
reorganization after concussion) can only be resolved through fu-
ture longitudinal studies based on both fMRI and DTI. Special
attention should be devoted to possible structural alterations in the
deep white matter.'%!1-6?

In the present study, the marked variability in the individual ath-
lete’s pattern of change in brain activation was unexpected, and its
cause remains unclear. Still, most subjects demonstrated a non-linear,
altered pattern of brain activation compared with their normal con-
trols with a trend toward increased hyperactivity in the DLPFC at two
weeks followed by a decline toward 2 months post-injury. In contrast,
with one exception, all athletes with concussion tested neu-
ropsychologically within normal range between 2-3 weeks after in-
jury. Ten subjects returned to play between 2-3 weeks, and one
subject returned to play at 1 month after injury. For three of the
remaining four subjects, the season ended before being allowed to
return to play. The remaining subject decided to discontinue her sport
because of prolonged symptoms. The persistence of brain hyper-
activation despite the fact that the athletes have returned to the normal
range in NP testing (and often resumed play) raises the concern that
athletes might be exposed to further concussive (and sub-concussive)
shocks before the brain is fully recovered.

The discrepancy between normal NP test results at 2 weeks and
hyperactivation in the DLPFC up to 2 months after injury might be
explained by lack of sensitivity of the NP testing battery (ImPACT,
paper pencil tests). Along with the resolution of symptoms and
normalization of balance deficits, NP testing, especially hybrid
testing protocols, are currently the best practices available for de-
termining when athletes have recovered from SRC. Of course, the
persistent hyperactivation in DLPFC until 2 months post-injury



raises the question of whether brain activation will ever normalize.
The clarification of this issue seems vital for deciding when it is
safe to return to play. In particular, correlations of NP test results
with associated brain measures should be investigated further. The
issue is especially pressing given recent results of neuropatholog-
ical studies, indicating that repetitive injury might result in neu-
rodegenerative changes later in life.®%® Given the millions of
amateur and professional athletes, as well as military personnel,
who are exposed to repetitive concussions, it seems imperative to
further elucidate when and if concussion-induced changes in brain
activation might remit.

Conclusion

The longitudinal nature of this study advances our understanding
of the neural correlates of SRC by demonstrating alteration of brain
activation subsequent to a return to normal scores on NP tests.
Future research should include longitudinal experimental designs
based on larger samples and scanning beyond 2 months post-injury.
Ideally, such research would involve a multimodal neuroimaging
approach and the use of biomarkers that can be correlated to brain
structure and function.
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