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Abstract

Sport-related concussion (SRC) has become a major health problem, affecting millions of athletes
each year. Despite the increasing occurrence and prevalence of SRC, its underlying mechanism
and recovery course have yet to be fully elucidated. The National Collegiate Athletic Association—
Department of Defense Grand Alliance: Concussion Assessment, Research and Education
(CARE) Consortium is a large-scale, multisite study of the natural history of concussion across
multiple sports. The Advanced Research Core (ARC) of CARE is focused on the advanced
biomarker assessment of a reduced subject cohort. This paper reports findings from two ARC sites
to evaluate cerebral blood flow (CBF) changes in acute SRC, as measured using advanced arterial
spin labeling (ASL) magnetic resonance imaging (MRI). We compared relative CBF maps
assessed in 24 concussed contact sport athletes obtained at 24-48 h after injury to those of a
control group of 24 matched contact sport players. Significantly less CBF was detected in several
brain regions in concussed athletes, while clinical assessments also indicated clinical symptom and
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performance impairments in SRC patients. Correlations were found between decreased CBF in
acute SRC and clinical assessments, including Balance Error Scoring System total score and
Immediate Post-Concussion Assessment and Cognitive Test memory composite and impulse
control composite scores, as well as days from injury to asymptomatic. Although using different
ASL MRI sequences, our preliminary results from two sites are consistent with previous reports
and suggest that advanced ASL MRI methods might be useful for detecting acute neurobiological
changes in acute SRC.
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Introduction

Sport-related concussion (SRC) is recognized as a major health problem, affecting millions
of people each year during athletic participation (Centers for Disease and Prevention 2007).
A concussion typically occurs following transmission of direct or indirect impulsive forces
to the head, which result in a rapid onset of short-lived neurological impairments, and
presents clinically with cognitive, physical, and behavioral signs and symptoms (Jordan
2013; McCrory et al. 2013). Despite the increasing occurrence and prevalence of SRC,
important clinical issues, such as the time course of neuro-physiological recovery and the
relationship between underlying neural recovery, return to play, and risk for developing
long-term impairments, have yet to be fully addressed (Manley and Maas 2013; McCrea et
al. 2003, 2010, 2013; McCrory et al. 2013; Slobounov et al. 2012; McCrea and Guskiewicz
2014).

The National Collegiate Athletic Association (NCAA)-Department of Defense (DoD)
Grand Alliance: Concussion Assessment, Research and Education (CARE) Consortium is a
large-scale, multisite study of the natural history of concussion in both sexes across multiple
sports (http://www.careconsortium.net/). As stated on the Care ultimately enhance the safety
and health of our student-athletes, service members, youth sports participants, and the
broader public.” The CARE project includes a Clinical Science Core (CSC) and an
Advanced Research Core (ARC). While the CSC is focused on expansive longitudinal
neuropsychological testing of subjects, the ARC is focused on advanced biomarker
assessment of a reduced subject cohort. Magnetic resonance imaging (MRI) is one of the
key components of the CARE ARC biomarker assessment project.

Cerebral blood flow (CBF) is closely coupled with brain functioning. Reduced CBF during
the acute and subacute phases of mild traumatic brain injury (mTBI) has been detected using
various imaging methods such as single-photon emission computed tomography (Audenaert
et al. 2003; Gowda et al. 2006) and perfusion computed tomography (Metting et al. 2014),
which have several disadvantages including financial cost, ionizing radiation, and limited
repetition of acquisitions. Arterial spin labeling (ASL) is an advanced MRI technique
capable of measuring CBF noninvasively by using magnetically labeled arterial blood water
as an endogenous contrast tracer, without radiation exposure, and is hence very suitable for
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longitudinal studies of CBF in healthy and diseased individuals, or as a surrogate marker of
brain function and metabolism (Detre et al. 2009; Wang et al. 2003a, 2011). As the first part
of currently still ongoing CARE ARC project, the aim of this work was to evaluate CBF
changes in acute SRC using ASL perfusion MRI.

This study was approved by the Medical College of Wisconsin (MCW) Institutional Review
Board (IRB). The participating ARC sites deferred to MCW via a reliance agreement, so the
MCW IRB is the central IRB of record. All subjects provided written informed consent
before participating. Participants were recruited from an ongoing prospective CARE ARC
study. A total 24 concussed athletes with useful ASL data are included in this report: 14
from one ARC study site (University of North Carolina at Chapel Hill; UNC) and 10 from
another study site (University of Wisconsin-Madison; UW). Additional noninjured contact
sport players (N = 24), referred to as the contact control (CC) group, were selected from the
same study sites to closely match injured athletes based on age, gender, sport, and estimated
premorbid level of intelligence. (See Wechsler Test of Adult Reading [WTAR] measure
listed below.) Table 1 summarizes the sample characteristics and degree of matching
between the groups used in these analyses.

Baseline and post-injury clinical assessments

All participants completed a 90-min, preseason baseline clinical assessment protocol. Post-
injury testing for concussed players occurred 24-48 h after injury. Follow-up assessments
for the CC group were performed as soon as possible after identification. Baseline clinical
assessments were individually proctored by paid research assistants and included a
demographics and health history interview, WTAR, Sport Concussion Assessment Tool-3
(SCAT3) symptom checklist (McCrory et al. 2013), Standardized Assessment of Concussion
(SAC) (McCrea et al. 1997), Balance Error Scoring System (BESS) (Riemann and
Guskiewicz 2000), Immediate Post-Concussion and Cognitive Testing (ImPACT)
computerized neurocognitive test (CNT) battery (Iverson et al. 2006), and other self-report
and computerized measures. ImPACT produces four clinical composite scores: Verbal
Memory (VERM), Visual Memory (VISM), Visual-Motor Speed (VMS), and Reaction
Time (RT), as well as supplementary Impulse Control (IMPC) and Cognitive Efficiency
(COGE) scores that can aid in interpreting performance data. Follow-up assessments were
similar to baseline assessments but were used to obtain injury/recovery (rather than health
history) information and did not repeat the WTAR.

Clinical data analysis

Sample demographics and patient history variables were compared between the SRC and
CC groups using chi-squared statistics (nominal variables) and independent samples t-tests
(continuous variables). Degrees of freedom for t-tests were corrected when Levene’s test
indicated heteroscedasticity between groups. In order to mirror neuroimaging analyses,
statistical analyses of the clinical assessment variables reported below emphasized SRC
versus CC group comparisons for the primary clinical assessment measures at the 24-48-h
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assessment. IMPACT composite scores were aggregated into Memory and Speed composite
scores (Schatz and Maerlender 2013). In particular, the four primary composite scores were
each z-scored using the sample’s baseline performance on each measure and then combined
into a Memory (mean of VERM and VISM composite z-scores) and Speed (mean of VMS
and reverse RT composite z-scores) composite at each time point. Preliminary analyses
revealed small practice effects (improvements) from baseline to 24-48 h in the CC group on
the BESS examination. Consequently, to report more accurate estimates of the acute effects
of SRC on clinical variables, analysis of covariance (ANCOVA) models were utilized to
compare the 24-48-h clinical assessment performance between groups (SRC, CC), using
baseline performance as a covariate. The overall significance status of the between-group
comparisons was unchanged when covarying for baseline performance. Statistical Package
for Social Sciences (SPSS, version 24.0) was used to assess differences in demographic and
clinical measures between groups. For continuous variables, ANCOVAs were employed
with correction for multiple comparisons, while ;(2 tests were used to examine group
differences in categorical variables. Partial eta-squared (np2 effect size was also estimated
using SPSS.

Imaging protocol

Data were collected at two ARC sites: UNC and UW. ASL data from UNC was acquired on
a Siemens 3 T Trio system (Erlangen, Germany) with a 32-channel head coil. The
commercially available two-dimensional pulsed ASL (2D PASL) was applied using
parameters Tl; = 700 ms (time between the inversion pulse and the beginning of periodic
saturation pulses), Tl1s = 1600 ms (time between the inversion pulse and the end of periodic
saturation pulses), and Tl, = 1800 ms (time between the inversion pulse and acquisition of
the proximal image), which were chosen so as to minimize intravascular signal intensity at 3
T (Donahue et al. 2006; Wang et al. 2002). Interleaved label and control images were
acquired using a gradient-echo single-shot echo-planar imaging readout, with acquisition
parameter repetition time/echo time (TR/TE) = 3204/13 ms, field of view (FOV) = 224 mm,
and matrix = 64 x 64. The imaging region consisted of 36 contiguous ascending axial slices
of 4.5 mm thickness. Each perfusion measurement consisted of 109 dynamics (54 control
and label image pairs) plus one Mg image (the equilibrium brain tissue magnetization used
to normalize the difference perfusion map) with a scan time of approximately 5 min. To
minimize the head motion artifact, Siemens online 3D Prospective Acquisition Correction
was applied during the ASL scan.

ASL data from UW were collected on General Electric Healthcare (GE) Discovery MR750
whole body 3 T MRI scanner (Waukesha, WI) with a Nova Medical, Inc., 32-channel head
coil (Wilmington, MA). The GE three-dimensional (3D) pseudo continuous ASL (3D-
pCASL) sequence was used with parameters TR/TE = 4632/10.5 ms, FOV = 240 mm,
matrix = 128 x 128, post-labeling duration (PLD) = 1525 ms, labeling duration = 1450 ms,
spiral readout of 8 arms and 512 samples, number of excitations = 3, slice thickness = 4 mm,
total = 36 slices. A background suppression pulse was applied to maximize the sensitivity to
blood perfusion (Alsop et al. 2015), scan time = 4:29 min.
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In addition, high-resolution anatomical images were collected for coregistration with the
functional images. These included a T1-weighted magnetization-prepared rapid acquisition
with gradient echo with the following parameters: TR/TE = 7.6/3.0 ms, FA = 8°, FOV = 256
mm, 1 mm isotropic resolution, and TI1 = 900 ms. A T2-weighted CUBE image was also
acquired with TR/TE = 2500/63.6 ms, FA = 90°, FOV = 256 mm, and 1 mm isotropic
resolution. To detect incidental findings including cerebral vascular abnormalities, a high-
resolution (isotropic voxel size of 1 mm3) T2-weighted image and 3D fluid attenuated
inversion recovery image was also acquired.

Image processing

Individual T1 anatomical and ASL image quality was checked for potential distortion and
artifact. In addition, individual T1, T2 and FLAIRE were screened by licensed
neuroradiologists for intracranial lesions or other potential incidental findings.

The T1 anatomical image was skull-stripped and transformed to Montreal Neurological
Institute (MNI) space using a nonlinear registration. In addition, individual gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF) probability maps were estimated
using the SPM12 segmentation function (http://www.fil.ion.ucl.ac.uk/spm/).

All ASL image processing was performed using previously published methods (Wang et al.
2011, 2012). All PASL images were first realigned to the MO image with the same spatial
resolution. The label images were then pairwise subtracted from the time-matched control
images to produce a perfusion weighted time series, and then quantitative CBF map in units
of m1/100 g/min for each PASL scan was generated using one compartment model (Wang et
al. 2003b). Similarly, a CBF map from the pCASL data was also generated online using the
one compartment model. All individual CBF maps were normalized to MNI space in
SPM12, resampled to 2 mm? voxels, and smoothed with a full width at half maximum
kernel of 6 x 6 x 6 mm. After that, a regression algorithm developed by Asllani et al. to
correct for partial volume effects in ASL data (Asllani et al. 2008, 2009). The algorithm is
based on a model that represents the voxel intensity as a weighted sum of pure tissue
contribution, where the weighting coefficients are the tissue’s fractional volume in the voxel
(Asllani et al. 2008). Using this algorithm, CBF for GM and WM were estimated
independently based on individual GM, WM, and CSF probability maps (Asllani et al. 2008,
2009). Since there is a known difference between GM and WM perfusion and our current
protocols are not optimized for the detection of WM CBF (Wu et al. 2013), this work
focuses on our GM CBF findings. Furthermore, relative CBF (rCBF) was calculated by
normalizing CBF with mean GM CBF in order to reduce data noise caused by intersubject
variations in global CBF (Aslan and Lu 2010).

Imaging statistical analysis

For voxelwise group comparison on individual CBF maps, the Analysis of Functional
Neurolmages (AFNI, http://www.afni.nimh.nih.gov) mixed-effects multilevel analysis tool
was applied to perform an ANCOVA that incorporates both the variability across subjects
and the precision estimate of each effect of interest from individual subject analyses (Chen
et al. 2012). Since two ARC sites included in this study have different ASL protocols, we
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have included the site as a covariate in all analyses. Although there is no significant
difference between groups with regard to the number of previous concussions, the number of
previous concussions was not distributed evenly across groups. Therefore, we have also
included the previous number of concussions as a covariate for potential confounds. We
have conducted the group analyses twice, with and without number of prior concussions as
an additional covariate. For all the CBF analyses described above, the height threshold was
set at p < 0.05 and the spatial extent threshold was set at cluster volume > 137 voxels, which
corresponds to p < 0.05 corrected for familywise error of multiple comparisons according to
Monte Carlo simulations (10,000 iterations) implemented in AFNI’s 3dClustSim (Chow et
al. 2013; Okonkwo et al. 2014; Cox et al. 2017). In additional analyses, results were also
evaluated using a more conservative threshold of corrected p < 0.01 as determined using
3dClustim by setting the height threshold at p < 0.01 with the minimal cluster size of 67
voxels.

Participant characteristics

This study analyzed a total of 24 SRC patients and 24 CC subjects. Concussed and control
groups did not differ significantly with respect to age, sex, body mass index (BMI), or
WTAR standard score (Table 1). The study included athletes of four types of contact sports,
including football, ice hockey, lacrosse, and soccer. SRC and CC groups matched very well
on contact sport type. Although there was no difference between the two groups with regard
to overall concussion history (dichotomized), two SRC patients had three previous
concussions and three SRC patients had two previous concussions, while only one CC
subject had two previous concussion and no CC subject had three previous concussions.
Therefore, the number of prior concussions was tested as a potential confounding covariate
in group analyses, as stated above.

In the concussed group, no patient reported any loss of consciousness associated with injury,
three (5.6%) reported post-traumatic amnesia, and five (10.4%) reported retrograde amnesia.

Clinical measures

Baseline assessments—Both SRC and CC subjects were equivalent in ratings on the
SCAT3 symptom checklist and performance on the SAC and BESS at baseline (Table 2).
IMPACT data were collected at only one site (UW) and showed no difference between SRC
and CC groups at baseline. Within 24-48 h post-injury, concussed patients produced
significantly higher SCAT3 symptom ratings (p < 0.001, n, 2=0.321), higher (more
impaired) BESS total scores (p < 0.026, np 2.=0.115), and significantly lower INPACT
memory scores (p < 0.006, np 2 p = 0.388) in comparison with CC subjects, as evaluated
using the ANCOVA maodels after controlling for baseline performance (Table 3).

CBF differences

Within 24-48 h post-injury, voxelwise analysis showed significantly lower CBF in the
concussion group relative to the control group (p < 0.05 corrected), predominantly in regions
including the left inferior parietal lobule (IPL), right supramarginal syrus (SMG), right
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middle frontal gyrus (MFG), posterior cingulate cortex, left occipital gyrus, and thalamus
(Fig. 1a and Table 4). We also evaluated the results by applying a more conservative
threshold of corrected p < 0.01. Although the spatial size of significant clusters was
attenuated, the less CBF of the SRC group compared to that the CC group in the original
analysis remained significant in regions including the right IPL, right MFG, and thalamus
(Fig. 1b).

An additional region-of-interest (ROI) analysis was performed using significant clusters as
ROIs, where a voxel-base analysis showed group difference. The ROIl-averaged rCBF was
compared between groups for the two sites combined and for each site separately (Fig. 2).
An ROI analysis from the two sites’ combined data (using the site variable as a covariate)
suggested a significant CBF decreased in acute SRC relative to CC subjects (p < 1075, effect
size: 0.461). An ROI analysis of each site separately demonstrated similar group differences,
while the UNC site data showed a larger effect size (0.680, p < 10~7) and the UW site
showed a relatively smaller effect size (0.262, p = 0.018) (Fig. 2). Moreover, negative
correlations were found between the BESS total score at 24-48 h after injury and decreased
rCBF (SRC group) in the left occipital gyrus (r=-0.433, p=0.039), and between symptom
duration (in days) of SRC participants and rCBF on two ROIs: right IPL (r=-0.470, p=
0.024) and right SMG (r=-0.444, p=0.034). At the one site that performed IMPACT (n=
10 with SRC), a positive correlation was found between the IMPACT memory composite
score and the rCBF of the right MFG (r=0.671, p = 0.034), and negative correlations were
found between the IMPACT impulse control composite score and the rCBF of the right SMG
(r=-0.709, p=0.022) and right MFG (r=-0.757, p=0.011) in SRC at 24-48 h post-injury

(Fig. 3).

Furthermore, neither voxelwise nor ROI analysis found any significant difference in CBF
between UNC CC and UW CC groups. Since our sample is relatively small per group at
each site, we have conducted further analysis using SPSS for outlier detection, in order to
rule out the possibility that group difference shown above was unduly influenced by
individual subject with extreme CBF value. Both Stem-and-Leaf Plot and Q-Q Plots didn’t
find any subject with extreme value.

In an additional analysis, we repeated the above voxelwise CBF group comparisons with and
without the number of prior concussions as the covariate but found that the number of prior
concussions had no significant effect on the final CBF results in this sample.

Discussion

This study included two sites using different ASL sequences on different MRI platforms. As
recently reported by our MRI core team (Nencka et al. 2017), two “human phantom”
subjects were imaged multiple times at each of the four CARE ARC imaging sites, which
utilize equipment from two imaging vendors. Additionally, a control cohort of healthy
athletes participating in non-contact sports were enrolled in the study at each CARE ARC
site and imaged at four time points. Multiple morphological image contrasts were acquired
in each MRI exam; along with quantitative diffusion, functional, perfusion, and relaxometry
imaging metrics. Notably, between-subject variance was generally found to be greater than
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within-subject and between-site variance. These results lend support to the expectation that
cross-site and cross-vendor advanced quantitative MRI metrics can be utilized to improve
analytic power in assessing sensitive neurological variations; such as those effects
hypothesized to occur in sports-related-concussion (Nencka et al. 2017). Importantly, we
didn’t find significant difference in CBF on control subjects between two sites of this study.

In this study, concussed contact sport players demonstrated abnormally reduced CBF within
24-48 h after sustaining SRC in comparison with controls. Findings were evident in both
voxelwise and ROI analyses. Although the pathogenesis of concussion has yet to be fully
elucidated, it is becoming increasingly clear that cerebrovascular alterations play a
significant role in the evolution of injury sequelae as well as in the process of post-traumatic
brain repair (Dijkhuizen 2011; Len and Neary 2011; Pop and Badaut 2011; Tan et al. 2014;
Gardner et al. 2015; Giza and Hovda 2014). Reduced CBF signifies one of the most lasting
markers of concussion in animal models of TBI (Pasco et al. 2007; McGoron et al. 2008;
Giza and Hovda 2014), while it was shown that CBF decreased immediately after injury in
an animal model (Ginsberg et al. 1997; Muir et al. 1992) and that decreased regional CBF
persisted after injury (Yamakami and Mclntosh 1989).

There are several possible pathophysiologic mechanisms of decreased CBF after mTBI (Len
and Neary 2011; Pop and Badaut 2011; Giza and Hovda 2014). Following TBI, a primary
injury at the moment of impact damages brain tissue by disrupting blood vessels; this event
facilitates secondary injury cascades affecting the neurovascular unit (NVVU) physiology
(Pop and Badaut 2011). The NV U is a physiological entity that is structurally defined by
interactions occurring between endothelial cells, pericytes, smooth muscle cells, astrocytes,
and neurons (ladecola and Nedergaard 2007; Pop and Badaut 2011). The post-traumatic
changes in the NVVU are mostly observed during the first week after injury, although the
evolution of these changes in the NVU over a long period of time is still unknown (Pop and
Badaut 2011). Moreover, cerebral autoregulation, the intrinsic ability of the brain to
maintain a constant CBF in response to variations in systemic blood pressure, has been
found to be lost or impaired following mTBI for up to 14 days (Junger et al. 1997; Strebel et
al. 1997; Rangel-Castilla et al. 2008; Len and Neary 2011). In addition, research has
illustrated that the autonomic and cardiovascular systems become uncoupled following acute
brain injury (Goldstein et al. 1998), and it has been suggested that deficits in
neuroautonomic control after brain injury are correlated with abnormal cerebrovascular
responses (Zhang et al. 2002). CBF changes after TBI may also be related to changes in the
basic properties of the cerebral vasculature, and decreased CBF soon after injury is a
common signature of TBI (Pop and Badaut 2011).

Our findings of decreased CBF in acute SRC are in line with our most recent report from
another study showing significantly lower CBF in acute and subacute SRC in a sample of
high school and Division 11 college football players (Wang et al. 2016). Our results are also
consistent with other MRI perfusion studies of mTBI (Wang et al. 2015; Liu et al. 2013;
Meier et al. 2015), although the exact regions showing decreased CBF in mTBI varied
across reports, which might be due to different sample characteristics and/or the use of
different methodology in assessments. The most reliable patterns of parenchymal changes
after TBI have been observed in the frontal, temporal, and cingulate regions, whereas effects
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were observed to varying degrees in nearly every brain region (Levine et al. 2008). More
importantly, our results showed a significant association between decreased CBF in acute
SRC and clinical assessments, including the BESS total score, IMPACT memory composite
and impulse control composite scores, and symptom duration. It should be noted that SRC
represents the mildest end of the continuum of TBI. Our finding of a CBF deficit in the
context of mild concussion might be a call for an additional study of more severe mTBI to
look for a CBF dose response based on injury severity (Wang et al. 2016).

Due to the availability of product ASL sequences on different MR scanner platforms, the
two study sites applied different ASL protocols. While the 3D pCASL technique with a
higher signal-to-noise ratio and efficiency has been recommended (Chen et al. 2011,
Vidorreta et al. 2013; Wu et al. 2007; Alsop et al. 2015), only very limited research to date
has applied this advanced MRI technique in concussion research (Meier et al. 2015; Barlow
et al. 2017; Wang et al. 2016). In contrast, the 2D PASL is still widely available and has
demonstrated good test-retest reliability (Wang et al. 2011). One advantage of 2D PASL is
that the single-shot acquisition is immune to inconsistency between excitations due to
motion that can affect multishot methods such as 3D pCASL (Alsop et al. 2015). To control
for the disparity of ASL imaging protocols between sites, we have applied several
approaches including estimation of rCBF and partial volume correction. Notably, both study
sites have shown similar patterns despite using different ASL sequences. Even though the
UM site sample showed smaller SRC versus CC differences, robust correlations were
observed between reduced rCBF and ImPACT memory composite and impulse control
composite scores, supporting the validity of this rCBF measure.

Relevant limitations of this study require acknowledgment. A modest sample size is the
primary limitation of this preliminary investigation. Also, due to a limited number of female
participants, we were unable to examine gender differences. Although the ARC project is
ongoing, it would be very important to follow up with existing subjects to link evolution of
ASL metrics to recovery following SRC, in order to detect a complete
neuropathophysiological recovery course after SRC. In this study, we recruited athletes from
four different contact sports. Because the different types of contact sport, sport-specific
characteristics (e.g., helmet use) may have different effects on brain structure and function
after injury (Harmon et al. 2013), further research is warranted to evaluate such effects on
SRC. A multimodal approach to combine ASL with other imaging methods such as
functional and diffusion MRI would be very useful to characterize the physiological effects
of concussion. Future studies may demonstrate that such advanced imaging modalities could
potentially direct rehabilitation after concussion and possibly aid in determining when it is
safe for an athlete to return to play, although there is no evidence at the present time to
support such conclusions (Dashnaw et al. 2012).
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Fig. 1.
Regions (in blue) show significantly less CBF in the SRC group at 24-48 h after injury,

relative to the CC group. No region shows significantly more CBF in the SRC group
compared to the CC group. a Images reflect familywise error correction at p< 0.05. The
color bar indicates the t score; b Images reflect familywise error correction at p< 0.01. The
color bar indicates the t score
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Fig. 2.
Individual relative CBF value of each group at each site. Note: UNC-CC = Controls from the

UNC site; UNC_SRC = SRC sample from the UNC site; UW_CC = Controls from the UW
site; UW _SRC = SRC sample from the UW site (*******p < 1077, * p < 0.01, corrected)
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Fig. 3.

Correlation maps showing (a) negative correlation between BESS total score at 24-48 h
after injury and decreased rCBF in left occipital gyrus; b negative correlation between “days
from injury to asymptomatic” of SRC and rCBF on right IPL; ¢ negative correlation between
“days from injury to asymptomatic” of SRC and rCBF on right SMG; d positive correlation
between IMPACT memory composite score and rCBF of right MFG; e negative correlations
between IMPACT impulse control composite score and rCBF of right SMG; Fnegative
correlations between IMPACT impulse control composite score and rCBF of right MFG in
SRC at 24-48 h post-injury. (Note: IPL = inferior parietal lobule; SMG = supramarginal

gyrus;, MFG = middle frontal gyrus)
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Table 1
Sample characteristics and group matching
SRC cc p
(N =24) (N=24)

N (%) or M (SD)

N (%) or M (SD)

Demographics

Age

Male

BMI

Prior concussions

WTAR standard score
Sport

Football (male)

Ice hockey

Lacrosse

Soccer

18.96 (1.20)
19 (79.2%)
27.26 (4.87)

9 (37.5%)
110.92 (12.27)

12 (50.0%)
3 (12.5%)
3 (12.5%)
6 (25.0%)

19.33 (1.52)
19 (79.2%)
27.24 (3.77)
11 (45.8%)
111.09 (10.30)

11 (45.8%)
4 (16.7%)
3 (12.5%)
6 (25.0%)

0.348
1.000
0.988
0.558
0.959
0.980

Page 17

SRC sport-related concussion, CC contact control, BM/ body mass index, WTAR Wechsler Test of Adult Reading (estimate of premorbid verbal

intellectual ability)
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ANCOVA analyses comparing SRC and CC groups on 24-48-h clinical assessment variables (controlling for

baseline performance)

F df p 2
SCAT3 symptom severity 19.88 (1,42) <0.001 0.321
SAC total 111 (1,42) 0.299 0.026
BESS total 5.35 (1,41) 0.026 0.115
IMPACT memory composite  10.15 (1,16) 0.006 0.388
IMPACT speed composite 0.46  (1,16) 0.506 0.028

ANCOVA analysis of covariance, SRC sport-related concussion group, CC contact control group, 772 ppartial eta squared effect size estimates,
SCAT3 Sport Concussion Assessment Tool-3, SAC Standardized Assessment of Concussion, BESS Balance Error Scoring System, /mPACT

Immediate Post-Concussion Assessment and Cognitive Test
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Clusters showing decreased CBF in concussed subjects at 24-48 h post-injury compared to control subjects (p
< 0.05 at cluster size >137 voxels)

Location Size Center Peak
(Voxels) X \% z X Y z

R. IPL 1495 32.8 -75.6 382 46 -76 30
R. SMG 691 52.9 -44.7 39 50 -38 46
R. MFG 506 42.3 49.2 -05 40 52 12
PCC 175 -15 -51.1 378 -2 -48 38
L. Occipital Gyrus 161 -341 -875 178 -38 -86 22
Thalamus 138 1 -125 57 4 -12 6

CBF cerebral blood flow, Rright, L left, /PL inferior parietal lobule, SMG supramarginal gyrus, MFG middle frontal gyrus, PCC posterior

cingulate cortex
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