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Resting-State fMRI Metrics in Acute Sport-Related
Concussion and Their Association with Clinical Recovery:

A Study from the NCAA-DOD CARE Consortium

Timothy B. Meier,1–3 Monica Giraldo-Chica,1 Lezlie Y. España,1 Andrew R. Mayer,4 Jaroslaw Harezlak,5

Andrew S. Nencka,6 Yang Wang,6 Kevin M. Koch,6 Yu-Chien Wu,7 Andrew J. Saykin,7 Christopher C. Giza,8

Joshua Goldman,9,10 John P. DiFiori,11 Kevin M. Guskiewicz,12 Jason P. Mihalik,12 Alison Brooks,13

Steven P. Broglio,14 Thomas McAllister,15 and Michael A. McCrea1

Abstract

There has been a recent call for longitudinal cohort studies to track the physiological recovery of sport-related concussion

(SRC) and its relationship with clinical recovery. Resting-state functional magnetic resonance imaging (rs-fMRI) has

shown potential for detecting subtle changes in brain function after SRC. We investigated the effects of SRC on rs-fMRI

metrics assessing local connectivity (regional homogeneity; REHO), global connectivity (average nodal strength), and the

relative amplitude of slow oscillations of rs-fMRI (fractional amplitude of low-frequency fluctuations; fALFF).

Athletes diagnosed with SRC (n = 92) completed visits with neuroimaging at 24–48 h post-injury (24 h), after clearance to

begin the return-to-play (RTP) progression (asymptomatic), and 7 days following unrestricted RTP (post-RTP). Non-

injured athletes (n = 82) completed visits yoked to the schedule of matched injured athletes and served as controls.

Concussed athletes had elevated symptoms, worse neurocognitive performance, greater balance deficits, and elevated

psychological symptoms at the 24-h visit relative to controls.These deficits were largely recovered by the asymptomatic

visit. Concussed athletes still reported elevated psychological symptoms at the asymptomatic visit relative to controls.

Concussed athletes also had elevated REHO in the right middle and superior frontal gyri at the 24-h visit that returned to

normal levels by the asymptomatic visit. Additionally, REHO in these regions at 24 h predicted psychological symptoms

at the asymptomatic visit in concussed athletes. Current results suggest that SRC is associated with an acute alteration in

local connectivity that follows a similar time course as clinical recovery. Our results do not indicate strong evidence that

concussion-related alterations in rs-fMRI persist beyond clinical recovery.

Keywords: functional connectivity; magnetic resonance imaging; mild traumatic brain injury; resting state; sport-related

concussion

Introduction

Sport-related concussion (SRC) is a major public health

concern that is estimated to affect millions of individuals every

year.1 Currently, decisions regarding diagnosis and recovery after

SRC are based on clinical judgment largely informed by athlete

self-report of symptoms as well as cognitive and additional as-

sessments.2 The underlying pathophysiological recovery trajectory

remains largely unknown. Results from pre-clinical research sug-

gest there is a window of vulnerability following concussion that is
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associated with increased risk for an additional concussion with

worse behavioral and physiological consequences.3,4 This has

raised the concern that clearing athletes to return-to-play (RTP)

before complete physiological recovery may put them at risk for a

subsequent, more severe injury. Thus, there is a need to identify

reliable biomarkers of SRC that have both diagnostic and prog-

nostic value in determining an athlete’s true level of recovery and

readiness to RTP after injury.

A recent systematic review of biomarker studies of SRC reported

several physiological measures with post-injury abnormalities that

appear to extend beyond the time frame of clinical recovery.5 Several

of these studies focused on metrics derived from low-frequency

fluctuations of the blood oxygen-level dependent (BOLD) signal

collected at rest (i.e., resting-state functional magnetic resonance

imaging; rs-fMRI) due to its ability to detect subtle differences in

brain function.6,7 For example, multiple prior studies have reported

differences in resting-state metrics in asymptomatic athletes at post-

injury time-points ranging from initial clearance to RTP up to

multiple months post-concussion.8–12 As highlighted by recent sys-

tematic reviews, however, much of the work in SRC to date has

included small sample sizes, been predominately cross-sectional in

design, and/or focused primarily on male athletes.5,7

The National Collegiate Athletic Association (NCAA) – De-

partment of Defense (DoD) Grand Alliance: Concussion Assess-

ment, Research and Education (CARE) Consortium is a large-

scale, multi-site study of the natural history of concussion.13 Ad-

vanced MRI data, including rs-fMRI, are collected from a subset of

collegiate athletes at multiple visits in concussed athletes including

24 to 48 h post-injury (24-h), time of symptom resolution when

cleared to start the RTP progression (asymptomatic), 7 days after

their RTP (post-RTP), and 6 months post-injury. Matched controls

are studied at similar intervals allowing examination of the extent

to which any physiological abnormalities following SRC persist

beyond clinical recovery.

In the current study, we investigated the effects of SRC in col-

legiate athletes on multiple complementary resting-state metrics

previously shown to be sensitive to SRC or mild traumatic brain

injury (mTBI) in other cohorts. Specifically, we focused on fMRI

metrics that do not require the selection of specific regions or

networks of interest for analysis: regional homogeneity (REHO), a

measure of local connectivity between a voxel and its adjacent

voxels12,14,15; fractional amplitude of low-frequency fluctuations

(fALFF), an estimate of the relative amplitude of slow oscillations

of the BOLD signal typically associated with rs-fMRI16,17; and

average nodal strength of connectivity, a measure capturing the

global connectivity strength of the brain.18,19 Importantly, these rs-

fMRI metrics have been shown to have fair to excellent test-retest

reliability in gray matter within participants across multiple im-

aging sessions.20–23 In addition to traditional group analyses, we

conducted analyses of subject-specific abnormalities to account for

potentially heterogeneous injury locations.24–26 We tested the hy-

pothesis that concussion would result in REHO, fALFF, and global

nodal strength abnormalities that persist beyond the time frame of

clinical recovery (i.e., abnormalities evident at asymptomatic and

post-RTP visits).

Methods

Participants

This study was approved by the Medical College of Wisconsin
Institutional Review Board and the Human Research Protection
Office (HRPO). All participants provided written informed con-

sent. The study design and methods of the NCAA-DoD CARE
Consortium have been described elsewhere.13

The current report focuses on athletes that completed a 10-min
resting-state scan (i.e., without presentation of visual or auditory
stimuli) collected on a 32-channel head coil at three of the four
CARE sites (University of North Carolina at Chapel Hill, UNC;
University of Wisconsin-Madison, UW; University of California
Los Angeles, UCLA) participating in the Advanced Research Core
(ARC). For data consistency, data from the fourth site (Virginia
Tech) are not included in this report because they were not col-
lected on a 32-channel head coil. Contact sport athletes were en-
rolled at pre-season. Athletes who sustained a concussion
completed multiple follow-up visits that included multi-modal
neuroimaging data collection: 24–48 h post-injury (24-h), follow-
ing clearance to begin the RTP progression (asymptomatic), 7 days
following unrestricted RTP (post-RTP), and 6 months post-injury.
Concussions were diagnosed by research and medical staff of each
participating institution based on the following definition: ‘‘A
change in brain function following a force to the head, which may
be accompanied by temporary loss of consciousness, but is iden-
tified in awake individuals with measures of neurologic and cog-
nitive dysfunction.’’27

Non-injured contact sport athletes participated in multiple visits
yoked to the schedule of demographically matched injured athletes.
A matching algorithm was used to match control athletes to con-
cussed athletes based on variables of institution, sport, gender,
race/ethnicity, estimate of pre-morbid verbal intellectual func-
tioning, concussion history, years of participation, status as a
starter, and head impact exposure estimate or data if available. The
current study focuses on the acute and sub-acute effects of con-
cussion; thus, only data from the 24-h, asymptomatic, and post-
RTP time-points are presented. A total of 93 concussed athletes and
82 control athletes met the criteria for this study. One injured
athlete was determined to have acute, injury-related pathology
based on a non-diagnostic clinical read of structural MRI scans and
was excluded to limit analyses to typical SRC (i.e., without acute
injury-related MR findings),28 resulting in a final total of 92 con-
cussed athletes. Data sets from athletes participating in the protocol
for multiple injuries (n = 10) or as a control and then subsequently
as an injured athlete (n = 7) are treated as independent data sets.
Sensitivity analyses showed that findings from analyses with these
excluded subjects were identical to those in the complete data set
(see Supplementary Appendix S1 and Supplementary Tables S1
and S2). The final number of participants at each visit is reported in
Table 1.

Clinical battery

Detailed demographic and health history information were col-
lected at baseline along with an extensive clinical battery. The
Wechsler Test of Adult Reading (WTAR) was used as an estimate
of pre-morbid intelligence.29 The clinical battery for this report
focuses on measures of symptom severity (Sport Concussion As-
sessment Tool – 3rd Edition symptom checklist; SCAT),30 psy-
chological symptoms (Brief Symptom Inventory-18 Global
Severity Index, BSI-GSI),31 postural stability (Balance Error
Scoring System; BESS),32 and cognition (Standardized Assess-
ment of Concussion; SAC).33 The WTAR was performed at the
baseline visit only; all other measures were repeated at all visits.

Imaging parameters and processing

MRI data were acquired with 32-channel head coils on either
Siemens MAGNETOM Prisma (UCLA or UNC), Siemens MAG-
NETOM Trio (UCLA or UNC), or General Electric (GE) MR750
3T (UW) scanners. A gradient-echo echo-planar image (EPI) se-
quence was used to collect approximately 10-min resting-state
scans on each system, during which athletes were instructed to keep
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their eyes open. The GE MR750 EPI had the following parameters:
repetition time [TR]/echo time [TE] = 2000/33 msec, flip angle = 90
degrees, field of view [FOV] = 256 mm, matrix = 64 · 64, slice thick-
ness = 4 mm, 36 axial slices. EPI collected on the Siemens Trio had the
following parameters: TR/TE = 2250/27 msec, flip angle = 90 degrees,
FOV = 245 mm, matrix = 70 · 70, slice thickness = 3.5 mm, 45 axial
slices. EPI collected on the Siemens Prisma scanner had the following
parameters: TR/TE = 2300/27 msec, flip angle = 90 degrees, FOV =
245 mm, matrix = 70 · 70, slice thickness = 3.5 mm, 45 axial slices.
Scanner and EPI parameters were constant for each individual par-
ticipant across visits. High-resolution T1-weighted images (1 mm · 1
mm · 1 mm) were collected during each scan for anatomical reference
(see Supplementary Appendix S1).

Image processing was performed using Analysis of Functional
NeuroImages (AFNI) programs unless otherwise indicated.34

Anatomical images were skull stripped using segmentations gen-
erated from SPM12 and subsequently registered to the MNI-152
template using affine registration with correlation cost ratio func-
tion and trilinear interpolation followed by non-linear warp using
FSL.35 Initial EPI volumes were removed to allow for stabilization
of longitudinal magnetization. Signal spike artifacts were removed
from time series data sets by interpolation of data from neighboring
time-points. Following slice time correction, head motion correc-
tion was performed by registering each volume to the first volume
using cubic polynomial interpolation. A 6 degrees-of-freedom
registration of the first EPI volume to the native-space anatomical

Table 1. Sample Characteristics

Demographics Control athletes Concussed athletes Statistic

Total no. 82 92
Sex (% male) 81.71 84.78 X2(1) = 0.30, p = 0.59
Race X2(3) = 1.67, p = 0.64
Black or African-American (%) 25.61 29.35
White (%) 64.63 58.70
Other (%) 4.88 8.70
Unknown/NR (%) 4.88 3.26
Age at baseline 19.18 (1.16) 19.20 (0.90) t(172) = -0.11, p = 0.91
Years education 12.59 (1.02) 12.49 (0.79) t(166) = 0.70, p = 0.48
Body mass index 26.46 (3.97) 27.53 (5.08) t(171) = -1.53, p = 0.13
WTAR standard score 108.54 (13.07) 108.03 (12.56) t(170) = 0.26, p = 0.80
Years participation 10.71 (3.15) 10.34 (3.14) t(167) = 0.78, p = 0.44
Median no. previous concussion

(interquartile range)
0 [0-1] 1.0 [0-1] U = 4652.5, p = 0.002

Sport X2(3) = 0.72, p = 0.87
Football 64.63 65.22
Ice hockey 3.66 5.43
Lacrosse 6.10 7.61
Soccer 25.61 21.74
Scanner and site combination X2(3) = 1.12, p = 0.77
% UW GE MR750 31.71 31.52
% UNC Siemens Trio 15.85 17.39
% UNC Siemens Prisma 25.61 30.43
% UCLA Siemens Prisma 26.83 20.65

Health history Control athletes Concussed athletes Statistic

ADHD+ (%) 9.76 18.48 X2(1) = 2.68, p = 0.10
Migraines+ (%) 7.32 7.61 X2(1) = 0.01, p = 0.94
Psychiatric disorder + (%) 2.44 5.43 X2(1) = 1.01, p = 0.32
Vision or hearing problem+ (%) 2.44 3.26 X2(1) = 0.10, p = 0.75
Memory disorder+ (%) 1.22 2.17 X2(1) = 0.23, p = 0.63
Learning disorder+ (%) 1.22 1.09 X2(1) = 0.01, p = 0.94
Meningitis+ (%) 2.44 0 X2(1) = 2.27, p = 0.13
Sleep disorder+ (%) 0 2.17 X2(1) = 1.80, p = 0.18
Prior moderate-severe TBI+ (%) 0 1.09 X2(1) = 0.90, p = 0.34
Seizure disorder+ (%) 0 1.09 X2(1) = 0.90, p = 0.34
Diabetes+ (%) 0 1.09 X2(1) = 0.90, p = 0.34

MRI visit information 24-h/Asymp./Post-RTP 24-h/Asymp./Post-RTP Statistic

Available rs-fMRI 75/79/75 73/72/53 NA
Usable rs-fMRI 70/71/65 70/69/50 NA

Significant differences at p < 0.05 are underlined and italicized.
24-h, 24–48 h visit; ADHD, attention deficit hyperactivity disorder; Asymp., asymptomatic visit; no., number; GE, General Electric; NA, not

applicable; NR, not reported; Post-RTP, post-return-to-play visit; rs-fMRI, resting-state functional magnetic resonance imaging; TBI, traumatic brain
injury; UCLA, University of California Los Angeles; UNC, University of North Carolina; UW, University of Wisconsin; WTAR, Wechsler Test of Adult
Reading.
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scan was calculated using FSL FLIRT with the boundary-based
registration cost-function.35,36 This transformation was concate-
nated with the anatomical-to-MNI-152 matrix, and the resulting
matrix was applied with a non-linear warp to spatially normalize
the motion corrected data to standard space with 2 mm isotropic
resolution.

The six motion parameters and their derivatives, the zero
through third-order polynomial trends, and the average cerebro-
spinal fluid (CSF) and white matter signals were regressed from the
spatially normalized data as signals of no-interest. Average white
matter and CSF signals were obtained from masks derived from
MNI-152 tissue priors provided by FSL. Volumes for which the
Euclidian norm of the motion parameters was greater than 0.30
were censored along with the preceding volume and replaced using
interpolation on a subject-by-subject basis. The AFNI program
3dRSFC was used to bandpass filter (0.01 to 0.10 Hz) and to cal-
culate fALFF.16,37 REHO was calculated across a neighborhood of
27 voxels in resampled space using the bandpass filtered output of
3dRSFC.14,37 The calculations of fALFF and REHO were limited
to gray matter using a masked derived from the gray matter tissue
prior in template space provided by FSL. fALFF and REHO maps
were then spatially smoothed within the gray matter mask with
varying smoothing kernels (approximately 3.5 to 6 mm full-width
at half-maximum kernels; FWHM) until the smoothness of the
residual data set reached 10 mm FWHM to account for intrinsic
smoothness differences due to vendor and sequence, consistent
with recommendations from the Function Biomedical Informatics
Research Network (FBIRN).38,39 The smoothed fALFF and REHO
maps were converted to z-scores by subtracting the mean global
metric and dividing by the standard deviation of the mean at each
voxel.

Average nodal strength was calculated from the unsmoothed
bandpass filtered data in regions of interest (ROIs) identified from
the whole-brain Craddock r 2-level 200 region parcellation using a
combination of 3dNetCorr and the BRain Analysis using the graPH
theory Matlab program (BRAPH) as previously described.19,40,41

Briefly, average strength was calculated as the sum of all positive
Pearson correlations to each individual ROI (i.e., node) averaged
across all ROIs in the matrix.

In addition, subject-specific abnormalities in fALFF and REHO
were quantified using previously described methods.24–26 Voxel-
wise data from SRC athletes at all visits and controls at the first visit
were transformed to z-scores with the mean and standard deviation
of the control group at visit 1 serving as the reference group.
Z-scores were distribution-corrected based on the number of par-
ticipants in the reference group to control for known bias. A leave-
one-out approach was used to z-score controls at the asymptomatic
and post-RTP visits relative to their first visit. The number and
volume of clusters with abnormally increased or decreased fALFF
or REHO were calculated. Abnormal clusters were defined as
clusters with a minimum size of 500 lL with z < 2 (negative) or
z > 2 (positive) following distribution correction.

All data were visually inspected for artifacts at multiple pro-
cessing stages. Scans in which the Euclidean norm of motion pa-
rameter was greater than 0.2 or more than 30% of time-points were
censored and excluded from analyses to minimize effects of motion
on group analyses.

Statistical analysis

Statistical analysis was performed using IBM SPSS version 24
(Armonk, NY) unless otherwise indicated. Independent samples
t tests, Mann-Whitney U tests, and chi-square tests were used to
compare demographic variables between groups. Generalized lin-
ear mixed models were used to assess differences in variables (e.g.,
clinical, motion parameters, non-voxel-wise imaging metrics) with
the fixed factor of group (SRC vs. controls), visit modeled as a
repeated factor across participants (i.e., 24-h, asymptomatic, post-

RTP), and the group by visit interaction. Continuous data were
modeled with normal distributions; count data were modeled with
Poisson or negative binomial distributions as appropriate. Degrees
of freedom were estimated using the Satterthwaite approximation
and robust covariance estimation was used. The primary analyses
of the current work focused on the effects of group and potential
group by visit interactions; main effects of visit are not reported and
will be the focus of subsequent work. Because concussed athletes
reported significantly more prior concussions than controls (see
Results), the number of prior concussions was included as a cov-
ariate in analyses of clinical and rs-fMRI metrics of interest. For all
analyses of rs-fMRI metrics a single variable was created and used
as a factor of no-interest to account for potential site, scanner, and
sequence differences (i.e., UW/GE-MR750/TR = 2, UNC/Trio/TR =
2.25, UNC/Prisma/TR = 2.3, UCLA/Prisma/TR = 2.3; Table 1). Post
hoc testing with Bonferroni correction was conducted for significant
interactions at p < 0.05.

Voxel-wise linear mixed effects (LME) models were performed
for fALFF and REHO using the AFNI program 3dLME as described
above.42 For cluster-wise correction, the smoothness of the spatially
smoothed residuals was estimated using a non-Gaussian, spherically
symmetric auto-correlation function.43 Monte Carlo simulations
(10,000 iterations) were conducted in native voxel space (3.5 mm
isotropic, corresponding to Siemens data sets), limited to the inter-
polated gray matter mask, to determine the necessary correction for a
familywise error rate of p < 0.05 (smoothness parameters = 0.48,
5.39, and 15.78, effective FWHM = 15.19, voxel p-value 0.001,
minimum cluster volume = 978 lL for p < 0.05). The updated Au-
tomated Anatomical Labeling atlas (AAL2)44,45 and the online
Neurosynth database46 were used to localize and define clusters.
Voxel-wise statistical analyses were limited to gray matter where all
subjects had coverage. Finally, generalized linear models using
normal, Poisson, or negative binomial distributions, as appropriate,
and robust covariance estimation were performed to determine the
relationship between rs-fMRI metrics and clinical variables that were
significantly associated with SRC, controlling for the number of
prior concussions and scanner/site.

Results

Baseline demographic information
and injury characteristics

Groups were closely matched on demographic and baseline

variables with the exception of number of prior concussions, which

was higher in concussed athletes ( p < 0.05; Table 1).

Post-injury visits occurred on average 2.25 – 1.43 (median 2

[interquartile range (IQR) 2–2]), 10.43 – 7.52 (median 9 [IQR 6–

12]), and 26.49 – 14.26 (median 23 [18–31]) days after injury.

Three concussed athletes self-reported loss of consciousness, 2 had

witnessed loss of consciousness, 14 reported post-traumatic am-

nesia, and 9 reported retrograde amnesia. The average number of

days until concussed athletes were asymptomatic was 10.57 – 9.27

(median 7.73 [IQR 5.65–11.99]), whereas the average number of

days to complete RTP was 16.23 – 12.48 (median 12.93 [IQR 8.99–

18.37]).

Clinical data

Group main effects and interactions for clinical variables are

presented in Table 2; simple effects are presented in Table 3.

Follow-up testing demonstrated that concussed athletes had ele-

vated symptoms, greater balance deficits, worse neurocognitive

performance, and greater psychological symptoms at the 24-h visit

relative to controls ( ps £ 0.001; Fig. 1). Clinical deficits in con-

cussed athletes were also present at the 24-h visit relative to their
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own baseline, asymptomatic, and post-RTP visits ( ps < 0.001),

with the exception of balance deficits, which were not significantly

elevated at 24 h relative to baseline ( p > 0.10). All measures had

returned to or exceeded control levels and pre-season baseline

levels at the asymptomatic and post-RTP visits with the exception

of psychological symptoms (BSI-GSI), which was still significantly

higher at the asymptomatic visit relative to the post-RTP levels and

compared with control levels at the asymptomatic visit ( ps <
0.005). A complete description of results from post hoc testing for

clinical and imaging measures can be found in Supplementary

Table S1.

Imaging data—group

There were no significant group differences in REHO, fALFF, or

average nodal strength ( ps > 0.05; Fig. 2) with appropriate cor-

rection for multiple comparisons. In addition, there were no group

differences in subject-specific abnormalities including the number

and volume of either positive or negative clusters of fALFF or

REHO ( ps > 0.10; Fig. 3).

Imaging data—group by visit

There was a significant interaction in REHO in a cluster in the

right superior and middle frontal gyri (1472 lL; peak voxel MNI

coordinates 26, 38, 46). Post hoc analyses demonstrated that con-

cussed athletes had higher REHO at the 24-h visit relative to

asymptomatic and post-RTP visits as well as relative to controls ( ps

< 0.001; Fig. 2). There were no group by visit interactions in fALFF

or nodal strength ( ps > 0.10), or in the number of volume or positive

or negative subject-specific abnormalities in fALFF or REHO ( ps >
0.10; Fig. 3).

Relationship with symptoms and outcome

Generalized linear models were conducted in concussed athletes

to determine if REHO in the middle and superior frontal gyri at the

acute 24-h visit was associated with clinical measures at the same

time-point, the number of days until athletes were asymptomatic, or

psychological symptoms at the asymptomatic visit. Concussed

Table 2. Main Effects for Clinical and Imaging Data

Measure
Group Group by visit

Clinical data df F p df F p

SAC total score 1, 174 4.10 0.044 3, 386 3.70 0.012
BESS total errors 1, 145 6.79 0.01 3, 347 5.76 0.001
BSI-GSI 1, 134 2.70 0.10 3, 367 10.28 <0.001
SCAT3 sym. sev. 1, 156 0.00 0.99 3, 312 28.95 <0.001

rs-fMRI motion df F p df F p

Head motion 1, 148 0.22 0.64 2, 208 1.46 0.24
% non-censored

volumes
1, 152 0.04 0.84 2, 215 0.41 0.66

rs-fMRI metrics df F p df F p

Nodal strength 1, 143 1.09 0.30 2, 239 0.25 0.78
No. pos. REHO

abnor.
1, 142 0.01 0.91 2, 252 0.13 0.88

Vol. pos. REHO
abnor.

1, 122 1.32 0.25 2, 177 0.60 0.55

No. neg. REHO
abnor.

1, 134 0.25 0.62 2, 258 1.05 0.35

Vol. neg. REHO
abnor.

1, 122 1.84 0.18 2, 233 0.10 0.90

No. pos. fALFF
abnor.

1, 140 0.38 0.54 2, 267 0.34 0.71

Vol. pos. fALFF
abnor.

1, 123 0.01 0.92 2, 231 0.18 0.83

No. neg. fALFF
abnor.

1, 152 0.06 0.80 2, 228 1.59 0.21

Vol. neg. fALFF
abnor.

1, 87 0.05 0.83 2, 243 0.92 0.40

Significant effects at p < 0.05 are underlined and italicized.
BESS, Balance Error Scoring System; BSI-GSI, Brief Symptom

Inventory-18 Global Severity Index; df, numerator and denominator degrees
of freedom; fALFF, fractional amplitude of low frequency fluctuations; neg.,
negative; No., number; pos, positive; REHO, regional homogeneity; SAC,
Standardized Assessment of Concussion; SCAT3, Sport Concussion
Assessment Tool – 3rd Edition; sev., severity; sym., symptom; Vol., volume.

Table 3. Simple Effects for Clinical and Imaging Data with Significant Group by Visit Interactions

Visit at group Group at visit

Clinical data Concussed Control BL 24-h Asymp. Post-RTP

SAC total score F(3,384) = 17.16 F(3,444) = 10.86 F(1,565) = 0.61 F(1,210) = 11.42 F(1,511) = 0.007 F(1,585) = 0.95
p < 0.001 p < 0.001 p = 0.44 p = 0.001 p = 0.93 p = 0.33

BESS total errors F(3,390) = 11.16 F(3,421) = 2.90 F(1,363) = 2.11 F(1,195) = 15.43 F(1,265) = 2.60 F(1,341) = 0.73
p < 0.001 p = 0.035 p = 0.15 p < 0.001 p = 0.11 p = 0.39

BSI-GSI F(3,306) = 34.35 F(3,408) = 6.67 F(1,366) = 0.22 F(1,356) = 34.96 F(1,355) = 9.02 F(1,165) = 1.70
p < 0.001 p < 0.001 p = 0.64 p < 0.001 p = 0.003 p = 0.19

SCAT3 sym. sev. F(3,574) = 32.19 F(3,468) = 4.39 F(1,277) = 1.62 F(1,584) = 48.90 F(1,263) = 2.78 F(1,363) = 13.11
p < 0.001 p = 0.005 p = 0.20 p < 0.001 p = 0.10 p < 0.001

Imaging data Concussed Control BL 24-h Asymp. Post-RTP

REHO MFG/SFGa F(2,259) = 15.57 F(2,233) = 2.71 NA F(1,234) = 14.21 F(1,240) = 0.23 F(1,267) = 0.58
p < 0.001 p = 0.07 p < 0.001 p = 0.63 p = 0.45

aIndicates follow-up testing on significant voxel-wise cluster. Significant effects at p < 0.05 are underlined and italicized.
24-h, 24–48 h visit; Asymp., asymptomatic visit; BESS, Balance Error Scoring System; BSI-GSI, Brief Symptom Inventory-18 Global Severity Index;

BL, baseline visit; MFG, middle frontal gyrus; post-RTP, post-return-to-play visit; REHO, regional homogeneity; SAC, Standardized Assessment of
Concussion; SCAT3, Sport Concussion Assessment Tool – 3rd Edition; sev., severity; SFG, superior frontal gyrus; sym., symptom.
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FIG. 1. Clinical data. Shown are violin plots for clinical measures in athletes with sport-related concussion (SRC) and contact sport
controls (CC) at the baseline, 24-h, asymptomatic (Asymp.), and post-return-to-play (post-RTP) visits. Solid lines denote medians,
dotted lines denote quartiles. BESS, Balance Error Scoring System; BSI-GSI, Brief Symptom Inventory-18 Global Severity Index; SAC,
Standardized Assessment of Concussion; SCAT3, Sport Concussion Assessment Tool – 3rd Edition. Color image is available online.

FIG. 2. Average nodal strength and voxel-wise imaging data. (A) Shown are violin plots for average nodal strength in athletes with
sport-related concussion (SRC) and contact sport controls (CC) at the 24-h, asymptomatic (Asymp.), and post-return-to-play (post-RTP)
visits. (B) Shown is the cluster where there was a significant group by visit interaction for regional homogeneity (REHO; left), along
with violin plots of the mean REHO in this region across visits in each group. Solid lines denote medians, dotted lines denote quartiles.
Right = right. Color image is available online.
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athletes with greater REHO in the middle and superior frontal gyri

at 24 h had significantly greater psychological symptoms at the

asymptomatic visit (B = 1.41, Wald = 10.67, p = 0.001). An ex-

ploratory analysis showed that this association was still significant

when controlling for the presence of pre-morbid attention deficit

hyperactivity disorder (ADHD) and psychiatric disorders (B = 1.17,

Wald = 7.67, p = 0.006). There were no significant associations

between REHO and clinical measures at 24 h or the number of days

until asymptomatic ( ps > 0.05; Supplementary Table S2).

Discussion

This large-scale, prospective study in male and female collegiate

athletes addresses recent calls to characterize the time course of the

acute physiological effects of SRC and their relationship with

clinical recovery.5 Multiple rs-fMRI metrics that have been shown

to be sensitive to SRC and/or mTBI were assessed using both tra-

ditional and subject-specific analyses that can capture spatially

heterogenous effects. Concussed athletes had elevated local con-

nectivity in the right middle and superior frontal gyri at the 24-h

visit that returned to normal levels by the asymptomatic (average

10.43 days post-concussion) and post-RTP (average 26.49 days

post-concussion) visits. Moreover, elevated local connectivity in

the middle and superior frontal gyri at the 24-h visit in concussed

athletes was associated with elevated psychological symptoms at

the time-point at which athletes were cleared to start their RTP

progression (i.e., asymptomatic visit). Significant differences in rs-

fMRI were not observed in any metric at the asymptomatic and

post-RTP visits. Collectively, these results suggest that SRC is

associated with an acute alteration in local connectivity that follows

a similar time course as clinical recovery in athletes who ultimately

recover. Current results do not indicate evidence of prolonged

abnormalities in multiple rs-fMRI metrics persisting beyond reso-

lution of concussion symptoms, neurocognitive deficits, or balance

deficits observed in typical cases of concussion.

The observed clinical results are consistent with prior literature

and the design of the study, with concussion resulting in acute

elevations in concussion symptoms, psychological symptoms,

cognitive dysfunction, and balance deficits that recover by the

asymptomatic time-point.47,48 It is noteworthy, however, that

psychological symptoms were still elevated in concussed athletes

relative to controls at the asymptomatic time-point. We have pre-

viously reported elevated scores on the Hamilton Rating Scale for

Depression in an independent cohort of collegiate athletes up to

1 month following concussion despite recovery of self-report

symptoms and neurocognitive testing deficits by 1 week.49,50 Thus,

it is possible that post-injury psychological symptoms, such as

mood dysfunction, are slower to recover relative to self-reported

concussion symptoms and neurocognitive deficits. It is important to

note that the asymptomatic time-point for the current study was

defined as the time that athletes are cleared to begin the RTP pro-

gression, largely based on the resolution of SCAT3 symptoms.13

This is consistent with the current state of clinical management of

concussion, which is based on clinical judgement largely dependent

on self-reported concussion symptoms and other assessments.

Additional research is needed to determine the clinical utility of

psychological assessment following concussion and its potential

role in decisions regarding athlete recovery.

The acute increase in local connectivity observed in the current

study was localized to a region in the right middle and superior

frontal gyri that is typically associated with the default mode net-

work (DMN). Multiple previous studies have observed abnormal-

ities in functional connectivity of the DMN, which mediates

internally oriented processing,51 at various time-points following

SRC and mTBI.6,7 For example, altered DMN connectivity has

been reported following SRC acutely (i.e., approximately 1 day

post-injury),52 within the first week,53 approximately 10 days post-

injury,10 and approximately 1 month post-injury in both adoles-

cent54 and collegiate athletes,12,50 although the direction of re-

ported results has varied. The fact that the DMN is one of the most

FIG. 3. Subject-specific abnormalities.Shown are violin plots of the total volume and number of clusters of positive (pos) or negative
(neg) abnormalities in regional homogeneity (REHO) or fractional amplitude of low-frequency fluctuations (fALFF) in athletes with
sport-related concussion (SRC) and contact sport controls (CC) at the 24-h, asymptomatic (Asymp.), and post-return-to-play (post-RTP)
visits. Solid lines denote medians, dotted lines denote quartiles. Color image is available online.

158 MEIER ET AL.



functionally connected networks in the brain might make it more

susceptible to brain injury.55,56 In addition, the observation that the

anterior portion of the DMN was affected in the current study is

consistent with the known susceptibility of the frontal cortex to

brain injury.57–59

Additional analyses demonstrated that the acute elevation in

local connectivity in the middle and superior frontal gyri was as-

sociated with elevated psychological symptoms at the asymptom-

atic visit. Functional connectivity of the DMN has been repeatedly

shown to be associated with psychological or emotional distress in

psychiatric samples (e.g., depression, anxiety),60 with recent

studies demonstrating associations between DMN connectivity and

psychological symptoms following mTBI or SRC.50,61,62 DMN

abnormalities in psychiatric disease have been proposed to reflect

rumination and negative self-referential thought.60,63 The current

results were not driven by pre-morbid psychiatric disorders or

ADHD; thus, they possibly reflect alterations in internally oriented

processing following concussion (e.g., rumination or fixation of

symptoms). Additional research is needed to test this hypothesis.

Nevertheless, our results demonstrate that acute increases in local

connectivity of the frontal cortex is a potential biomarker for pro-

longed psychological symptoms following SRC.

The underlying pathophysiology of the observed acute differ-

ences in local connectivity cannot be definitively established using

existing methodologies. Differences in regional homogeneity could

reflect an acute alteration in neuronal synchronicity. There are,

however, several other aspects of the known neurometabolic cas-

cade of concussion that could conceivably affect functional con-

nectivity, including alterations in cerebral blood flow, glucose

metabolism, neurotransmission, and white matter integrity.64 For

example, prior work from the CARE Consortium has demonstrated

alterations in white matter and cerebral blood flow in sub-samples

of the present cohort.65,66 Future studies by the CARE Consortium

will focus on the integration of multi-modal neuroimaging to better

characterize the pathophysiology of SRC in collegiate athletes.

Importantly, no significant signal abnormalities were observed

at either the asymptomatic or post-RTP time-points in any of the

selected rs-fMRI metrics. There is growing concern that current

RTP guidelines may allow the medical clearance of athletes before

complete physiological recovery of their injury, with pre-clinical

evidence supporting the notion that these athletes may be at risk for

a more severe subsequent injury.3–5 Our results, however, suggest

that the effects of SRC on multiple rs-fMRI metrics follow a similar

time course of recovery to that of concussion symptoms, neuro-

cognitive deficits, and balance deficits. This is consistent with a

recent report from our group from an independent, large-scale

prospective study of concussion in high school and local football

players in which whole-brain differences in global connectivity

were only observed in athletes whom were still symptomatic at 8

days post-concussion.19 Thus, the current work represents the

second large-scale study to observe no rs-fMRI abnormalities be-

yond the resolution of self-reported symptoms or after unrestricted

RTP following SRC and extends these results to non-football

players and female athletes.

The fact that no significant differences were observed following

clinical recovery in the rs-fMRI metrics selected for this study does

not rule out the possibility that other metrics might have persistent

abnormalities in asymptomatic or cleared athletes. In fact, multiple

prior studies have documented persistent differences in rs-fMRI

metrics following SRC.9–11 As previously reviewed, however,

much of the prior work has been limited by relatively small sample

sizes and/or cross-sectional designs.5,7 Additional factors, such as

age (e.g., youth vs. high school vs. college) or differing clinical

definitions of concussions could also explain variation across

studies. Nevertheless, it is possible that targeted analyses focusing

on abnormalities in specific seed-regions or resting-state networks

would show persistent or prolonged effects. For example, future

studies could investigate functional connectivity abnormalities of

affective regions in athletes who still report psychological symp-

toms despite being cleared as ‘‘asymptomatic.’’ Finally, the neu-

rometabolic cascade of concussion is complex, and it is likely that

different aspects of the cascade have different time courses of re-

covery. Thus, it is possible that other neuroimaging modalities

capture pathology with more prolonged recovery trajectories, such

as white matter abnormalities.67,68

Limitations and future directions

This study has several strengths, including the prospective de-

sign, matching of control participants, and the large number of

participants. There are, however, limitations that should be con-

sidered. First, although our study included both men and women,

the total number of female athletes included in the study was still

relatively small. Future studies with more female athletes are re-

quired to determine the potential moderating effect of sex on rs-

fMRI metrics after concussion. Second, by design, this study only

included athletes that ultimately recovered from their injury.

Therefore, current results may not generalize to other samples that

show persistent concussion symptoms (e.g., athletes that report to

concussion clinics). There were scanner and sequence variation

across sites. However, scanning parameters were constant for in-

dividual athletes across their multiple visits and the proportion of

concussed and control athletes scanned with each set of parameters

did not differ. Moreover, scanning differences were accounted for

in the statistical analyses.

We have also previously demonstrated that the variability be-

tween athletes in MR metrics is equal to or greater than cross-site

variability.69 This study focused on rs-fMRI metrics that have been

shown to be sensitive to brain injury and that do not require the

selection of specific networks or regions of interest for analysis.

Nevertheless, there are several other rs-fMRI metrics that may

ultimately be sensitive to concussion. Prior concussion is a risk

factor for subsequent concussion,70 and the injured group in the

current study reported more prior concussions relative to controls;

however, the number of prior concussions was included as a cov-

ariate. The number of prior concussions was also based on partic-

ipant self-report, which may over- or under-estimate actual number

of prior concussions. It is noteworthy that the median number of

prior concussions in each group is consistent with recent work in an

independent sample of concussed athletes.19 In addition, control

athletes may have experienced repetitive head impacts below the

threshold of concussion due to contact sport exposure (i.e., ‘‘sub-

concussive’’ impacts). It has been hypothesized that these head

impacts are associated with negative physiological conse-

quences71,72 and it is possible that the sub-concussive impacts af-

fected the rs-fMRI metrics in the current study. Future research will

focus on potential longitudinal changes (e.g., across a single sea-

son) in rs-fMRI metrics associated with this exposure compared

with athletes participating in non-contact sports.

Conclusion

This large-scale, multi-site study found no evidence that ab-

normalities in the selected rs-fMRI metrics extend beyond the time

course of symptom recovery or after clearance for unrestricted RTP
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in recovered athletes.These results suggest that recovery of the

physiological effects of concussion captured by these rs-fMRI

metrics is linked with clinical recovery based on commonly im-

plemented clinical concussion assessment metrics. However, acute

physiological abnormalities in functional connectivity following

typical SRC may be predictive of psychological symptoms at later

time-points.
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