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Abstract
There has been a recent call for longitudinal imaging studies to better characterize the time

course of physiological recovery following sport-related concussion (SRC) and its relationship

with clinical recovery. To address this, we evaluated changes to resting-state functional connec-

tivity (rs-FC) of the whole-brain network following SRC and explored associations between rs-

FC and measures of clinical outcome. High school and collegiate football athletes were enrolled

during preseason. Athletes that suffered SRC (N = 62) were assessed across the acute (within

48 hr) and sub-acute (days 8, 15, and 45) phases. Matched football athletes without concussion

served as controls (N = 60) and participated in similar visits. Multi-band resting-state fMRI was

used to assess whole-brain rs-FC at each visit using network-based statistic and average nodal

strength from regions of interest defined using a common whole-brain parcellation. Concussed

athletes had elevated symptoms, psychological distress, and oculomotor, balance, and memory

deficits at 48 hr postconcussion relative to controls, with diminished yet significant elevations in

symptoms and psychological distress at 8 days. Both rs-FC analyses showed that concussed

athletes had a global increase in connectivity at 8 days postconcussion relative to controls, with

no differences at the 48-hr, 15-day, or 45-day visits. Further analysis revealed the group effect

at the 8-day visit was driven by the large minority of concussed athletes still symptomatic at

their visit; asymptomatic concussed athletes did not differ from controls. Findings from this

large-scale, prospective study suggest whole-brain rs-FC alterations following SRC are delayed

in onset but associated with the presence of self-reported symptoms.
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1 | INTRODUCTION

Mild traumatic brain injury (mTBI), which includes sport-related con-

cussion (SRC), is estimated to impact 1.6–3.8 million Americans every

year (Langlois, Rutland-Brown, & Wald, 2006). Presently, injury diag-

nosis and decisions regarding clinical recovery following SRC are

determined using a multi-pronged clinical evaluation by trained medi-

cal professionals based on detailed history, neurological exam,

patient-reported symptoms, and sometimes additional clinical tests

(McCrory et al., 2017). Recent evidence has raised the concerning

possibility that the time course of physiological recovery may exceed

clinical recovery, possibly resulting in premature return-to-play (RTP)

decisions that could place athletes at increased risk for subsequent,

more severe injuries (Kamins et al., 2017). As highlighted in recent sys-

tematic reviews, however, the majority of studies to date have used

cross-sectional designs and/or included relatively limited samples

(Kamins et al., 2017; McCrea et al., 2017). Thus, there has been a call

for large-scale, longitudinal studies to characterize the time course of

pathophysiological recovery and its relationship with clinical recovery

following SRC.

Resting-state functional magnetic resonance imaging (rs-fMRI)

offers the potential to detect subtle physiological changes not

detected by conventional clinical testing and/or conventional neuro-

imaging. Several studies have investigated the sensitivity of resting-
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state functional connectivity (rs-FC), the most common rs-fMRI tech-

nique, to mTBI and SRC during the acute and sub-acute phase of the

injury (Mayer, Bellgowan, & Hanlon, 2015; McCrea et al., 2017). Yet,

few studies have evaluated the effects of SRC on rs-FC longitudinally

across the acute (i.e., days) and sub-acute phases (i.e., weeks), the

period in which clinical recovery is observed in most athletes

(Churchill et al., 2017; Manning et al., 2017; Meier, Bellgowan, &

Mayer, 2017; Zhu et al., 2015). The majority of these studies have

focused on specific resting-state networks or seed-regions or have

included a relatively limited number of injured athletes.

The present study prospectively evaluated the effects of SRC on

rs-FC across multiple time points in the acute (within 48 hr) and sub-

acute phase (days 8, 15, and 45) in high school and college football

athletes. Healthy, demographically matched football athletes served

as controls and participated in equivalent evaluations at matched time

intervals. A whole-brain network approach was used for rs-FC analysis

to avoid limitations inherently associated with predefining specific

regions or networks of interest (e.g., assumption of spatially localized

effects). Specifically, we focused on a measure of connectivity

strength across the entire network (i.e., average nodal strength) as a

simple but fundamental global property that would conceivably be

affected by SRC. This hypothesis was based on the known effects of

brain injury on central, highly connected, brain structures

(e.g., subcortical regions and midbrain), as well as the diffuse nature of

SRC on white matter (Bigler & Maxwell, 2012). Moreover, recent work

has demonstrated that other global graph theory metrics are biased

when groups differ in global connectivity strength, supporting the

notion that strength is a fundamental graph property (Hallquist & Hil-

lary, 2018; van den Heuvel et al., 2017). In addition, we also used a

nonparametric network analytic method, network-based statistic, that

is sensitive to global effects as well as effects that may be more local-

ized to specific sub-networks. We hypothesized that concussed ath-

letes would have altered rs-FC at the acute and early sub-acute phase,

with recovery toward healthy control levels by 45 days postinjury.

Furthermore, given the relatively large sample size, subsequent ana-

lyses were conducted to determine if observed rs-FC alterations were

present in all concussed athletes or only in those reporting delayed

symptom recovery following concussion. Finally, we tested the

hypothesis that observed differences in rs-FC would be associated

with clinical measures of injury severity.

2 | METHODS

2.1 | Participants

High school and collegiate football athletes were recruited following

the approval of our institutional review board. The criteria for exclu-

sion from the study were as follows: any contraindication or injury

that would prevent participation in the study protocol, current psy-

chotic disorder or narcotic use, or history or suspicion of a clinical con-

dition known to be associated with cognitive impairments

(e.g., epilepsy, moderate-to-severe TBI). All adult study participants

provided written informed consent. Minor participants provided

assent in writing, while their parents provided written informed

consent.

A total of 857 football athletes completed preseason baseline

clinical assessments upon study enrollment prior to the football sea-

son. MRI was not included in the baseline visit. A total of 62 athletes

sustained concussion and completed clinical assessments and MRI

scanning sessions with resting-state fMRI at 48 hr (32.47 � 14.19 hr),

8 days (8.20 � 0.98 days), 15 days (15.42 � 1.35 days), and 45 days

(45.56 � 3.77 days) postconcussion. The initial identification and clin-

ical diagnosis of concussion were determined by certified athletic

trainers and/or team physicians trained in sports medicine at each

institution; study investigators screened and triaged all injuries to

ensure compliance with the study definition and requirements. The

definition of concussion was derived from the Centers for Disease

Control and Prevention (CDC) HEADS UP educational initiative: “An

injury resulting from a forceful bump, blow, or jolt to the head that

results in rapid movement of the head and causes a change in the ath-

lete's behavior, thinking, physical functioning, or the following symp-

toms: headache, nausea, vomiting, dizziness/balance problems,

fatigue, difficulty sleeping, drowsiness, sensitivity to light/noise,

blurred vision, memory difficulty, and difficulty concentrating”.

In addition, 60 healthy football athletes matched on demo-

graphics and baseline neurocognitive test performance were assessed

at similar time points and served as the controls. The demographic

details for each group are detailed in Table 1 and the sample size at

each time point is detailed in Table 2.

2.2 | Clinical battery

During the preseason assessment, each athlete provided demographic

and health history information and completed a battery of question-

naires and neuropsychological tests. The core clinical battery included

assessments of self-report symptoms (Sport Concussion Assessment

Tool-3rd Edition symptom checklist; SCAT3 [McCrory et al., 2013]),

balance deficits (Balance Error Scoring System; BESS [Riemann & Gus-

kiewicz, 2000]), oculomotor deficits (King–Devick test [Oride, Maru-

tani, Rouse, & DeLand, 1986]), psychological distress (Brief Symptom

Inventory; BSI-18 [Derogatis, 2001]), and neurocognitive performance

(Immediate Postconcussion Assessment and Cognitive Testing bat-

tery; ImPACT [Covassin, Elbin 3rd, Stiller-Ostrowski, & Kontos,

2009]). Composite ImPACT memory and speed scores were calculated

(Schatz & Maerlender, 2013). Specifically, ImPACT verbal memory and

visual memory scores were z-transformed using means and standard

deviations from the study's larger database of baseline ImPACT test-

ing and averaged to create a composite ImPACT memory score. Reac-

tion time and visual motor speed scores were similarly z-transformed,

reverse coded (reaction time only), and averaged to create a compos-

ite ImPACT speed score. The Wechsler Test of Adult Reading was

administered during the preseason visit to estimate intellectual func-

tion (Wechsler, 2001). Information about concussion management

and symptom recovery, including number of days symptomatic and

length of return-to-play decision, was collected at follow-up visits in

addition to the repetition of the clinical assessment battery.
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2.3 | Imaging parameters and processing

Imaging data were obtained on a 3 Tesla General Electric MR750

whole-body MR scanner using a brain-dedicated 32-channel

receiver coil array optimized for parallel imaging. The study par-

ticipants were scanned for approximately 6 min using a gradient-

echo echo-planar image (EPI) sequence to collect 501 volumes of

rs-fMRI data, which had the following parameters: FOV = 210

mm, acquisition matrix = 104 × 104, slice thickness = 2 mm,

72 sagittal slices, TR/TE = 720/30 ms, flip angle = 50�, hyperband

acceleration factor = 8. During the resting-state scanning session,

participants were instructed to keep their eyes open and think of

nothing in particular. A brief, reverse phase-encoded scan with

the same parameters was collected to allow susceptibility-induced

distortion correction. High-resolution T1-weighted structural

images were obtained for anatomical reference using a

magnetization-prepared rapid gradient-echo sequence with the

following parameters: FOV = 256 mm, acquisition matrix = 256,

slice thickness = 1 mm, 160 slices, TR/TE/TI = 7.592/3.008/900

ms, flip angle = 8�.

MRI data preprocessing was carried out using Analysis of Func-

tional NeuroImages programs (AFNI) unless otherwise noted (Cox,

1996). T1-weighted anatomical images were skull-stripped in native

space using a union mask of segmented gray matter and white matter

from SPM 12. The skull-stripped brain was registered to the MNI-152

skull-stripped template using an affine registration with correlation

ratio cost function and trilinear interpolation followed by a nonlinear

warp, implemented in FSL (Jenkinson, Bannister, Brady, & Smith,

2002). The first 29 volumes of the resting-state scan were removed to

account for auto-calibration data and allow for stabilization of longitu-

dinal magnetization. Signal spike artifacts were removed from the time

series data sets by interpolation of data from neighboring time points

using 3dDespike. Susceptibility-induced distortion correction was per-

formed using FSL topup (Andersson, Skare, & Ashburner, 2003; Smith

et al., 2004). Volumes were registered to the first volume using cubic

polynomial interpolation to account for head motion. For spatial nor-

malization, a single transformation matrix was created by concatenat-

ing the T1-weighted to MNI-152 matrix and the matrix resulting from

a 6�-of-freedom registration of the first EPI volume to the T1-

weighted scan calculated using FSL's FLIRT with the boundary-based

TABLE 1 Sample characteristics

Demographics Concussed athletes Control athletes Statistic

Total N 62 60

Age at first scan 18.90 (1.84) 19.26 (1.70) t = −1.12, p = .26

Years education 12.87 (1.60) 13.20 (1.50) t = −1.17, p = .24

% college 75% 75.8% X2 = 0.01, p = .92

WTAR (standard score) 99.11 (15.24) 100.25 (13.45) t = −0.44, p = .66

Years participation 7.72 (3.12) 8.03 (2.62) t = −0.60, p = .55

Median prior concussions [range] 1 [0–6] 0 [0–4] U = 2,187.5, p = .071

Height (inches) 71.55 (2.96) 70.83 (2.51) t = 1.46, p = .15

Weight (lbs) 211.29 (46.13) 207.10 (43.10) t = 0.52, p = .60

Race X2 = 2.01, p = .57

American Indian or Alaska native (%) 0 1.7

Black or African-American (%) 27.4 28.3

White (%) 71 70

Unreported (%) 1.6 0

Ethnicity X2 = 2.51, p = .47

Hispanic (%) 3.2 5

Non-Hispanic (%) 91.9 88.3

Unknown (%) 0 3.3

Unreported (%) 4.8 3.3

ADHD+ (%) 8.1 6.7 X2 = 0.09, p = .77

Injury characteristics

Median days of self-reported symptoms 7.0 NA

Median length return-to-play 12.0 NA

LOC+ (%) 4.8 NA

Median duration LOC (seconds) 30

PTA+ (%) 14.5 NA

Median duration PTA (minutes) 5.0

RGA+ (%) 1.6 NA

Median duration RGA (minutes) 90

Shown are mean and standard deviation, unless otherwise indicated. WTAR = Wechsler Test of Adult Reading, ADHD = attention deficit hyperactivity dis-
order, LOC = loss of consciousness, PTA = posttraumatic amnesia, RGA = retrograde amnesia, NA = not applicable.
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registration cost-function (Greve & Fischl, 2009; Jenkinson et al.,

2002). The resulting matrix and the nonlinear warp from the T1-

weighted to MNI-152 brain were applied to the motion corrected

image to bring the image in standard space with 2 mm isotropic

resolution.

Signals of no-interest (a total of 18) were regressed from the spa-

tially normalized EPI and included average CSF signal, average white

matter signal, the six motion parameters and their derivatives, and the

zero- through third-order polynomial trends in all subjects. Average

white matter and CSF signals were obtained from MNI-152 tissue

priors available in FSL. Volumes with excessive head motion, defined

as Euclidian norm of the six motion parameters >0.30, were censored

along with the preceding volume and replaced using interpolation.

Finally, a bandpass filter of 0.01 to 0.10 Hz was applied. Averaging

voxels within regions of interest (ROI; see below) is effectively spatial

smoothing; thus, no additional spatial smoothing was performed. A

combination of manual and automated quality assessment was per-

formed for all data. Resting-state data at multiple processing stages

were visually inspected for image artifacts. Resting-state scans with

visually identified artifacts and scans in which the average Euclidian

norm of motion parameters was greater than 0.2 were excluded from

analyses to minimize potential effects of motion on group analyses.

The sample size with usable data at each time point is in Table 2.

2.4 | Region of interest selection and extraction

ROIs were identified using the Craddock whole-brain functional par-

cellation atlas (Craddock, James, Holtzheimer 3rd, Hu, & Mayberg,

2012). The 200 Craddock ROI atlas using the rt 2-level parcellation

was selected as a compromise between interpretability and anatomi-

cal specificity. The AFNI program 3dNetCorr was used to extract the

average time course from each ROI and calculate Pearson correlation

coefficients between each ROI pair (Taylor & Saad, 2013). The con-

nectivity matrices for each subject at each time point were used as

input for network analyses described below. Quality assurance

measures ensured that each subject had time series data from at least

20 voxels for every ROI in the atlas.

Correlation matrices based on r values generated for every sub-

ject were utilized in the calculation of nodal strength using BRAPH

(BRain analysis using GraPH theory; Mijalkov et al., 2017) with the cal-

culation of network metrics based on Brain Connectivity Toolbox

(https://sites.google.com/site/bctnet/). Nodal strength was defined as

the sum of weights of all edges (i.e., connections) of a given ROI

(Rubinov & Sporns, 2010). Nodal strength was calculated from undi-

rected weighted matrices for each node and average nodal strength

was obtained by averaging strength across all nodes for each individ-

ual at each time point. Only positive values were used in the calcula-

tion of nodal strength (i.e., negative correlations were set to zero).

2.5 | Statistical analysis

Statistical analyses were performed using IBM SPSS version

21 (Armonk, NY) and visualized using Prism 7.0 (La Jolla, CA) unless

otherwise indicated. The focus of this work was to characterize group

differences in clinical data and rs-FC at each time point. Due to this

focus, planned comparisons were conducted at each visit and

between each visit without omnibus testing. Two-tailed Welch's t-

tests, Mann–Whitney tests, and Chi-square tests were used to assess

group differences in demographic information. Two-tailed Welch's t-

tests were used to assess group differences (i.e., concussed versus

healthy) in clinical variables, scanner motion parameters, and graph

theory metrics at each visit. Paired t-tests were used to assess

changes in these measures between visits in each group. Spearman

correlations were conducted to investigate relationships between clin-

ical variables and rs-FC at visits in which rs-FC significantly differed

across groups. To account for multiple testing, the Benjamini–

Hochberg method was used to control the false discovery rate (FDR)

at 0.05 across all hypotheses of interest (i.e., all pairwise comparisons

and correlations of rs-FC and clinical data), implemented in R version

3.4.4. A significance level of p < .05 was used for demographic com-

parisons, uncorrected.

TABLE 2 Available data and rs-fMRI head motion metrics

Concussed athletes Control athletes

Visit data BL 48H 8D 15D 45D BL 48H 8D 15D 45D

SCAT3 (n) 62 61 58 54 50 59 60 54 52 49

BESS (n) 60 60 58 54 50 60 59 54 52 49

BSI-18 (n) 62 60 58 55 53 59 60 55 52 49

ImPACT memory (n) 57 60 56 53 53 60 60 55 51 47

ImPACT speed (n) 57 60 56 53 53 60 60 55 51 47

King-Devick (n) 17 26 23 22 22 19 27 23 20 26

Available rs-fMRI (n) NA 55 54 49 50 NA 57 55 52 48

Rs-fMRI removed due
to motion/artifact (n)

NA 4 3 4 5 NA 1 2 0 0

Usable rs-fMRI (n) NA 51 51 45 45 NA 56 52 52 48

Average head motion 0.08 (0.03) 0.09 (0.03) 0.08 (0.03) 0.09 (0.03) NA 0.08 (0.03) 0.08 (0.03) 0.08 (0.03) 0.08 (0.04)

% of noncensored volumes NA 0.97 (0.05) 0.97 (0.05) 0.97 (0.04) 0.96 (0.06) NA 0.97 (0.05) 0.97 (0.05) 0.97 (0.04) 0.97 (0.05)

Mean and standard deviation are shown for average head motion and % of noncensored volumes. SCAT3 = Sport Concussion Assessment Tool-3;
BESS = Balance Error Scoring System; BSI = Brief Symptom Inventory-18; ImPACT = Immediate Postconcussion Assessment and Cognitive Testing;
NA = not applicable; BL = baseline; 48H = 48-hr visit; 8D = 8-day visit; 15D = 15-day visit; 45D = 45-day visit.
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Finally, network-based statistic (NBS) was used to identify signifi-

cant differences in components of the unthresholded, undirected con-

nectivity matrices for the Craddock atlas (Zalesky, Fornito, &

Bullmore, 2010). NBS is a nonparametric test that controls for family-

wise error rate (FWER) at the network level using permutation testing.

In this work, a primary threshold of t = 2.5 was used at the edge level

and 10,000 permutations were used to identify significant clusters of

supra-threshold nodes (i.e., ROI) at a one-sided FWER p < .025 (equiv-

alent to p < .05 two-tailed tests). Using this approach, independent

samples t tests assessed group differences at each visit and paired

t tests compared visits in each group. Due to the stringent FWER cor-

rection at the network level, no additional multiple comparison correc-

tion was performed for NBS analyses. Additional analyses using

alternative edge-level thresholds and an alternative atlas for defining

ROI are reported in the Supporting Information.

3 | RESULTS

3.1 | Demographic and clinical data

There were no significant differences in demographic variables or any

clinical measures at baseline between the concussed and nonconcussed

athletes, confirming the detailed matching criteria used for this study

(p > .05, Table 1). Concussed athletes had significantly worse perfor-

mance on the BESS, King-Devick, and ImPACT memory composite, as

well as elevated BSI-18 and SCAT3 symptom severity scores at the

48-hr visit following FDR correction (Figure 1a; Table 3). All clinical mea-

sures in concussed athletes had returned to or surpassed their own base-

line levels by 8 days postconcussion (Table 4). However, BSI-18 and

SCAT3 symptom severity scores were still significantly higher, on aver-

age, in concussed athletes than healthy athletes at the 8-day visit follow-

ing FDR correction. The median number of days for symptom recovery

was 7 and days for clearance to return-to-play was 12.

3.2 | Network metrics: whole-group analysis

There were no significant differences between groups or visits in head

motion or the percentage of uncensored volumes (p > .05; Table 2).

Concussed athletes had significantly higher average nodal strength at

8 days postconcussion relative to controls following FDR correction (t

[91.82] = 2.72, p = .008, d = 0.54; Figure 1b; Table 3). There were no

differences between groups at 48 hr, 15 days, or 45 days postconcus-

sion, and there were no significant differences in average nodal

strength across visits within concussed or control athletes following

FDR correction (p > .05; Table 4).

FIGURE 1 Clinical measures and average nodal strength. Shown are mean scores for core clinical measures (a) and average nodal strength (b) for

concussed athletes as well as contact control athletes at baseline, 48 hr (48H), 8 days (8D), 15 days (15D), and 45 days (45D). Error bars
represent standard error of the mean. SCAT3 = Sport Concussion Assessment Tool-3; BESS = Balance Error Scoring System; BSI-18 = Brief
Symptom Inventory-18 Global Severity Index; ImPACT = Immediate Postconcussion Assessment and Cognitive Testing
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NBS also showed significantly stronger connections in concussed

athletes relative to control athletes at 8 days postconcussion

(Figure 2). A significant group difference was observed in a network

consisting of 1,464 connections and 180 nodes (p = .008). There were

no significant differences between groups at 48 hr, 15 days, or

45 days postconcussion. Similarly, there were no differences between

any two visits in either concussed or control athletes.

3.3 | Network metrics: sub-group analysis at 8 days

Additional analyses were performed to determine if rs-FC abnormalities

were present in both symptomatic (n = 20) and asymptomatic (n = 31)

concussed athletes at 8 days postconcussion, based on the self-reported

duration of symptoms. Average nodal strength was significantly higher in

symptomatic concussed athletes at 8 days postconcussion relative to

controls following FDR correction (t[30.10] = 2.92, p = .007, d = 0.79). In

contrast, average nodal strength in asymptomatic concussed athletes at

8 days postconcussion did not differ from controls (t[46.91] = 1.66,

p = .10, d = 0.39).

Similarly, NBS found differences relative to controls only in symp-

tomatic concussed athletes at 8 days postconcussion (Figure 3).

Symptomatic concussed athletes had higher connectivity in a network

consisting of 2,312 connections and 192 nodes (p = .001). Asymptom-

atic concussed athletes at 8 days postconcussion did not differ from

controls.

3.4 | Correlation with clinical metrics

Spearman correlations were conducted to determine if the significant

elevations in average nodal strength at 8 days postconcussion were

associated with clinical measures at the acute (48-hr) or 8-day visit.

Change scores relative to baseline measures were used to account for

baseline differences in each measure, when possible. No relationships

survived FDR correction (See Supporting Information Table S2 for

effect sizes).

4 | DISCUSSION

To the best of our knowledge, this is the largest study to prospectively

assess the effects of SRC on rs-FC over multiple time points during

the acute and the sub-acute phase, addressing recent calls for

prospective, longitudinal studies of the neurophysiological effects of

SRC (Kamins et al., 2017). Clinical effects of concussion were most

evident at the acute phase (48 hr), with more subtle group differences

in postconcussive symptoms and psychological distress at 8 days

postconcussion and no group differences at the 15- or 45-day visits.

In contrast, a global increase in rs-FC strength was observed at

8 days postinjury relative to healthy football athletes, with no signifi-

cant differences at 48 hr, 15 days, or 45 days postinjury. Impor-

tantly, sub-group analyses focused on concussed athletes that were

either symptomatic or asymptomatic at the 8-day visit showed that

rs-FC effects were driven by still-symptomatic athletes. Effects were

observed using both network-based statistic (NBS) and average

nodal strength. These results suggest that the onset of the physio-

logical effects of SRC may be delayed relative to clinical symptoms,

but the recovery of rs-FC abnormalities follows a trajectory similar

to clinical recovery.

The fact that physiological recovery assessed using rs-FC follows

a similar time course of recovery as clinical symptoms support current

clinical practice, which is dependent on clinical judgment based largely

on patient self-report. There is a concern, based on findings from pre-

clinical literature (Longhi et al., 2005; Prins, Hales, Reger, Giza, &

Hovda, 2010), that clearing athletes to RTP before the brain has fully

recovered might lead to heightened risk for repeat and potentially

more severe injury. The current work, however, does not support the

need for major changes in current RTP guidelines (e.g., longer manda-

tory symptom-free waiting periods). Furthermore, current results pro-

vide objective validation for subjective self-report measures that

inform clinical decisions regarding return to activities.

The absence of evidence is not evidence of absence, and we can-

not rule out the possibility that physiological recovery is prolonged

relative to clinical recovery even in the current sample. In fact, our

observation of similar time course of recovery for physiological effects

and clinical symptoms following SRC runs contrary to recent work

suggesting physiological effects extend beyond clinical recovery. For

example, group differences in rs-FC have been reported in clinically

recovered athletes after clearance for complete RTP (Churchill, Hutch-

ison, Richards, et al., 2017), at approximately 10 days postinjury

(Johnson et al., 2012), after 3 months postconcussion (Manning et al.,

2017), and even within 6 months postconcussion (Czerniak et al.,

2015). As highlighted in a recent systematic review, much of the prior

work has included single postinjury visits and/or has included

TABLE 3 Cross-sectional comparisons

BL 48H 8D 15D 45D

Average nodal strength t (p) [d] NA 0.79 (0.43) [0.15] 2.72 (0.008) [0.54] 1.26 (0.21) [0.26] 1.52 (0.13) [0.32]

SCAT3 (symptom severity) t (p) [d] 1.54 (0.13) [0.28] 7.89 (<0.001) [1.43] 2.48 (0.02) [0.46] 1.11 (0.27) [0.21] −0.07 (0.94) [−0.01]

BESS (Total errors) t (p) [d] 1.40 (0.17) [0.26] 3.76 (<0.001) [0.69] 2.11 (0.04) [0.40] 1.02 (0.31) [0.20] 1.66 (0.10) [0.33]

BSI-18 (GSI T-score) t (p) [d] 1.64 (0.10) [0.30] 7.52 (<0.001) [1.37] 3.43 (0.001) [0.64] 0.71 (0.48) [0.14] −0.41 (0.68) [−0.08]

ImPACT memory (Z-score) t (p) [d] 0.01 (0.99) [0.00] −3.08 (0.003) [−0.56] −1.94 (0.06) [−0.37] −1.67 (0.10) [−0.33] −1.51 (0.13) [−0.30]

ImPACT speed (Z-score) t (p) [d] −0.34 (0.74) [−0.06] −2.36 (0.02) [−0.43] −0.22 (0.83) [−0.04] −1.25 (0.22) [−0.24] −0.28 (0.78) [−0.05]

King-Devick (Total time) t (p) [d] 1.0 (0.33) [0.34] 3.01 (0.005) [0.83] 1.62 (0.11) [0.48] 0.33 (0.74) [0.10] 0.16 (0.87) [0.05]

NA = not available; SCAT3 = Sport Concussion Assessment Tool-3; BESS = Balance Error Scoring System; BSI-18 GSI = Brief Symptom Inventory-18
Global Severity Index; ImPACT = Immediate Postconcussion Assessment and Cognitive Testing; BL = baseline; 48H = 48-hr visit; 8D = 8-day visit;
15D = 15-day visit; 45D = 45-day visit. Bold indicates significant differences at p < .05 following FDR correction. Note that p = .01572 corresponded to
FDR-corrected 0.05.
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relatively small numbers of injured athletes. The large sample in the

current study allowed for additional comparisons of prospectively

recruited concussed athletes with and without symptoms that other

studies may not have been appropriately powered to address.

Furthermore, most previous studies assessing the effects of SRC

on rs-FC have focused on a priori defined seed-regions or functional

networks of interest (Johnson et al., 2012; Manning et al., 2017; May-

er et al., 2015; Zhu et al., 2015). By modeling the entire brain as a con-

nected network, the current study required no assumptions about

specific regions or resting-state networks that might be affected by

SRC. To the best of our knowledge, this is the first study to apply a

whole-brain network, or connectome, analysis approach in the acute

to sub-acute phase of SRC. Current results, however, are largely con-

sistent with previous studies in other mTBI samples that also report

increased connectivity at various time points postinjury using NBS or

graph theory metrics in mTBI patients relative to controls (Iraji et al.,

2016; Yan et al., 2017), in mTBI patients that subsequently develop

prolonged symptoms (Messe et al., 2013), and in symptomatic relative

to asymptomatic patients (van der Horn et al., 2017).

We observed a relatively global increase in rs-FC in concussed ath-

letes at 8 days postconcussion relative to controls, rather than a strong

localized effect in specific resting-state networks or regions. This study

cannot determine why athletes with SRC have a global increase in con-

nectivity at 8 days postconcussion. However, in regard to the timeline of

the observed effect, any delayed effect that was associated with clinical

symptoms would only be observed at the 8-day visit given the current

study design, as nearly all concussed athletes had recovered by the

15-day visit. Regarding the underlying pathophysiology, there are several

potential explanations that could conceivably result in increased connec-

tivity strength. First, the global effect seen here could be due to the

underlying diffuse impact of mTBI on axons (Johnson, Stewart, & Smith,

2013; Shultz et al., 2017) or microvasculature (Werner & Engelhard,

2007). The acute effects of mTBI also incite a cascade of secondary

effects such as neuroinflammation, edema, disruption of blood-brain bar-

rier, reduced cerebral blood flow, and other biochemical or neurometa-

bolic responses that could also potentially result in delayed global effects

on rs-FC (Giza & Hovda, 2014; Marchi et al., 2013). Ultimately, we are

unable to definitively link our observed changes in rs-FC with specific

pathophysiology.

Our observation of hyperconnectivity following SRC, however, is

consistent with the hypothesis that hyperconnectivity is a common

response to neurological disruption regardless of pathophysiology

(Hillary et al., 2015; Hillary & Grafman, 2017). Hyperconnectivity is

thought to represent the recruitment of additional neural resources to

enable communication following disruption of functional networks.

Thus, it is conceivable that such recruitment of additional neural

resources is needed only in concussed athletes that do not have rapid

recovery (i.e., those still symptomatic at 8 days postinjury). Whether

hyperconnectivity is adaptive or maladaptive is difficult to establish,

as the relationship between hyperconnectivity and clinical measures

has varied across studies of mTBI. Some have associated hypercon-

nectivity with less severe injury (Manning et al., 2017; Yan et al.,

2017). Others have reported hyperconnectivity associated with more

symptoms or longer recovery time, consistent with current findings

(Churchill, Hutchison, Richards, et al., 2017; van der Horn et al., 2017).

The nature of hyperconnectivity observed following mTBI and its rela-

tionship to injury severity and outcome likely depend on several fac-

tors such as age at injury, injury mechanism, time since injury, and

preinjury cognitive function or availability of neural resources

(i.e., cognitive reserve theory; Stern, 2002). Moreover, it is uncertain if

the observed hyperconnectivity represents reorganization of neural

FIGURE 2 Network-based statistic results: whole group analysis.

Shown are the nodes (i.e., regions of interest) and edges (connections)
of networks in which concussed athletes had significantly greater
connectivity than controls at the 8-day visit. Edges are colored based
on t-stat values. Nodes and edges are projected onto the MNI
standard template brain using BrainNet Viewer. Nodes are displayed
via a sphere at the center of mass for each ROI. L = left; R = right
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Network-based statistic results: sub-group analysis.

Shown are the nodes (i.e., regions of interest) and edges (connections)
of networks in which symptomatic concussed athletes had
significantly greater connectivity than controls at the 8-day visit.
Edges are colored based on t-stat values. Nodes and edges are
projected onto the MNI standard template brain using BrainNet
Viewer. Nodes are displayed via a sphere at the center of mass for
each ROI. L = left; R = right [Color figure can be viewed at
wileyonlinelibrary.com]
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circuitry in response to injury, as proposed by the hyperconnectivity

hypothesis, or is simply secondary to the previously described neuro-

metabolic consequences of SRC (e.g., altered glucose metabolism)

(Giza & Hovda, 2014). Future work utilizing multimodal neuroimaging

is needed to pinpoint the exact neurometabolic consequences of SRC

and their effects on intrinsic functional connectivity.

4.1 | Limitations and methodological considerations

It is uncertain if results in high school and collegiate football players

are generalizable to other populations (e.g., youth, women, and other

sports). In addition, obtaining preinjury neuroimaging data was not

feasible under the study design and resources, so we are unable to

determine changes in rs-FC relative to preinjury levels. The fact that

sub-group analyses showed that rs-FC differences were only

observed in still-symptomatic athletes, however, supports the conclu-

sion that effects were due to the recent injury. There was a nonsignifi-

cant trend for more prior concussions in the concussed group than in

the control group, which could affect rs-FC (Churchill, Hutchison,

Leung, Graham, & Schweizer, 2017; Meier, Lancaster, Mayer, Tea-

gue, & Savitz, 2017). Supplementary analyses, however, confirmed

that the number of prior concussions had no effect on current results

(see Supporting Information). Previous work has demonstrated that

the reliability of resting-state data is improved with scan durations

longer than 6 min and it is possible that this study was unable to cap-

ture signal dynamics at lower resting-state frequencies (Birn

et al., 2013).

There were several methodological decisions made which could

potentially impact the observed effects. First, we made the a priori

decision to focus on average nodal strength as our primary graph met-

ric of interest. There are several alternative graph metrics that could

have been analyzed; however, recent work has highlighted the diffi-

culty of interpreting group differences in many of these other graph

metrics when groups differ in connectivity strength (Hallquist & Hil-

lary, 2018; van den Heuvel et al., 2017). Descriptive statistics for

other common graph metrics are presented in the Supporting Informa-

tion following recent reporting recommendations (Hallquist & Hillary,

2018). Second, negative correlations were not included in our calcula-

tion of the average nodal strength, a decision which could potentially

affect graph metrics. However, supplementary analyses showed the

same group effect at 8 days postconcussion when including absolute

values of negative correlations (See Supporting Information). Finally,

the choice of parcellation scheme can also potentially affect findings;

however, supplementary analyses demonstrated the current findings

were independent of the parcellation scheme adopted (see Supporting

Information).

5 | CONCLUSIONS

At 8 days postinjury, concussed football players showed, on average,

a global increase in rs-FC. Additional analyses showed that the overall

group differences in rs-FC were driven by still-symptomatic con-

cussed athletes; asymptomatic concussed athletes did not differ from

controls. This large-scale, longitudinal study suggests that the

physiological effects of SRC assessed using rs-FC are delayed in onset

but linked with the trajectory of clinical recovery after SRC. These

findings support contemporary approaches to injury management and

return-to-play after SRC, which are based on detailed evaluation of

clinical recovery.
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