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Abstract Growing evidence suggests that sports-related con-
cussions (SRC) may lead to acute changes in intrinsic function-
al connectivity, although most studies to date have been cross-
sectional in nature with relatively modest sample sizes. We
longitudinally assessed changes in local and global resting state
functional connectivity usingmetrics that do not require a priori
seed or network selection (regional homogeneity; ReHo and
global brain connectivity; GBC, respectively). A large sample
of collegiate athletes (N = 43) was assessed approximately one
day (1.74 days post-injury, N = 34), one week (8.44 days,
N = 34), and one month post-concussion (32.47 days,
N = 30). Healthy contact sport-athletes served as controls
(N = 51). Concussed athletes showed improvement in mood
symptoms at each time point (p’s < 0.05), but had significantly

higher mood scores than healthy athletes at every time point
(p’s < 0.05). In contrast, self-reported symptoms and cognitive
deficits improved over time following concussion (p’s < 0.001),
returning to healthy levels by one week post-concussion. ReHo
in sensorimotor, visual, and temporal cortices increased over
time post-concussion, and was greatest at one month post-inju-
ry. Conversely, ReHo in the frontal cortex decreased over time
following SRC, with the greatest decrease evident at one month
post-concussion. Differences in ReHo relative to healthy ath-
letes were primarily observed at one month post-concussion
rather than the more acute time points. Contrary to our hypoth-
esis, no significant cross-sectional or longitudinal differences in
GBC were observed. These results are suggestive of a delayed
onset of local connectivity changes following SRC.

Keywords fMRI .Mild traumatic brain injury . Regional
homogeneity . Resting state

Introduction

The analysis of slow oscillations in the blood-oxygen-level
dependent (BOLD) signal via resting state functional magnetic
resonance imaging (fcMRI) has emerged as one method to
assess potential changes in intrinsic functional brain architec-
ture following mild traumatic brain injury (mTBI) and sports-
related concussion (SRC). To date, most studies have focused
on a priori selection of seed-regions or intrinsic connectivity
networks, which may not accurately capture the known hetero-
geneity of mTBI. For example, mTBI likely affects connectiv-
ity on a global level due to diffuse white matter injuries (V. E.
Johnson et al. 2013) and microvasculature damage (Park et al.
2009). In addition, previous studies of SRC, specifically, have
been primarily cross-sectional in nature and/or have included
relatively modest sample sizes. Thus, well-powered studies that
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prospectively track brain-wide changes in fcMRI across the
time frame of typical neurobehavioral symptom recovery (one
week to one month) are needed to pin down the neurophysio-
logical consequences of SRC.

Previous fcMRI studies on SRC have documented abnor-
malities in a variety of brain regions at various times following
injury (for review, see (Mayer et al. 2015a)). For example,
increased connectivity between bilateral hippocampus, as well
as between the precuneus and ventromedial prefrontal cortex
(PFC), has been reported 3–6 days following SRC (Militana et
al. 2015). In addition, reduced interhemispheric connectivity
has been observed in the primary visual cortex, dorsolateral
PFC, and hippocampus 10-days post-injury in asymptomatic
athletes compared to non-injured athletes at rest and following
a physical stress challenge (Slobounov et al. 2011). The same
group also reported increased connectivity in the medial pre-
frontal cortex and reduced connectivity in the posterior cingu-
late at 10-days post-injury in concussed athletes relative to
controls (B. Johnson et al. 2012). Increased functional con-
nectivity was reported at one month following SRC in the
attentional and executive function networks relative to con-
trols, with both increases and decreases in default mode net-
work (DMN) connectivity (Borich et al. 2015). Even up to an
average of over 3 months post-concussion asymptomatic ath-
letes had increased connectivity of the anterior cingulate cor-
tex (ACC) and dorsolateral PFC to several regions relative to
healthy athletes (Czerniak et al. 2015). Finally, one recent
longitudinal study observed a reduction of functional connec-
tivity within the DMN from one day to one week post-injury,
with evidence of partial return toward healthy control levels
by one month post-concussion in a sample of eight collegiate
football players (D. C. Zhu et al. 2015).

An alternative approach is to use fcMRI metrics that do not
require a priori selection of seed-regions or networks to assess
the recovery from SRC. One such method involves character-
izing the connectivity of single voxels with all other voxels in
the brain, providing a voxel-wise measure of global brain con-
nectivity (GBC). Assessing GBC is of particular interest for
mTBI patients due to diffuse axonal injury that occurs follow-
ing traumatic brain injuries of all severity (V. E. Johnson et al.
2013). This method has previously been used to characterize
differences in disorders exemplified by functional disconnec-
tion, such as in autism-spectrum disorders (Gotts et al. 2012). A
second fcMRI analysis method that does not require a priori
seed or network selection is regional homogeneity (ReHo),
which measures the similarity of the BOLD signal in a single
voxel with its nearest neighboring voxels (Zang et al. 2004). In
contrast to GBC, ReHo is a measure of local, short-range con-
nectivity, and can potentially be used to identify discrete, local-
ized regions with mTBI-induced abnormalities (e.g., lesions or
contusions). ReHo abnormalities have been observed in popu-
lations typified by functional disconnection, including mild
cognitive impairment and Alzheimer’s disease (Z. Zhang et

al. 2012). In addition, a recent study found decreased ReHo
in the left insula, pre- and postcentral gyri, and supramarginal
gyrus in mTBI patients on average 3 days post-injury relative to
healthy controls (Zhan et al. 2015). Thus, GBC and ReHo can
provide complimentary information regarding the pathophysi-
ological effects of SRC.

The current study examined global and local connectivity
in a sample of collegiate athletes at approximately one day,
one week, and one month following SRC. A sample of
healthy contact-sport collegiate athletes served as controls to
account for potential confounds associated with collegiate ath-
letics such as the potential effects of previous head hit expo-
sure, including previous concussions and sub-concussive head
injuries, on fcMRI (Abbas et al. 2015; B. Johnson et al. 2014).
We hypothesized that both local (ReHo) and global connec-
tivity (GBC) would be reduced acutely (i.e., days to week
post-concussion), and would show partial recovery toward
healthy athletes levels at the sub-acute phase (i.e., one month
post-concussion) similar to measures of cerebral perfusion
(Meier et al. 2015b). A secondary hypothesis was that SRC
would have a greater effect on GBC than ReHo, due to the
diffuse nature of mTBI.

Methods

Participants

NCAA Division I student-athletes (N = 94) were referred by
sports-medicine professionals and provided written informed
consent for this study, which was approved by an institutional
review board. All participants self-reported no past or current
mood disorders, anxiety disorders, alcohol abuse, or substance
abuse. Forty-three concussed athletes participated in at
least one of three visits that occurred approximately one
day (T1: 1.74+/−0.93 days post-concussion;N = 34), oneweek
(T2: 8.44+/−2.15 days post; N = 34), and one month (T3:
32.47+/−4.68 days post-concussion; N = 30) following SRC.
Nineteen concussed athletes participated in all three visits and
36 participated in at least 2 visits. Physicians trained in sports
medicine diagnosed concussions independently of the study at
the time of injury following recommend guidelines (McCrory
et al. 2013) based on a clinical exam assessing symptoms, a
cranial nerve check, manual muscle testing for strength defi-
cits, the Rhomberg’s test for balance deficits, on-field cognitive
testing developed by the UPMC Center for Sports Medicine,
and the King-Devick test. Fifty-one healthy, collegiate contact-
sport athletes (HA) served as a control group. Behavioral in-
formation from a subset of athletes included in this study has
been reported elsewhere (Meier et al. 2015b; Singh et al. 2015;
Meier et al. 2015c). Demographic information for all partici-
pants and the final number of participants included in each
analysis can be found in Table 1.
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Behavioral data

Structured interviews for the Hamilton Depression (HAM-D)
and Anxiety (HAM-A) Rating Scales served as the primary
behavioral measures. The Automated Neuropsychological
Assessment Metrics 4 Sports Medicine Battery (ANAM) was
used to collect secondary measures of interest, including com-
puterized assessments of self-reported concussion symptoms,
mood scales, and cognitive tests (Cernich et al. 2007). Overall
symptom frequency, overall symptom severity, concussion

symptom inventory frequency, and concussion symptom in-
ventory severity were strongly correlated (mean r = 0.93, range
0.90–0.98) and thus only overall symptom frequency was
used. ANAM mood scales were not assessed because the pri-
mary behavioral measures were structured interviews formood
symptoms. Throughput, which is the number of correct re-
sponses per minute, was used to measure performance on each
cognitive task included in the ANAM (Thorne 2006). Scores
on the cognitive battery were converted to standard scores by
using a gender and age matched sample of collegiate athletes
available in as part of the ANAM suite. Reference group scores
for the go-no-go and the mathematical processing tests were
not available and these measures were not assessed.

All other cognitive measures were positively correlated
(average r = 0.50, range 0.16–0.84) and averaged to create a
single cognitive composite measure in order to limit the num-
ber of comparisons performed. The ANAMValidity Indicator
Report was used to flag individual tests with scores indicating
misunderstanding of subtest instructions or cognitive batteries
with questionable effort (Roebuck-Spencer et al. 2013). These
scores were excluding from analyses. Similarly, athletes
reporting zeroes on all self-reported symptoms and mood
scale questions (including positive measures) were also ex-
cluded from analyses. Not every participant completed
ANAM testing (final n can be found in Table 1). An indepen-
dently determined, real-world measure of outcome was de-
fined as the number of days that athletes were withheld from
competition (i.e., return-to-play decisions) by clinicians
trained in sports medicine following recommended guidelines
(McCrory et al. 2013).

Imaging parameters and processing

MRI was performed using a General Electric Healthcare
Discovery MR750 3-Tesla whole body MRI scanner and
brain-dedicated receive-only 32-element coil array optimized
for parallel imaging (Nova Medical, Inc.). A six minute
gradient-echo echo-planar image (EPI) sequence was used to
collect 180 volumes of fcMRI data with the following param-
eters: FOV = 240 mm, acquisition matrix = 96 × 96, slice
thickness = 3 mm, inter-slice spacing = 0.2 mm, 37 axial
slices, TR/TE = 2 s/30 ms, flip angle = 90 degrees, sampling
bandwidth = 250 kHz, acceleration factor R = 2, acquired
voxel size = 2.5 × 2.5 × 3.2 mm interpolated to
1.875 × 1.875 × 3.2 mm. Participants were instructed to fixate
on a cross and think of nothing in particular during the
resting state scan. For anatomical reference, T1-
weighted structural images were collected using a
parallelized magnetization-prepared rapid gradient-echo
sequence with sensitivity encoding and the following
parameters: FOV = 240 mm, 130 axial slices, slice
thickness = 1.1 mm, image matrix = 256 × 256, TR/TE =
5/1.948 ms, acceleration factor R = 2, flip angle = 8 degrees,

Table 1 Demographic information

CA (N = 43)
Mean (S.D.)

HA (N = 51)
Mean (S.D.)

Age 20.29 (1.31) 20.26 (1.44)

Education 13.12 (0.98) 13.31 (1.29)

Gender (M/F) 34/9 35/16

Previous Concussions 0.93 (1.14) 0.59 (1.10)

Sport

Basketball 6 0

Football 31 31

Rowing 1 0

Soccer 4 20

Volleyball 1 0

Health/Medication* T1/T2/T3

Acetaminophen 3/0/0 0

Adderall 1/1/1 0

Advair 0/1/0 0

Antiobiotic, acetaminophen, mucinex 0/0/0 1

Ibuprofen 1/0/0 0

Losartan, albuterol, minocycline 1/1/0 0

Nature-throid 0/0/0 1

Tramadol 0/1/0 0

Zarah 1/0/0 0

ADHD 3/3/3 2

Concussion Information*

LOC (# of athletes) 1 of 37 Na

PTA (# of athletes) 6 of 37 Na

Retrograde amnesia (# of athletes) 4 of 37 Na

Final n of usable data T1/T2/T3 HA

Enrolled 34/34/30 51

HAM-A, HAM-D 34/34/30 51

ANAM self-report 29/27/22 37

ANAM cognitive 27/26/24 36

fcMRI 28/29/26 50

HA healthy athletes, CA concussed athletes, ADHD attention deficit/
hyperactivity disorder, LOC loss of consciousness, PTA post-traumatic
amnesia min minute, undefined undefined duration

*Medication information is not available for 13 HA; Medication and
concussion LOC/amnesia information is not available for 6 CA
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TI = 725 ms, sampling bandwidth = 31.25 kHz, voxel
size =0.9375 × 0.9375 × 1.1 mm.

Image processing was performed using a combination of
neuroimaging analysis software. Each participant’s structural
image was skull stripped and transformed to standard space
using the AdvancedNormalization Tools (ANTS) by applying
a 12-parameter affine transformation followed by a non-linear
warp (Avants et al. 2011). Tissue segmentation was subse-
quently performed to create an eroded white matter mask.
Finally, a bilateral lateral ventricle mask was extracted in na-
tive space following automated segmentation via Freesurfer
v5.1 (Fischl et al. 2002), transformed to standard space, and
eroded by 1 voxel along the x, y, and z directions to ensure
exclusion of non-CSF voxels.

Processing and analyses of EPI volumes were conducted
using AFNI (Cox 1996). The first four EPI volumes were
removed and any anomalous time-series data were replaced
using AFNI’s despike program. Images were slice-time
corrected, and volumes were registered to the first volume to
account for head motion using a 6-degree of freedom trans-
formation. The resulting volumes were then aligned to stan-
dard space using both the affine transformation and non-linear
warp calculated for the structural image and resampled to
1.75 mm isotropic voxel size using ANTS.

GBC pipeline

Resampled EPI images were spatially smoothed using a
Gaussian kernel with full-width at half-maximum (FWHM) of
4 mm. Signals of no-interest were regressed from the spatially
smoothed time-series data, including six rigid-body motion pa-
rameters and their derivatives, the average lateral ventricle sig-
nal, the averaged local white matter signal (Jo et al. 2010), and
bandpass filter frequencies (0.01–0.10 Hz). The Euclidian norm
of the six motion parameters was calculated (Jones et al. 2010),
and time-points with total motion >0.30 were censored from the
analyses along with the preceding time-point.

TheAFNI program 3dTcorrMapwas used to calculate voxel-
wise GBC from the smoothed time series data. Specifically, the
Pearson correlation between time series data from each voxel
with all other voxels was calculated, Fisher z-transformed, and
averaged to create one GBC measure for each voxel.

ReHo pipeline

The preprocessing pipeline for ReHo analyses was identical to
the GBC pipeline with the exception that nuisance regression
was performed prior to spatial smoothing (4 mm FWHM ker-
nel) to prevent smoothing-related increases in ReHo ampli-
tude (Zuo et al. 2013). ReHo is the Kendall’s coefficient of
concordance for a time series relative to time series in a de-
fined neighborhood of adjacent voxels (Zang et al. 2004). This
method is an alternative, complementary approach to analyze

time series data that specifically assesses similarity in local
connectivity of voxels rather than connectivity to other voxels
across the brain, including those in anatomically distant re-
gions (i.e., traditional seed-based analyses). Specifically,
ReHo was calculated with 3dReHo (Taylor and Saad 2013)
across a neighborhood of 27 voxels in resampled space using
the processed time series without spatial smoothing (addition-
al analyses using different thresholds for defining local neigh-
borhoods can be found in the supplement). A 4 mm FWHM
smoothing kernel was subsequently applied and voxel-wise
ReHo maps were then converted to z-values by subtracting
the mean global ReHo and dividing by the standard deviation
of the mean at each voxel.

Participants with image artifacts or less than 128 usable
time-points following motion censoring were excluded for
all imaging analyses (final n with usable data found in
Table 1). Analyses were limited to grey matter for which all
participants had EPI coverage by using an inclusion mask
created from a tissue segmentation of the standard template
(GMP > 0.25), combined with binary masks of normalized
anatomical images from each participant.

Statistics

The number of prior concussions and the number of censored
time points were square root transformed following the addition
of a constant prior to statistical analyses. Linear mixed-effects
(LME) models with time as a fixed factor and a random inter-
cept to account for missing data were used to investigate chang-
es in time as a function of recovery. Voxel-wise LMEs were
performed using the AFNI program 3dLME (Chen et al. 2013).
Two-tailed independent samples t-tests were used to character-
ize cross-sectional differences against HA. The estimated
smoothness of the residuals (GBC FWHM = 6.6) and the un-
smoothed residuals plus blurring kernel (ReHo = 2.7 + 4 mm
kernel) were similar across both analytic pipelines. Therefore,
the more conservative kernel was adopted to correct for false
positives. Monte Carlo simulations (10,000 iterations in native
voxel space) determined the necessary correction for family-
wise error rate at p < 0.05 for all voxel-wise analyses
(p = 0.005, minimum cluster volume = 660 μl). Anatomical
localization for significant clusters was determined in part by
the use of themacro-labels of the Eickhoff-Zilles brain atlas that
is distributed with AFNI (Eickhoff et al. 2005).

Results

Behavioral analyses

Two-tailed independent samples t-tests confirmed that
concussed athletes did not differ from HA in age or education
(p’s > 0.10). However, there was a non-significant trend for
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concussed athletes self-reporting more previous concussions
than HA (t(92) = 1.72, p = 0.088.) The median length of
return-to-play decisions for concussed athletes was 13 days
(range 3 to indefinite). The mean number of months between
the study date and the last reported concussion for healthy
athletes with a previous concussion was 34.06 (range 3 to
134 months).

There was a significant effect of time on HAM-D (F(2,
53) = 37.69, p < 0.001) and HAM-A scores (F(2,53) = 43.52,
p < 0.001; Fig. 1; Table 2). Both HAM-D and HAM-A scores
were significantly higher at T1 and T2 relative to T3
(p’s < 0.001), and were significantly higher at T1 relative to
T2 (p = 0.024 and p < 0.001). Similarly, there was a significant
main effect of time on self-reported symptom frequency (F(2,
40) = 31.28, p < 0.001) and cognitive performance (F(2,
41) = 13.97, p < 0.001). Self-reported symptoms and cognitive
performance were worse at T1 relative to T2 (p’s < 0.001) and
T3 (p’s < 0.001), while symptoms and cognitive performance
were not different at T3 relative to T2 (p’s > 0.10).

Two-tailed independent samples t-tests confirmed that
concussed athletes had higher HAM-D scores relative to HA
at T1 (t(83) = 9.98, p < 0.001), T2 (t(83) = 8.86, p < 0.001),
and T3 (t(79) = 3.03, p = 0.003). Similarly, HAM-A scores
were higher in concussed athletes relative to HA at T1
(t(83) = 9.93, p < 0.001), T2 (t(83) = 6.84, p < 0.001), and
T3 (t(79) = 2.17, p = 0.033; Fig. 1). In contrast, self-reported
symptoms (t(64) = 5.63, p < 0.001) and cognitive scores
(t(61) = −3.22, p = 0.002) were worse at T1 relative to HA
and, but not at T2 (p’s > 0.10). Finally, cognitive performance
at T3 was not different from HA (p > 0.10), and concussed
athletes at T3 had fewer self-reported symptoms than HA
(t(57) = −2.97, p = 0.004).

Resting state functional connectivity quality assurance

There was no significant main effect of time on head motion
or the number of censored time points across concussed ath-
letes (all p’s > 0.10). There were also no significant differences
in head motion on the number of censored TRs between HA
and concussed athletes at T1, T2, or T3 (all p’s > 0.10).

Global connectivity differences

There was no significant main effect of time on voxel-wise
GBC following appropriate correction for multiple compari-
sons in concussed athletes. A voxel-wise comparison of GBC
between HA and concussed athletes at T1 also found no sig-
nificant differences following appropriate correction for mul-
tiple comparisons.

Local connectivity differences

Longitudinal analyses indicated two main patterns of ReHo
change as a function of time in the concussed athletes (see
Table 2, Fig. 2; Supplementary Fig. 1). The first pattern
indicated a general increase in ReHo at sub-acute (i.e., one
week and one month) relative to acute (i.e., one day) assess-
ment points, and included the left paracentral lobule and
postcentral gyrus (PCL/PoG), the right PoG, right lingual
and fusiform gyri (LgG/FuG), right superior temporal gyrus
(STG), bilateral supplementary motor areas (SMA), right
LgG, and the right middle and superior temporal gyri
(MTG/STG). For each of these clusters, ReHo was signifi-
cantly higher at T3 relative to T1 (all p’s < 0.001). ReHo for
the right STG cluster was also significantly higher at T2

Fig. 1 Behavioral Measures:
Scores from structured interviews
for depression (HAM-D) and
anxiety (HAM-A) as well as the
average scores from the cognitive
battery and frequency of self-
reported symptoms are shown for
concussed athletes (CA) at one
day (T1; light grey), one week
(T2; grey), and one month
(T3; dark grey) post-concussion,
as well as in healthy athletes
(HA; white). Notches indicate
95 % confidence interval of the
median and whiskers represent
data within 1.5 interquartile range
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relative to T1 (p < 0.001), with no difference between T2 and
T3. ReHo was higher for all other clusters at T3 relative to T2
(all p’s < 0.005), while T1 and T2 did not differ. In addition to
these longitudinal effects, regions with increased ReHo were
also significantly higher at T3 relative to HA (all p’s < 0.01).
ReHo in the right STG was significantly higher at T2 com-
pared to HA (p < 0.05), and ReHo in the right LgG/FuG was
significantly lower at T1 relative to HA (p < 0.05). No other
differences relative to HAwere observed at T1 or T2.

In contrast, the bilateral superior medial frontal gyrus
(SMFG) and the right middle and superior frontal gyri
(MFG/SFG) also exhibited a significant effect of time but with
a pattern of reduced ReHo as a function of time (Table 2). For
both regions, ReHo was significantly lower at T3 relative to
both T1 and T2 (p’s < 0.001). There was no difference be-
tween ReHo in the bilateral SMFG at T1 and T2, but
ReHo in the right MFG/SFG was higher at T2 than at
T1 (p < 0.05). Relative to HA, ReHo in both regions
was lower in concussed athletes at T3 (p’s < 0.05). Finally,
ReHo in the right MFG/SFG was significantly higher at T2
relative to HA (p < 0.05), while no other differences were
observed at T1 or T2 relative to HA.

Exploratory analyses

Finally, exploratory Spearman correlations were performed to
determine if post-concussion abnormalities in functional con-
nectivity were associated with primary behavioral (i.e., HAM-

A and HAM-D) or outcome (i.e., days withheld from compe-
tition) measures. To limit the number of comparisons and con-
trol for Type I error, clusters with similar patterns over time (i.e.,
separated into clusters with either increased ReHo at one month
or clusters with decreased ReHo at one month) were averaged.
This resulted in two ReHo clusters with either increasing or
decreasing ReHo over the one-month assessment period.
However, there were no significant correlations between behav-
ior and connectivity measures at T1, T2, or T3 (all p’s > 0.05).

Discussion

To our knowledge, the current study represents the first at-
tempt to prospectively characterize abnormalities in local
(ReHo) and global (GBC) connectivity following SRC. Both
self-report and clinical assessments indicated increased neu-
robehavioral symptomatology in the acute phase that either
completely (self-report and cognitive testing) or partially
(clinical assessment) abated as athletes transitioned from the
acute (i.e., one day) to sub-acute (i.e., one week or one month)
post-injury stages. Contrary to our hypothesis, there were no
longitudinal changes or cross-sectional abnormalities on glob-
al metrics of connectivity. However, results indicated evidence
of both longitudinal and cross-sectional changes in local con-
nectivity that were more prominent in the semi-acute phase of
SRC. This pattern of findings is contrary to current under-
standing of typical recovery characterized by rapid resolution

Table 2 Behavioral measures and clusters of regional homogeneity with significant differences

Behavioral Measure – – T1 vs. T2 T1 vs. T3 T2 vs. T3 T1 vs. HA T2 vs. HA T3 vs. HA

HAM-A – – T1 > T2 T1 > T3 T2 > T3 T1 > HA T2 > HA T3 > HA

HAM-D – – T1 > T2 T1 > T3 T2 > T3 T1 > HA T2 > HA T3 > HA

Cognitive Performance – – T2 > T1 T3 > T1 n.s. HA > T1 n.s. n.s.

Self-reported symptom frequency – – T1 > T2 T1 > T3 n.s. T1 > HA n.s. HA > T3

ReHo Cluster Region Volume (μl) Peak Coordinates (x, y, z) T1 vs. T2 T1 vs. T3 T2 vs. T3 T1 vs. HA T2 vs. HA T3 vs. HA

Regions of Increased ReHo

L PCL/PoG 3950 −6, −34, 62 n.s. T3 > T1 T3 > T2 n.s. n.s. T3 > HA

R PoG 2374 17, −45, 60 n.s. T3 > T1 T3 > T2 n.s. n.s. T3 > HA

R LgG/FuG 1233 22, −50, 2 n.s. T3 > T1 T3 > T2 HA > T1 n.s. T3 > HA

R STG 1018 57, −18, −1 T2 > T1 T3 > T1 n.s. n.s. T2 > HA T3 > HA

SMA 927 4, −15, 53 n.s. T3 > T1 T3 > T2 n.s. n.s. T3 > HA

R LgG 858 13, −64, −5 n.s. T3 > T1 T3 > T2 n.s. n.s. T3 > HA

R MTG/STG 750 48, −38, 11 n.s. T3 > T1 T3 > T2 n.s. n.s. T3 > HA

Regions of Decreased ReHo

R MFG/SFG 734 29, 48, 13 T2 > T1 T1 > T3 T2 > T3 n.s. T2 > HA HA > T3

SMFG 718 −3, 57, 11 n.s. T1 > T3 T2 > T3 n.s. n.s. HA > T3

Voxel Coordinates are in Talairach space [LPI], HAM-A Hamilton Anxiety Rating Scale, HAM-D Hamilton Depression Rating Scale, ReHo regional
homogeneity, T1 one day post-concussion, T2 one week post-concussion, T3 one month post-concussion, HA healthy athletes, L left, R Right, PoG
postcentral gyrus, PCL paracentral lobule, LgG lingual gyrus, FuG fusiform gyrus, STG superior temporal gyrus, SMA supplementary motor area,MTG
middle temporal gyrus,MFG middle frontal gyrus, SFG superior frontal gyrus, SMFG superior medial frontal gyrus, n.s. not significant
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of symptoms followed by return to play, and potentially sug-
gests a complex and temporally varying pattern of neurophys-
iological changes following SRC.

The recovery-rate of post-concussion symptoms was simi-
lar to our previous work in subsets of the current sample of
athletes and thus is only briefly described here (Meier et al.
2015b; Singh et al. 2015; Meier et al. 2015c). Self-report
symptoms and cognitive deficits showed recovery by one
week post-concussion, which is consistent with large-scale

clinical studies of typical symptom recovery following SRC
(McCrea et al. 2003). Although we observed partial recovery
of clinically assessed mood symptoms by one week and one
month relative to one-day post-concussion, mood symptoms
remained elevated throughout our sub-acute assessment
phase. Importantly, these findings suggest that mood symp-
tomsmay remain elevated beyond the typical recovery period,
and that the method of mood symptom assessment (i.e., self-
report vs. clinically assessed) may play a role in determining

Fig. 2 Local Connectivity
Differences: a Clusters that
showed a significant difference in
regional homogeneity over time
post-concussion are shown.
Warm color scheme represents
regions in which regional homo-
geneity increased over time post-
concussion. Cool color scheme
represents regions in which re-
gional homogeneity decreased
over time post-concussion. b Box
plots illustrating the average z-
scored regional homogeneity
(ReHo) for each cluster are shown
for concussed athletes (CA) at one
day (T1; light grey), one week
(T2; grey), and one month
(T3; dark grey) post-concussion,
as well as in healthy athletes
(HA; white). Notches indicate
95 % confidence interval of the
median and whiskers represent
data within 1.5 interquartile
range. Regions with increasing
ReHo over time are labeled in red
and regions with decreasing
ReHo over time are labeled in
blue. L = left, R = Right,
PoG = postcentral gyrus,
PCL = paracentral lobule,
LgG = lingual gyrus,
FuG = fusiform gyrus,
STG = superior temporal gyrus,
SMA = supplementary motor ar-
ea, MTG = middle temporal gy-
rus, MFG = middle frontal gyrus,
SFG = superior frontal gyrus,
SMFG = superior
medial frontal gyrus
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recovery. However, structured interviews were not conducted
blinded to concussion status and thus rater bias cannot be
ruled out.

Longitudinal changes in local connectivity (ReHo) follow-
ing SRC showed two general patterns. The first pattern, present
in two rostral PFC regions, was a reduction in ReHo at one
month post-concussion relative to the acute assessment. The
superior medial frontal gyrus corresponds to the anterior node
of the DMN, which is thought to mediate internally oriented
processing (Buckner et al. 2008). Altered functional connec-
tivity in theDMN followingmTBI is consistent with numerous
previous studies (reviewed in (Mayer et al. 2015a)). For exam-
ple, alterations in DMN connectivity have been previously
reported in concussed athletes at one month post-concussion
(Borich et al. 2015). Other groups have observed reduced
DMN connectivity within the first week (D. C. Zhu et al.
2015) as well as both reductions and increases in DMN con-
nectivity at 10 days following SRC (B. Johnson et al. 2012).

The fact that differences in DMN connectivity are consis-
tently observed in SRC could be due a several factors. First,
the DMN is one of the most functionally connected networks,
both locally and globally, in the brain (Buckner et al. 2009;
Cole et al. 2010; Sepulcre et al. 2010), and thus potentially one
of the most susceptible to the effects of SRC. In addition,
computational modeling suggests that midline structures, such
as the main hubs of the DMN (i.e., anterior and posterior
cingulate cortices), are particularly sensitive to shear strains
associated with rotational forces (L. Zhang et al. 2004).
Finally, similar to hypothesized alterations of DMN in depres-
sion (Sheline et al. 2009), changes in DMN connectivity may
be epiphenomenal in nature, resulting from abnormal self-
referential processing following SRC rather than being a di-
rect result of injury.

In contrast, the rostrolateral PFC is a part of the
frontoparietal network, or executive control network, and is
associated with decision-making and cognitive control
(Seeley et al. 2007; Vincent et al. 2008; Yeo et al. 2011). As
with the DMN, several studies have also demonstrated abnor-
malities in the frontoparietal network following mTBI. For
example, increased connectivity to the dorsolateral PFC was
observed in a variety of regions, including other frontal re-
gions and parietal cortex, on average over three months
post-injury (Czerniak et al. 2015). Increased activity in
frontoparietal regions has also been documented during a
working memory task up to two months post-injury
(Dettwiler et al. 2014). Acute deficits in executive function
are common following mTBI (Karr et al. 2014), and current
and retired football players with histories of previous concus-
sion self-report executive dysfunction relative to standard nor-
mative data (Seichepine et al. 2013). Although the clinical
significance of the current findings remains to be elucidated,
to our knowledge they represent the first demonstration of
altered local connectivity in the frontal cortex following SRC.

In contrast to prefrontal cortex, sensorimotor, visual, and
temporal regions exhibited an increase in local connectivity as
concussed athletes transitioned from the acute to semi-acute
injury phases. Previous studies have reported various meta-
bolic abnormalities in primary motor cortex within one week
of injury in concussed relative to healthy athletes (Henry et al.
2010). In addition, a recent study in an emergency room co-
hort of mTBI patients at approximately 3 days post-injury
found decreased ReHo during the resting state in the left
pre- and postcentral gyri, as well as the left supramarginal
gyrus and insula (Zhan et al. 2015). Disrupted motor network
connectivity during a unilateral finger movement task has also
been reported in TBI patients of varying severity at least
6 months post-injury (Kasahara et al. 2010), and reduced in-
terhemispheric coherence of the motor cortex during a finger
movement task was recently reported in pediatric mTBI pa-
tients with post-concussion syndrome (Urban et al. 2015). A
reduction in cortical thickness in the right motor cortex has
also been observed in collegiate football players with a history
of concussion relative to players without a concussion history
(Meier et al. 2015a). Furthermore, decreased interhemispheric
connectivity has been previously observed both at rest and
following a physical stress test in the visual cortex following
SRC (Slobounov et al. 2011), and altered task-evoked activity
in the visual cortex has been documented in mTBI patients at
the semi-acute (i.e., 3 weeks) and early chronic (i.e., 4 months)
phases during a multisensory cognitive control task (Mayer et
al. 2015b). The abnormalities observed at rest within sensory
networks in the current work may reflect the functional reor-
ganization or possibly altered metabolism of these networks.
Such abnormalities could potentially be associated with sen-
sorimotor deficits present in some athletes following SRC
(McCrory et al. 2013) as well as in military populations fol-
lowingmild traumatic brain injury (Pogoda et al. 2012; Lew et
al. 2011). However, exploratory analyses showed no signifi-
cant relationships between post-concussion symptoms
and ReHo in the sensory networks or frontal cortices. Future
studies relating clusters of concussion symptoms with connec-
tivity measures in a priori selected anatomical regions are
needed.

It is possible that the longitudinal changes in ReHo ob-
served in the current study reflect recovery following SRC.
However, cross-sectional comparisons to healthy athletes sug-
gest a potentially more nuanced explanation. For regions that
showed ReHo changes (both increases and decreases), signif-
icant differences relative to HAwere primarily observed only
at one month post-concussion rather than at the more acute
visits. One potential explanation is that changes in local con-
nectivity have a delayed onset and are driven by secondary
effects of SRC, such as inflammation (Patterson and Holahan
2012). An alternative explanation is that changes in local con-
nectivity increase beyond normal levels as a compensatory
mechanism following concussion. In either case, the limited
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follow-up period in the current study does not permit full
characterization of the subsequent recovery of ReHo, and ad-
ditional studies with more extended follow-up scans (e.g., six
months post-injury) are required. In addition, the physiologi-
cal mechanism behind simultaneous observations of post-
concussion increases and decreases in ReHo in separate re-
gions is unknown. However, a recent study found that associ-
ation areas (including frontoparietal and DMN regions) and
primary sensory areas (visual, motor, and auditory) showed
distinct network boundaries based on the functional covari-
ance of surface-based ReHo (Jiang et al. 2015), indicating that
these regions could conceivably show opposite patterns of
ReHo changes in response to SRC.

From a neurophysiological perspective, changes in local
functional connectivity may reflect changes in short-range
neuronal synchronicity as a result of SRC. However, the
BOLD signal is made up of a combination of physiological
signals that are likely affected by SRC, including the cerebral
metabolic rates of oxygen and glucose, cerebral blood vol-
ume, and cerebral blood flow (Ogawa et al. 1990). For exam-
ple, we have previously demonstrated acute hypo-perfusion in
the right insular cortex and superior temporal cortex with re-
covery toward normal levels by one month post-concussion
(Meier et al. 2015b), and increased cerebrovascular reactivity
has also been observed within the first week following SRC
(Militana et al. 2015). Thus, longitudinal, studies with
multiple neuroimaging metrics, including susceptibility-
weighted or T2*-weighted images, are needed to pin-
point the exact physiological consequences of mild head
trauma, which have been shown to multi-faceted and
complex in animal models (Giza and Hovda 2014). The si-
multaneous assessment of arterial spin labeling perfusion and
BOLD-dependent fMRI would be particularly informative (S.
Zhu et al. 2013).

We also hypothesized that GBC would be affected by SRC
due to the diffuse nature of white matter abnormalities previ-
ously observed following TBI (V. E. Johnson et al. 2013),
which could conceivably affect local and global functional
connectivity. However, this hypothesis was not supported by
the current data. Several previous studies that have relied on
methods requiring a priori selection of seed-regions or resting
state networks have reported difference in long-range connec-
tivity following SRC and mTBI (reviewed in (Mayer et al.
2015a)). The fact that GBC represents the average connectiv-
ity of a voxel with all other voxels of the brain could poten-
tially result in averaging out of any differences that might exist
between specific seed-regions or networks. Accordingly, sup-
plementary analyses found that analyses of local connectivity
with defined neighborhoods up to 5000 voxels (i.e., a closer
approximation to GBC analyses; see supplement) had a reduc-
tion in the number of significant clusters, which supports this
hypothesis. Thus, this could explain why no GBC differences
in the DMN were observed despite previous reports of DMN

abnormalities using seed-based and ICA methods.
Nevertheless, the current results suggest that local connectiv-
ity is potentially a more sensitive marker of SRC than global
connectivity.

The current study has caveats and limitations that merit
discussion. The primary goal of the current study was to elu-
cidate the effects of a recent SRC within the time period typ-
ically associated with symptom recovery.We therefore includ-
ed contact-sport athletes as our control group to control for the
potential effects of previous concussions, sub-concussive
head injuries, and other demands associated with being a col-
legiate student-athlete. An alternative strategy would have
been to include only athletes that had no self-reported history
of concussion as healthy controls. However, that approach
would not allow the separation of the effects of previous con-
cussion from the current concussion, as concussed athletes in
the current study had a varying history of concussions prior to
the current injury. Nevertheless, one primary limitation of the
current study is that concussed athletes had more prior con-
cussions than HA, which is consistent with previous work
demonstrating that a history of prior concussions increases
the likelihood of additional incidents (Guskiewicz et al.
2003). Furthermore, not every participant was able to com-
plete every visit, though statistical approaches capable of deal-
ing with missing data (i.e., linear mixed-effects models) were
used for longitudinal analyses. In addition, our analyses ex-
tended across the time window of return-to-play decisions,
and different levels of exercise between injured athletes and
those cleared for return-to-play may be a confounding factor
on analyses. Although we did not exclude for Attention
Deficit Hyperactivity Disorder, supplementary analyses indi-
cated that local connectivity differences remained largely un-
changed when excluding these subjects (see supplement).
Finally, although we observed longitudinal changes across
multiple time points following concussion, pre-injury connec-
tivity levels were not available in the current sample. Instead,
cross-sectional comparisons to healthy, non-concussed ath-
letes were used as a proxy for pre-injury levels. Additional
longitudinal studies with true pre-injury baselines are needed
to map out recovery curves for resting state connectivity met-
rics following SRC.

Conclusion

These results demonstrate both cross-sectional and lon-
gitudinal evidence of changes in local functional con-
nectivity at the acute and sub-acute time frame follow-
ing SRC in a large sample of collegiate athletes. Local
connectivity differences emerged in prefrontal cortex, sensory,
and motor networks one month following SRC,
highlighting these regions as potential targets for future
MRI biomarker development.
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