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Abstract

Emerging evidence suggests that a history of sports-related concussions can lead to long-term neuroanatomical changes.

The extent to which similar changes are present in young athletes is undetermined at this time. Here, we tested the

hypothesis that collegiate football athletes with (n = 25) and without (n = 24) a self-reported history of concussion would

have cortical thickness differences and altered white matter integrity relative to healthy controls (n = 27) in fronto-

temporal regions that appear particularly susceptible to traumatic brain injury. Freesurfer software was used to estimate

cortical thickness, fractional anisotropy was calculated in a priori white matter tracts, and behavior was assessed using a

concussion behavioral battery. Groups did not differ in self-reported symptoms ( p > 0.10) or cognitive performance

( p > 0.10). Healthy controls reported significantly higher happiness levels than both football groups (all p < 0.01). Contrary

to our hypothesis, no differences in fractional anisotropy were observed between our groups ( p > 0.10). However, football

athletes with a history of concussion had significantly thinner cortex in the left anterior cingulate cortex, orbital frontal

cortex, and medial superior frontal cortex relative to healthy controls ( p = 0.02, d = -0.69). Further, football athletes with a

history of concussion had significantly thinner cortex in the right central sulcus and precentral gyrus relative to football

athletes without a history of concussion ( p = 0.03, d = -0.71). No differences were observed between football athletes

without a history of concussion and healthy controls. These results suggest that previous concussions, but not necessarily

football exposure, may be associated with cortical thickness differences in collegiate football athletes.
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Introduction

There has been a dramatic increase in research aimed

towards identifying the effects of sports-related concussion on

brain structure and function. The recent observation of reduced

hippocampal volume in otherwise healthy collegiate football

players,1 a finding also observed post-mortem in retired collision

sport athletes with chronic traumatic encephalopathy,2 suggests

that observable structural changes may be present in young athletes

with high exposure to concussive and sub-concussive head hits.

Other structural changes, including altered white matter and ad-

vanced cortical thinning, also have been observed in retired athletes

with a history of concussion.3–5 However, the extent to which

similar structural changes occur in young healthy athletes and

whether changes result from concussions or simply exposure to

repetitive head hits remains unresolved.

Several studies have identified white matter changes as a result

of mild traumatic brain injury (mTBI), including sports-related

concussion.6 Consistent with previous observations,7–9 a recent

meta-analysis illustrated that increased fractional anisotropy (FA) is

typically observed at the acute and sub-acute phases of mTBI (i.e.,

days to weeks post-concussion), while decreased FA is typically

observed at more chronic stages (i.e., months to years) and in

chronically symptomatic patients.10 Importantly, chronically

symptomatic patients represent a small minority of all mTBI pa-

tients and results from this cohort might not be generalizable to more

typical cases of mTBI that are associated with more rapid recov-

ery.11 Further, there is emerging evidence that exposure to sports

with a risk for repetitive head injuries can result in altered white

matter in the absence of concussion.12 Therefore, well-controlled

studies are needed to differentiate the relative effects of previous

concussions and football exposure on white matter abnormalities.

In contrast to white matter, few studies have investigated

changes in gray matter structure in young athletes with a history of

sports-related concussion. Research with moderate-to-severe TBI

suggests that the lateral frontotemporal cortices represent a
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common injury site secondary to the morphology of the skull,13 and

the frontotemporal cortices are a frequent site of tau pathology in

patients with suspected chronic traumatic encephalopathy.2 Although

reduced gray matter volume and widespread cortical thinning have

been documented in severe and moderate TBI patients,14–16 results

from mTBI patients have been inconsistent.17–20 Current research

suggests that evidence of atrophy following mTBI may be limited to

patients with lesions (i.e., complicated mTBI),21 may be prevalent

only in chronically symptomatic patients,22 or may be present only

during the late chronic injury phases.17,20 To our knowledge, there

have been no studies examining whether cortical thickness differ-

ences are observable in asymptomatic athletes with a self-reported

history concussion or in athletes with exposure to repetitive head

impacts without a self-reported history of concussion.

The current investigation therefore had two major aims. First, we

tested the hypothesis that collegiate-aged football players with a

self-reported history of concussion would have thinner cortex and

disrupted white matter integrity relative to either football players

without a self-reported history of concussion or non-football

athlete/non-athlete healthy controls. Second, we tested whether

exposure to football even without a self-reported history of con-

cussion would be associated with thinner cortex and disrupted

white matter relative to non-football athlete/non-athlete healthy

controls. We hypothesized that football players with and without a

history of concussion would have thinner cortex and lower FA in

frontal and temporal regions relative to the control group, but

would not differ from each other.

Methods

Participants

A targeted sample of male collegiate athletes (n = 49) from a
single National Collegiate Athletic Association Division I Ameri-
can rules football program and non–football athletes/non-athletes
without a history of self-reported concussion or football experience
(n = 27; HC) were recruited for this study. All individuals reported
no past or current history of mood disorders, anxiety disorders,
alcohol abuse, or substance abuse. All participants provided written
informed consent approved by local institutional review boards.
Participant interviews based on retrospective recall were used to
establish concussion history, defined as concussions that were
medically diagnosed by a clinician at the time of injury, as well as
the number of years of tackle football experience. Twenty-four
football athletes self-reported no clinically diagnosed concussions
(Ath). Twenty-five current or former football athletes self-reported
at least one clinician-diagnosed concussion (Ath-mTBI). This
group included one track-and-field athlete with extensive football
experience (nine years), including experience at the collegiate le-
vel. All football athletes with a history of concussion were currently
cleared for competition (i.e., no residual concussion symptoms) at
the time of scan by clinicians trained in sports medicine.

Behavioral assessment

A common concussion behavioral battery was used to aid in
interpretation of any potential neuroanatomical differences. Spe-
cifically, the Automated Neuropsychological Assessment Metrics 4
Sports Medicine Battery (ANAM)23 was administered to a subset
of football athletes (37/49) and control participants (22/27) in a
confidential research setting. Behavioral data was only available in
this subset because behavioral data collection began at a later stage
than neuroimaging data collection. The ANAM is an automated,
computerized assessment of self-reported concussion symptoms,
mood scales, and cognitive tests.23 Construct validity and test–
retest reliability for ANAM measures can be found elsewhere.24,25

Throughput, which is the number of correct responses per minute,
was used to measure performance on each cognitive task.26 D¢, a
measure of signal detection, was used for the go-no-go task. Task
scores were standardized relative to a normative sample of male
collegiate athletes available as part of the ANAM software. Raw
scores were used for the go-no-go and mathematical processing
task as the normative group does not include scores for these tests.
The standardized throughput score from the two simple reaction
time tests were averaged and used as a single measure.

Several steps were taken to ensure data quality. Three athletes
with a history of concussion responded with zeros for all self-
reported symptom and mood scales, including positive symptoms,
indicating low effort. As a result, self-reported scores for these
participants were excluded from further analyses. The ANAM
Validity Indicator Report was used to exclude participants with
questionable effort on the cognitive battery and individual subtests
with suboptimal performance indicative of poor effort or misun-
derstanding of subset instructions.27

Imaging parameters

MRI was performed using a GE Discovery MR750 3-Tesla
whole body MRI scanner (General Electric Healthcare, Milwaukee,
WI) and brain-dedicated receive-only 32-element coil array opti-
mized for parallel imaging (Nova Medical, Inc., Wilmington, MA).
T1-weighted anatomical images were collected using a parallelized
magnetization-prepared rapid gradient-echo sequence with sensi-
tivity encoding (field of view [FOV] = 240 mm; 130 axial slices; slice
thickness = 1.1 mm; image matrix = 256 · 256; repetition time
[TR]/echo time [TE] = 5/1.948 msec; acceleration factor R = 2 in the
phase encoding direction; flip angle = 8�; inversion time = 725 msec;
sampling bandwidth = 31.25 kHz; voxel size = 0.9375 · 0.9375 ·
1.1 mm). Diffusion tensor imaging (DTI) was performed in a subset
of football athletes (46/49) and control participants (22/27) with
the following parameters: 30 non-collinear directions; b-value =
1000 sec/mm2; TR = 8800 msec; TE = minimum; acquisition ma-
trix = 96 · 96 interpolated to 256 · 256; FOV = 256 · 256 mm; slice
thickness = 2 mm; inter-slice spacing 0.2 mm; slices = 69; accelera-
tion factor R = 2 in the phase encoding direction; and original voxel
size 2.7 · 2.7 · 2.2 mm.

DTI processing

DTI analyses were performed in the Analysis of Functional
NeuroImages analysis suite.28 Gradients images were co-registered
to the b0 volume using a 12-parameter affine alignment to correct
for subject motion and eddy currents, with resultant rotational pa-
rameters also applied to the gradient table. Similar to previous
publications,29 a 3.5 mm Gaussian full-width at half-maximum
smoothing kernel was applied to each gradient to reduce Gibb’s
ringing artifact. A non-linear algorithm was used to calculate the
diffusion tensors, followed by scalar measures of axial diffusivity,
radial diffusivity, and FA. Separate 12-parameter affine alignments
were used to register each participant’s b0 volume to their ana-
tomical T1 image in native space and the native T1 anatomical
image to the N27 brain template in Talairach space.30 These
alignment matrices were subsequently concatenated to create a
single transformation matrix for each participant.

Region of interest (ROI) analyses were conducted to examine a
priori white matter tracts defined from the Johns Hopkins University
white matter atlas.31 Selected a priori ROIs included the genu, body,
and splenium of the corpus callosum, as well as the left and right
anterior corona radiata, superior corona radiata, combined anterior
and posterior internal capsule, and the cingulum of hippocampus.
ROIs were subsequently transformed to each participant’s native b0
image using the inverse of the transformation matrix. The intersection
between each ROI and a binary FA map (FA > 0.25) created for each
participant was calculated to restrict analyses to white matter only.
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DTI quality assurance

A previously described binary classification scheme was used
to flag individual gradients with excessive motion or other arti-
facts.32 One participant with six flagged gradients was excluded
from DTI analyses. No other participant had more than three
flagged gradients. Head motion during DTI scan acquisition was
calculated as the Euclidean norm of the temporal derivatives of
the translational and rotational head motion estimated using a six-
parameter affine registration of gradient images to each partici-
pant’s b0 image.33

Cortical thickness estimation

Cortical reconstruction and volume segmentation was per-
formed using the FreeSurfer image analysis suite version 5.1.34,35

The result from each step was inspected for every subject as part of
a quality assurance protocol, and corrections were made when
necessary. Cortical thickness was measured as the distance between
the gray–white matter boundary and the pial surface at each point of
the cortical surface.36 Participant’s cortical thickness estimates
were resampled to an averaged surface template and smoothed with
a 20 mm full-width half-maximum Gaussian kernel. Kernel size
was determined using previously published algorithms to maximize
power based on estimated effect sizes and our sample numbers,
which indicated a smoothing kernel of 20 mm was required for an
effect size of 0.3 with 25 participants in each group.37

Statistical analysis

All statistical analyses except for the analysis of cortical thick-
ness were conducted in the Systat Software, version 13 (Systat
Software, Inc., San Jose, CA). One-way analyses of variance
(ANOVA) were performed to determine if age and education dif-
fered between groups. For DTI quality assessment, the null hy-
pothesis for group differences in the number of flagged diffusion
gradients was evaluated with Mann-Whitney tests due to expected
violations of normality. Differences in head motion were evaluated
with ANOVA.

Multivariate analyses of covariance (MANCOVAs) were used
when appropriate to reduce the number of tests and control for false
positives given moderate covariance structure between data. Age
was included as a covariate due to the significant differences among
groups (see results). A priori multivariate comparisons of athletes
with a history of concussion versus athletes without a history of
concussion, and both football groups versus healthy control par-
ticipants were performed for FA ROI analyses and considered
significant at p < 0.05. Follow-up univariate contrasts were per-
formed following significant multivariate effects and considered
significant at p < 0.05.

Vertex-based analysis of covariance (ANCOVA) with age as
covariate was performed with a priori comparisons of cortical
thickness between athletes with a history of concussion versus
athletes without a history of concussion, and both football groups
versus healthy control participants. A cluster-wise multiple com-
parison correction was performed using a Monte Carlo simulation
with a vertex-wise threshold of p < 0.05, Bonferroni corrected for
contrasts across two hemispheres.

Results

Demographics and behavior

Demographic information can be found in Table 1. An ANOVA

indicated a significant difference in age among groups (F[2,73] = 6.01;

p = 0.004). Planned contrasts showed that HC were significantly older

than athletes without a history of concussion ( p = 0.001), and older

than athletes with a history of concussion at a trend level ( p = 0.08).

Athletes with and without a history of concussion did not differ in age

( p = 0.10). There was no significant difference in education among

groups (F[2,73] = 1.30; p = 0.28).

Behavioral measures

The mean, standard deviation, and the final number of partici-

pants with data for each ANAM measure are listed in Table 2.

There was varying but largely moderate correlation structures

among ANAM measures, including self-reported symptom metrics

(r’s, 0.81-0.94), cognitive measures (r’s, 0.0-0.69), and mood

measures (r’s, 0.01-0.70); thus, three separate MANCOVAs were

performed. The multivariate effect of group was not significant for

self-reported symptoms (Wilk’s k = 0.84; F[8,98] = 1.11; p = 0.36)

or cognitive measures (Wilk’s k = 0.62; F[18,84] = 1.23; p = 0.25).

There was a significant multivariate effect of group on ANAM

mood measures (Wilk’s k = 0.59; F[14,92] = 1.98; p = 0.03). Follow

up ANCOVAS showed there was a significant effect of group on

self-reported happiness (F[2,52] = 5.65; p = 0.006), with HC self-

reporting more happiness than both athletes with ( p = 0.008) and

without ( p = 0.004) a history of concussion. Football athlete groups

did not differ in self-reported happiness ( p = 0.75).

Though it did not reach significance, there was a statistical trend

for differences in self-reported depression (F[2,52] = 2.46; p =
0.095), with planned contrasts demonstrating that athletes without a

history of concussion had higher scores than either athletes with a

history of concussion ( p = 0.07) or healthy controls ( p = 0.05).

Football athletes with a history of concussion did not differ from

healthy controls in self-reported depression ( p = 0.90). It is note-

worthy that overall depression responses were low across all groups

(Table 2). Groups did not significantly differ in anger (F[2,52] =
0.37; p = 0.69), anxiety (F[2,52] = 0.29; p = 0.75), restlessness

(F[2,52] = 1.44; p = 0.25), vigor (F[2,52] = 0.78; p = 0.46), or fa-

tigue (F[2,52] = 2.21; p = 0.12) mood scores.

DTI analyses

There were no significant differences among groups in the number

of flagged gradients (v2(2) = 1.88; p = 0.39) or in overall head motion

during DTI acquisition (F[2,64] = 1.97; p = 0.15). Three separate

MANCOVAs were performed for a priori ROIs in the right hemi-

sphere (r’s, 0.06-0.43), left hemisphere (r’s, 0.02-0.39), and corpus

callosum (r’s, 0.41-0.73). Contrary to a priori hypotheses, there were

no multivariate differences in FA between athletes with a history of

concussion relative to healthy controls in corpus callosum ROIs

(Wilk’s k = 0.97; F[3,61] = 0.70; p = 0.55; Fig. 1), left hemisphere

ROIs (Wilk’s k = 0.91; F[4,60] = 1.55, p = 0.20), or right hemisphere

ROIs (Wilk’s k = 0.93; F[4,60] = 1.55; p = 0.36). Similarly, there were

no multivariate differences in FA between athletes without a history

of concussion relative to healthy controls in corpus callosum ROIs

(Wilk’s k = 0.94; F[3,61] = 1.37; p = 0.26), left hemisphere ROIs

(Wilk’s k = 0.93; F[4,60] = 1.11; p = 0.34), or right hemisphere

ROIs (Wilk’s k = 0.90; F[4,60] = 1.58; p = 0.19). Finally, athletes with

and without a history of concussion did not differ in FA in corpus

callosum ROIs (Wilk’s k = 0.93; F[3,61] = 1.59; p = 0.20), left

hemisphere ROIs (Wilk’s k = 0.93; F[4,60] = 1.11; p = 0.36), or right

hemisphere ROIs (Wilk’s k = 0.95; F[4,60] = 0.80; p = 0.53).

Cortical thickness

Significantly thinner cortex was observed for athletes with a

history of concussion, compared with healthy controls ( p = 0.02;

d = -0.69; Fig. 2A), in a 2583 mm2 cluster covering the left rostral

anterior cingulate cortex, medial orbitofrontal cortex, and medial
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Table 1. Demographic Information

Ath-mTBI Ath HC
mean (SD; n) mean (SD; n) mean (SD; n)

Age* 21.0 (1.5; 25) 20.2 (1.2; 24) 21.9 (2.2; 27)
Education 13.4 (1.3; 25) 13.1 (1.2; 24) 13.7 (1.6; 27)
Years football experience 11.6 (3.8) 10.6 (2.7) 0
Diagnosed concussions 2.1 (1.0) 0 0
Months since last concussion 10.0 (12.0)

DTI quality assurance
Flagged gradients 0.65 (0.94; 23) 0.82 (0.73; 22) 0.59 (0.85; 22)
Head motion 0.26 (0.07; 23) 0.25 (0.05; 22) 0.28 (0.06; 22)

Football position
Quarterback 0 1
Running back 4 2
Tight end 0 1
Wide receiver 7 3
Offensive line 1 3
Defensive tackle 1 4
Defensive end 1 2
Linebacker 6 4
Defensive back 5 4

Other sports healthy controls
Non-athlete 20
Cross Country/track 6
Basketball 1

Medication/health
Acetaminophen, antibiotic, Mucinex 0 1 0
Adderall 1 0 0
Antacid 0 0 1
Antibiotic 0 0 1
Loratadine 0 0 1
Protriptyline 0 0 1^
Self-reported ADHD 3 0 0

*Indicates significant group differences at p < 0.01. ^Reported taking for headaches. Ath-mTBI, football athletes with concussion history; SD, standard
deviation; Ath, football athletes without concussion history; HC, healthy controls; DTI, diffusion tensor imaging; ADHD, attention-deficit hyperactivity
disorder.

Table 2. Mean, Standard Deviation, and n for ANAM Data for Each Group

Ath-mTBI Ath HC
mean (SD; n) mean (SD; n) mean (SD; n)

Symp. Freq. [0-21] 2.6 (2.2; 16) 3.7 (2.9; 18) 3.0 (2.5; 22)
Symp. Sev. [0-126] 4.1 (3.5; 16) 6.5 (5.4; 18) 5.1 (6.0; 22)
CSI Freq. [0-12] 1.5 (1.8; 16) 2.3 (2.1; 18) 2.1 (2.0; 22)
CSI Sev. [0-72] 1.9 (2.1; 16) 3.6 (4.0; 18) 3.5 (4.2; 22)
Anger [0-100] 2.6 (8.4; 16) 1.4 (4.2; 18) 1.0 (3.2; 22)
Anxiety [0-100] 1.9 (3.4; 16) 3.2 (4.8; 18) 2.6 (4.6; 22)
Depression# [0-100] 0.4 (1.5; 16) 1.9 (3.7; 18) 0.3 (0.9; 22)
Fatigue [0-100] 7.9 (7.9; 16) 11.9 (10.2; 18) 16.1 (15.2; 22)
Happiness* [0-100] 64.8 (27.1; 16) 63.9 (17.2; 18) 81.2 (15.3; 22)
Restlessness [0-100] 3.8 (8.5; 16) 4.8 (6.8; 18) 1.8 (2.6; 22)
Vigor [0-100] 53.9 (20.7; 16) 47.4 (21.3; 18) 53.5 (23.4; 22)
Code Subs. 111 (14.4; 19) 114 (11.8; 16) 107 (15.9; 22)
Procedural RT 108 (14.0; 19) 108 (13.6; 16) 105 (12.4; 21)
Spatial Proc. 107 (12.3; 19) 98 (12.6; 16) 100 (12.7; 21)
Match to Sample 105 (15.7; 18) 101 (11.2; 16) 108 (13.0; 22)
Del. Code Subs. 112 (14.9; 18) 107 (14.9; 16) 107 (19.7; 22)
Memory Search 109 (16.1; 19) 107 (15.2; 16) 106 (9.9; 21)
Go-no-go 3.2 (1.4; 18) 4.1 (1.3; 16) 3.9 (1.7; 22)
Math. Proc. 24.4 (8.5; 19) 23.5 (6.2; 16) 23.4 (6.5; 22)
Simple RT 108 (9.8; 19) 108 (7.8; 16) 103 (11.4; 22)

*p < 0.01; #p < 0.10. Numbers in brackets indicate the minimum and maximum possible scores on self-report scales. All cognitive scores are expressed
as standard scores with mean = 100.

ANAM, Automated Neuropsychological Assessment Metrics 4 Sports Medicine Battery; Ath-mTBI, football athletes with concussion history; SD,
standard deviation; Ath, football athletes without concussion history; HC, healthy controls; Symp., symptom; Freq., frequency; CSI, concussion symptom
inventory; Subs., substitution; RT, reaction time; Del., delayed; Math., Mathematical; Proc., processing.
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superior frontal cortex (i.e., ventromedial prefrontal cortex). Ad-

ditionally, athletes with a history of concussion had significantly

thinner cortex in a 2362 mm2 cluster in the right central sulcus and

precentral gyrus (i.e., motor cortex), compared with football ath-

letes without a history of concussion ( p = 0.03; d = -0.71; Fig. 2B).

There was no difference in cortical thickness between athletes

without a history of concussion and healthy controls.

Supplementary analyses were performed to confirm that the

three athletes with a history of concussion that self-reported pre-

vious diagnoses of attention-deficit hyperactivity disorder (ADHD)

did not drive cortical thickness results. As in the main analysis, the

right central sulcus was significantly thinner in athletes with a

history of concussion than in athletes without a history of con-

cussion (2736 mm2; p = 0.01; d = -0.76). In contrast, there was no

FIG. 1. Violin plots containing box and whisker and kernel density plots are displayed for fractional anisotropy (FA) in a priori
regions of interest for healthy controls (HC; dark gray), football athletes without a history of concussion (Ath; gray), and football players
with a history of concussion (Ath-mTBI; light gray). WM, white matter; ACR, anterior corona radiate; SCR, superior corona radiate; IC,
internal capsule; CG, cingulum of the hippocampus. No significant differences existed among groups.

FIG. 2. Football athletes with a history of concussion (Ath-mTBI) had cortical thinning in the left ventromedial prefrontal cortex
(PFC) relative to healthy controls (HC; in A) and in the right motor cortex relative to football athletes without a history of concussion
(Ath; in B). Violin plots containing box and whisker and kernel density plots are displayed for each cluster.
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difference in cortical thickness between athletes with a history

concussion relative to healthy controls. However, the effect size of

the original cluster covering the medial frontal cortex calculated in

this subset of participants was still medium to large (d = -0.67),

suggesting that the lack of significance reflects loss of power.

Exploratory analyses

Exploratory analyses were conducted in football athletes with a

history of concussion to determine whether cortical thickness in the

right motor cortex or medial frontal cortex was associated with the

number of self-reported concussions or years of tackle football

experience. Spearman correlations revealed no significant corre-

lations between right motor cortex thickness and self-reported

concussion history (rs = -0.09; p = 0.68) or tackle football experi-

ence (rs = 0.24; p = 0.24). Similarly, there was no significant rela-

tionship between medial frontal cortex thickness and self-reported

concussion history (rs = -0.24; p = 0.26) or tackle football experi-

ence (rs = -0.08; p = 0.72).

Discussion

To our knowledge, current results provide the first evidence of

thinner cortex in collegiate football athletes with, but not without, a

history of concussion. Relative to healthy controls, athletes with a

concussion history had significantly thinner cortex in the left ven-

tromedial prefrontal cortex. In addition, athletes with a history

of concussion also had significantly thinner cortex in the right

motor cortex relative to athletes without a concussion history.

These results demonstrate that structural changes may be present in

asymptomatic, collegiate-aged football players with a history of

concussion.

No differences were observed among groups in cognitive per-

formance or concussion symptoms, confirming that football ath-

letes with and without a history of concussion neither self-reported

chronic post-concussive symptoms nor demonstrated observable

deficits in cognitive functioning on brief computerized measures.

Thus, current results fail to replicate previous research suggesting

that a history of concussion is associated with worse baseline

cognitive performance38 and increased baseline symptom report-

ing.39 In contrast to the relatively modest sample size of the present

study, these studies had large sample sizes (n > 100-1000), which

are likely needed to observe such small behavioral effects. The one

significant finding was that athletes with and without a history of

concussion self-reported lower happiness relative to healthy con-

trols. A loss of pleasure, along with a variety of other mood

symptoms, has been reported in retired National Football League

players with a history of concussion,40 though the high levels of

depressive symptoms reported in retired players was not observed

in the current sample of collegiate athletes. Nevertheless, the

clinical significance of this finding is uncertain at this time and

requires independent replication.

Contrary to our hypotheses, we found no differences in FA in

football athletes relative to controls. This included football athletes

with a self-reported history of concussion, which occurred on av-

erage 10 months prior to the current study. Studies of mTBI at the

chronic phase (operationally defined here as months to years post-

injury) have typically reported decreased FA.10 However, these

studies have primarily focused on chronically symptomatic pa-

tients, which only represent a minority of all concussions due to the

fact that symptoms typically recover within a few weeks post-

injury.41 Previous prospective work has documented partial nor-

malization of FA by the early chronic stage (three to five months)

following a single mTBI incident,42 with additional evidence that

mTBI patients with good outcome have no observable white matter

differences at the same time period (approximately three to five

months).43 Thus, the fact that football athletes with a concussion

history were asymptomatic, with the most recent concussion oc-

curring on average 10 months prior, could explain the lack of ob-

servable FA differences in the current study. However, increased

FA has been observed in hockey players with a history of con-

cussion at several months post-injury relative to those without,44

indicating that additional studies are required to clarify the long-

term effects of concussion on white matter.

In contrast to null findings in white matter, reduced cortical

thickness was observed within the left ventromedial prefrontal

cortex in athletes with a history of concussion relative to healthy

controls. This observation is consistent with longitudinal evidence

of atrophy in the anterior cingulate cortex in mTBI patients over the

course of one year.17 The ventromedial prefrontal cortex was also

one of several regions in which thinner cortex was associated with

baseline symptomology in high school and collegiate ice hockey

athletes in a recent study; although no direct relationship between

concussion history and cortical thickness was observed.45 The

ventromedial frontal cortex is associated with several behavioral

and cognitive domains, including decision-making and emotional

regulation,46,47 which overlap common symptoms reported by both

active and retired athletes with a history of concussion.40,48 Thinner

cortex in the medial frontal regions in football athletes with a self-

reported history of concussion relative to healthy controls, but not

other football athletes, suggests that this may be due to a combi-

nation of previous concussions and high exposure to repetitive head

hits associated with football.

In addition to the left ventromedial prefrontal cortex, athletes

with a history of concussion also had thinner cortex in the right

motor cortex relative to athletes without a history of concussion.

Previous work has shown that asymptomatic collegiate football

athletes with a history of concussion have impairments of synaptic

plasticity in the primary motor cortex and postural control relative

to football athletes with no concussion history.49,50 However,

contrary to our hypothesis, we observed no cortical thickness dif-

ferences in football athletes without a self-reported concussion

history relative to healthy controls. This hypothesis was based on

our previous finding of smaller hippocampal volumes in both

football athletes with and without a history of concussion.1 It is

possible that thinner cortex is associated only with concussive head

injuries, in contrast to the hippocampal volume, which also appears

to be sensitive to football exposure in general. If so, this would

suggest that these structural changes are associated with different

cellular mechanisms of volume loss, such as suppression of neu-

rogenesis or excitotoxicity.

The observed cortical thickness differences in football athletes

with a history of concussion must be interpreted with the caveat that

three of these athletes also self-reported ADHD. Cortical thickness

differences, including differences in the frontal cortex, have been

observed in children with ADHD51,52 and in adults with a history of

childhood ADHD.53 In addition, previous retrospective work has

demonstrated that children with ADHD and collegiate athletes with

ADHD are more likely to self-report a history of concussion.54,55

However, the fact that the effect sizes were generally equivalent for

analyses with and without athletes with self-reported ADHD sug-

gests that the observed differences in cortical thickness were not

principally driven by ADHD. However, the interaction between

ADHD, cortical thickness, and concussion history requires future

investigation in larger sample sizes.
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Our finding of thinner cortex in asymptomatic football athletes

with a concussion history suggests that structural changes may occur

in young athletes without obvious symptomology. These results

highlight the need to identify thresholds of exposure, such as diag-

nosed concussions or repetitive sub-concussive head injuries, which

might be associated with an increased risk of neuroanatomical ab-

normalities in contact sport athletes. The effects of repetitive head

injuries during key periods of neurodevelopment are of particular

interest due to the large number of youths that participate in contact

sports. A more thorough understanding of the neuroanatomical

consequences of sports-related concussion in young athletes might

help elucidate specific risk factors for the development of behavioral

deficits that have been associated with a history of concussions.39,40

Limitations

This work should be interpreted within the limitations of the

present dataset. First, our groups differed in age. Although age was

used as a covariate, it is possibly that age confounded some of the

observed results. Second, as previously mentioned, we did not spe-

cifically exclude participants with a self-reported history of ADHD,

although the observed effect sizes for our regions with thinner cortex

were similar with or without inclusion of these subjects. Third,

previous work has demonstrated that the operational definition of

concussion can influence athletes’ self-report of previous concus-

sions.56 The reliance on self-reported medically diagnosed concus-

sions in the current work may have led to under-estimation, as many

concussions go unreported.57 Although we observed no significant

relationship between the number of concussions and cortical thick-

ness in football athletes with a history of concussion, alternative cut-

off points (e.g., three or more concussions) and larger sample sizes

should be used in future studies to investigate potential exposure-

dependent relationships with neuroanatomical measures. In addition,

the ROI approach used to compare FA between groups in the current

study was reliant on a priori region selection and may be insensitive

to smaller differences in FA due to volume averaging. Finally, the

healthy control group included a combination of both non-football

athletes and non-athlete healthy controls, preventing us from ade-

quately controlling for certain confounds associated with being a

collegiate student-athlete, such as high levels of exercise and aca-

demic stressors. These facts, together with the cross-sectional nature

of the current study, prevent any conclusions about causality.

Conclusions

Current results suggest that a history of concussion in collegiate

football athletes is associated with thinner cortex in the ventromedial

prefrontal cortex and motor cortex. These results add to the growing

body of literature showing that repeated exposure to concussive head

injuries might result in structural brain changes in young, collegiate

football players without overt symptomology. Large-scale, longitu-

dinal studies are required to assess the effects of concussive and sub-

concussive head hits on normal brain development and the long-term

clinical consequences of these structural changes.
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