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A B S T R A C T

Purpose: The purpose of this study was to examine cortical thickness and subcortical volumes in professional
rugby players with an extensive history of concussions compared to control subjects.
Method: Participants included 24 active and former professional rugby league players [Age M(SD)= 33.3(6.3);
Range= 21–44] with an extensive history of concussion and 18 age- and education-matched controls with no
history of neurotrauma or participation in contact sports. Participants underwent T1-weighted imaging and
completed a neuropsychological battery, including two tests of memory. Whole brain cortical thickness analysis
and structural volume analysis was performed using FreeSurfer version 6.0.
Results: Professional rugby league players reported greater alcohol consumption (p < .001) and had sig-
nificantly worse delayed recall of a visually complex design (p= .04). They did not differ from controls on other
clinical outcome measures. There were no differences in cortical thickness between the groups. Professional
players had smaller whole brain (p= .003), bilateral hippocampi (ps= .03), and left amygdala volumes
(p= .01) compared to healthy controls. Within the players group, there were significant associations between
greater alcohol use and smaller bilateral hippocampi and left amygdala volumes. There were no associations
between structural volumes and history of concussions or memory performance.
Conclusions: The literature examining cortical thickness in athletes with a history of multiple concussions is
mixed. We did not observe differences in cortical thickness in professional rugby league players compared to
controls. However, smaller subcortical volumes were found in players that were, in part, associated with greater
alcohol consumption.

1. Introduction

Concussion is a common injury in athletes, with about 2 to 3 con-
cussions occurring for every 10,000 player-exposures at the high school
and collegiate levels (Marar et al., 2012). By high school, approximately
half of student athletes will have sustained a concussion and by college,
a third will have multiple concussions (Field et al., 2003). There is
considerable interest in better understanding the possible long-term

sequelea of multiple concussions.
There have been a small number of studies examining cortical

morphometry in athletes with a history of concussion. In retired uni-
versity athletes, greater ventricle size as well as increased cortical
thinning associated with age has been observed in the frontal, temporal,
and parietal lobes (i.e., older retired athletes had greater thinning in
these areas compared to controls of the same age) (Tremblay et al.,
2013). Retired Canadian Football League (CFL) players had cortical
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thinning in the left anterior temporal lobe compared to healthy controls
(Goswami et al., 2016). In retired soccer players, cortical thickness
within the temporal, parietal, and occipital lobes has been observed to
decrease with age, and a lifetime estimate of “ball headings” was found
to negatively correlate with cortical thickness in the right parietal and
occipital lobes (Koerte et al., 2016). Collegiate football players with a
history of concussion have been observed to have thinner areas of
cortex in the left anterior cingulate, orbital frontal cortex, and medial
superior frontal cortex compared with healthy controls (Meier et al.,
2016). Furthermore, those with a history of concussion had sig-
nificantly thinner cortex in the right central sulcus and precentral gyrus
compared to football players without a history of concussion (Meier
et al., 2016). In contrast, two studies examining collegiate and pre-
paratory school athletes did not find an association between concussion
history and cortical thickness (Albaugh et al., 2015; Tremblay et al.,
2014).

There have also been few studies examining subcortical structures
in athletes with a history of concussion. In retired professional football
players, former athletes with at least one grade 3 concussion had lower
mean hippocampal volumes bilaterally compared to control partici-
pants (Strain et al., 2015). Coughlin and colleagues (Coughlin et al.,
2015) examined volumes in hippocampal regions and amygdala, as well
as total gray matter and brain parenchymal volumes, in former National
Football League (NFL) players. After adjusting for multiple compar-
isons, former NFL players had smaller right amygdala volumes.

The present study examines cortical and subcortical morphometry
in active and former professional rugby league players and healthy
matched controls. Rugby league is a full contact sport that is associated
with numerous collisions and tackles throughout the match (Cummins
& Orr, 2015). The objectives are to examine (1) potential differences in
cortical thickness between groups, and (2) whole brain, hippocampal,
and amygdala volumes between groups. We hypothesized that there
would be significant clusters of cortical thinning in professional rugby
players compared to healthy controls and that the players would have
smaller hippocampal and amygdala regions. Furthermore, we examined
associations between subcortical morphometry and clinical measures.

2. Method

2.1. Participants

Professional rugby league players (n=24) were recruited to the
current study through communication with the club alumni. Our
sample included both active and former players. Exclusion criteria in-
cluded any medical history of neurosurgery, major psychiatric dis-
turbance, or medical contraindications to MRI. Healthy community
control subjects similar in age and education were recruited through a
research participant registry (n= 18). All participants underwent a
clinical interview to document their concussion history. Participants
were provided with a definition of concussion based on the 2012 Zurich
consensus statement on sport concussion guidelines (McCrory et al.,
2013). All control subjects reported no previous history of concussion.
All participants provided informed, written consent. The study was
approved by the University of Newcastle Human Ethics Committee
(Ref: H-2011-0081).

2.2. Measures

The following patient-reported measures and cognitive tests were
used in this study: (1) The Depression, Anxiety, Stress Scale 21-item,
which is a 21-item measure that is an abbreviated version of the ori-
ginal 42-item DASS. It is comprised of three 7-item subscales measuring
symptoms of depression, anxiety, and stress (Lovibond & Lovibond,
1995). (2) The Alcohol Use Disorders Identification Test which is a 10-
item alcohol screen that is used to help identify persons who are ha-
zardous drinkers or have active alcohol use disorders (Bohn et al.,

1995). (3) The Rey Auditory Verbal Learning Test (Rey, 1964) which is
a neuropsychological test that evaluates auditory-verbal learning and
recall of a word list. The Rey Complex Figure Test (Meyers & Meyers,
1995) which is a neuropsychological test that requires an individual to
reproduce and recall a complex geometric figure. (5) Trail Making Test
(Reitan, 1958) which is a neuropsychological test of visual attention,
processing speed, and task switching. Part-A requires individuals to
quickly connect circles in numerical order, whereas Part-B requires
individuals to switch between connecting circles in numerical and al-
phabetical order. Mitrushina et al. (Mitrushina et al., 2005) meta-norms
were used to convert raw data to standard scores for the cognitive tests.

2.3. Neuroimaging and statistical analysis

Imaging was performed on a 3 T Siemens Skyra scanner with a 20-
channel head coil. T1-weighted images were acquired with a 3D MP-
RAGE sequence (TR/TE:2300/3.03 ms; flip angle: 90; 192 sagittal slices
with 1mm3 voxel size). MRI datasets were examined for image quality.
Cortical thickness analysis and structural volume analysis were per-
formed using FreeSurfer version 6.0 (Athinoula A. Martinos Center for
Biomedical Imaging, Charlestown, MA). A z-distribution Monte Carlo
simulation with 10,000 repeats was then applied to correct for multiple
comparisons using a cluster-forming threshold set at p < .05. In ad-
dition, to examine cortical thickness in the frontal cortex specifically, a
mask of the frontal cortex was created from Freesurfer cortical parcel-
lation labels that were merged into one mask. Surface-based permuta-
tion testing was performed to correct for multiple comparisons using
10,000 permutations and a cluster-forming threshold of p < .05.
Structural volumes were corrected for intracranial volume (ICV) using a
proportion method. Non-parametric tests (Mann-Whitney tests) and/or
bootstrapping were used (for ANCOVA and regression) because of
violations to normality. Data was analyzed using IBM SPSS Statistics®
version 22.

3. Results

Rugby league players reported greater alcohol consumption in the
past year compared to controls (U(1)= 49.5; p < .001; Cohen's
d= 1.63). Rugby league players performed worse on long-delay recall
on the Rey Complex Figure Test (U(1)= 137.0; p= .04; d=0.71). A
trend towards significantly lower short-delay recall Complex Figure
scores was also observed (U(1)= 145.5; p= .07; d= 0.66). No sig-
nificant differences were observed between rugby league players and
controls on other clinical characteristics or cognitive performance. The
results are summarized in Table 1.

There were no differences between groups in whole brain cortical
thickness. To follow-up on past findings of frontal cortical thinning in
collegiate athletes (Meier et al., 2016), cortical thickness was examined
specifically in the frontal lobe. No significant clusters were observed
between groups. Rugby league players had smaller whole brain volume,
corrected for intracranial volume (U(1)= 99.0; p= .003; d=1.00).
The rugby league players had larger intracranial volumes compared to
controls, though these differences did not meet a statistical significant
criterion of p < .05 (U(1)= 140; p= .053). Rugby league players also
had smaller bilateral hippocampi (right U(1)= 131.0; p= .03;
d= 0.82; left U(1)= 130; p= .03; d=0.90) and left amygdala (U
(1)= 114.0; p= .01; d= 1.24) compared to controls. A moderately
large difference was observed in the right amygdala, but this finding
was not statistically significant (U(1)= 142.0; p= .06; d=0.70; see
Fig. 1). No significant correlations were observed between subcortical
volumes and number of concussions; depression, anxiety, and stress
scales; or memory scores (ps > .05).

To examine the potential relationship between alcohol consumption
and subcortical volumes in our two groups, we first examined differ-
ences in subcortical volumes between groups while controlling for al-
cohol use (AUDIT) using a series of ANCOVAs, bootstrapped for 1000
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observations. There were no statistically significant differences ob-
served (ps > .05). Second, we examined whether there were different
relationships between subcortical volumes and alcohol in each of the
groups using linear regression analyses with group (rugby players= 1;
controls= 0), AUDIT scores, and group by AUDIT score interaction
terms entered as predictors (see Table 2); bootstrapped for 1000 ob-
servations. The regression models were significant for bilateral hippo-
campi (right hippocampus: F(3, 38)= 5.31, p= .004; left hippo-
campus: F(3, 38)= 6.17, p= .001) and bilateral amygdala (right
amygdala: F(1, 38)= 2.85, p= .05; left amygdala: F(1, 38)= 5.64,
p= .003). There were significant group by alcohol use interactions for
bilateral hippocampi and left amygdala volumes, with smaller volumes
associated with alcohol use in rugby league players.

4. Discussion

This study examined cortical and subcortical morphometry in cur-
rent and former professional rugby league players with an extensive
history of concussion. The literature on cortical thickness in retired and
active athletes is limited and mixed. Three studies have found cortical
thinning in retired athletes (i.e., CFL, collegiate, soccer players)

(Tremblay et al., 2013; Goswami et al., 2016; Koerte et al., 2016). In
contrast, we did not observe whole brain cortical thickness differences
between professional rugby players and controls. This discrepancy in
findings may be, in part, attributable to differences in age between
samples. The studies that have found differences in cortical thickness
included athletes who were significantly older than our sample (i.e.,
mean ages of 50–60 compared to mean age of 33.3 in this sample). In
younger athlete cohorts, there has only been one study that reported
reduced cortical thickness in frontal regions of collegiate football
players with a history of concussion (Meier et al., 2016). Whereas, other
studies have not found differences (Albaugh et al., 2015; Tremblay
et al., 2014). We conducted an exploratory analysis and examined
cortical thickness in the frontal lobe by masking this region and we did
not find differences between groups. We conclude that the aggregated
literature on cortical thickness (and thinning) is mixed, somewhat in-
consistent in what has been found, and in need of larger studies and
replication studies.

We found smaller whole brain volumes in professional rugby league
players compared to control subjects. To our knowledge, we are the first
to report whole brain volume differences in professional athletes. There
is some evidence of reduced hippocampal and amygdala volumes in
retired professional athletes (Strain et al., 2015; Coughlin et al., 2015).
In the present study, professional rugby league players had smaller
bilateral hippocampi and left amygdala volumes, with large effect sizes.
Rugby league players reported significantly greater alcohol consump-
tion in the past year compared to controls and demonstrated worse
visual memory performance. Researchers have reported smaller sub-
cortical volumes in individuals with alcohol misuse (Fein & Fein, 2013;
Durazzo et al., 2011; Lee et al., 2016). For example, smaller total hip-
pocampal volumes in the left presubiculum, fimbria, and bilateral
subiculum were observed in men meeting clinical criteria (i.e., Diag-
nostic Statistical Manual-IV-TR) for alcohol dependence compared to
social drinkers (Lee et al., 2016). Smaller bilateral amygdala and hip-
pocampal volumes have been reported in alcohol dependent relapsers
and abstainers compared to healthy controls (Durazzo et al., 2011).
Furthermore, hippocampal volumetric recovery in some regions (i.e.,
cornu ammonis regions 1 and 2) has been reported after two weeks of
alcohol abstinence (Kühn et al., 2014). In our study, we found that
within the players group, greater alcohol use was associated with
smaller bilateral hippocampi and left amygdala volumes. No other
significant associations were observed between subcortical volumes
and memory performance, psychological distress, or number of past
concussions. These findings highlight the importance of examining
broad clinical characteristics (e.g., alcohol use) when investigating the
potential effects of concussion exposure on brain structure and function
in athletes.

In conclusion, there were large statistically significant differences in
whole brain and subcortical structure volumes in retired professional
rugby league players compared to controls. Alcohol abuse is a risk
factor for volumetric changes in the brain (Fein & Fein, 2013; Durazzo
et al., 2011; Lee et al., 2016) and that likely was contributory in this
sample. We suspect that the structural changes observed in this study
are associated with a combination of alcohol use and repetitive neu-
rotrauma associated with participation in this high contact sport. But, it
is notable that there were no significant correlations between structural
volumes and number of concussions. More research is needed to de-
termine if these structural changes are associated with accelerated
cognitive aging or specific neurodegenerative diseases.
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Table 1
Descriptive information, cognitive performance, and regional subcortical volumes.

Rugby players
(n=24)

Healthy
controls
(n= 18)

p Cohen's d

Clinical characteristics
Age [M (SD)] 33.3 (6.3) 33.7 (7.5) 0.75 0.06
Education in years [M

(SD)]
12.1 (1.9) 12.7 (22.4) 0.56 0.06

Number of concussions
[Md (Range)]

20 (1–125) – – –

Number of concussions
with LOC [Md
(Range)]

3 (0–30) – – –

Depression Scale [M (SD)] 4.3 (8.8) 1.9 (2.3) 0.77 0.40
Anxiety Scale M [(SD)] 3.2 (4.4) 2.0 (2.7) 0.55 0.32
Stress Scale M [(SD)] 8.3 (8.9) 7.0 (5.3) 0.86 0.18
AUDIT score [alcohol use,

M (SD)]
10.3 (4.4) 3.9 (3.3) 0.001 1.63

Cognitive testsa

RAVLT Learning [M (SD)] 43.0 (9.6) 44.4 (9.8) 0.83 0.14
RAVLT Short-Delay [M

(SD)]
44.2 (13.8) 48.9 (9.8) 0.32 0.39

RAVLT Long-Delay [M
(SD)]

45.1 (12.7) 46.9 (12.7) 0.74 0.14

RCFT Short-Delay Recall
[M (SD)]

43.3 (9.9) 49.1 (7.3) 0.07 0.66

RCFT Long Delay Recall [M
(SD)]

43.4 (9.6) 49.4 (7.0) 0.04 0.71

TMT A [M (SD)] 45.6 (6.8) 46.9 (8.9) 0.67 0.16
TMT B [M (SD)] 56.8 (10.1) 57.3 (10.9) 0.76 0.05
Stroop Interference [M

(SD)]
51.5 (11.7) 51.6 (13.9) 0.80 0.01

Structural regional volumesb

Whole Brainc 751.4 (82.7) 863.2 (150.3) 0.003 1.00
Right Hippocampus 2.7 (0.4) 3.1 (0.6) 0.03 0.82
Left Hippocampus 2.6 (0.4) 3.0 (0.5) 0.03 0.90
Right Amygdala 1.0 (0.1) 1.1 (0.2) 0.06 0.70
Left Amygdala 0.9 (0.2) 1.2 (0.3) 0.01 1.24

Notes: M=mean, SD= standard deviation, Md=median, AUDIT=Alcohol Use
Disorders Identification Test, RAVLT=Rey Auditory Verbal Learning Test, RCFT=Rey
Complex Figure Test, LOC= loss of consciousness, and TMT=Trail Making Test.
The data highlighted in bold is statistically significant p < .05.

a All cognitive scores are T-scores that have been normed using Mitrushina et al.
(2005) except for RAVLT scores which were normed using Schmidt et al. (1996).

b Structural comparisons of regional volumes (RV) corrected for intracranial volume
(ICV; RV/ICV) and multiplied by 1000.

c Excluding ventricles, cerebrospinal fluid, and choroid plexus.
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Fig. 1. Cortical and subcortical volumes for professional rugby league players and controls.
Note: structural comparisons of regional volumes (RV) corrected for intracranial volume (ICV; RV/ICV) and multiplied by 1000; whole brain excludes ventricles, cerebrospinal fluid, and
choroid plexus.

Table 2
Regression results predicting subcortical structure volumes.

B S.E. Standardized beta 95% CIa pa

Right hippocampus
Group 0.25 0.28 0.25 −0.41 1.03 .41
AUDIT 0.08 0.03 0.80 0.003 0.22 .03
Group×AUDIT −0.11 0.04 −1.34 −0.21 −0.06 .01
R2, % 29.6

Left hippocampus
Group 0.33 0.27 0.34 −0.23 1.05 .24
AUDIT 0.09 0.03 0.90 0.01 0.28 .01
Group×AUDIT −0.12 0.04 −1.51 −0.21 −0.08 .008
R2, % 33.0

Right amygdala
Group 0.10 0.12 0.24 −0.16 0.34 .37
AUDIT 0.02 0.01 0.44 −0.02 0.14 .19
Group×AUDIT −0.03 0.02 −0.97 −0.06 0.02 .05
R2, % 18.4

Left amygdala
Group 0.14 0.13 0.30 −0.12 0.45 .31
AUDIT 0.04 0.02 0.74 0.004 0.13 .01
Group×AUDIT −0.05 0.02 −1.36 −0.09 −0.03 .005
R2, % 30.8

Whole brain
Group 0.31 73.78 .001 −165.50 194.91 .99
AUDIT 9.93 8.34 .393 −8.25 68.88 .29
Group×AUDIT −17.04 9.95 −.814 −46.32 −4.37 .15
R2, % 25.3

Note: group: rugby players= 1; controls= 0.
a Bootstrapped results based on 1000 bootstrap samples.

M. Wojtowicz et al. NeuroImage: Clinical 18 (2018) 377–381

380



Funding

New South Wales Sporting Injuries Committee; Brain Foundation
Australia.

References

Albaugh, M.D., Orr, C., Nickerson, J.P., et al., 2015. Postconcussion Symptoms Are
Associated with Cerebral Cortical Thickness in Healthy Collegiate and Preparatory
School Ice Hockey Players. 166(2) J Pediatr. Elsevier Inc (394–400.e1).

Bohn, M.J., Babor, T.F., Kranzler, H.R., 1995 Jul. The Alcohol Use Disorders Identification
Test (AUDIT): validation of a screening instrument for use in medical settings. J.
Stud. Alcohol 56 (4), 423–432.

Coughlin, J.M., Wang, Y., Munro, C.A., et al., 2015. Neuroinflammation and Brain
Atrophy in Former NFL Players: An In Vivo Multimodal Imaging Pilot Study. 74.
Neurobiol Dis. Elsevier Inc, pp. 58–65.

Cummins, C., Orr, R., 2015 Sep. Analysis of physical collisions in elite National Rugby
League Match Play. Int. J. Sports Physiol. Perform. 10 (6), 732–739.

Durazzo, T.C., Tosun, D., Buckley, S., et al., 2011 Jun. Cortical thickness, surface area,
and volume of the brain reward system in alcohol dependence: relationships to re-
lapse and extended abstinence. Alcohol. Clin. Exp. Res. 35 (6), 1187–1200 (NIH
Public Access).

Fein, G., Fein, D., 2013. Subcortical volumes are reduced in short-term and long-term
abstinent alcoholics but not those with a comorbid stimulant disorder. Neuroimage 3,
47–53.

Field, M., Collins, M.W., Lovell, M.R., Maroon, J., 2003 May. Does age play a role in
recovery from sports-related concussion? A comparison of high school and collegiate
athletes. J. Pediatr. 142 (5), 546–553.

Goswami, R., Dufort, P., Tartaglia, M.C., et al., 2016. Frontotemporal correlates of im-
pulsivity and machine learning in retired professional athletes with a history of
multiple concussions. Brain Struct. Funct. 221 (4), 1911–1925.

Koerte, I.K., Mayinger, M., Muehlmann, M., et al., 2016. Cortical thinning in former

professional soccer players. Brain Imaging Behav. 10 (30), 792–798.
Kühn, S., Charlet, K., Schubert, F., et al., 2014 Jul 1. Plasticity of Hippocampal Subfield

Volume Cornu Ammonis 2+3 Over the Course of Withdrawal in Patients With
Alcohol Dependence. JAMA Psychiatry 71(7). Springer Berlin Heidelberg, Berlin,
Germany, pp. 806.

Lee, J., Im, S.-J., Lee, S.-G., et al., 2016 Dec 30. Volume of hippocampal subfields in
patients with alcohol dependence. Psychiatry Res. Neuroimaging 258, 16–22.

Lovibond, S., Lovibond, P., 1995. Manual for the Depression Anxiety Stress Scales, Sydney
Sydney Psychol Ed. .

Marar, M., McIlvain, N.M., Fields, S.K., Comstock, R.D., 2012 Apr. Epidemiology of
concussions among United States high school athletes in 20 sports. Am. J. Sports Med.
40 (4), 747–755.

McCrory, P., Meeuwisse, W.H., Aubry, M., et al., 2013 Apr. Consensus statement on
concussion in sport: the 4th International Conference on Concussion in Sport held in
Zurich, November 2012. Br. J. Sports Med. 47 (5), 250–258.

Meier, T.B., Bellgowan, P.S.F., Bergamino, M., Ling, J.M., Mayer, A.R., 2016 Feb 15.
Thinner cortex in collegiate football players with, but not without, a self-reported
history of concussion. J. Neurotrauma 33 (4), 330–338.

Meyers, J.E., Meyers, K.R., 1995. Rey Complex Figure Test and Recognition Trial:
Professional Manual. PAR Psychological Assessment Resources, Inc.

Mitrushina, M., Boone, K., Razani, J., D'Elia, L., 2005. Handbook of Normative Data for
Neuropsychological Assessment, 2nd ed. Oxford University Press.

Reitan, R.M., 1958. Validity of the Trail Making Test as an indicator of organic brain
damage. Percept. Mot. Skills 8, 271–276.

Rey, A.L., 1964. examen clinique en psychologie (clinical tests in psychology). Presses
Universitaries de France, Paris.

Strain, J.F., Womack, K.B., Didehbani, N., et al., 2015. Imaging correlates of memory and
concussion history in retired National Football League Athletes. JAMA Neurol.
9044, 1–8.

Tremblay, S., De Beaumont, L., Henry, L.C., et al., 2013. Sports concussions and aging: a
neuroimaging investigation. Cereb. Cortex 23 (5), 1159–1166.

Tremblay, S., Beaulé, V., Proulx, S., et al., 2014 Jul. Multimodal assessment of primary
motor cortex integrity following sport concussion in asymptomatic athletes. Clin.
Neurophysiol. 125 (7), 1371–1379.

M. Wojtowicz et al. NeuroImage: Clinical 18 (2018) 377–381

381

http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0005
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0005
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0005
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0010
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0010
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0010
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0015
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0015
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0015
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0020
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0020
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0025
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0025
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0025
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0025
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0030
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0030
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0030
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0035
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0035
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0035
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0040
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0040
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0040
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0045
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0045
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0050
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0050
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0050
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0050
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0055
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0055
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0060
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0060
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0065
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0065
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0065
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0070
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0070
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0070
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0075
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0075
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0075
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0080
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0080
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0085
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0085
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0090
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0090
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0095
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0095
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0100
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0100
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0100
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0105
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0105
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0110
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0110
http://refhub.elsevier.com/S2213-1582(18)30005-6/rf0110

	Cortical thickness and subcortical brain volumes in professional rugby league players
	Introduction
	Method
	Participants
	Measures
	Neuroimaging and statistical analysis

	Results
	Discussion
	Author disclosures
	Funding
	References




