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Abstract 
 
Multiple concussions, particularly in contact sports, have been associated with cognitive deficits, 

psychiatric impairment and neurodegenerative diseases like chronic traumatic encephalopathy. 

We used volumetric and deformation-based morphometric analyses to test the hypothesis that 

repeated concussions may be associated with smaller regional brain volumes, poorer cognitive 

performance and behavioural symptoms among former professional football players compared to 

healthy controls. This study included fifty-three retired Canadian Football League players, 25 

age- and education-matched healthy controls, and controls from the Cambridge Centre for Aging 

and Neuroscience database for validation. Volumetric analyses revealed greater hippocampal 

atrophy than expected for age in former athletes with multiple concussions than controls and 

smaller left hippocampal volume was associated with poorer verbal memory performance. 

Deformation-based morphometric confirmed smaller bilateral hippocampal volume that were 

associated with poorer verbal memory performance in athletes.  Repeated concussions may lead 

to greater regional atrophy than expected for age.  

 

Introduction  
 

There is a high incidence of concussions, particularly among players of contact sports, 

with an estimated 1.6 to 3.8 million sports-related concussions occurring each year in the United 

States alone1. Professional players of contact sports will experience hits to the head but not all 

will report having a concussion. While most concussive events resolve within weeks, at least 

10% of patients experience prolonged symptoms known as post-concussion syndrome2. 

Recently, there is growing concern that repeated concussions can cause late life mild cognitive 

impairment, an earlier onset of Alzheimer’s disease3 or the neurodegenerative disease called 

chronic traumatic encephalopathy (CTE)4. The majority of CTE cases have been reported in 

athletes involved in contact sports, including boxing, football, hockey, rugby, wrestling and 

soccer4-6. 

Neuronal damage from traumatic brain injury (TBI) has been associated with cerebral 

atrophy in studies of mild, moderate and severe brain injury7. Normal aging is also associated 

with mild brain volume loss and some cognitive deficits8. Accelerated cognitive decline may 

occur as a result of mild, moderate or severe TBI, and exacerbate deficits associated with the 
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normal aging process9. Memory impairment is one of the most frequent cognitive complaints 

following mild, moderate and severe TBI10. Verbal memory impairment may result from injury 

to the left medio-temporal and hippocampal regions11 while deficits in visuospatial memory may 

be associated with these regions in the right hemisphere12. Moreover, post-concussive symptoms 

include behaviour and personality changes, such as depression, apathy, impulsivity and 

aggression13, which have been associated with generalized and regional brain atrophy in various 

study populations14.  

Several neuroimaging techniques have been used to examine whether symptoms resulting 

from multiple concussions are associated with detectable changes in brain volume and function15-

19. However, results from these studies have been mixed; while some identify structural and 

functional brain changes associated with symptoms in both acute and chronic concussed 

populations15,17,18, other studies report no abnormalities16,19.   

Severe, moderate and mild TBI are associated with long-term damage to the brain20,21. 

We hypothesize that long-term damage can result from mild TBI and contribute to measurable 

brain atrophy and that this atrophy will be associated with cognitive deficits and behavioural 

changes. Using structural segmentation and deformation-based morphometry (DBM)22 analyses, 

the current study compares the effect of multiple concussions on regional brain volumes in 

retired professional athletes from the Canadian Football League (ex-CFL) with non-athlete 

control subjects with no history of concussion. As the sample size of our control group was 

small, a larger control population from the Cambridge Centre for Aging and Neuroscience 

database was leveraged for further analysis. We also investigated the relationship between 

regional brain volume and memory and personality changes. We predict that ex-CFL will show 

greater focal atrophy, and these regions will be associated with poorer memory performance and 

personality changes compared to controls.  

 
Results 
 
 Subject demographics are listed in Table 1. There were no significant between-group 

differences in age, education, or memory score. There was also no difference in the proportion of 

APOE-e4 allele carriers between the groups. Number of years playing professional football was 

significantly related to smaller left and right hippocampus and left and right amygdala volumes, 
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but not with ventricular volume (Table 2). After Bonferroni correction for multiple comparisons, 

only correlations with the left and right amygdala remained significant (p<0.01).  

 
 
Table 1. Subject demographics 
 

 
Ex-CFL 
(n=53) 

Controls 
(n=25) P 

Age (mean + SD) 55.6 + 12.9 50.8+ 10.0 0.112 

Education (years, mean + SD) 16.0 + 1.7 16.0 + 1.9 0.926 

No. Concussions (median, IQR) 4.0, 3.0-8.5 0 --- 

No. years in CFL (median, IQR) 9.0, 5.0-11.0 --- --- 

RAVLT Short Delay (mean score + SD) 8.8 + 3.6 9.2 + 2.2 0.497 

RAVLT Long Delay (mean score + SD) 8.1 + 3.9 8.9 + 2.8 0.298 

RVDLT Long Delay (mean score + SD) 9.2 + 3.6 9.2 + 2.4 0.977 

PAI aggression (T-score + SD) 49.9 + 10.0 43.5 + 6.2 0.001 

PAI irritability (T-score + SD) 49.3 + 9.4 43.7 + 8.3 0.014 

APOE-e4 allele frequency 21.0% 19.0%  

Genotype    

     e2/e2, e2/e3, e3/e3 29 (60.4%) 15 (62.5%) 0.864 

     e2/e4, e3/e4 18 (37.5%) 9 (37.5%) 1.000 

     e4/e4 1 (2.1%) 0 (0%) 1.000 
Ex-CFL=retired Canadian Football League players; IQR=interquartile range; RAVLT=Rey Auditory Verbal 
Learning Test; RVDLT=Rey Visual Design Learning Test; PAI=Personality Assessment Inventory 
 
 
Table 2. Correlation coefficients for years playing professional football in ex-CFL players.  
 

Variables 
Years played in CFL 
r p 

Left Hippocampus -0.321 0.022 
Right Hippocampus -0.339 0.017 
Left Amygdala -0.448 0.002 
Right Amygdala -0.397 0.006 
Ventricle  0.212 0.096 
CFL=retired Canadian Football League 
 

Linear regression was used to measure the relationship between age and right and left 

hippocampal volumes in ex-CFL, study controls and control participants from the Cam-CAN 
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database. Different intercepts and interactions with age were allowed for each cohort. The linear 

regression model was:  

H=α 0+ α1Cohortstudy controls + α2Cohortex-CFL+ β0Age+β1Age:Cohortstudy controls+β2 Age:Cohortex-CFL 

Where “:” indicates an interaction between the two terms, H is the volume of the hippocampi 

(left or right hippocampus), α0 is the intercept term for Cam-CAN cohort, α1 is the additional 

intercept for the study controls cohort, and α2 is the additional intercept for the ex-CFL cohort. 

Similarly, β0 is the linear slope for age for Cam-CAN cohort, and β1 and β2 are the additional 

slopes for study controls and ex-CFL cohort, respectively. A negative β value indicates a 

relatively steeper slope (added to the negative slope for age estimated from the Cam-CAN 

cohort) for the respective cohort. Similarly, a positive β value indicates a less steep slope in 

comparison with Cam-CAN cohort. The estimated parameters of the model are reported in Table 

4.   

Linear regression showed a statistically significant association between age and the 

volumes of both the left hippocampus and the right hippocampus in Cam-CAN controls. This 

association was significantly different (i.e. steeper slope for both the left hippocampus and the 

right hippocampus) in the ex-CFL players, but not for study controls (Table 3; Figure 1). 

 

Table 3. Linear regression for left and right hippocampal volume with age in ex-CFL players, 
study controls and Cam-CAN controls, where “:” indicates an interaction between the two terms. 
 

Variable 
Left Hippocampus Right Hippocampus 

β p β p 

InterceptCam-CAN controls -0.046 0.350 -0.077 0.112 

Cohortstudy controls 0.412 0.047 0.603 0.003 

Cohortex-CFL players 0.119 0.347 0.213 0.084 
AgeCam-CAN controls -0.484 <0.001 -0.479 <0.001 

Age: Cohortstudy controls 0.169 0.528 0.078 0.765 

Age: Cohortex-CFL players -0.351 0.017 -0.431 0.003 
Ex-CFL=retired Canadian Football League players 
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Figure 1. Linear regression model results showing the relationship between left and right
hippocampal volumes and age in ex-CFL players, study controls and Cam-CAN controls. 

Modelling of age and left and right hippocampal volumes show a much steeper effect of age on
hippocampal volumes in the former CFL players compared to both study controls and Cam-CAN
controls. 
 
 

To assess whether hippocampal volume was associated with memory function, we

investigated the relationship between left hippocampal volume and performance on the RAVLT

(verbal memory task) and right hippocampal volume and RVDLT (visual memory task). The ex-

CFL group, but not the study control group, showed a significant relationship between smaller

left hippocampal volume and poorer word recall performance on the RAVLT short delay

(r=0.523, p=0.001) and RAVLT long delay scores (r=0.447, p=0.002) (Figure 2A and 2B). These

correlations remained significant after Bonferroni correction (p<0.016). There were no

significant correlations between RVDLT long delay scores and right hippocampal volume in

either the ex-CFL or control groups (Figure 2C). There were no significant differences between
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ex-CFL players and normal controls on RAVLT short delay scores (p=0.497) long delay scores 

(p=0.298), or RVDLT long delay scores (p=0.977) (Table 1).  

DBM analysis was used to identify which areas across the brain may be associated with 

memory performance. Correlations with DBM maps also showed a significant relationship with 

RAVLT short delay in the ex-CFL players (Figure 3), where poorer scores on recall after a short 

delay were associated with smaller left and right hippocampal regions, after FDR correction 

(r=0.552, p=0.026; r=0.492, p=0.041, respectively). 

 The relationship between amygdala volume and aggression and irritability personality 

traits from the PAI were also examined in ex-CFL players. Left and right amygdala volumes 

were not significantly associated with T-scores for aggression (r=0.162, p=0.255; r=0.206, 

p=0.147, respectively) and irritability (r=0.204, p=0.150; r=0.192, p=0.177, respectively) 

measured by the PAI. Ex-CFL showed higher T-scores on the PAI for aggression (p=0.001) and 

irritability (p=0.014) in this study compared to control subjects.  
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Figure 2. Pearson correlation graphs in ex-CFL and controls between left hippocampal 
volumes and A) the RAVLT short delay total score, and B) the RAVLT long delay total 
score, and between right hippocampal volume and C) the RVDLT long delay total score. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Significant relationships were found between left and right hippocampal volumes and RAVLT 
short and long delay scores in the ex-CFL but not in the study controls. 
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Figure 3. Deformation-based morphometry showing regions associated with RAVLT short
delay scores in ex-CFL players. 
 

 
FDR (q=0.05) corrected p value map for regions associated with RAVLT short delay scores in
ex-CFL players. Colours represent p-values. Red arrows indicate the left medial temporal lobe,
including primarily the hippocampus, parahippocampus, and entorhinal cortex. 
 
 

Discussion 

Using DBM and volumetric analyses, this study examined the effect of repeated

concussions on regional brain volumes, cognitive performance and behavioural symptoms

among former professional football players compared to healthy controls. Volumetric analysis

demonstrated a significantly greater effect of age on brain volume reduction among retired

professional football players compared with healthy controls. More specifically, the effect of age

on hippocampal volume reduction was significantly greater in the ex-CFL cohort compared to

the study controls and Cam-CAN control subjects. Our findings confirm an effect of age on brain

volume, and this effect appears to be amplified in the ex-CFL group. Moreover, smaller left

hippocampal volume was associated with worse performance on the short and long delay verbal

memory scores of the RAVLT. In the ex-CFL players, DBM analysis also showed smaller

bilateral hippocampal volume associated with poorer verbal memory performance. Although ex-

CFL scored significantly higher than controls for symptoms of irritability and aggression on the

PAI compared to controls, they were not in an elevated range23. We did not find any relationship
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between PAI irritability and aggression scores and amygdala volume in our ex-CFL or control 

groups. 

Number of career years playing football with the CFL was associated with smaller 

hippocampi and amygdala volumes and larger ventricular volume in the ex-CFL. Career years 

were examined as a proxy for number of concussions because concussion history was self-

reported by athletes and therefore a less reliable measure as a result of recall bias. Greater years 

playing professional football increases exposure to concussions and may contribute to the effect 

of age on brain volume observed in our ex-CFL group. In addition, many concussions may go 

unrecognized by athletes and/or their coaches as symptoms generally resolve on their own24. In 

our study, the four players reporting no concussions each played between 9-12 years in the CFL. 

It is possible that professional players of contact sports will experience hits to the head but may 

not report having a concussion, especially if they do not experience persistent post-concussive 

symptoms. As well, since concussion can be associated with both anterograde and retrograde 

amnesia, the players may have forgotten them25. 

Previous studies have found evidence of cerebral atrophy in individuals with mild, 

moderate and severe TBI26,27. In particular, ventricular enlargement and volume loss of the 

hippocampi and thalami have been reported in studies of mild, moderate and severe TBI8,28.  Due 

to its location in the middle cranial fossa, the hippocampus is situated in a region vulnerable to 

injury7, and hippocampal atrophy following mild, moderate and severe TBI has been reported in 

both animal29 and human studies. The current study suggests that the effect of age on 

hippocampal volume loss is greater in those who have experienced repeated concussions. 

Moreover, hippocampal atrophy is associated with memory impairment in normal aging as well 

as in various neurodegenerative diseases including Alzheimer’s disease and frontotemporal lobar 

degeneration. As would be expected, we found a relationship between smaller bilateral 

hippocampal volume and poorer performance on both early and delayed recall of a verbal 

memory task in ex-CFL players, and this relationship was greater in ex-CFL compared to study 

controls.  

APOE protein is involved in lipid metabolism; and the APOE-e4 allele increases risk of 

Alzheimer’s disease in a dose-dependent fashion (by three times for heterozygotes), whereas the 

APOE-e2 allele confers a protective benefit30. Some studies have suggested that APOE-e4 allele 

may be also associated with less efficient cognitive processing in concussed athletes31. However, 
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in the current study, we did not find a significant difference between ex-CFL and control groups 

in APOE genotype or allele frequency.  

Irritability and aggression are often reported in cases of CTE20, and their relationship to 

amygdala volume was examined in this study. Significantly higher T-scores for both symptoms 

were found in ex-CFL compared to controls, but they were within the normal range in both 

groups. We did not find a significant association between amygdala volume and PAI T-scores 

for aggression and irritability.  

At present, few studies have looked at changes in regional cerebral atrophy among retired 

athletes with a history of multiple concussions. Results from these studies have been mixed, with 

some detecting no significant abnormalities in concussed athletes16. Most studies also include 

participants with a range of mild to severe TBI with few studies having looked at structural brain 

changes in concussion alone. Here, we show differences in brain volume in a group of athletes 

who were exposed to repetitive head impacts and a history of multiple concussions only. 

 The current study uses DBM to explore structural brain changes that may result from 

repeated exposure to concussive head injury. DBM is a whole brain analysis that allows the 

examination of macroscopic differences across the entire brain by comparing the position of each 

voxel to a standard brain and so may be more sensitive to subtle volume changes22,32. Studies 

have examined the trajectory of grey matter atrophy with age using both linear and nonlinear 

models with mixed results and variation among structures33. Further work is needed to better 

understand the effect of age on atrophy in healthy and concussed populations.  

Our study is limited in its ability to detect causal and temporal relationships in regional 

cerebral atrophy over time due to its cross-sectional design. Future studies should include 

longitudinal designs that can better assess causal relationships. In addition, the number of 

concussions was self-reported by ex-CFL players and these numbers are therefore subject to 

response and recall bias. Ex-CFL players were also self-referred and it is possible that those with 

specific neurobehavioural symptoms are more likely to choose to participate in this study. 

Participants in the current study were restricted to male professional football players and our 

findings may not apply to other groups including females and non-athletes. Age since retirement 

may also be a confounder in our analysis, however it would be difficult to de-correlate with age. 

Other confounders including family history of dementia, alcohol and substance abuse, and use of 

performance enhancing drugs were not included in our analysis but may be important modulators 
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of the age-related changes in volume observed in this study, and future work should assess the 

potential contribution of these confounders. 

We have demonstrated greater age effects on hippocampal volume in ex-CFL players. 

Moreover, we showed that these changes are associated with the number of career years playing 

for the CFL. Taken together, these findings suggest that multiple concussions may contribute to 

pathological changes that are associated with greater age-related atrophy and result in earlier 

focal atrophy, although longitudinal studies are needed to determine the essence of this 

relationship. Future studies that track structural, cognitive and behavioural changes over time can 

provide additional insight into the effects of concussions on brain structure and function.  

 

Materials and methods 
 

Participants 
 

This study included 53 ex-CFL players (mean age=55.6+12.9 years), most of whom 

report multiple concussions, and 25 healthy age- and education-matched male non-concussed 

controls (mean age=50.8+10.0 years), recruited from the general population. Athletes played for 

one or more seasons with the CFL. Informed consent was obtained and the study was approved 

by the University Health Network research ethics board.  

Age-matched male controls from the Cambridge Centre for Aging and Neuroscience 

(Cam-CAN, N=321, mean age of 58.1+16.0 years, range 30-85) were used for validation due to 

the small size of the local healthy control group. Data were obtained from the Cam-CAN 

repository (available at http://www.mrc-cbu.cam.ac.uk/datasets/camcan/)34,35.  

The median number of self-reported concussions in the ex-CFL group was 4 (Table 1). 

Exclusion criteria included: neurological disorders prior to concussions (e.g. seizure disorder), 

systemic illnesses known to affect the brain (e.g. diabetes and lupus), a history of psychotic 

disorder, known developmental disorders, and history of migraines. Similar criteria were used 

for study and Cam-CAN controls35. Concussion exposure was based on players’ recall of injury 

during a semi-structured interview in accordance with the Zurich Guidelines on Concussions36. 

Absence of concussions in the control group was verified through interview with control 

subjects. 
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Neuropsychological Assessment 
 

All participants underwent an extensive neuropsychological test battery comprising a 

series of cognitive and behavioural assessments. Memory was assessed by the Rey Auditory 

Verbal Learning Test (RAVLT)37, which is a test of verbal learning and memory; and by the Rey 

Visual Design Learning Test (RVDLT)38 assessing visual learning and memory. For the 

RAVLT, participants were asked to repeat 15 unrelated words over five consecutive trials, after 

which an interference list is presented and recalled. Subjects are then asked to recall the original 

list after this short delay, and again after a 20-minute long delay.  The number of words recalled 

after the short and after the long delay were the primary behavioural outcome measures. For the 

RVDLT, participants were presented with 15 stimulus cards with geometric design (over five 

consecutive trials), and asked to draw all designs they could recall after each trial. Twenty 

minutes after completing the final trial, participants were asked to redraw as many of the 15 

designs they could recall. The number of accurately drawn figures was the primary behavioural 

outcome measure.  

Symptoms measured by the Personality Assessment Inventory (PAI)23 were included for 

analysis, correcting for age. The PAI was chosen to measure personality changes frequently 

associated with concussion. Aggression and irritability were chosen for analysis as the PAI 

symptoms most relevant to concussion. The PAI is a comprehensive and informative self-report 

questionnaire of adult personality and psychopathology, and contains 344 items scored on a 4-

point scale: F=false, ST=slightly true; MT=mainly true; VT=very true. This assessment contains 

22 full scales (four validity scales, 11 clinical scales, five treatment scales, and two interpersonal 

scales) with 10 of these scales further subdivided into 31 conceptually derived subscales. T-

scores are based on a census matched standardization sample of 1,000 normal adults.  

 
Neuroimaging 
 
IMAGE ACQUISITION: Participants underwent a whole-brain scan using a T1-weighted 

inversion recovery prepped, 3-dimensional IR-FSPGR (inversion fast spoiled gradient echo) 

sequence at 3 Tesla (GE Signa HDx, Milwaukee, WI, USA) with the following parameters: 180 

axial slices, 1x1x1-mm voxels, 256x256 matrix size, 25.6-cm field of view, flip angle=158°, 

echo time=3ms, repetition time=7.8ms, inversion time = 450ms. 
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Cam-CAN participants underwent T1-weighted MPRAGE (magnetization prepared rapid 

acquisition gradient echo) sequence at 3 Tesla (Siemens TIM Trio scanner with a 32-channel 

head coil) with the following acquisition parameters: 1x1x1-mm voxels, field of 

view=256x240x192, flip angle=9°, echo time=2.99ms, repetition time=2250ms, inversion 

time=900ms.  

 

PRE-PROCESSING: T1-weighted scans of the subjects were pre-processed through our standard 

pipeline. Image denoising39, intensity non-uniformity correction40, and image intensity 

normalization into range (0-100) using histogram matching were performed.  

 

DEFORMATION-BASED MORPHOMETRY: DBM analysis was performed using MNI MINC 

tools. Pre-processed images were first linearly (using a 9-parameter rigid registration)41 and then 

non-linearly warped42 to an average template brain of 152 healthy young individuals (MNI-

ICBM-152). The local deformation obtained from the non-linear transformations was used as a 

measure of tissue expansion or atrophy.  DBM was used to examine the relationship between 

brain volume and performance on a memory task. Voxel-wise deformation maps were correlated 

with RAVLT short delay scores and corrected for multiple comparisons using False Discovery 

Rate (FDR), thresholded at q=0.05.  

 

ANALYSIS OF SUBCORTICAL STRUCTURES: All images were first linearly (using a 9-

parameter rigid registration) and then nonlinearly registered to an average template (MNI 

ICBM152) as part of the ANIMAL software43,44. The deep structures, i.e., thalami, ventricles, 

putamen, and caudate, were segmented as part of the validated ANIMAL software by warping 

segmentations from ICBM152 back to each subject using the obtained nonlinear transformations. 

The hippocampi and amygdala were segmented using a validated automated patch-based label-

fusion technique44. The method selects the most similar templates from a library of labelled MRI 

template images, and combines them with majority voting scheme to assign the highest weighted 

label to a given voxel to generate a discrete segmentation. Quality control was performed on the 

individual registered images as well as the automated structure segmentations by visual 

inspection. The volumes of the structures were then calculated from the segmentations in the 
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ICBM152 space, i.e. the values were scaled by a scaling factor inversely proportional to the 

intracranial volume to account for differences in head sizes. 

 
APOE genotyping 

For all study participants, genomic DNA was extracted from whole blood using Qiagen 

kits. The two single nucleotide polymorphisms in APOE (rs7412 and rs429358) defining the 

APOE-e2, -e3 and -e4 alleles were genotyped as previously described29. 

 

Statistical Analysis 
 

Statistical analyses were performed using MATLAB R2015b software (MATLAB, 

Natick, MA, USA). The relationship between hippocampal volume and age was examined by 

multiple linear regression. Partial correlations (two-tailed) were calculated between 

hippocampal, amygdala and ventricular volumes and years playing football, correcting for age, 

and between these volumes and RAVLT short and long delay scores and RVDLT long delay 

scores, correcting for age and education. A Student’s t-test for independent samples was used to 

compare age, education, RAVLT and RVDLT scores, and PAI sores for aggression and 

irritability symptoms between the ex-CFL players and the control group.  Chi-square or Fisher’s 

exact test were used to compare APOE genotype, between ex-CFL players and controls. Pearson 

correlations (two-tailed) were also calculated between behavioural symptoms (aggression and 

irritability) and amygdala volume, correcting for age. All images were linearly transformed into 

the same space before analysis, thus accounting for head size. The significance level for all 

analyses was set at p<0.05 (two-tailed). Bonferonni correction for multiple comparisons was 

performed. 
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