
© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com.

Cerebral Cortex, July 2021;31: 3426–3434

doi: 10.1093/cercor/bhab021
Advance Access Publication Date: 2 March 2021
Original Article

O R I G I N A L A R T I C L E

Age at First Exposure to Tackle Football is Associated
with Cortical Thickness in Former Professional
American Football Players
David Kaufmann1,2,3,†, Nico Sollmann1,2,4,5,†, Elisabeth Kaufmann1,2,6,
Rosanna Veggeberg2, Yorghos Tripodis7,8, Pawel P. Wrobel1,2,
Janna Kochsiek1,2, Brett M. Martin9, Alexander P. Lin2,10,11,
Michael J. Coleman2, Michael L. Alosco8,12, Ofer Pasternak2,10,
Sylvain Bouix2, Robert A. Stern8,12,13,14, Martha E. Shenton2,10,15,‡ and
Inga K. Koerte1,2,16,17,‡

1cBRAIN, Department of Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy,
Ludwig-Maximilians-Universität, 80337 Munich, Germany, 2Psychiatry Neuroimaging Laboratory, Brigham and
Women’s Hospital, Harvard Medical School, Boston, MA 02215, USA, 3Department of Radiology, Charité
Universitätsmedizin, 10117 Berlin, Germany, 4Department of Diagnostic and Interventional Neuroradiology,
Klinikum rechts der Isar, Technische Universität München, 81675 Munich, Germany, 5TUM-Neuroimaging
Center, Klinikum rechts der Isar, Technische Universität München, 81675 Munich, Germany, 6Department of
Neurology, University Hospital, LMU Munich, 81377 Munich, Germany, 7Department of Biostatistics, Boston
University School of Public Health, Boston, MA 02118, USA, 8Boston University Alzheimer’s Disease Center and
Boston University CTE Center, Boston University School of Medicine, Boston, MA 02118, USA, 9Data
Coordinating Center, Boston University School of Public Health, Boston, MA 02118, USA, 10Department of
Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115, USA, 11Center for
Clinical Spectroscopy, Department of Radiology, Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA 02115, USA, 12Department of Neurology, Boston University School of Medicine, Boston, MA 02118,
USA, 13Department of Neurosurgery, Boston University School of Medicine, Boston, MA 02118, USA,
14Department of Anatomy and Neurobiology, Boston University School of Medicine, Boston, MA 02118, USA,
15VA Boston Healthcare System, Brockton Division, Brockton, MA 02301, USA, 16Department of Psychiatry,
Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA and 17Graduate School of
Systemic Neurosciences, Ludwig-Maximilians-Universität, 82152 Munich, Germany

Address correspondence to Inga K. Koerte, Psychiatry Neuroimaging Laboratory, Brigham and Women’s Hospital, Harvard Medical School, 1249 Boylston
St., Boston, MA 02215, USA. Email: Ikoerte@bwh.harvard.edu
†Authors contributed equally
‡Authors contributed equally

Abstract

Younger age at first exposure (AFE) to repetitive head impacts while playing American football increases the risk for
later-life neuropsychological symptoms and brain alterations. However, it is not known whether AFE is associated with
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cortical thickness in American football players. Sixty-three former professional National Football League players
(55.5 ± 7.7 years) with cognitive, behavioral, and mood symptoms underwent neuroimaging and neuropsychological testing.
First, the association between cortical thickness and AFE was tested. Second, the relationship between clusters of decreased
cortical thickness and verbal and visual memory, and composite measures of mood/behavior and attention/psychomotor
speed was assessed. AFE was positively correlated with cortical thickness in the right superior frontal cortex (cluster-wise P
value [CWP] = 0.0006), the left parietal cortex (CWP = 0.0003), and the occipital cortices (right: CWP = 0.0023; left:
CWP = 0.0008). A positive correlation was found between cortical thickness of the right superior frontal cortex and verbal
memory (R = 0.333, P = 0.019), and the right occipital cortex and visual memory (R = 0.360, P = 0.012). In conclusion, our
results suggest an association between younger AFE and decreased cortical thickness, which in turn is associated with
worse neuropsychological performance. Furthermore, an association between younger AFE and signs of neurodegeneration
later in life in symptomatic former American football players seems likely.
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Introduction
Repetitive head impacts (RHIs) and resulting concussions and/or
subconcussions are frequently observed in contact sports, such
as American football (Pellman et al. 2003; Nathanson et al. 2016).
Evidence further suggests that exposure to RHI while playing
professional football may increase the risk for developing neu-
ropsychological symptoms later in life (Stamm, Bourlas, et al.
2015a; Alosco, Kasimis, et al. 2017b; Alosco et al. 2018; Alosco
and Stern 2019; Roberts et al. 2019; Plessow et al. 2020). In this
context, the age at first exposure (AFE) to tackle football has been
suggested as a potential effect modifier for the development
of neuropsychological symptoms (Stamm, Bourlas, et al. 2015a;
Alosco, Kasimis, et al. 2017b; Alosco et al. 2018; Alosco and Stern
2019). More specifically, AFE to tackle football prior to the age
of 12 years is associated with greater later-life neuropsychiatric
and cognitive impairment in former American football players
(Stamm, Bourlas, et al. 2015a; Alosco, Kasimis, et al. 2017b). How-
ever, a study in active athletes participating in collegiate football
or in other contact sports such as lacrosse, wrestling, ice hockey,
and soccer, found no association between AFE and current neu-
rocognitive performance (Caccese et al. 2019). Nonetheless, a
recent imaging study revealed an association between younger
AFE and smaller bilateral hippocampal and posterior corpus cal-
losum (CC) volumes for both former and active fighters (Bryant
et al. 2020). A study on symptomatic former professional football
players revealed altered white matter (WM) microstructure of
the CC in those who had started to play tackle football before the
age of 12 years (Stamm, Koerte, et al. 2015b). Further, the earlier
they had started to play, the smaller their bilateral thalamus,
and decreased right thalamic volume was correlated with worse
visual memory (Schultz et al. 2018). Taken together, these find-
ings suggest that earlier exposure to RHI while playing football
may increase the risk of later-life neuropsychological symptoms
as well as alterations in WM microstructure and subcortical gray
matter (GM) volume.

Some of the symptoms observed in former athletes exposed
to RHI, such as impaired executive function, may also suggest
an involvement of cortical GM. Although cortical thinning phys-
iologically occurs with increasing age (Fjell et al. 2009; Tham-
bisetty et al. 2010), accelerated cortical thinning in locally char-
acteristic patterns has been associated with neurodegenerative
diseases, such as Alzheimer’s disease (Lerch et al. 2005, 2008;
Kang et al. 2019). Cortical thinning is associated with accel-
erated cognitive decline in patients with dementia (Dickerson
et al. 2009; Querbes et al. 2009; Eskildsen et al. 2013). Impor-
tantly, there is increasing evidence of cortical thinning in former

athletes who participated in contact sports including soccer
(Koerte et al. 2016), rugby (Wojtowicz et al. 2018), and Ameri-
can football (Adler et al. 2018). More specifically, a small study
in former professional soccer players reported an association
between exposure to RHI and cortical thinning with increasing
age (Koerte et al. 2016). Former collegiate American football
players showed decreased cortical thickness in the frontal and
temporal cortex (Adler et al. 2018). Another study investigated
a small cohort of former Canadian Football League players and
reported decreased cortical thickness in the anterior temporal
lobe (Goswami et al. 2016). Further, in the same study, decreased
orbitofrontal cortical thickness was associated with increased
aggression and task errors indicative of impulsivity (Goswami
et al. 2016). However, whether younger AFE is an effect modifier
of the association between RHI and cortical thinning later in life
remains unknown.

The aim of this study is to investigate the association
between AFE to tackle football and cortical thickness in
symptomatic former professional football players. We further
assess whether regional decrease in cortical thickness is
associated with later-life neuropsychological performance and
neuropsychiatric symptoms.

Methods
Study Design and Participants

This study is part of the Diagnosing and Evaluating Traumatic
Encephalopathy using Clinical Tests (DETECT) project, a cohort
study aimed at developing biomarkers for the in-vivo diagno-
sis of chronic traumatic encephalopathy. The DETECT proto-
col included neurological and psychiatric examinations, assess-
ment of exposure to RHI, neuropsychological testing, self-report
measure of neuropsychiatric symptoms, and neuroimaging by
multi-sequence magnetic resonance imaging (MRI) in former
National Football League (NFL) players and healthy controls (the
current study includes data only from the former NFL group).
Participant evaluations were conducted from 2011 to 2015. The
study and its procedures were approved by the Boston Uni-
versity Medical Campus and Partners Healthcare Institutional
Review Boards. All study participants provided written informed
consent prior to enrollment.

The following inclusion criteria were defined for enrollment
of NFL players in the DETECT project: 1) male sex, 2) age between
40 and 69 years, 3) minimum of 12 years of participation in
organized tackle football, 4) minimum of 2 years of play in the
NFL at positions known to have extensive head impacts based on
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helmet accelerometer data (i.e., offensive and defensive line-
men, defensive backs, linebackers, running backs), and 5) a
self-report of cognitive, behavioral, and mood symptoms for a
minimum of 6 months prior to study participation. Additionally,
the following exclusion criteria were defined: 1) a history of
concussion within 1 year of study enrollment, 2) contraindica-
tions for MRI, 3) presence of another disease affecting the central
nervous system, and 4) a primary language other than English.

Overall, 96 former NFL players were enrolled in the DETECT
project. Thirty-three players were excluded from analyses of
MRI data. More specifically, in 4 subjects T1-weighted data was
not available, 15 scans were excluded due to severe motion
artifacts, 13 cases were excluded due to failed post-processing,
and 1 case was excluded due to a lesion likely stemming from
small infarction. The final sample consisted of 63 former NFL
players. Importantly, the included cases did not differ from the
excluded cases on demographics (age, body mass index [BMI],
school years) or clinical outcome measures (factor scores).

Exposure to RHI

To retrospectively quantify RHI exposure, we used the following
self-reported measures: AFE to tackle football (age in years) and
total number of years played.

Neuropsychological Testing

Study participants underwent a comprehensive neuropsy-
chological test battery to evaluate neurocognitive function
across several domains, including attention, executive function,
episodic memory, language, and visuospatial abilities. Raw test
scores were converted into standardized scores using normative
data that account for age, sex, and/or educational attainment.
Participants also completed self-report questionnaires to assess
neurobehavioral dysregulation, as well as depression and
anxiety symptoms. To reduce the risk of Type I error, four factor
scores were derived from the outcome measures using principal
component analysis. These factor scores are based on rational
and empirical grounds, and their derivation has been previously
reported (Alosco, Jarnagin, et al. 2017a).

The four factors reflected a composition of the following
tests and scores: 1) “mood and behavior” (Apathy Evaluation
Scale (Marin 1996), Beck Depression Inventory-II (Beck et al.
1996), Beck Hopelessness Scale (Beck et al. 1974), Barratt
Impulsivity Scale (Patton et al. 1995), Behavior Rating Inventory
of Executive Function—Adult Version—Behavioral Regulation
Index (Roth et al. 2005), Center for Epidemiologic Studies
Depression Scale (Radloff 1977), Hamilton Depression Rating
Scale (Hamilton 1960), and Brown-Goodwin Lifetime History of
Aggression (Alosco, Jarnagin, et al. 2017a)), 2) “attention and
psychomotor speed” (Controlled Oral Word Association Test-
FAS (Benton and Hamsher 1989), Wechsler Adult Intelligence
Scale–Revised—Digit Symbol Coding test (Wechsler 1997), Delis-
Kaplan Executive Function System—Color Word Interference
Test, and Trail Making Test—Parts A and B (Delis et al. 2001)),
3) “verbal memory” (Neuropsychological Assessment Battery—
Story Learning Phrase Unit—Immediate and Delayed Recall
(Petermann and Jäncke 2016), and List Learning Immediate and
Delayed Recall), and 4) “visual memory” (Rey-Osterrieth Com-
plex Figure—Boston Qualitative Scoring System—Immediate
Recall Presence and accuracy, and Delayed Recall Presence and
Accuracy (Stern et al. 1999)).

Magnetic Resonance Imaging

Image Acquisition
Participants underwent cranial MRI on a 3-Tesla scanner
(Magnetom Verio, Siemens Healthcare, Erlangen, Germany) in
supine position using a 32-channel head array. As part of a
multi-sequence neuroimaging protocol, a three-dimensional
T1-weighted Magnetization-Prepared Rapid Gradient Echo (MP-
RAGE) sequence was acquired with the following parame-
ters: repetition time/echo time = 1800 ms/3.36 ms, inversion
time = 1100 ms, voxel size = 1 × 1 × 1 mm3, acquisition
matrix = 256 × 256, flip angle = 7 degrees. No contrast agent
was used.

Image Processing and Calculation of Cortical Thickness
The raw MP-RAGE data from the scanner were first converted
from dicom to nrrd file format, followed by axis alignment
and centering. Thorough visual inspection for completeness,
distortion, and motion artifacts were performed using 3D Slicer
(http://www.slicer.org; version 4.5, Surgical Planning Laboratory,
Brigham and Women’s Hospital, Boston, MA, USA).

Brain segmentations and extractions of cortical thickness
were performed in FreeSurfer (http://surfer.nmr.mgh.harvard.e
du; version 5.3, Laboratory for Computational Neuroimaging,
Charlestown, MA, USA) (Fischl 2012). Our semi-automated,
step-wise approach using in-house scripts included removal
of non-brain tissue, automated Talairach transformation,
grayscale intensity normalization, and correction for any
inhomogeneities in the magnetic field, automated topology
correction, and surface deformation correction according to
intensity gradients in order to optimally delineate the GM/WM
and GM/cerebrospinal fluid boundary (Dale et al. 1999; Fischl
and Dale 2000). Subsequent steps included surface inflation,
registration to a common spherical atlas, and parcellation of
the cortex with regards to sulcal and gyral patterns according
to the Desikan-Killiany atlas (Fischl et al. 1999). Visual quality
inspections were conducted after each step and on the final
maps before performing computational analyses for cortical
thickness.

Cortical thickness was determined as the closest distance
between the GM/WM boundary and the pial surface at each
vertex of the cortical mantle (Fischl and Dale 2000). Surface-
based smoothing was applied to the maps in order to improve
the signal-to-noise ratio (with a default Gaussian kernel approx-
imation of 10 mm).

Statistical Analysis

Descriptive statistics were calculated for participant characteris-
tics including demographics, AFE to tackle football, total number
of years played, and neuropsychological testing as represented
by the four factor scores (mood and behavior, attention and
psychomotor speed, verbal memory, and visual memory).

First, whole-brain analyses of cortical thickness were per-
formed using the QDEC package as implemented in FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/QdecGrou
pAnalysis_freeview). A correlation of cortical thickness with
AFE was tested to identify clusters of cortical thickness that are
associated with AFE using QDEC. This analysis was corrected for
age, BMI, education (represented by school years), and the total
number of years played. In addition, a cluster-wise Monte Carlo
simulation was applied (threshold of 0.05) to adjust for multiple
comparisons. A cluster-wise P value (CWP) and the mean cortical
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Table 1 Cohort characteristics

Number of NFL players included 63 males

Age
(in years, mean ± SD [range])

55.5 ± 7.7
[40.0–68.0]

BMI
(in kg/m2, mean ± SD [range])

32.5 ± 4.4
[25.2–44.7]

Education
(in school years, mean ± SD
[range])

16.4 ± 1.0
[15.0–20.0]

Race
(% of subjects)

White 65.1
Black/African
American

31.7

Unknown/Other 3.2
Start age to play football
(in years, mean ± SD [range])

11.4 ± 2.6
[6.0–17.0]

Total number of years played
(mean ± SD [range])

18.7 ± 3.3
[12.0–25.0]

Position played
(% of subjects)

Offensive 36.5
Defensive 63.5

Exact role (% of subjects) Offensive line 27.0
Linebacker 25.4
Defensive line 19.0
Defensive back 19.0
Running back 4.8
Tight end 3.2
Offensive skill 1.6

This table gives an overview of cohort characteristics including demographics
of the 63 former NFL players included in this study.

thickness ± standard deviation (SD) were extracted from each
detected statistically significant cluster on a single-subject level
that survived correction for multiple comparisons.

Second, to assess the relationship between cortical thickness
in the identified clusters with neuropsychological function as
represented by the four factor scores, post-hoc analyses were
performed using SPSS (version 26.0; IBM SPSS Statistics for
Windows, Armonk, NY, USA). For these post-hoc analyses, we
conducted partial correlation analyses while correcting for age,
BMI, education, race, and total number of years played. The level
of statistical significance was set at P < 0.05, and results of these
correlation analyses were plotted using GraphPad Prism (version
7.0; GraphPad Software Inc., La Jolla, CA, USA).

Results
Cohort Characteristics

The final sample consisted of 63 former NFL players. Table 1
shows cohort characteristics including demographics. The study
participants began to participate in tackle football at a mean age
of 11.4 ± 2.6 years.

Associations between Cortical Thickness and AFE to
RHI

A positive statistically significant correlation between AFE and
cortical thickness was found in the left parietal cortex (supra-
marginal gyrus and superior parietal lobule; CWP = 0.0003), in
the right superior frontal cortex (posterior superior frontal cor-
tex and dorsal precentral gyrus, CWP = 0.0006), as well as in the
bilateral occipital cortex (cuneal cortex and pericalcarine cortex

Figure 1. Correlation between cortical thickness and AFE to tackle football—
I. Clusters with statistically significant correlations between cortical thickness

and AFE are highlighted in “red” (P < 0.05). Analyses were corrected for age,
BMI, education (represented by school years), and total number of years played.
Furthermore, a cluster-wise Monte Carlo simulation was applied (threshold of
0.05) to adjust for multiple comparisons. The legend represents the color code

for P values, i.e., the strength of correlations within the clusters. Statistically
significant clusters are located in the right superior frontal cortex (CWP = 0.0006),
left parietal cortex (CWP = 0.0003), and bilateral occipital cortex (left hemisphere:

CWP = 0.0008; right hemisphere: CWP = 0.0023). (A) right hemisphere, lateral
view; (B) right hemisphere, mesial view; (C) left hemisphere, lateral view; and
(D) left hemisphere, mesial view.

and lingual gyrus; left: CWP = 0.0008; right: CWP = 0.0023) (Figs 1
and 2). These findings suggest that the younger a former NFL
player began to play football, the thinner the cortex in these
brain regions later in life.

Associations between Cortical Thickness and
Neuropsychological Function

“Verbal memory” was statistically significantly positively
correlated with cortical thickness in the right superior frontal
cortex cluster (R = 0.333, P = 0.019; Fig. 3), and “visual memory”
was statistically significantly positively correlated with cortical
thickness in the cluster of the right occipital cortex (R = 0.360,
P = 0.012; Fig. 3). These findings suggest that thinner cortex
in these areas is associated with lower neuropsychological
performance regarding “verbal memory” and “visual memory”.

Discussion
This study investigated associations between cortical thickness,
AFE to tackle football, and later-life neuropsychological function
in symptomatic former professional football players. There are
two main findings: First, the younger a former football player
was when exposure to tackle football began, the thinner the
cortex in four brain regions (right superior frontal cortex, left
parietal cortex, and bihemispheric occipital cortex) in later life.
Second, the thinner the cortex in two of these regions, the worse
the individual’s neuropsychological performance (thinner cor-
tex in the right superior frontal cortex was associated with lower
“verbal memory” and decreased cortical thickness in the right
occipital cortex was associated with lower “visual memory”).
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Figure 2. Correlation between cortical thickness and AFE to tackle football—II. Clusters with statistically significant associations between cortical thickness and the
AFE are located in the right superior frontal cortex (CWP = 0.0006; A), left parietal cortex (CWP = 0.0003; B), and bilateral occipital cortex (right occipital cortex: CWP =
0.0023; C; left occipital cortex: CWP = 0.0008; D).

Reduced Cortical Thickness and Earlier Exposure to
American Football

A positive association between cortical thickness and AFE to
tackle football was revealed in four cortical clusters (right supe-
rior frontal cortex, left parietal cortex, and bihemispheric occip-
ital cortex), such that the younger a former NFL player began
to play tackle football, the thinner the cortex in these regions,
after controlling for age, BMI, education, and the total years of
football played.

Earlier exposure to RHI was thus associated with decreased
cortical thickness in widespread brain areas later in life. Possi-
ble underlying pathomechanisms include: 1) an increased risk
of impaired neurodevelopment due to exposure to RHI during
a critical period of brain development, and 2) an increased
risk for later-life neurodegeneration. Of note, study participants
began to participate in tackle football at an average age of
11.4 ± 2.6 years. Thus, exposure to RHI started either before or
during early puberty, which is considered a critical period of
neurodevelopment (Lebel et al. 2008; Tamnes et al. 2010; Chang
et al. 2015). Specifically, important physiological processes for
proper brain development in adolescence and particularly dur-
ing puberty on the way to adulthood include dendritic arboriza-
tion and synaptic pruning (Huttenlocher and Dabholkar 1997;
Giedd 2008; Petanjek et al. 2011), as well as increases in intra-
cortical myelination (Giedd 2008; Tamnes et al. 2017). Thus,
not surprisingly, previous studies have repeatedly demonstrated
that age is likely to have a major impact on recovery from brain
injury, such as concussion, with adolescents experiencing more
severe and prolonged postconcussive symptoms compared with
adults (Field et al. 2003; Covassin et al. 2012; Zuckerman et al.
2012; Moore et al. 2016). Of note, physiological developmental
processes during adolescence do not occur uniformly across

the human brain (Gogtay et al. 2004; Giedd 2008). Maturation
processes of the cerebral cortex seem to follow a hetero-chronic
pattern with considerable regional variations (Gogtay et al. 2004;
Whitford et al. 2007; Giedd 2008; Lebel et al. 2008; Brown et al.
2012). Thus, there is an interval of several years during adoles-
cence in which various brain regions may be especially vulner-
able to injury.

Disruptions to essential processes of brain development due
to sports-related RHI may lead to alterations in brain structure
and function, which may also put the brain at increased vulner-
ability to neurodegeneration later in life (Solomon 2018; Alosco
and Stern 2019). Cortical thickness is also known to decrease
with increasing age as part of the normal aging process (Tham-
bisetty et al. 2010). Interestingly, a study investigating longitudi-
nal changes of cortical volume, surface area, and thickness from
late childhood to early adulthood (7 to 29 years), reported that
the parietal lobe showed the greatest decrease in both cortical
surface area and thickness (Thambisetty et al. 2010). Further-
more, in a longitudinal study among healthy elderly individuals
(60 to 84 years), the inferior parietal lobe was among the regions
with the most prominent decrease in cortical thickness over
time (Thambisetty et al. 2010). Hence, the cluster of decreased
cortical thickness in the left parietal cortex observed in this
study may be an expression of accelerated decrease in corti-
cal thickness. Such accelerated decrease in cortical thickness
may be interpreted as accelerated aging, possibly triggered by
exposure to RHI during the critical neurodevelopmental phase
in adolescence.

There are, however, studies that do not reveal an association
of AFE to American football with neurocognitive performance
or with measures of brain structure and function (Solomon
et al. 2016; Caccese et al. 2019). Specifically, among 45 former
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Figure 3. Correlation between cortical thickness and neuropsychological function. The cortical thickness of clusters with statistically significant correlations between

cortical thickness and AFE to tackle football was associated with the factor scores of neuropsychological testing. A statistically significant correlation was revealed
between “verbal memory” and cortical thickness of the right superior frontal cortex (R = 0.333, P = 0.019; A), and between “visual memory” and cortical thickness of the
right occipital cortex (R = 0.360, P = 0.012; B). The line of best fit is shown together with 95% confidence intervals.

NFL players, none of the neurological, neuroradiological, or
neuropsychological outcome measures yielded a significant
relationship with years of exposure to pre-high-school foot-
ball (Solomon et al. 2016). Furthermore, among 4376 active
male athletes with 3462 participating in American football,
neurocognitive performance as measured by the Immediate
Post-Concussion Assessment and Cognitive Testing test was
not associated with the estimated age of first exposure (Caccese
et al. 2019). Thus, although evidence accumulated indicates that
AFE may be an important factor for later-life alterations in brain
health (Alosco and Stern 2019), results from this study need to
be confirmed in future studies.

Association of Cortical Thickness and
Neuropsychological Function

In two of the four clusters where cortical thickness was asso-
ciated with AFE, a post-hoc analysis revealed an association
between cortical thickness and cognitive function. More specif-
ically, the thinner the cortex, the worse an individual’s verbal
memory (for the cluster in the right superior frontal cortex)
and visual memory (for the cluster in the right occipital cortex).
These findings suggest a relationship between altered brain
structure and later-life cognitive decline.

The cluster in the right occipital cortex included parts of
the cuneal cortex, pericalcarine cortex, and lingual gyrus. These
structures are key areas of visual processing (Bogousslavsky
et al. 1987; Beason-Held et al. 1998; Machielsen et al. 2000).
Thus, associations between worse performance in visual
memory and decreased cortical thickness in this area seem
reasonable. Our results are in line with a previous study that
reported a correlation between visual memory decline and
decreased GM volume of the right-hemispheric middle occipital
gyrus in individuals with history of brain injury (Lauer et al.
2017).

Further, decreased performance in verbal memory correlated
with decreased cortical thickness in a cluster in the right supe-
rior frontal cortex, comprised of parts of the dorsal precentral

gyrus and posterior superior frontal gyrus. Although the left-
sided superior frontal gyrus has been attributed to higher cog-
nitive functions and particularly to working memory (Boisgue-
heneuc et al. 2006), the role of the right-sided homolog is less
clear. It has been associated with non-verbal functions such as
control of impulsive response (Sadeh et al. 2015; Hu et al. 2016).
Specifically, in patients with traumatic brain injury, changes in
the superior frontal gyrus were associated with impairment in
task switching (Leunissen et al. 2014). Taken together, verbal
memory decline related to decreased cortical thickness in the
right superior frontal cortex remains not fully understood and
needs to be elucidated in future work. However, not all indi-
viduals exposed to RHI from American football develop later-
life neurological disorders or symptoms. Among those that do,
there is significant heterogeneity in the presence and severity of
symptoms. Therefore, other RHI and non-RHI (e.g., age, vascular
risk factors, genetics, racial identity, and related social determi-
nants of health) are likely at play that increase an individual’s
susceptibility to the late effects of RHI.

Limitations

There are limitations to this study that need to be considered
when interpreting the results. First, the cross-sectional design
of the DETECT study precludes a more definitive link between
RHI, particularly AFE, and cortical thinning as well as later-
life neuropsychological symptoms. Thus, future studies using
a longitudinal design, ideally obtaining imaging at several time
points over a time span of several years, are needed to facilitate
our understanding of RHI-related changes in brain structure and
function. Second, total years played did not have an effect on the
association of AFE and cortical thickness. Future studies need to
assess the effect of more specific exposure variables (e.g., posi-
tion played, number of games played, number of practices, etc.).
Third, although we accounted for many of the known effects
on cortical thickness (age, BMI, education), we acknowledge that
there may be additional factors that play a role. Future studies
should also consider investigating additional factors such as
pre-existing psychiatric and medical comorbidities that may
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play a role in the decline of cortical thickness in former pro-
fessional football players. In addition, early life experiences are
complex and include many potential factors, beyond—or inter-
acting with—AFE. Future studies on the effects of AFE in athletes
would benefit from examining a variety of social and environ-
mental determinants of brain health. Fourth, results from this
study cannot be generalized beyond the specific sample investi-
gated, that is, former football players who played professionally
in the 1970s to 1990s. Future studies should examine the impact
of variables such as era and level of play (i.e., professional,
college, high school). Moreover, the lack of a comparison group
with asymptomatic former professional football players reflects
a limitation. In addition, due to the cross-sectional design of the
study, we cannot rule out differences in cortical thickness before
athletes began to play tackle football. A future longitudinal study
could investigate further healthy controls compared with former
football players to distinguish normal from accelerated aging
and the role of AFE in modifying later-life cortical thinning.

Conclusions
This study revealed an association between younger AFE to
tackle football and decreased cortical thickness in various brain
areas including the right superior frontal cortex, left parietal
cortex, and bihemispheric occipital cortex. Additionally, in
two of the four regions worse verbal and visual memory were
associated with decreased cortical thickness. Taken together,
findings from this study suggest an association between
younger AFE to tackle football and signs of neurodegeneration
later in life. Longitudinal studies are needed to confirm these
findings.
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