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Abstract

Collegiate football athletes are subject to repeated traumatic brain injuriesthat may cause brain injury. The hippocampus is
composed of several distinct subfields with possible differential susceptibility to injury. The aim of this study is to
determine whether there are longitudinal changes in hippocampal subfield volume in collegiate football. A prospective
cohort study was conducted over a 5-year period tracking 63 football and 34 volleyball male collegiate athletes. Athletes
underwent high-resolution structural magnetic resonance imaging, and automated segmentation provided hippocampal
subfield volumes. At baseline, football (n=59) athletes demonstrated a smaller subiculum volume than volleyball (n=32)
athletes (—67.77 mm>; p=0.012). A regression analysis performed within football athletes similarly demonstrated a
smaller subiculum volume among those at increased concussion risk based on athlete position (p=0.001). For the
longitudinal analysis, a linear mixed-effects model assessed the interaction between sport and time, revealing a significant
decrease in cornu ammonis area 1 (CA1) volume in football (n=36) athletes without an in-study concussion compared to
volleyball (n=23) athletes (volume difference per year=-35.22 mm?>; p=0.005). This decrease in CA1 volume over time
was significant when football athletes were examined in isolation from volleyball athletes (p=0.011). Thus, this pro-
spective, longitudinal study showed a decrease in CA1l volume over time in football athletes, in addition to baseline
differences that were identified in the downstream subiculum. Hippocampal changes may be important to study in high-
contact sports.
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Introduction

REPEATED CONCUSSIVE and subconcussive high-velocity im-
pacts may contribute to brain injury and cognitive effects in
athletes of high-contact sports such as football.'”” Non-invasive
brain imaging can potentially characterize the subtle changes that
occur with symptomatic mild traumatic brain injury, which can
have long-term consequences.”®'' Recent cross-sectional mag-
netic resonance imaging (MRI) studies have demonstrated that
repetitive concussive and subconcussive injury in collegiate foot-
ball athletes is associated with significantly lower hippocampal
volumes compared to healthy controls.*’ Such findings are espe-
cially relevant given that the hippocampus demonstrates neurode-
generative changes in chronic traumatic encephalopathy (CTE), a

potential long-term consequence of repeated concussive and sub-
concussive impacts to the head.'

The hippocampus is a crucial structure for long-term, episodic
memory formation and retrieval.'>'* It is involved in neurode-
generative disorders associated with memory decline (e.g., Alz-
heimer’s disease [AD]) and is particularly sensitive to trauma in
human studies and animal models.”®'>"'® The hippocampal for-
mation is comprised of several subfields (Fig. 1) that have unique
connectivity, function, and selective vulnerability to disease. The
most external portion of the hippocampal formation is the entorhinal
and perirhinal cortices, which neighbor the hippocampus proper
and are found along the length of the anterior parahippocampal
gyrus. The subiculum is more internally situated and located be-
tween the hippocampus proper and entorhinal cortex (ERC). Finally,
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(A) High-resolution oblique coronal T, FSE, with a representative automated segmentation of the left hippocampus using our

modified atlas. (B) 3D rendering of segmentation with anterior (bottom, yellow outline) and posterior (top) subfields. 3D, three-dimensional;
CA1, cornu ammonis area 1; ERC-PRC, entorhinal cortex/perirhinal cortex; FSE, fast spin echo. Color image is available online.

the hippocampus proper is the most internal portion and consists of,
going from outside in, cornu ammonis (CA) fields 14 (CA1-4),
followed by the dentate gyrus (DG), which lies at the center of the
hippocampal hilus.

The literature suggests that the afferent hippocampal circuitry
largely originates from the ERC, which receives inputs from the
neocortex through the parahippocampal cortex and perirhinal cor-
tex (PRC). The ERC sends projections through the subicular
pyramidal layer into the DG, forming the perforant pathway, and
additionally sends direct projections to CA1."”'® The DG, in turn,
sends outputs to CA4 and CA3 in the hilus by the mossy fibers.'**?
CA3 then projects to both CA1%* and the fornix>* through the
Schaffer collaterals, whereas CA4 projects downstream to the CA1
by the endfolial pathway.'®*>-® CA1 and the subiculum both send
efferent outputs back to the ERC, forming a complete circuit
loop. 2%

This subfield-specific circuitry, cytoarchitecture, and morphol-
ogy give rise to unique function and differential contributions to
memory encoding and retrieval. For example, the ERC and PRC
have been shown as critical for the integration of novel contextual
features of the environment with object identity to form durable
episodic memories in humans and rats.”** Degeneration in the
perirhinal-thalamic pathways has been shown to produce deficits in
judgement of familiar context during recall and recognition.>® The
subiculum has been found to be more activated during recollection
of learned episodes.’'* CAl is thought to be critical for auto-
biographical retrieval in addition to spatial memory in humans.*-¢
CA2 may be important for social memory.>” DG and CA3 are
selectively activated during episodic memory formation (encoding
face-name pairs and pattern matching).>**>** Moreover, recent
findings suggest the presence of an anterior to posterior gradient in

hippocampal activity during spatial learning.*® Integrating this
body of literature suggests that more upstream (ERC-DG) circuitry
appears more important in encoding, pattern matching, and famil-
iarity, whereas more downstream (CA 1-subiculum) circuitry appears
critical and selectively activated during retrieval.

Both pre-clinical and post-mortem studies suggest that these
structurally and functionally distinct subfields are selectively
affected throughout the progression of different neurological dis-
eases. The PRC and ERC (transentorhinal and adjacent regions) are
thought to be one of the first supratentorial regions to show neu-
rofibrillary pathology of AD, whereas slightly later in the course of
the disease the most distinctive neuronal loss is localized down-
stream in CA1.% The presence of activated microglia has been
observed in the subiculum in post-mortem specimens of AD pa-
tients, but not controls.** In epilepsy-associated hippocampal
sclerosis, neuronal loss can take several forms with different out-
comes, involving either the entire hippocampus, primarily the DG,
or primarily CA1.*"*? Accumulation of alpha-synuclein is observed
in the CA2 in patients with Lewy bodies dementia,** and patho-
logical stress has been associated with atrophy in the CA3.** DG
atrophy and mossy fiber degeneration have been linked to CTE*
and temporal lobe epilepsy.*® These disorders may have unique
predilections for distinct subfields because of differential penetra-
tion of pathology (e.g., proteinopathies, increased/decreased circuit
function, neurotransmitter imbalance, etc.) into hippocampal for-
mation microcircuitry and cytoarchitecture.

Previous in vivo human imaging studies suggested an inverse
relationship between multiple concussive impacts with whole
hippocampal and subfield volumes. Singh and colleagues demon-
strated that collegiate football players had significantly smaller
hippocampi compared to age-matched healthy controls, observing
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a larger effect in players with a history of concussion.® The same
group investigated the link between subfield volumes and kynur-
enine metabolites in the same cohort, observing smaller DG and
CA2-3 subfields in football players, along with lower kynurenine
levels compared to controls.” However, previous investigations of
hippocampal volumetry in collegiate football athletes have all been
cross-sectional, often utilizing control groups without comparable
intensity of exercise and educational stage, which can affect hippo-
campal volume differences between groups.*”*® A study combining
hippocampal subfield volumetry with a longitudinal evaluation of
participation in football compared to a control sport may sensitively
identify subtle volumetric changes over time associated with high-
contact sports. The aim of this study is to determine whether there are
baseline differences and longitudinal changes in hippocampal sub-
field volumes in collegiate football compared to volleyball.

Methods
Study population

The study was introduced to members of the team in conjunction
with athletic trainers. Athletes were required to be in collegiate
football or volleyball and have no self-reported history of brain
surgery, severe brain injury, or major neurological, psychiatric, or
substance abuse disorder. All interested athletes were enrolled. We
prospectively enrolled 63 high-contact (football) and 34 low-
contact (volleyball) collegiate athletes over the course of 5 years
(Fig. 2), in accord with the Institutional Review Board and Health
Insurance Portability and Accountability Act. Athletes underwent
brain MRI at the start of their respective seasons, within 24-96 h
after a concussion (when possible with the athlete’s schedule), and
after the last season of sporting participation. During the first year
of this study, athletes were additionally imaged at the end of their
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season. Incidences of concussion in football during the study period
were identified by the athletic trainers. In total, 18 concussions
occurred in 15 football athletes, 3 of whom had two concussions.
None involved loss of consciousness, and mean return to play was
10.3 days (excluding 1 athlete who did not return to play). Post-
concussion MRI was captured for 13 of these 18 concussions (72%)
among 12 football athletes, 1 of whom had two concussions with
post-concussion MRI. In 2 of the other post-concussion MRI sub-
jects, the first imaging time point was post-concussion (1 and 13
days, respectively) without previous baseline imaging. Each athlete
thus had one to eight MRI time points spanning a maximum of 4
years (Fig. 3), resulting in 198 football and 99 volleyball MRI
scans, for a total of 297 scans (Fig. 2).

There were 2 volleyball athletes that suffered concussions: 1
during volleyball and the other incidental. All subsequent post-
concussive imaging for these 2 volleyball athletes, which consisted
of two and three time points, respectively, was excluded from the
primary analyses, except where specified, to avoid the potential
effect of concussions on hippocampal volumes in the control co-
hort. A board- and Certificate of Added Qualification—certified
neuroradiologist with 9 years of post-residency experience blindly
examined all scans for incidental abnormalities, resulting in ex-
clusion of 3 athletes (each with one, two, and three time points,
respectively). A single time point from 1 athlete had partially
corrupted images precluding analysis. After excluding these 12
scans (Fig. 2), we analyzed a total of 197 football and 88 volleyball
scans from 62 football and 32 volleyball athletes. Our football
population represents approximately one half the size of a colle-
giate football team.

Additional information obtained for football athletes included
the self-reported number and timing of past concussions, the
number of years of playing football, the current position played,
and a pre-first-season Standardized Concussion Assessment Tool
(SCAT) evaluation.*® One football athlete and 1 volleyball athlete

Subjects, n=97 (63 FB, 34 VB)
Total MRI Scans, n=297 (198 FB, 99 VB)

Subjects, n=94 (62 FB, 32 VB)
Total MRI Scans, n=285 (197 FB, 88 VB)

Excluded, n=12 scans (1 FB, 11 VB)
* Incidental MRI findings, n=6 scans
+ 1FBsubject with 1 timepoint
+ 2 VB subjects with a total of 5 timepoints
*  Partially corrupted images, n=1 scan
+ 1VBtimepoint (this subject had 4 remaining
timepoints to be analyzed)
*  Post-concussion VB time-points, n=5 scans
*  5VB post-concussive timepoints from 2 VB
subjects (these subjects had 2 & 3 remaining pre-
concussive timepoints to be analyzed)

Subjects, n=91 (59 FB, 32 VB)

|« Automated hippocampal segmentation errors

Excluded, n=17 scans (14 FB, 3 VB)

Total MRI Scans (Final Analysis), n=268 (183 FB, 85 VB)

'

A

Baseline Analysis
Subjects, n=91 (59 FB, 32 VB)
MRI Scans, n=91 (59 FB, 32 VB)

Longitudinal Analysis (>=2 timepoints, >4 months between scans)
Subjects, n=71 (36 FB without in-study concussions, 12 FB with in-

MRI Scans, n=245 (112 FB without in-study concussions, 57 FB

study concussions, 23 VB)

with in-study concussions, 76 VB)

FIG. 2. Enrollment figure demonstrating exclusion criteria and final baseline and longitudinal analysis populations. FB, football
athletes; MRI, magnetic resonance imaging; VB, volleyball athletes.
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Years of Follow-up in Volleyball
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(A) Distribution of years of follow-up included in final analysis for both athlete groups, with 48 of 63 football subjects (76%)

and 23 of 34 volleyball subjects (68%) having two or greater time points more than 4 months apart, (B) Distribution of enrollment year
for each sport, where the year denotes the first year in school (starting with freshmen year) of usable data (i.e. with a usable hippocampal

segmentation) for each subject. Color image is available online.

did not provide years of tackle football experience. The SCAT
evaluation included only the cognitive assessment, balance, coor-
dination, and standardized assessment of concussion portions of the
SCAT II, with a maximum score of 61.%

Image acquisition

Using a 3-Tesla scanner (GE MR 750; GE Healthcare, Milwau-
kee, WI) and an eight-channel receive head coil, we acquired T;-
weighted axial (inversion recovery fast spoiled gradient echo brain
volume imaging, 1x1X1mm, repetition time [TR] 7.9 ms, echo
time [TE] 3.1 ms, number of excitations [NEX] 1, acquisition time
5.1 min) and high-resolution coronal T,-weighted images, perpen-
dicular to the long axis of the hippocampus (coronal oblique fast spin
echo [FSE], resolution 0.39 %X 0.52 %2 mm, 0.2 mm skip, TR 5000—
15,000, TE 95-109, echo train length 25, matrix 512 x 384, NEX 2,
3240 slices, one to two acquisitions, acquisition time 4.4-5.8 min).
For 29 athlete scans, the coronal T, FSE was judged to be corrupted
by motion artifact in real time and was repeated.

Hippocampal subfield segmentation

We used Automated Segmentation of Hippocampal Subfields
(ASHS; Penn Image Computing & Science Lab, http://picsl.upenn
.edu/software/ashs/), which performs multi-atlas label fusion and
machine-learning correction to obtain reliable segmentations of the
hippocampal subfields and adjacent cortices (Fig. 1).>° We manu-
ally modified the segmentations of the 29 University of Pennsyl-

vania Memory Center atlas brains included with the software and
built a new atlas both to separate anterior from posterior hippo-
campus (which may be functionally different)>' and improve the
segmentation of the subiculum.”® The hippocampal atlas was edited
by three raters with 1, 6, and 20 years of neuroimaging and seg-
mentation experience. For each segmentation, the most posterior
aspect of the uncus was demarcated as the most posterior aspect
of all anterior hippocampal structures.’> Additionally, the sub-
iculum was adjusted to be thicker along the posterior hippocam-
pus. The atlas was rebuilt with the new segmentations and run on
all athletes. The separation of anterior and posterior substructures
was incomplete after atlas-based segmentation, with a few pixels
of anterior subfields bleeding into posterior slices and vice versa.
A histogram was composed of anterior and posterior pixels within
each slice for each segmentation, and the inflection point was used
to automatically determine the slice that demarcated the boundary
between a given athlete’s anterior and posterior hippocampal
subfields.

Subfields included were: CAl, DG (which includes CA2-4),
subiculum, and ERC/PRC (which we combined into one subfield).
CA4 and DG are inseparable on imaging, and CA2 and CA3 are
very tiny with highly variable individual segmentations. Therefore,
CA2-4 and DG were all combined into one subregion (called DG)
representing a similar segment of hippocampal circuitry, which
additionally reduced the number of statistical tests necessary.
Similarly, ERC and PRC were combined. Automated hippocampal
segmentations were manually checked for accuracy by three in-
dependent, blinded raters, and segmentations with gross errors (i.e.,
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segmenting structures outside the hippocampal formation) were
removed from analysis. In addition, we checked for visual outliers
on both overall volume and volume change plots to make sure there
were no segmentation errors. In total, 17 scans were excluded. The
final analyses included 268 scans, consisting of 183 football and 85
volleyball scans from 59 football and 32 volleyball athletes, re-
spectively (Fig. 2). Subfield subdivision volumes (i.e., left anterior
CALl, left posterior CAl, etc.) were summed to obtain total subfield
volume, and total hippocampus volume was derived by summing
all subfields, including entorhinal and perirhinal cortices. To con-
trol for differences in head size,>* we estimated intracranial volume
for each athlete using the longitudinal processing stream in Free-
surfer software (v5.3; The General Hospital Corporation, Boston,
MA; http://surfer.nmr.mgh.harvard.edu/).**>

Statistical analysis

Subfield volumetric data exhibited normality by evaluation of
regression residuals according to D’ Agostino and colleagues’ test
for skewness and kurtosis,>® so linear regression was appropriate
for subfield volumes. In contrast, demographic data did not exhibit
normality, so a Wilcoxon rank-sum test was used to assess for
group differences in age, body mass index (BMI), years of previous
tackle football, and SCAT score at baseline. Regression coeffi-
cients were unstandardized. Standard errors were derived from a
Huber-White robust variance estimate. All statistics were per-
formed using Stata software (v15.0; StataCorp LP, College Station,
TX; http://www.stata.com).

All statistical calculations on volumes were performed first on the
entire hippocampal formation (all subfields bilaterally) and on the
bilateral subfields (DG, CA1, subiculum, and entorhinal-perirhinal).
We corrected for multiple comparisons across the four subfields
using a false discovery rate (FDR) approach.’’ The whole hippo-
campus was not corrected for because it is composed of the same four
subfields. Reported p values are uncorrected. For any significant
effect after FDR, secondary exploratory analyses then examined the
left and right subfields separately and, for any lateralized effect, the
respective anterior and posterior subfield portions.

We performed our statistical analyses with a minimum number
of parameters to encapsulate the most relevant sources of variance.
Given that head size is associated with hippocampal size, we in-
cluded total intracranial volume in all regressions.”” Similarly, age
has been included in other studies of hippocampal volume in
football.® Although both race and BMI were not equivalent be-
tween groups, we did not include either race or BMI because they
individually did not contribute significantly to the model by a
likelihood ratio test.

To test group differences in volume at baseline, we performed
linear regression with covariates of intracranial volume and age,
using a robust variance estimator. To test for the influence of two
outliers on adjusted subiculum volume at baseline, we performed
the same regression with these subjects removed (the football
player with the lowest volume and the volleyball player with the
highest volume).

Among football athletes, correlations of volumes to factors
possibly related to high impacts (past history of concussions,
position-based concussion risk, the number of previous years of
tackle football experience, and baseline SCAT score) were each
tested by four separate linear regressions with covariates of intra-
cranial volume and age, using a robust variance estimator. Past
history of concussion was included as a binary variable. Position-
based concussion risk was defined as Nathanson’s National Foot-
ball League (NFL) reported concussion incidence (ranging from 9
to 37 per 100,000 position plays, scaled up from the original article
by a factor of 100 for easy interpretability of volume change) for the
current athlete position at the time of enrollment for the following
position categories: linebacker (9), defensive line (9.7), offensive
line (12), fullback (13), quarterback (20), defensive back (20), wide
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receiver (27), tight end (32), and running back 37).%8 Additionally,
we regressed subfield volume against literature values of Head
Impact Telemetry (HIT) accelerometer-based measurements for
each position, which may estimate cumulative subconcussive im-
pacts based on player position. This included linear acceleration,
rotational acceleration, and the composite HITsp measure.””*%

To determine longitudinal group differences in hippocampal
volume, we performed a linear mixed-effects regression with
covariates of baseline intracranial volume and age, fixed effects of
sport, time, and the interaction of sport and time, and random effect
of athlete. To ensure adequate temporal characterization, only
athletes with two or more time points and greater than 4 months of
total imaging follow-up were included in the longitudinal analysis.
This resulted in a total of 245 scans that were analyzed, consisting
of 169 scans from 48 football athletes (representing 76% of all
football athletes enrolled) and 76 scans from 23 volleyball athletes
(representing 68% of all volleyball athletes; Figs. 2 and 3). We
compared football (n=36) and volleyball (n=23) athletes without
in-study concussion to assess the effect of sport longitudinally
without any component of concussion (i.e., to evaluate sub-
concussive injury). Next, we performed the comparison between
football athletes with concussion (n=12) and volleyball athletes.
Finally, we assessed whether any significant differences from the
previous two analyses remained when comparing the whole foot-
ball cohort (n=48) to the volleyball cohort. To evaluate the po-
tential contribution of the two volleyball athletes with in-study
concussions (whose two and three post-concussion time points,
respectively, were excluded in the main analysis), we assessed
whether significant differences remained when including these
time points.

Results
Demographics

Median age showed a minimal, but statistically significant,
difference between football and volleyball athletes (median age/
interquartile range [IQR]: football, 18.67 [0.78] years; volleyball,
19.23 [1.67] years; p=0.002; Table 1). BMI showed a significant
difference between football and volleyball athletes (median BMI/IQR:
football, 29.16 [6.78]; volleyball, 23.09 [1.81]; p=<0.001). Years of
previous tackle football demonstrated an expected a significant dif-
ference between football and volleyball athletes (median years/IQR:
football, 9 [4], volleyball, O [0] years; p =<0.001). There were 22 of
59 football and 2 of 32 volleyball athletes who had past concus-
sions. Within football, there was no statistically significant differ-
ence in SCAT score at baseline between athletes who did not or did
have a history of past concussion (median SCAT [IQR]: without
concussion, 54 [6]; with concussion, 55 [3]; p=0.309). Football and
volleyball athletes had equivalent low rates of attention deficit
hyperactivity disorder (ADHD) and learning disabilities. Pro-
portionally more African Americans and fewer Caucasians played
football compared to volleyball. After exclusions, years of follow-
up imaging showed a bimodal distribution in both football and
volleyball (Fig. 3A). Athletes were mostly freshmen at the time of
study enrollment, with a similar number of upperclassmen between
the sports (Fig. 3B).

Baseline results: Subfield volume differences
between sports

Comparing football and volleyball, total hippocampus volume
was not statistically different between groups (adjusted difference =
—-259.58 mm?>; 95% confidence interval [CI]; —642.89, 123.74];
p=0.182; Table 2), but there was a significantly smaller subiculum
volume in football athletes compared to volleyball athletes that
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TABLE 1. AGE AT THE TIME OF FIRST BASELINE SCAN, BoDY MASS INDEX, YEARS OF PREVIOUS FOOTBALL EXPERIENCE,
PasT ConcussioN HISTORY, AND SCAT SCORES WITH MEDIAN, 25TH AND 75TH PERCENTILES, MINIMUM AND MAXIMUM,
AS WELL AS INCIDENCE OF ADHD AND LEARNING DISABILITIES IN FOOTBALL (N=59; 37 WITHOUT PAST CONCUSSION,
22 WITH PAST CONCUSSION) AND VOLLEYBALL (N=32)
Football median Volleyball median
(25th, 75th percentile) [min, max] (25th, 75th percentile) [min, max] Z (p value)

Age, years 18.67 (18.43, 19.21) [17.91, 27.70] 19.23 (18.79, 20.46) [18.32, 21.76] 3.13 (0.002)
Body mass index 29.16 (26.09, 32.87) [21.70, 38.18] 23.09 (22.50, 24.31) [19.93, 27.27] -6.84 (0)
Years of previous tackle 9 (7, 11) [4, 15] 0 (0, 0) [0, 2] -7.89 (0)

football experience
No. of athletes with past 22/59 2/32 (0.001)

concussion
SCAT score (without/with 54 (51, 57) [42, 61] 55 (54, 57) [51, 61] -1.02 (0.309)

past concussion)
No. of athletes with ADHD 3/59 2/32 €8
No. of athletes with learning 1/59 0/32 (@))]

disabilities
Caucasian 25/59 25/32 (0.002)
African American 22/59 0/32 0)
Other/mixed/unknown 12/59 7/32 €8

Median age, body mass index, and years of previous football experience (followed by 25th and 75th percentiles, and minimum and maximum)
compared between football and volleyball athletes. SCAT scores were compared within football only (between football athletes without past concussion
[left] and with past concussion [right]). A Wilcoxon rank sum test was utilized for age, body mass index, years of previous football experience, and SCAT
scores, whereas a Fisher’s exact test was performed for all other rows. The one athlete with a learning disability had dyslexia.

Bold highlights p <.05 uncorrected.

ADHD, attention deficit hyperactivity disorder; SCAT, Standardized Concussion Assessment Tool.

withstood multiple comparison correction (adjusted difference=
—67.77mm>; 95% CI [-120.20, —15.33]; p=0.012, Table 2;
Fig. 4A). This effect in the subiculum was present on the right
(adjusted difference =—29.81 mm®; 95% Cl [-57.37, —2.24];
p=0.034) and on the left (adjusted difference=—37.96 mm?>; 95%
CI [-68.66, —7.26]; p=0.016), localizing more strongly to the
posterior subiculum bilaterally (right posterior: adjusted differ-
ence=-20.41 mm3; 95% CI [-39.40, —1.42]; p=0.035; left pos-
terior: adjusted difference =—23.42 mm?; 95% CI [-45.43, —1.41];
p=0.037). When outliers were removed from Figure 4A (the
football player with the lowest volume and the volleyball player
with the highest volume), subiculum volume was still significantly
smaller in football athletes compared to volleyball athletes (ad-
justed difference=—67.77; 95% CI [-120.20, —15.33]; p=0.034).
Differences in other subfields were not statistically significant.

Baseline results: subfield volume correlations
within football

Examining just football athletes, higher position-based concus-
sion risk had a negative relationship with total hippocampus volume
(volume change for position-based risk increase =—28.67 mm®; 95%
CI [-55.84, —1.50]; p=0.039; Table 3). Subfield analysis localized
this effect as strongly significant within the subiculum (volume
change=-5.65 mm3; 95% CI [-8.79, —2.52]; p=0.0007; Fig. 4B).
This effect in the subiculum was present on the right (volume
change=-2.28 mm?; 95% CI [-3.92, —0.64]; p=0.007) and on the
left (volume change =—3.37 mm?; 95% CI [-5.40,-1.34]; p=0.002),
localizing more strongly to the right posterior (volume change=
—1.79mm?>; 95% CI [-3.07, —-0.50]; p=0.007) and left anterior
subiculum (volume change=-1.31 mm®; 95% CI [-2.17, —0.46];

TABLE 2. ADJUSTED WHOLE HIPPOCAMPUS AND SUBFIELD VOLUME (MM3) COMPARISON BETWEEN FOOTBALL (N=59)

AND VOLLEYBALL (N=32) AT BASELINE

Football mean in mm®,  Volleyball mean in mm’, Adjusted difference
SD (95% CI) SD (95% CI) in mm> (CI) T (pvalue) R> d
Total hippocampus 11,704.19, 895.04 11,963.76, 869.25 —259.58 (—642.89, 123.74) -1.35(0.182) 0.27 0.29
(11,472.58, 11,935.79)  (11,658.34, 12,269.19)
Dentate gyrus 1873.20, 224.69 1960.37, 221.00 —87.16 (—183.68, 9.35) -1.79 (0.076) 0.15 0.39
(1815.06, 1931.35) (1882.72, 2038.02)
CAl 2826.31, 295.80 2912.82, 286.88 -86.51 (-212.49, 39.47)  -1.36 (0.176) 0.16 0.30
(2749.77, 2902.86) (2812.02, 3013.62)
Subiculum 1166.54, 110.01 1234.31, 124.68 -67.77 (-120.20, —15.33) -2.57 (0.012)* 0.14 0.58
(1138.08, 1195.01) (1190.50, 1278.12)
Entorhinal-perirhinal 5838.13, 505.90 5856.27, 583.93 —-18.14 (-262.39, 226.12) -0.15(0.883) 0.22 0.03

(5707.22, 5969.04)

(5651.09, 6061.44)

p values for effect of sport, adjusting for age and total intracranial volume. Bolded p values are <=0.05.
“Meets multiple comparison correction across subfields by false discovery rate.
Bold highlights p <.05 uncorrected.
CA1, cornu ammonis area 1; SD, standard deviation; CI, confidence interval.
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A Subiculum Volume B Subiculum Volume in Football
by Sport by Concussion Risk
6 - (=] .
[{e)
v~ C ?_r 2 e
o)
Q [a®
3{* §
g .
— ol =)
] ~—
3 EQ- ¢
E E~
@ @
£ E8 |
29 2
o -
>q S °
£ S| e ®
o o e
0 0
=3 3
w g 1 w § @
S s& 2 3%
. CHETIS: £e . 2 @
@ @ £ & o ]
g | 8|55 s °$ ¢ 200 @
@ T | P~ T T T T
football volleyball 10 20 30 40
Sport Concussion Risk by Player Position

FIG. 4.

(A) Subiculum volumes at baseline by sport, regressing out the effect of head size and age, showing a reduction in the football

cohort relative to volleyball. (B) Subiculum volumes in football across different concussion risks based on athlete position per 100,000
position plays, regressing out the effect of head size and age, showing that as concussion risk increases, subiculum volume decreases.
Concussion risks are as follows: linebacker (9), defensive line (9.7), offensive line (12), fullback (13), quarterback (20), defensive back
(20), wide receiver (27), tight end (32), and running back (37).3 Color image is available online.

p=0.003). Additionally, a relatively weak negative relationship ex-
isted between the presence of past concussions and baseline total DG
volume (adjusted difference=-122.37mm*, 95% CI [-244.53,
—0.21]; p=0.050; Table 3). Years of football experience before
baseline scan and SCAT scores did not correlate significantly with
whole hippocampal (p=0.965; p=0.611) or subfield volume
(p>0.20; p>0.16). Literature values of position-based HIT accel-
erometer measurements did not correlate significantly with subfield
volume after multiple comparison correction (uncorrected p >(0.045).

Longitudinal results: Interaction of sport and time

In athletes without concussion (n=36 football, 23 volleyball),
prospective longitudinal analysis of the interaction between sport
and time for the whole hippocampus did not show a significant
difference (coefﬁcient=—79.26mm3; 95% CI [-181.31, 22.78];
p=0.128; Table 4). However, subfield analysis demonstrated a
statistically significant decrease in CA1 volume in football com-
pared to volleyball athletes that withstood multiple comparison
correction (coefficient=-35.22mm?> 95% CI [-59.67, —10.77];
p=0.005; Fig. 5). This CA1 effect was present in the right CA1
(coefficient =-29.49 mm?>; 95% CI [-47.49, —11.48]; p=0.001),
but not the left CA1 (coefficient=—5.87 mm?*; 95% CI [-18.20,
6.46]; p=0.351), further localizing to the right anterior CAl
(coefficient=—13.53mm?>;, 95% CI [-24.59, —2.46]; p=0.017).
Longitudinal evaluation of CA1 among the same football athletes
without reference to volleyball athletes still revealed that CAl
volume decreased over time (coefficient=—22.00mm?>; 95% CI
[-38.90, —5.10]; p=0.011), again localizing to the right CAl
(coefficient =—20.22 mm>; 95% CI [-30.23, —10.21]; p=0.0001).

Longitudinal evaluation of CA1 among volleyball athletes alone
revealed no changes in CAl volume over time (coefficient=
12.84 mm?; 95% CI [-5.22, 30.92]; p=0.164).

Comparing the smaller cohort of football athletes with an in-
study concussion (n=12) to volleyball athletes (n=23), a signifi-
cant interaction between sport and time was not found in CAl
(coefficient=—16.83 mrn3; 95% CI [-36.77, 3.12]; p=0.098) or
any other subfields (p>0.080). Comparing football athletes with
(n=12) versus without (n=36) in-study concussion, a significant
interaction between the presence of in-study concussions and time
was also not found in CAl (coefficient=17.39 mm> ; 95% CI
[-1.66, 36.45]; p=0.074). Expanding the analyzed cohort to in-
clude all football players (n=48), both with and without concus-
sions, the interaction between sport and time in CA1 was significant
(coefficient=—27.15mm’; 95% CI [-48.14, —6.17]; p=0.011).
When the two volleyball athletes with concussions were included,
CA1 volume was still significantly decreasing in football compared
to volleyball, with a significant interaction between sport and time
(coefficient=—23.27 mm?>; 95% CI [-42.43, —4.11]; p=0.017).

Discussion

This study demonstrated that CA1 volume prospectively de-
creased in football athletes who did not experience concussion when
compared to volleyball athletes. This longitudinal decline in CA1
volume was evident even when evaluating football athletes on their
own. We found a dissociation between sports both across time and
across hippocampal subfields. At baseline, there was a lower sub-
iculum volume in athletes who played collegiate football compared
to volleyball peers. Further, subiculum volumes were lower in
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TABLE 4. INTERACTION OF SPORT AND TIME MODELING
LONGITUDINAL WHOLE HIPPOCAMPUS AND SUBFIELD
VOLUMES BETWEEN FOOTBALL ATHLETES (N=36)
AND VOLLEYBALL ATHLETES (N=23), ALL
WITHOUT IN-STUDY CONCUSSION

Interaction coefficient
(volume difference
in mm® per year

between sports)

(CI) T (p value) R?
Hippocampus -79.26 (-181.31, 22.78) -1.52 (0.128)  0.50
Dentate gyrus 3.43 (-18.90, 25.76) 0.30 (0.763)  0.35
CAl —35.22 (=59.67, —10.77) -2.82 (0.005)* 0.42
Subiculum -5.15 (-18.57, 8.27) -0.75 (0.452) 0.34
ERC/PRC -42.92 (-112.42, 26.57) -1.21 (0.226) 0.49

The interaction coefficient reflects the difference between sports in the per-
year change in volume (i.e., the difference in slopes in Fig. 5A, equivalent to
the differences in volume change per year by sport in Fig. 5B). A negative
interaction coefficient means decreasing volumes in football compared to
volleyball over time (all players without concussion during the study), using
age at the time of baseline scanning and total intracranial volume as covariates.

“Bold text indicates the statistic meets multiple comparison correction
across subfields by false discovery rate.

CAl, cornu ammonis area 1; ERC/PRC, entorhinal cortex/perirhinal
cortex; CI, confidence interval.

football athletes with higher position-based concussion risk (e.g.,
running back, tight end, and wide receiver).

Our work builds upon cross-sectional imaging studies assessing
hippocampal volume differences in football athletes compared to
control groupsé’7 by showing longitudinal volume changes in a
prospective cohort while accounting for differences at baseline that
could otherwise complicate interpretation. The lack of clear dif-
ferences associated with in-study concussion suggests that cumu-
lative subconcussive impacts may serve as an important factor
contributing to hippocampal volume changes, although the smaller
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size of the in-study concussion cohort may partially explain this
observation. The literature-based measurements of HIT acceler-
ometers did not significantly correlate with hippocampal volume
for player position, but newer accelerometers and quantitative
metrics of field time used concomitantly along with imaging may
better discern a potential relationship between subconcussive im-
pacts and hippocampal subfield volume. Whereas a longitudinal
divergence does suggest that the volume effect in CA1 could be
attributed to sport, other possible explanations include differences
associated with genetic, behavioral, and developmental factors.
The hippocampus and its subfields may exhibit selective vulner-
ability to disease, including subconcussive trauma.'®%! The strongest
longitudinal difference found between football and volleyball ath-
letes in CA1 appears upstream from the strongest baseline difference
in the subiculum. Given the known feed-forward circuitry of the
hippocampus, with CA1 projecting to the subiculum,'® this longi-
tudinal finding suggests that changes in relatively upstream circuitry
may be more recent, whereas changes in downstream circuitry may
be more long term. Although we did not observe significant longi-
tudinal differences in the DG, we found a negative correlation be-
tween past concussion history and DG volume in football athletes.
This association suggests that second-order long-term effects of
concussion may additionally involve more upstream circuitry at the
DG, which has been implicated in CTE.* Shorter-term (<1 year)
effects may only be discernible by examining hippocampal func-
tional connectivity or diffusivity.> Dentate findings in other studies
may demonstrate a bigger effect attributed to differences in seg-
mentation protocols, control cohorts, or cross-sectional study de-
sign.” Additionally, our subfield measurements may be more
sensitive outside the hilus because anatomic variants, such as glo-
bularity, inject heterogeneity and uncertainty into morphometric
measures, in particular involving the DG.®* CA2-3 volumes may
also exhibit different trends across studies because of differences in
border definitions or subfield grouping and their relatively small
volumes compared to in vivo imaging resolution. Notably, both CA1
and the subiculum are important for memory retrieval, so it is

B Model Estimates of CA1 Volume Change

per Year by Sport (95% Cl)

40
1

20

Change in CA1 volume per year (mm?/year)
-20 0
' L

Volleyball Football

Sport

FIG. 5. Football athletes (n=36) show decreasing CA1 volumes with time compared to volleyball athletes (n=23) with a significant
sport by time interaction, in the absence of in-study concussion. (A) Model estimates of CAl volume by sport over time when
controlling for total intracranial volume and age, depicting a divergence of CAl volume over time depending on sport. The shaded
regions represent the 95% confidence interval (CI). (B) Model estimates of CA1 volume change over time (i.e., slope) when controlling
for total intracranial volume and age, demonstrating the CA1 volume loss per year in football athletes compared to both volleyball
athletes and zero, with the 95% confidence interval shown. CA1, cornu ammonis area 1. Color image is available online.
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possible that our imaging findings may be a precursor to subsequent
episodic memory impairments reported in NFL players. **

Challenges are present in the approach of the current study. In vivo
hippocampal subfield segmentations may not uniformly correspond to
anatomical boundaries defined on histology and are evolving over
time.>*% Therefore, we used high-resolution coronal T, FSE images to
best depict hippocampal anatomy, updated a standardized hippocampal
subfield atlas to improve boundary precision, and blindly verified the
segmentations to avoid bias. The MRI changes we observed are sta-
tistically significant, but the small approximate 0.5% CA1 volume
decrement on average per year within football athletes (1% relative to
volleyball athletes) is of unknown clinical significance. Although
causality cannot be conclusively determined, this longitudinal study
provides a more direct evaluation of volumetric changes in the hip-
pocampus associated with football than cross-sectional studies in the
literature. Given that we utilized self-reporting of individual concussion
history, we cannot assess for under-reported past concussions. There
was heterogeneity in the duration of longitudinal follow-up, but this
was similar between sports and is inherent to long-term studies of
student athletes. All subjects enrolled were males from only one in-
stitution, so future work will span institutions and sexes. Whereas
concussion and football playing history was fully assessed in both
groups in this study, history of participation in other high-contact sports
was not assessed. Finally, whereas SCAT was used in the current study,
other well-validated tools, such as Immediate Post-Concussion As-
sessment and Cognitive Testing (ImPACT), can be used in future
hippocampal volume studies to assess whether these changes correlate
with neuropsychological function, reaction time, and memory.*® ¢

In summary, we found a significant divergence between hippo-
campal volumes and sport over time, with volleyball (low-contact)
athletes maintaining hippocampal subfield volume and football
(high-contact) athletes showing gradually decreasing hippocampal
subfield volume. This initial association warrants a multi-site study
and underscores the need for longitudinal imaging to determine the
possible neuropathological and cognitive effects of long-term
participation in high-contact sports.
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