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IMPORTANCE Emerging evidence suggests that long-term exposure to ball heading in soccer,
the most popular sport in the world, confers risk for adverse cognitive outcomes. However,
the extent to which the apolipoprotein E €4 (APOE €4) allele, a common risk factor for
neurodegeneration, and ball heading are associated with cognition in soccer players remains
unknown.

OBJECTIVE To determine whether the APOE €4 allele and 12-month ball heading exposure are
associated with verbal memory in a cohort of adult amateur soccer players.

DESIGN, SETTINGS, AND PARTICIPANTS A total of 379 amateur soccer players were enrolled in
the longitudinal Einstein Soccer Study from November 11, 2013, through January 23, 2018.
Selection criteria included participation in soccer for more than 5 years and for more than 6
months per year. Of the 379 individuals enrolled in the study, 355 were genotyped. Three
players were excluded for reporting extreme levels of heading. Generalized estimating
equation linear regression models were employed to combine data across visits for a
cross-sectional analysis of the data.

EXPOSURES At each study visit every 3 to 6 months, players completed the HeadCount
12-Month Questionnaire, a validated, computer-based questionnaire to estimate 12-month
heading exposure that was categorized as low (quartiles 1and 2), moderate (quartile 3), and
high (quartile 4).

MAIN OUTCOME AND MEASURES Verbal memory was assessed at each study visit using the
International Shopping List Delayed Recall task from CogState.

RESULTS A total of 352 soccer players (256 men and 96 women; median age, 23 years
[interquartile range, 21-28 years]) across a total of 1204 visits were analyzed. High levels of
heading were associated with worse verbal memory performance (8 = -0.59; 95% Cl, -0.93
to -0.25; P = .001). There was no main association of APOE €4 with verbal memory
(B=0.09; 95% Cl, -0.24 to 0.42; P = .58). However, there was a significant association of
APOE g4 and heading with performance on the ISRL task (x? = 7.22; P = .03 for overall
interaction). In APOE e4-positive players, poorer verbal memory associated with high vs low
heading exposure was 4.1-fold greater (APOE €4 negative, B = -0.36; 95% Cl, -0.75 to 0.03;
APOE €4 positive, 3 = -1.49; 95% Cl, -2.05 to -0.93), and poorer verbal memory associated
with high vs moderate heading exposure was 8.5-fold greater (APOE €4 negative, = -0.13;
95% Cl, -0.54 to 0.29; APOE €4 positive, 3 = -1.11, 95% Cl, -1.70 to -0.53) compared with
that in APOE €4-negative players.

CONCLUSIONS AND RELEVANCE This study suggests that the APOE €4 allele is a risk factor for
worse memory performance associated with higher heading exposure in the prior year, which
highlights that assessing genetic risks may ultimately play a role in promoting safer soccer
play.
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occer players, comprising an estimated 265 people

million globally,! are exposed to repetitive head

impacts that do not result in clinical symptoms neces-
sary for a diagnosis of concussion.? Emerging evidence indi-
cates that long-term exposure to subconcussive ball heading
is associated with worse neuropsychological performance
(NP).>7

Apolipoprotein E (ApoE) is the major lipid transport pro-
tein in the central nervous system that facilitates cell mem-
brane maintenance and repair, the formation of new syn-
apses, and axonal and dendritic growth. The APOE gene
(GenBank NCBI NG_007084.2) has 2 missense variants at
amino acid residues 112 and 158 leading to 3 common haplo-
types, which are typically referred to as APOE alleles €2 (Cys
and Cys), €3 (Cys and Arg), and €4 (Arg and Arg).® More than
20 years ago, the APOE4 €4 allele of the APOE gene was iden-
tified as a major genetic risk factor for Alzheimer disease.®
There is also evidence linking APOE g4 to worse NP in boxers'®
and US football players!!; however, the role of APOE €4 in
modulating NP in association with subconcussive soccer head-
ing has yet to be explored.

The goal of the present study is to examine the extent to
which the presence of the APOE €4 polymorphism and
12-month exposure to subconcussive heading are associated
with NP in amateur soccer players. We specifically exam-
ined memory given prior evidence suggesting that the APOE
€4 allele is associated with worse memory in healthy aging
adults.'>!® Furthermore, 2 independent samples previously
demonstrated that verbal memory is the specific neuropsy-
chological domain worsened by 12-month heading
exposure.>® We hypothesized that soccer players who carry
at least 1 copy of the APOE €4 allele would demonstrate a
stronger association between 12-month heading and worse
verbal memory performance compared with peers without
an APOE €4 allele.

Methods

Participants

Population

A total of 379 amateur soccer players were enrolled in the
longitudinal Einstein Soccer Study from November 11, 2013,
through January 23, 2018. Details of recruitment and
screening for the Einstein Soccer Study are described
elsewhere.!* Players were eligible if they were aged 18 to 55
years, played soccer for more than 5 years, were currently
playing soccer more than 6 months per year, and were flu-
ent in English. Exclusion criteria included a self-reported
diagnosis of schizophrenia, bipolar disorder, or a known
neurologic disorder (eg, stroke or transient ischemic attack)
or illicit drug use within 30 days based on history and
results of a urine toxicology test so as to represent a popula-
tion of healthy, adult amateur soccer players and mitigate
the potential for bias on cognitive assessments. All study
procedures were approved by the Albert Einstein College of
Medicine Institutional Review Board. All participants pro-
vided written informed consent.
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Key Points

Question Are apolipoprotein E €4 status and ball heading
associated with verbal memory?

Findings In this cross-sectional analysis of 352 amateur soccer
players, those with greater exposure to ball heading in the prior 12
months and the apolipoprotein E €4 allele demonstrated worse
verbal memory than players with low exposure to ball heading.

Meaning The findings from this study provide evidence to
suggest that apolipoprotein E €4 is a genetic risk factor for
cognitive impairment associated with the high levels of long-term
ball heading.

Study Procedures

A detailed description of the study procedures for the Ein-
stein Soccer Study are described elsewhere.®!* In brief, a re-
search team member (P.S. or S.H.) contacted qualifying indi-
viduals, confirmed eligibility and willingness to participate in
the full longitudinal study, and invited them to enroll. Refus-
als were defined as individuals who completed a screening form
but could not be reached afterward, refused to participate, or
withdrew from the study without completing their first study
visit. Potential refusals were defined as individuals who did
not consent to the screening form or who consented to the
screening form but did not complete the form. At enrollment
during the initial study visit, participants completed (1) writ-
ten informed consent, (2) a web-based demographic question-
naire (eg, regarding sex, race/ethnicity, and years of educa-
tion), (3) the HeadCount 12-Month Questionnaire (HeadCount-
12m), (4) CogState, and (5) venipuncture to obtain blood
samples for genotyping. Participants returned for follow-up vis-
its every 3 to 6 months. Identical procedures, except consent
and genotyping, were performed at each follow-up visit.

Assessments

HeadCount-12m

HeadCount-12m, a validated, computer-based questionnaire
to estimate soccer heading, is described elsewhere in detail.>®
Players completed the HeadCount-12m at each study visit and
reflected on heading exposure in the prior year. In brief, par-
ticipants are asked a series of questions pertaining to their soc-
cer play during practice and competition in indoor and out-
door settings: (1) the number of months per year active in each
setting, (2) the mean number of competitive soccer games per
week, (3) the mean number of headers per game, (4) the mean
number of practices per week, and (5) the mean number of
headers per practice. The total number of headers in the past
year was estimated by multiplying the mean number of head-
ers in each setting by the number of sessions per week in each
setting, converted to month, and then multiplying by the num-
ber of months of play per year. Subtotals in each setting were
summed to obtain an estimate of total 12-month heading. The
HeadCount-12m also asks participants to report the number
of years that they have been playing soccer at a similar fre-
quency and their lifetime concussion history. Participants were
instructed to consider a concussion as any head injury for
which they sought or were asked to seek medical attention.
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Neuropsychological Performance

Verbal Memory: CogState (CogState Ltd), a valid and reliable
computer-administered battery of cognitive function, was ad-
ministered at every visit as part of a battery of tests assessing
neuropsychological peformance.'® For the present analyses,
we used the International Shopping List Delayed Recall (ISRL)
task, a 12-item list learning task whereby participants are pre-
sented grocery shopping list items (eg, orange and chocolate)
at the beginning of the testing session that they are in-
structed torecall 20 minutes later at the end of the testing ses-
sion. The primary outcome measure for the ISRL is number of
correct items (range, 0-12).

APOE Genotyping

At enrollment, 5 mL of whole blood was obtained via veni-
puncture. One of the APOE gene variants (rs7412) was geno-
typed using the Global Screening Array-24.v1.0 with a geno-
typing call rate of 98.5%. Only samples with a genotype call
rate of more than 95% on the Global Screening Array chip were
retained for further analysis. The other gene variant (rs429358)
was genotyped using TagMan at a genotyping call rate 0of 99.3%.
The TagMan assay was used for rs429358 because we identi-
fied a higher genotyping error rate for this variant on the Global
Screening Array chip in our quality control step using samples
with previously known APOE genotypes. Genotype data were
analyzed with the Golden Helix SVS software (Golden Helix).
The genotypes did not deviate from Hardy-Weinberg equilib-
rium.

Statistical Analysis

Baseline demographic characteristics were compared be-
tween heading groups using the Kruskal-Wallis or analysis of
variance test for continuous variables and the x? or Fisher ex-
act test for categorical variables. Generalized estimating equa-
tion models with an independent working correlation struc-
ture were fit to the data to examine the independent and
interactive associations of 12-month heading and the APOE €4
allele with the ISRL and to account for the within-participant
correlation in repeated measures.'® This analysis approach per-
mits the pooling of longitudinal data into a cross-sectional
analysis. We used a dominant model given that only 1% of our
sample were €4 homozygotes. Owing to positive skew, 12-
month heading was categorized into quartiles. The first and
second quartiles were combined into a low-exposure group be-
cause a previous study has demonstrated that these groups do
not differ with respect to NP,° and the mean difference in ISRL
scores between heading quartiles 1 and 2 was very close to zero
(B = -0.008; 95% CI, -0.31 to 0.29; P = .96). The third and
fourth quartiles were defined as moderate- and high-
exposure group, respectively. In the event of a significant in-
teraction, post hoc analyses stratified by APOE €4 status were
additionally conducted. Given published evidence that the
APOE €2 allele is neuroprotective,'” we conducted a sensitiv-
ity analysis by excluding individuals with the €2 and €4 geno-
type. All generalized estimating equation models were ad-
justed for age, sex, and educational level. Other potential
confounders considered for inclusion in the models were race/
ethnicity, past or present history of smoking, mean number
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of alcoholic drinks consumed in a week, number of years play-
ing soccer at a similar frequency, age x headinginteraction, and
number of lifetime concussions (O, 1, or >2). Likewise, we fit
an additional model stratified by sex and conducted a sensi-
tivity analysis, including only white players to further adjust
for the associations of these factors. The ISRL score in APOE
e4-negative players vs APOE €4-positive players within each
racial/ethnic category was tested. Baseline concussion was cho-
sen as a covariate given that the mean (SD) numbers of con-
cussions reported by participants at baseline and at 2 years are
similar (baseline, 0.550 [0.09]; and 2 years, 0.546 [0.09];
P = .97). Abackward stepwise selection approach was used to
determine which of these confounders would be retained in
the final models. All analyses were performed using Stata, ver-
sion 15.0 (StataCorp LLC). A 2-sided P < .05 was considered sta-
tistically significant for all analyses.

. |
Results

Demographic Characteristics

A total of 657 soccer players visited the study web portal
through January 23, 2018; 119 explicitly refused to partici-
pate, and 159 did not provide data and were assumed to have
refused. We successfully obtained blood samples from 355 of
the remaining 379 players (94%). Three players were ex-
cluded from the present analysis because they reported more
than 100 000 headers per year and were therefore defined as
extreme outliers. Our final sample consisted of 352 soccer play-
ers, of whom 256 (73%) were men and 81 (23%) were APOE €4
carriers (67 [19%] were €3 and €4 carriers, 10 [3%] were €2 and
€4 carriers, and 4 [1%] were €4 and €4 carriers) (Table 1). The
median age of players at baseline was 23 years (interquartile
range [IQR], 21-28 years). Exposure groups defined by base-
line levels of 12-month heading differed with respect to age,
sex, educational level, alcohol use, and baseline CogState ISRL
score. The median age was lowest for players in the fourth quar-
tile of heading (21 years [IQR, 20-24 years]) compared with
thosein quartiles1and 2 (26 years [IQR, 22-33 years]) and quar-
tile 3 (24 years [IQR, 21-31 years]). The mean (SD) number of
years of education was lowest for players in quartile 4 (14.7 [2.3]
years) compared with those in quartiles1and 2 (16.6 [2.6] years)
and quartile 3 (15.7[3.2] years). Compared with players in quar-
tiles1and 2, players in quartile 3 and quartile 4 had lower mean
(SD) CogState ISRL scores (first and second quartiles, 10.0 [1.7];
third quartile, 9.3 [1.8]; fourth quartile, 9.2 [1.9]). The percent-
age of men was lower in quartiles 1and 2 (68 0f 121 [56%]) com-
pared with those in quartile 3 (82 of 101 [81%]) and quartile 4
(106 0f 130 [82%]). The demographic characteristics were simi-
lar between APOE €4-negative players and APOE €4-positive
players (Table 2).

Heading Activity

Baseline 12-month heading exposure was similar among APOE
e4-negative players (median, 661 [IQR, 296-1739]) and APOE
e4-positive players (median, 621 [IQR, 274-1738]; P = .98). The
number of players who returned for follow-up visits were as
follows: 40 players at 3 months, 243 players at 6 months, 52
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Table 1. Baseline Demographics and Exposure Characteristics

Value
Heading Quartile
Total Sample 1land 2
Variable (N = 352) (n=121) 3(n=101) 4(n=130) PValue
No. of 12-mo headers, median (IQR) 165 638 2346
(70-296) (522-791) (1538-3824)
Age, median (IQR), y 23(21-28) 26(22-33)  24(21-31) 21(20-24) <.001
Educational level, mean (SD), y 15.6 (2.8) 16.6 (2.6) 15.7 (3.2) 14.7 (2.3) <.001
CogState ISRL score, mean (SD) 9.5(1.8) 10.0(1.7) 9.3.(1.8) 9.2(1.9) <.001
Years playing soccer at similar 11 (7-16) 10 (5-16) 12 (8-18) 11 (7-15) .26
frequency, median (IQR)?
Male sex, No. (%) 256 (73) 68 (56) 82 (81) 106 (82) <.001
Race/ethnicity, No. (%)
White 235(67) 87 (72) 73(72) 75 (58)
African American 61 (17) 18 (15) 11(11) 32 (25)
Asian 20 (6) 7 (6) 6 (6) 7 (5) 17
Native Hawaiian or Pacific Islander 4(1) 1(1) 1(1) 2(2)
Declined to answer 32(9) 8(7) 10 (10) 14 (11)
Past or present smoker, No. (%) 102 (29) 39 (32) 31(31) 32 (25) .37
Alcoholic drinks per wk, No. (%)
0 84 (24) 19 (16) 23(23) 42 (32)
1-2 149 (42) 52 (43) 41 (41) 56 (43)
3-7 93 (26) 38(31) 31(31) 24 (19) .04
8-14 24.(7) 11(9) 6 (6) 7(5)
>14 2(1) 1(1) 0 1(1)
Lifetime concussion(s), No. (%)?
0 233 (66) 78 (64) 63 (62) 82 (63)
1 56 (16) 23(19) 17 (17) 16 (12) 44
22 67 (19) 18 (15) 20 (20) 29 (21)
APOE genotype, No. (%)°
£2/e2 2@ 10 0 1M Abbreviations: APOE, apolipoprotein
e (02 2007 s E:IQR, interquartile range; ISRL,
€2/e4 10 (3) 4(3) 2(2) 4(3) International Shopping List Delayed
€3/e3 215 (61) 69 (57) 66(65) 80 (62) o1 Recall.
€3/e4 67 (19) 25 (21) 18 (18) 24 (19) 2 Data missing in 6 participants.
c4/cd 4() 1) 0 302 ®Variant (rs7412) failed in 1

players at 9 months, 194 players at 1 year, 29 players at 15
months, 156 players at 18 months, 6 players at 21 months, and
132 at 24 months.

Association of APOE Genotype and Heading

With Verbal Memory

Consistent with a previous report,® high levels of heading were
associated with worse verbal memory performance (f = -0.59;
95% CI, —0.93 to —0.25; P = .001) (Table 3). There was no main
association of APOE €4 with verbal memory (§ = 0.09; 95% CI,
-0.24 to 0.42; P = .58). However, there was a significant as-
sociation of APOE €4 and heading with performance on the
ISRL task (x? = 7.22; P = .03 for overall interaction). In analy-
ses stratified by APOE €4 status, the APOE g4-positive play-
ers demonstrated a 4.1-fold greater deficit in verbal memory
associated with high vslow heading exposure (APOE €4 nega-
tive, B = -0.36; 95% CI, -0.75 to 0.03; APOE €4 positive,
B = -1.49;95% CI, -2.05 to -0.93) and an 8.5-fold greater defi-
cit in verbal memory associated with high vs moderate head-
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participant (T-T homozygote).

ing exposure (APOE €4 negative, 3 = -0.13; 95% CI, -0.54 to
0.29; APOE €4 positive, B = -1.11; 95% CI, -1.70 to -0.53) com-
pared with APOE e4-negative players (Table 3; Figure, A). To
interpret the results on the absolute scale, the decrease in ad-
justed mean ISRL scores between the high and low heading ex-
posure groups was 1.13 greater (1.49 - 0.36 = 1.13) in APOE €4
carriers compared with noncarriers, and between the high- and
moderate-exposure groups, it was 0.98 greater
(1.11 - 0.13 = 0.98) in APOE €4 carriers compared with non-
carriers. In the sensitivity analysis excluding players with the
€2 and €4 alleles, the association with APOE €4 was even more
pronounced; the APOE g4-positive players demonstrated a 4.9-
fold greater deficit in verbal memory associated with high vs
low heading exposure (APOE €4 positive, 3 = -1.75; 95% CI,
-2.43t0 -1.08; APOE €4 negative, § = -0.36; 95% CI, -0.75 to
0.03) and a 10.9-fold greater deficit in verbal memory associ-
ated with high vs moderate heading exposure (APOE €4 posi-
tive, B = -1.42; 95% CI, -2.16 to -0.69; APOE €4 negative,
B =-0.13; 95% CI, -0.54 to 0.29) (Table 4; Figure, B).
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Table 2. Baseline Characteristics in APOE £4-Negative vs APOE €4-Positive Players

Players
APOE €4 Negative APOE €4 Positive
Characteristic (n=271) (n=281) P Value
Age, median (IQR), y 23(21-29) 23 (21-27) 64
Educational level, mean (SD), y 15.7 (2.7) 15.6 (3.2) .86
\((Ieél&;aplaying soccer at similar frequency, median 11 (6-16) 1.5 (8-16) 49
CogState ISRL score, mean (SD) 9.5(1.8) 9.5(1.8) .86
Male sex, No. (%) 198 (73) 58 (72) .80
Race/ethnicity, No. (%)
White 185 (68) 50 (62)
African American 39 (14) 22 (27)
Asian 16 (6) 4(5) .10
Native Hawaiian or Pacific Islander 4(1) 0
Declined to answer 27 (10) 5(6)
Past or present smoker, No. (%) 84 (31) 18 (22) 13
Alcoholic drinks per wk, No. (%)
0 62 (23) 22 (27)
1-2 116 (43) 33 (41)
3-7 75 (28) 18 (22) .51
8-14 17 (6) 7 (9)
>14 1(0.4) 1(1)
Lifetime concussion(s), No. (%)* Abbreviations: APOE, apolipoprotein
0 166 (61) 57 (70) E; IQR, interquartile range; ISRL,
1 48 (18) 3(10) 20 Qgceglrll.atlonal Shopping List Delayed
22 2] 12 0E) @ Data missing in 6 participants.
Table 3. Mean Difference in Verbal Memory?
APOE €4 Stratified Analyses©
Main Effects Model® APOE £4-Negative Players® APOE €4-Positive Players®
Model B (95% CI)¢ P Value B (95% CI)¢ P Value B (95% CI)¢ P Value
International Shopping List Delayed Recall®
Model 1 (low heading exposure as
reference group)
Heading exposure
Low 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

Moderate -0.25 (-0.54 t0 0.04) .09 -0.23(-0.59t00.12) .19 -0.37 (-0.82t0 0.08) .10
High -0.59 (-0.93t0-0.25) .001 -0.36 (-0.75t0 0.03) .07 -1.49(-2.05t0-0.93) <.001
APOE €4 0.09 (-0.24 t0 0.42) .58 NA NA NA NA
Model 2 (moderate heading
exposure as reference group)
Heading exposure
Low 0.25 (-0.04 t0 0.54) .09 0.23(-0.12 t0 0.59) .19 0.37(-0.08 t0 0.82) .10
Moderate 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
High -0.34 (-0.69t0 0.01) .06 -0.13 (-0.54 t0 0.29) .55 -1.11(-1.70t0 -0.53)  <.001
APOE €4 0.09(-0.24t0 0.42) .58 NA NA NA NA

Abbreviations: APOE, apolipoprotein E; ISRL, International Shopping List
Delayed Recall; NA, not applicable.

2 There were 352 players and 1204 observations.

b Adjusted for sex, age, years of education, race/ethnicity, smoking history, and
alcohol use.

€ P = .03 for APOE g4 x heading interaction from the generalized estimating
equation model.

9B Values refer to the difference in ISRL score compared with the reference
group.

¢ Higher score indicates better performance.

In the analyses stratified by sex, no significant associa-
tions of heading with verbal memory were seen for women,
likely owing to limited power (eTable 1 in the Supplement).
The interactive model including only white players was not
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significant (x2 = 4.97; P = .08); however, the trends were
similar to those in the full model (eTable 2 in the Supple-
ment). There were no significant memory differences
among APOE g4-negative players vs APOE g4-positive play-
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Figure. Association Between 12-Month Heading and Verbal Memory Based on APOE €4 Status
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A, Model shown in all players (N = 352) (P = .03 for overall interaction). B,
Model excluding players with €2 and €4 genotypes (n = 342) (P = .03 for overall
interaction). All models were adjusted for sex, age, years of education,

race/ethnicity, smoking history, and alcohol use. ISRL indicates International
Shopping List Delayed Recall.

Table 4. Estimated Mean Change in Verbal Memory Excluding Players With the APOE €2 and €4 Alleles?

Main Effects Model®

APOE €4 Stratified Analyses©

APOE £4-Negative Players”

APOE €4-Positive Players®

Model B (95% CI)¢ P Value B (95% CI)¢ P Value B (95% CI)¢ P Value
International Shopping List Delayed Recall®
Model 1 (low heading exposure as
reference group)
Heading exposure
Low 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
Moderate -0.22 (-0.52 t0 0.08) .15 -0.23(-0.59t0 0.12) .19 -0.33(-0.76 t0 0.10) 13
High -0.57(-0.93t0 -0.21)  .002 -0.36(-0.75t00.03) .07 -1.75(-2.43t0-1.08)  <.001
APOE €4 0.08 (-0.28 to 0.44) .65 NA NA NA NA
Model 2 (moderate heading
exposure as reference group)
Heading exposure
Low 0.22 (-0.08 t0 0.52) .15 0.23(-0.12 t0 0.59) .19 0.33(-0.10t00.76) 13
Moderate 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA
High -0.35(-0.72 t0 0.02) .07 -0.13 (-0.54 t0 0.29) .55 -1.42(-2.16t0-0.69) <.001
APOE €4 NA NA NA NA NA NA

Abbreviations: APOE, apolipoprotein E; ISRL, International Shopping List
Delayed Recall; NA, not applicable.

2 There were 342 players and 1151 observations.

b Adjusted for sex, age, years of education, race/ethnicity, smoking history, and
alcohol use.

€ P = .03 for APOE g4 x heading interaction from the generalized estimating
equation model.

9B Values refer to the difference in ISRL score compared with the reference
group.

€ Higher score indicates better performance.

ers within each racial/ethnic category (eTable 3 in the
Supplement).

|
Discussion

We directly examined the role of the APOE genotype in the as-
sociation of repetitive, subconcussive head impacts in soccer
with NP using a quantifiable measure of heading exposure. We
found that APOE €4 and 12-month heading exposure are sig-
nificantly associated with verbal memory performance. Com-

JAMA Neurology April2020 Volume 77, Number 4

pared with APOE e4-negative players, APOE €4-positive play-
ers demonstrated worse verbal memory associated with 12-
month heading. The magnitude of the association of APOE €4
and higher levels of heading with memory performance was
larger when we excluded players with the €2 and €4 alleles from
the analysis, for whom the presence of the neuroprotective
APOE €2 allele may have mitigated the harm associated with
the APOE €4 allele."”

Our findings provide preliminary insight into an interac-
tion between genetic and environmental factors associated
with the risk for emerging subclinical cognitive impairment in
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soccer heading. These findings address an important knowl-
edge gap because only limited research has explored the role
of the APOE €4 allele in NP from repetitive head impacts. Two
studies, 1in retired boxers'® and 1in US football players," have
shown worse cognitive outcomes associated with long-term
exposure to repetitive head impacts in APOE €4 carriers. These
studies, however, did not explicitly quantify or estimate the
amount of repetitive head impacts and did not attempt to dis-
entangle the independent associations of injury severity (eg,
subconcussive injury vs mild traumatic brain injury vs mod-
erate or severe traumatic brain injury) with NP. Our findings
provide the first indication, to our knowledge, that the APOE
€4 allele may be associated with adverse cognitive sequelae
of subconcussive repetitive head impacts independent of prior
concussion.

Prior research on repetitive head injuries in sports sug-
gests that impairment follows a threshold pattern.?!8 Further-
more, previous reports in 2 independent populations suggest
a nonlinear association between long-term heading and
memory impairment wherein adverse cognitive outcomes
emerge at high levels of exposure.>® In the present study, we
provide evidence that APOE g4-positive players are most vul-
nerable to this threshold effect. As evidenced in the Figure, at
low levels of exposure, APOE €4-positive players exhibit a non-
significant trend toward better memory performance, whereas
at high levels of heading, APOE e4-positive players demon-
strate a significant deficit in memory performance. Perhaps this
pattern is due to the cumulative nature of APOE-dependent
biological processes in the brain.'®

The neurobiological mechanisms underlying the role of
APOE g4-specific response to traumatic brain injury out-
comes have yet to be established. Responses may be associ-
ated with the ApoE4 isoform’s impaired function of lipid de-
livery that affects neurite outgrowth?°® and synapse formation
as well as specific neurotoxic effects in response to neuronal
injuries.?! Furthermore, experimental studies suggest that
APOE e4-positive individuals are more susceptible to en-
hanced deposition and/or reduced clearance of amyloid, greater
oxidative stress, deposition of hyperphosphorylated tau, im-
paired blood-brain barrier repair, and an augmented neuroin-
flammatory response.??2¢ Future preclinical studies of re-
peated subconcussive injury in APOE transgenic mice are
necessary to elucidate the specific pathologic mechanism(s)
subserving the isoform-specific pattern of memory impair-
ment demonstrated by our preliminary findings.

The effect size of our interaction is relatively small. How-
ever, similar to the widely cited model of disease evolution in
Alzheimer disease,?” our findings may be evidence of early sub-
clinical effects, which could accumulate in APOE €4-positive
players over a protracted time frame and ultimately be asso-
ciated with overt clinical dysfunction. Potential mechanisms
could include the accumulation of injury pathologic charac-
teristics that ultimately surpass a threshold to confer overt dys-
function or trigger a later-onset neurodegenerative process by
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earlier subclinical injury pathologic findings. In the former case,
the subclinical injury effects would directly produce later overt
clinical dysfunction. In the latter case, early subclinical ef-
fects could denote an inciting event that presages later onset
of neurodegenerative disease in susceptible (APOE g4-
positive) players.

Strengths and Limitations

To our knowledge, this is the first study to examine the role
of APOE €4 in outcomes from soccer heading; however, sev-
eral limitations must be considered in the interpretation of our
findings. Our population consisted of adult, amateur soccer
players in the United States and thus cannot be generalized to
other demographic groups. However, our cohort has been
noted to reflect the general composition of amateur soccer
players.?® Furthermore, we used a structured self-report in-
strument for our estimation of 12-month heading exposure that
may be subject to recall bias and does not capture biomechani-
cal features of individual head impacts. This limitation is miti-
gated by the fact that the measure is well validated and has been
demonstrated to predict heading outcomes.?° There were miss-
ing data in 6% of our sample for whom we were not able to ob-
tain a blood sample for genotyping. Missing data may have bi-
ased our results. However, the mean verbal memory score in
the missing sample (9.5) was identical to that of the partici-
pants included in our analysis. Moreover, most participants
(54%) who were missing genotype data were in the fourth quar-
tile of heading, which indicates that our results persisted de-
spite potential bias toward the null. This analysis was cross-
sectional, and therefore we cannot explicitly confirm causation.
This study was not powered to detect a race/ethnic-
ity x heading x gene interaction; however, race/ethnicity may
play an important role in the interpretation of these findings.
Finally, given our sample size, we used a dominant model.
Larger future studies are necessary to examine the additive as-
sociation of the APOE €4 allele with outcomes and perhapsre-
veal a more robust effect size.

. |
Conclusions

This study has addressed the growing movement toward iden-
tifying genetic factors associated with outcomes from head
trauma.?? We provide preliminary evidence that carriers of the
APOE €4 allele are at greater risk of memory impairment as-
sociated with high levels of long-term soccer heading. These
results suggest that recommendations for safe levels of soc-
cer heading, such as advising APOE g4-positive players to avoid
or limit their exposure to repetitive head impacts, could be lev-
eraged to design public health interventions that protect play-
ers from harm. Larger studies and longitudinal studies are nec-
essary to characterize maximum levels of heading that can be
considered safe in distinct subgroups of individuals defined
by genetic risk.
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