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Objective: To investigate whether APOE ε4 genotype—an established risk factor for

dementia—is associated with earlier age at diagnosis in addition to increased risk overall

and in secondary analysis by race and sex.

Methods: We followed up 13,782 dementia-free individuals (n = 10,137 White, n =

3,645 Black, baseline age 60–66 years) in the Atherosclerosis Risk in Communities

study for up to 30 years. Dementia was operationalized using standardized algorithms

incorporating longitudinal cognitive change, proxy report, and hospital or death

certificate dementia codes. We used a mixture of generalized gamma distributions

to simultaneously estimate time to dementia, time to dementia-free death, and the

proportion of individuals with dementia, by APOE ε4 status (≥1 vs. no alleles).

Results: Median age of dementia onset among APOE ε4 carriers was 81.7 (Blacks) and

83.3 years (Whites) compared with 82.6 (Blacks) and 85.7 years (Whites) in non-APOE ε4

carriers (p > 0.05 Blacks; p < 0.01 Whites). Age of dementia diagnosis did not differ by

sex in ε4 carriers, but among non-carriers, average age was earlier in males than females

regardless of race. APOE ε4 carriers had on average a higher proportion of diagnoses;

results did not differ by race or sex.

Conclusions: APOE ε4 carrier status is associated with earlier age of dementia

diagnosis with differences across race and sex. These findings clarify the causal role

of APOE in dementia etiology, which could help better identify at-risk subgroups and

may help facilitate better research trial recruitment and design.
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INTRODUCTION

Carriers of the apolipoprotein (APOE) ε4 allele contribute to 7% of incident global dementia cases
and have double the risk of developing mild cognitive impairment (MCI) and dementia (1, 2) than
have non-carriers. Risk conferred by APOE ε4 varies by race and sex (3–6). However, most prior
studies have been conducted in clinical, rather than population-based, samples. Although risk of
dementia is greater in Blacks compared with Whites, the relative effect of APOE ε4 may be greater
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in Whites compared with Blacks, potentially because a larger
component of the risk seen in Blacks is due to other health factors
such as vascular disease (7–9).

Additionally, most prior studies of APOE ε4 and dementia
only estimate risk of dementia. By contrast, time to dementia
by age (10, 11) allows for expansion upon current knowledge of
the appropriate design and timing of dementia trials and may
improve identification of people at risk for dementia at more
appropriate ages. An additional limitation of prior studies is
that most have failed to account for death, which can bias risk
estimates for dementia (12, 13). One of the few studies to do so
found over two times greater risk for Alzheimer’s disease among
White individuals who are heterozygous ε4 carriers as compared
with non-carriers (11).

In this study, we comprehensively evaluated APOE ε4’s
association with dementia by race and sex (14, 15). We jointly
modeled both age of diagnosis and risk of dementia diagnosis
or death, accounting for the competing risk of death (13) over
30 years in the Atherosclerosis Risk in Communities (ARIC)
study. Investigation of both age of dementia diagnosis and risk
for diagnosis has not been comprehensively evaluated within
the same cohort or has not considered the competing risk of
death in analysis by using a large longitudinal sample of older
adults, additionally evaluating potential differences by race and
sex. The use of the modeling technique provided allows for
direct estimates of the both time to dementia diagnosis and
risk of diagnosis within the same model and allows for greater
characterization of APOE ε4 allele carrier status on risk of
dementia than isolated models may provide. We hypothesized
that the presence of any ε4 alleles is associated with earlier age
of dementia diagnosis and greater risk of diagnosis in females
and/or White participants.

METHODS

The Atherosclerosis Risk in Communities
Study
ARIC is a prospective longitudinal cohort of 15,792 community-
dwelling participants aged 45–64 years when recruited in 1987–
1989 from four US communities (Forsyth County, NC; Jackson,
MS; Minneapolis, MN; and Washington County, MD). The
present study uses data from visits between 1987 and 2017 (visit 1:
1987–1989; visit 2: 1991–1992; visit 3: 1994–1995; visit 4: 1997–
1998; visit 5: 2011–2013; and visit 6: 2016–2017). Our analysis
includes both Black and White participants, a strength of the
ARIC cohort. Exclusion criteria included the following: missing
APOE status (n = 558), non-White or non-Black participants
due to small sample size (n = 45), or diagnosis of dementia or
death prior to age 60 (n = 1,407) to remove potential cases of
early-onset dementia. Our final analytic sample included 13,782
participants (Figure 1; n= 10,137 White, n= 3,645 Black).

Exposure Measurement: APOE Status
Genotyping of the APOE ε4 allele was completed using TaqMan
system (Applied Biosystems, Foster City, CA, USA). A plurality
of participants was ε3/ε3 (58.8% Whites and 45.0% Blacks). Few
participants were homozygous for ε4 or ε2 (ε4/ε4: 2.1% Whites,

4.5% Blacks; ε2/ε2: 0.8% White, 1.4% Blacks). Due to the small
number of ε4/ε4 participants (n= 375), particularly for stratified
analyses, APOE status was dichotomized as “ε4 carrier” (≥1 ε4
alleles, N = 4,281) compared with “no ε4 alleles” (N = 9,501).

Outcome Ascertainment: Dementia
Dementia diagnosis was ascertained for all participants,
including those who did not return for clinic visits or died
during follow-up. Dementia was defined via guidelines from
National Institute on Aging-Alzheimer’s Association (NIA-AA)
workgroups and Diagnostic and Statistical Manual of Mental
Disorders, 5th edition (DSM-5). Diagnosis was determined via
standardized algorithms, followed by review by expert panel
composed of four physicians and four neuropsychologists as
has been described in detail in prior analysis (16, 17). A full
neuropsychological battery of 10 tests was administered at both
visits 5 and 6 and a shorter neurocognitive battery at visits 2 and
4. All test batteries assessed the domains of memory, language,
and executive function. The reader is referred to Knopman et al.
(18) for additional information on ARIC protocols for dementia
ascertainment. For participants who returned for either or
both of these visits, dementia diagnosis was determined using
longitudinal cognitive evaluations from prior visits. For those
alive but who did not return, suspect dementia was identified
when possible based on telephone cognitive assessment using the
Telephone Interview for Cognitive Status Modified (TICSm) or
proxy report (2011–2013), by Six-Item Screener (SIS) and AD8
or proxy report (2016–2017). The primary outcome of interest
for our analysis includes the prior methods as well as additional
dementia cases identified by surveillance for diagnosis via
hospital discharge records or death certificate codes throughout
follow-up (16, 19).

Date of dementia diagnosis or censoring was ascertained
for all participants, allowing for near-continuous monitoring of
diagnosis (16). Dementia diagnosis date was recorded as the
date of the study visit or interview in which cognitive testing
supported a dementia diagnosis, or as 6 months prior to evidence
of diagnosis if provided via proxy, hospital, or death certificate
codes to account for an expected lag in dementia ascertainment
from these sources (17, 18).

Death
Date of death is obtained in ARIC for every participant via the
National Death Index, hospital records, or family reports.

Covariates
Education and sex were recorded at study entry and were both
self-reported. Education (measured in 1987–1989) was recorded
as the highest grade or year completed and was categorized for
analysis as “less than high school,” “high school or equivalent,”
or “greater than high school.” Sex was recorded as male or
female. Race was operationalized as Black vs. White for our
analysis based on self-report racial identification by participants
at baseline. The small number of participants who did not
identify as Black or White race (n = 48) was excluded from
the analysis.
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FIGURE 1 | Creation of analytic study sample. F, female; M, male. aFinal dementia or death numbers by ε4 status and stratification by males and females indicate the

number of participants who experienced a dementia diagnosis or dementia-free death. Numbers do not add up to the total by ε4 allele status due to those

participants who were censored at the end of study follow-up alive and without dementia.

Statistical Analysis
To describe demographic characteristics and assess their
distribution by APOE ε4 status by race and sex, we tested
for differences using chi-square for categorical variables and t-
tests for continuous variables after tabulating proportions and
calculating means and standard deviations (SDs).

To test our hypotheses, we conducted survival analyses (20)
to characterize both the timing and frequency of dementia or
dementia-free death using age as the time metric and 60 years
of age as the time origin. We used age as the time metric
because it offers a more meaningful clinical interpretation than
time-on-study and facilitates more careful adjustment for age
(21). We treated participants older than 60 years at study entry
as late entries (22). Participants started contributing time on
study as early as 60 years and stopped contributing time at
(1) a diagnosis of dementia, (2) dementia-free death, or (3)
end of study follow-up (December 31, 2017) for participants
who survived without dementia at the end of visit 6 (18).
For those participants who dropped out, and thus did not
receive a dementia diagnosis by all ascertainment methods,
or who died dementia-free, the censoring date used was the
same for all participants who remained alive and dementia-
free at the end of follow-up. We chose this date to be beyond
the time an individual would normally have been expected
to have either died or received a dementia diagnosis. For
our analysis, we selected 105 years (sensitivity analysis showed
no difference in estimate with an earlier age selection of 95

years). The reader may reference Checkley et al. (13) for
further discussion.

To assess risk of and time to dementia diagnosis by APOE
status, the survival analyses used a mixture model of saturated
generalized gamma distributions (13). This mixture model
of parametric survival distributions uses maximum likelihood
estimation to fit a competing risk model in which competing
events are two mutually exclusive event outcomes. The model
summarizes the relative time to event for each type of event as
indicated by age of onset of diagnosis (dementia and dementia-
free death), compares how APOE status modifies the time to
dementia and thereby age of diagnosis, and compares how APOE
status modifies the proportion of those experiencing dementia
before death (13). Prior work, including in this cohort, suggests
a significant APOE ε4 by race interaction, suggesting a stronger
effect and higher incidence of dementia in Whites than in Blacks
(11, 14, 16). We investigate this interaction and that of reported
differences by sex by inclusion of an interaction term in the
model, as well as modeling all analyses were stratified by race,
with further stratification by sex within each race.

We accounted for dementia-free death by considering it as a
competing risk for dementia. Inclusion of dementia-free death
as a competing risk acknowledges that individuals may die
from another cause without having the opportunity to develop
dementia. Thus, dementia-free death removes an individual from
the ability to be observed for a diagnosis of dementia and may
lead to the overestimation of absolute risk (12) if not accounted
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for. In our competing risk analysis, death is considered an
outcome but is not the primary outcome of interest (dementia
diagnosis). If an individual dies before a diagnosis of dementia,
we have no way of knowing if they would have developed
dementia had they not died. In this way, death is a competing
risk for observing dementia. The overall risk of dementia by
APOE status is therefore dependent upon the survival function
for both dementia and for death. Readers who wish to learn more
about competing risks and statistical analysis may see Andersen
et al. (12).

Sensitivity Analysis
A total of 136 participants in our analytic sample had an
ε2/ε2 genotype. Although a small proportion of our population
(2.2%), this genotype has a known protective effect for dementia,
and so inclusion of this group in our reference group could
potentially result in an underestimate of the association with
ε4 and dementia. To address this concern, we conducted a
sensitivity analysis excluding this group.

To confirm adequate model fit for the generalized gamma,
results were compared with those of a Weibull non-parametric
model. Final models were selected based on Akaike information
criteria (AICs). Analyses were conducted using Stata version 14
(StataCorp. 2015. Stata Statistical Software: Release 14; StataCorp
LP, College Station, TX, USA).

RESULTS

Demographic and Clinical Characteristics
Of N = 13,782 participants, n = 4,281 (31.1%) had ≥1 APOE ε4
allele, n = 2,612 (18.9%) participants had an incident dementia
diagnosis, and n = 5,480 (39.8%) died without dementia during
the 30 years of follow-up. The median duration of follow-up was
16.7 years (SD: 7.3 years). Average age of entry into analysis was
62.5 years (SD: 1.5 years). The average age of reaching a study
endpoint due to dementia diagnosis was 80.3 years (SD 6.5 years)
or due to dementia-free death was 74.8 years (SD 7.5 years). Black
participants overall had an earlier age of dementia diagnosis or
ascertainment and an earlier age of dementia-free death than
had White participants, regardless of APOE status. White APOE
ε4 carriers had a similar age of dementia diagnosis of 83.3 and
83.4 years for males and females, respectively, yet demonstrated
differing ages for non-ε4 carriers. Both Black and White females
had a later age of dementia diagnosis in non-ε4 carriers than
had males. Demographic characteristics are in Table 1: 73.6%
were White, 45% were male, 40% had a high school education
and some college, and 36% had a college degree or greater.
General demographic characteristics did not differ by APOE ε4
status for our primary outcome of interest of dementia diagnosis.
Participants who were dementia-free at death were more likely
to be male (46% compared with 59% of those with a dementia
diagnosis) and were less likely to be an APOE ε4 carrier than
were those who experienced a dementia diagnosis. A significant
interaction by ε4 status was noted across race and sex for age of
dementia diagnosis (sex: p= 0.36 carriers, p= 0.001 non-carriers;
race: p = 0.000 both) but not for proportion experiencing a
dementia diagnosis (sex: p= 0.804; race: p= 0.299).

Age at Dementia Diagnosis
The median age of dementia diagnosis was earlier in ε4 carriers
compared with non-carriers, independent of race (Table 2). The
median age of diagnosis was 81.7 (95% CI: 81.0, 82.4) for Black
carriers or 82.6 years (95% CI: 81.9, 83.4) for Black non-carriers.
In Black females, the median age at diagnosis was 82.2 years (95%
CI: 81.4, 83.1) on average among carriers and 83.1 years (95% CI:
82.3, 83.9) in non-carriers, whereas in Black males, the median
age was 80.8 years (95% CI: 79.6, 82.1) among carriers and 81.3
years (95% CI: 79.9, 82.6) among non-carriers. The median age
among Whites was 83.3 years (95% CI: 82.8, 83.8) for White
carriers compared with 85.7 years (95% CI: 85.3, 86.1) for White
non-carriers. The median age at dementia diagnosis for White
females was 83.4 years (95% CI: 82.8, 84.0) in APOE ε4 carriers
and 86.4 years (95% CI: 85.9, 86.9) in non-carriers. In males, the
median age at diagnosis in White carriers was 83.3 years (95%
CI: 82.5, 84.2) vs. 84.7 years (95% CI: 84.1, 85.4) in White non-
carriers. When considering increasing percentiles of participants
with a diagnosis and the age of diagnosis for each subgroup (i.e.,
a given percentile of dementia diagnosis for a subgroup occurred
by the specified age), the age of dementia diagnosis did not differ
in Black participants by ε4 allele status (p’s > 0.05) but was
significantly earlier amongWhite ε4 allele carriers compared with
White non-carriers (p’s< 0.05; Figure 2). The difference in age at
diagnosis by ε4 allele status was greater among older ages, with
a greater separation in age at diagnosis over time by ε4 status
in White females compared with White males. For both Blacks
andWhites, there was no significant difference in age at diagnosis
betweenmales and females for ε4 carriers (p= 0.9 forWhites; p=
0.07 for Blacks). Regardless of race, males experienced an earlier
median age of diagnosis of dementia for non-carriers than did
females: 81.3 years (95% CI: 79.9, 82.6) vs. 83.1 years (82.3, 83.9)
for Blacks and 84.7 years (95% CI: 84.1, 85.4) vs. 86.4 years (85.9,
86.9) for Whites.

Risk of Dementia
From competing risk models, compared with APOE ε4 non-
carriers, the proportion developing dementia (Table 3) was 26%
higher among Blacks (46.3% prevalence, 95% CI: 38.3, 54.4%,
among carriers vs. 36.6% prevalence, 95% CI: 33.5, 39.9%, among
non-carriers). Black females experienced a higher prevalence
of dementia than did Black males, regardless of ε4 status, had
a higher prevalence in ε4 carriers, with 37.6% (95% CI: 27.1,
49.5%) for male carriers and 52.9% (95% CI: 40.7, 62.5%) for
Black female carriers compared with 29.8% (95% CI: 25.9, 34.2%)
for male non-carriers and 40.3% (95% CI: 36.6, 44.3%) for
Black female non-carriers; however, no significant difference
was observed by sex. Among Whites, the overall proportion
developing dementia was 38% higher among those with at least
one APOE ε4 allele (47.0% prevalence, 95% CI: 44.4, 49.6%,
among carriers vs. 33.9% prevalence, 95% CI: 32.0, 35.7%, among
non-carriers). In White females, 54.5% (95% CI: 50.7, 58.2%) of
ε4 carriers developed dementia vs. 41.2% (95% CI: 38.4, 44.0%)
of non-carriers (p < 0.01). Among White males, 40.6% (95%
CI: 37.0, 44.3%) and 27% (95% CI: 24.5, 29.1%) of APOE ε4
carriers and non-carriers, respectively, developed dementia (p <

0.01). While White females had a higher prevalence of dementia
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TABLE 1 | Demographic characteristics of study population.

≥1 APOE ε4 allele No APOE ε4 allele

Overall White Black White Black

Male Female Male Female Male Female Male Female

No (%) 13,782 1,370 (9.9) 1,458 (10.6) 583 (4.2) 870 (6.3) 3,475 (25.2) 3,834 (27.8) 794 (5.8) 1,398 (10.1)

Age at study entry, mean (SD) 62.5 (1.5) 62.6 (1.5) 62.4 (1.5) 62.6 (1.5) 62.5 (1.4) 62.5 (1.5) 62.5 (1.4) 62.7 (1.6) 62.6 (1.5)

Education level, n (%)

Less than HS 3,307 (24.0) 238 (17.4) 221 (15.2) 271 (46.5) 365 (42.1) 647 (18.7) 663 (17.3) 345 (43.7) 557 (39.9)

HS and some college 5,532 (40.2) 526 (38.4) 736 (50.5) 135 (23.2) 248 (28.6) 1,342 (38.7) 1,923 (50.2) 206 (26.11) 416 (29.8)

College and beyond 4,921 (35.8) 606 (44.2) 501 (34.4) 177 (30.4) 255 (29.4) 1,479 (42.7) 1,244 (32.5) 238 (30.2) 421 (30.2)

Dementia diagnosis, n (%) 2,612 (18.9) 328 (23.9) 404 (27.7) 146 (25.0) 260 (29.9) 457 (13.2) 589 (15.4) 144 (18.1) 284 (20.3)

Death prior to dementia, n (%) 5,480 (39.76) 610 (44.5) 415 (28.5) 296 (50.8) 311 (35.8) 1,629 (46.9) 1,255 (32.7) 425 (53.3) 539 (38.6)

Length of follow-up, mean (SD) 16.7 (7.3) 16.9 (7.2) 17.2 (7.0) 14.8 (7.1) 15.7 (7.1) 16.9 (7.4) 17.3 (7.4) 14.8 (7.2) 15.7 (7.3)

Age at dementia, mean (SD) 80.3 (6.5) 80.3 (6.3) 80.4 (5.9) 78.4 (6.3) 78.9 (6.4) 80.8 (6.8) 82.1 (6.4) 78.3 (6.3) 79.2 (6.4)

Age at dementia-free death, mean (SD) 74.8 (7.5) 76.8 (7.7) 78.5 (7.6) 74.1 (7.5) 75.3 (7.7) 76.7 (7.8) 77.6 (8.0) 73.9 (7.5) 75.0 (7.9)

TABLE 2 | Median age (years) of dementia diagnosis or dementia-free death by APOE ε4 status in the ARIC cohort (N = 13,782)a.

Dementia

White (n = 1,778) Black (n = 834)

≥1 APOE ε4 allele No APOE ε4 alleles ≥1 APOE ε4 allele No APOE ε4 alleles

Age 95% CI Age 95% CI Age 95% CI Age 95% CI

Overall 83.3 (82.8, 83.8) 85.7 (85.3, 86.1) 81.7 (81.0, 82.4) 82.6 (81.9, 83.4)

Males 83.3 (82.5, 84.2) 84.7 (84.1, 85.4) 80.8 (79.6, 82.1) 81.3 (79.9, 82.6)

Females 83.4 (82.8, 84.0) 86.4 (85.9, 86.9) 82.2 (81.4, 83.1) 83.1 (82.3, 83.9)

Dementia-free death

White (n = 3,909) Black (n = 1,571)

≥1 APOE ε4 allele No APOE ε4 alleles ≥1 APOE ε4 allele No APOE ε4 alleles

Age 95% CI Age 95% CI Age 95% CI Age 95% CI

Overall 77.9 (77.2, 78.6) 79.9 (79.6, 80.4) 74.1 (73.3, 74.9) 75.8 (74.9, 76.5)

Males 76.8 (76.0, 77.7) 79.4 (78.9, 79.9) 73.3 (72.1, 74.5) 74.8 (73.7, 75.8)

Females 79.2 (78.0, 80.3) 80.6 (79.9, 81.3) 74.8 (73.7, 75.9) 76.7 (75.6, 77.8)

CI, confidence interval; ARIC, Atherosclerosis Risk in Communities.
aResults account for competing risk of death.

Note: Bold indicates difference by APOE status significant at p ≤ 0.05.

diagnosis, there were no significant differences by sex in risk of
dementia diagnosis by APOE ε4 status.

Age at Death
BlackAPOE ε4 carriers experienced a median age of death of 74.1
years (95% CI: 73.3, 74.9) compared with 75.8 years (95% CI:
74.9, 76.5) for non-carriers. Black females had an earlier median
age of dementia-free death of 74.8 years (95% CI: 73.7, 75.9) for
carriers compared with 76.7 years (95% CI: 75.6, 77.8) for non-
carriers (p for difference < 0.01); Black males’ median age of
death was 73.3 years (95% CI: 72.1, 74.5) for carriers and 74.8
(95% CI: 73.7, 75.8) for non-carriers (p for difference= 0.06).

In comparison, the median age of death for White APOE ε4
carriers was 77.9 years (95% CI: 77.2, 78.6) compared with 79.9
years (95% CI: 79.6, 80.4) for White non-carriers. White females
on average had a median age of death of 79.2 years (95% CI: 78.0,
80.3) for APOE ε4 carriers compared with 80.6 years (95% CI:
79.9, 81.3) for non-carriers (p for difference= 0.04). White males
experienced a median age of death of 76.8 years (95% CI: 76.0,
77.7) for APOE ε4 carriers compared with 79.4 years (95% CI:
78.9, 79.9) for non-carriers (p for difference < 0.01).

Regarding risk of death by APOE status, among those with≥1
APOE ε4 allele, 53.7% (95% CI: 45.6, 61.7%) of Blacks died prior
to a dementia diagnosis in carriers, compared with 63.4% (95%
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FIGURE 2 | Percentiles for age of dementia diagnosis by APOE status. Percentiles of age of dementia diagnosis made by APOE ε4 carrier status, accounting for the

competing risk of death. Center circle per horizontal bar represents the estimated age of onset of dementia for a given percentile of the study population with the

corresponding 95th percentile confidence interval. Each percentile depicts the proportion of dementia diagnosis experienced by age per subgroup. (A) Age of

dementia diagnosis by White overall study sample. (B) Age of dementia diagnosis by Black overall study sample. (C) Age of dementia diagnosis for White females. (D)

Age of dementia diagnosis for Black females. (E) Age of dementia diagnosis for White males. (F) Age of dementia diagnosis for Black males.

CI: 60.1, 66.5%) for non-carriers; 53% of Whites (95% CI: 50.7,
55.6%) with≥1APOE ε4 allele died prior to a dementia diagnosis
compared with 66.1% (95% CI: 64.3, 68.0%) among Whites with
no APOE ε4 alleles.

Sensitivity Analysis
When excluding the small number with the ε2/ε2 genotype,
a similar risk of dementia diagnosis was observed as that of
our overall sample (46.9% White ε4 carriers, 33.8% White
non-carriers; 46.3% Black ε4 carriers, 37.2% Black non-
carriers). Additionally, the median age of dementia diagnosis
was consistent with our overall sample: 83.3 years for White
carriers (95% CI: 82.8, 83.8) and 85.8 years for non-carriers
(95% CI: 85.3, 86.2) and 81.7 years for Black carriers (95%
CI: 80.9, 82.4) and 82.6 years for non-carriers (95% CI:
81.8, 83.4). The estimates of time and risk of dementia by
race and sex also remained robust excluding those with the
ε2/ε2 genotype.

DISCUSSION

In this large, population-based cohort of older adults,
participants with ≥1 APOE ε4 alleles received a dementia
diagnosis an average of 1 year earlier for Blacks and 2.5
years earlier for Whites compared with non-APOE ε4
carriers. In addition to earlier age of diagnosis, a greater
proportion of ε4 carriers experienced a dementia diagnosis
compared with non-carriers, confirming the higher risk of
incident dementia for ε4 carriers across race and sex. Sex
differences were noted in overall risk and timing of dementia
diagnosis by ε4 allele status. No significant differences by
ε4 carrier status were noted overall in age of dementia
diagnosis among Black male or female participants. In
contrast, White females experienced a later age of dementia
diagnosis (86 years) than did White males (84 years)
among non-carriers, but a similar age of diagnosis for ε4
carriers (83 years).
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TABLE 3 | Proportion experiencing dementia diagnosis by APOE ε4 status in the ARIC cohort (N = 13,782)a.

Dementia

White (n = 1,778) Black (n = 834)

≥1 APOE ε4 alleleb No APOE ε4 alleles ≥1 APOE ε4 allelec No APOE ε4 alleles

% 95% CI % 95% CI 95% CI % 95% CI

Overall 47.0 (44.4, 49.6) 33.9 (32.0, 35.7) 46.3 (38.3, 54.4) 36.6 (33.5, 39.9)

Males 40.6 (37.0, 44.3) 27.0 (24.5, 29.1) 37.6 (27.1, 49.5) 29.8 (25.9, 34.2)

Females 54.5 (50.7, 58.2) 41.2 (38.4, 44.0) 52.9 (40.7, 62.5) 40.3 (36.6, 44.3)

CI, confidence interval; ARIC, Atherosclerosis Risk in Communities.
aResults account for competing risk of death.
bSignificantly different by APOE status at p ≤ 0.05 across both sex; no differences noted in overall proportion between sexes for White participants.
cSignificantly different by APOE status at p ≤ 0.05 across both sex; greater difference noted in proportion of dementia for females compared with males for Black participants.

Our findings are consistent with prior work indicating lower
cognitive functioning as well as dementia onset and diagnosis
at younger ages for carriers of the ε4 allele (23–32), particularly
for White individuals. In one of the few additional studies that
also accounted for the competing risk of death found in Whites
by 85 years of age (11), those heterozygous for ε4 demonstrated
an 18.4% greater risk for AD compared with 8.6 or 5.5% for
non-carriers depending on ε3 or ε2 status, and even higher risk
differences were noted for all-cause dementia.

Our work further acknowledges known racial differences in
the effect of the ε4 allele, with a higher prevalence of the ε4
allele in Black individuals but a greater effect on risk of dementia
in White individuals (33–35). Additionally, while demonstrating
an earlier age of dementia diagnosis in ε4 carriers compared
with non-carriers, our results suggest that the average age of
dementia onset is not significantly different by sex among Blacks,
suggesting that the magnitude of effect of the ε4 allele on age
of onset of dementia may be partly race and sex dependent.
While no difference in proportion of dementia diagnosis is seen
by sex for White individuals, a marginally greater proportion of
Black females experienced a dementia diagnosis by ε4 status as
compared with Black males. Our results are further consistent
with prior research indicating that the greatest driver for age of
onset of dementia in Black individuals is not APOE, as onset of
dementia is earlier in Blacks regardless of ε4 status (34–36).

Work by Rasmussen et al. demonstrated an age-dependent
absolute 10-year risk of all-cause dementia for APOE ε4/ε4
status at 10 and 8% for 60–69 years and 38 and 33% at 80
years and older (37) among a group of White participants.
Females demonstrated a greater overall risk than males; however,
a distinction between risk and separate time to dementia was
not assessed. In comparison, and in overall agreement with
prior work in a biracial cohort (36), our results demonstrated
the median age of dementia diagnosis is similar across sex
by ε4 status in Whites and indicates a similar earlier shift in
age of dementia diagnosis in Blacks, with earlier median age
of dementia persisting in Black males. In concordance with
our results, Payami et al. (38) demonstrated a shift in age
of onset of dementia in female ε4 carriers, but not males.
Additional work has suggested (4, 39) that this sex difference

in diagnosis rates and age of onset may be explained by the
average longer life expectancy in women compared with men.
Alternatively, a biological or hormonal basis for differences in
risk or onset of dementia has been proposed (15, 40, 41) and
may additionally contribute toward the shift in age of diagnosis
in White female ε4 carriers seen in our study; however this
requires further study in Black participants. Compared with prior
work, our analysis allows for investigation of both the onset of
dementia diagnosis and assessment of dementia-free death as a
competing risk within the same study and among both Black
and White participants, further enlightening our understanding
of the relationship between APOE, dementia, race, and sex.

Many prior studies are primarily clinic-, hospital-, or brain
bank-based convenience samples or included participants with
family history of dementia—a known risk factor for subsequent
dementia. Participants from these settings often have underlying
cognitive concerns (42, 43), which can be influenced by genetic
risk. In contrast, the ARIC cohort is a community-based sample
of adults recruited from age-eligible lists and thus represents a
less selected sample of participants with respect to genetic risk
and cognitive complaints. The difference in resulting estimates
may be attributable to this selection (32). In a meta-analysis
across 27 studies, males and females with the ε3/ε4 genotype have
overall the same odds of developing MCI or Alzheimer’s disease,
with some evidence of increased risk for women in certain age
ranges. The authors note significant variation in Alzheimer’s
disease risk between included datasets but remarked that the
lowest odds ratios were from community-based studies (44–46)
that recruited random participants with no familial relations.

Prior work in a large population-based sample demonstrated
that the ε4 allele was associated with increased mortality while
the ε2 allele was found to be associated with prolonged survival
(47, 48). Our analysis did not consider the homozygous effects
of APOE ε4 on all-cause dementia, but we would expect the
heterozygous effect estimates presented here are conservative
in comparison. We conducted a similar analysis of all-cause
dementia comparing any ε2 alleles to no ε2 alleles. As expected,
results showed a marginal protective effect of the ε2 allele. In
the overall sample, Black ε2 carriers experienced a median age
of dementia diagnosis 2.2 years later for carriers (median age:
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84.1 years carriers, 81.9 years non-carriers) compared with 0.8
years later forWhite participants (median age: 85.6 years carriers,
84.8 years non-carriers). No significant differences were observed
by sex. Both Black and White participants experienced a lower
proportion of dementia diagnosis in ε2 carriers, significantly
lower for Whites at 32.4 % of carriers, and 38.8% of non-carriers,
and marginally lower for Black participants at 37.2% of carriers
and 42.0% of non-carriers.

Our results suggest that the ε4 allele has a greater effect than
the ε2 on risk of dementia, most notably for White participants.
It is worth noting here that race was self-reported by participants.
Thus, our distinction of Black vs. White encapsulates more than
genetic heritage and additionally includes aspects of culture,
geography, socioeconomic status, and health behavior. Given the
profound and far-reaching health effects of structural racism,
the decreased role of APOE ε4 in Black participants may stem
from the greater role of social stressors, disparities, and other
health risks [e.g., vascular disease (9)] experienced by Black
participants in the larger constellation of dementia risk factors
relative toWhite participants. Based on geographic heterogeneity
in populations, our results may not be generalizable to all
members of racial groups in all areas of the United States.

Known bias in measurement of cognitive function by race
exists for some cognitive tests (8). Consequently, it is possible that
Blacks may be more likely to be diagnosed with dementia than
Whites, particularly for diagnoses made via a single cognitive
measure. Although it is a strength of the ARIC cohort that
surveillance methods are used to ascertain dementia diagnosis
for participants who do not return for study visits, it should be
acknowledged that some false-positive diagnoses may exist for
the participants diagnosed by hospital or death certificate codes,
although differences in this bias by race are unclear (33–35).

While the dementia ascertainment protocol incorporated
multiple sources of information in ARIC, which allows
investigators to assign a dementia diagnosis to all participants and
is thus a strength of the study, some cases or dates of diagnosis
may be incorrectly identified or be later than actual date of
ascertainment. Although it is likely this misclassification error
would lead to an overestimation in time to dementia diagnosis
and thus underestimation of risk of APOE ε4 for dementia, such
misclassification would not be expected to differ by APOE ε4
status; this means that our results would most likely be biased
in a conservative direction (i.e., toward the null).

Our analysis does not account for loss to follow-up of
participants who did not return for ARIC study visits and who
did not allow for ongoing access to medical records; however, due
to the comprehensive nature of dementia and death surveillance
within the ARIC cohort, we anticipate that this concern would
apply to a small number of participants. Additionally, due to
the limited information available for those who were unable
to complete neuropsychological testing, we were not able to
consider differences in risk of MCI by APOE ε4 status. We
were unable to investigate etiologic specific subtypes within our
data. As our analysis considers incidence of all-cause dementia
and not subtypes of dementia, we anticipate that the estimated
risk for dementia by genotype will vary by subtype, with likely
greater difference in median age of onset or risk for Alzheimer’s

disease or vascular disease compared with other subtypes due
to the known involvement of APOE in lipid metabolism (23).
Differingmixtures of dementia case types as well as measurement
differences in ascertainment of dementia likely contribute to
the heterogeneity in prior results and should be targeted areas
for future study. Etiologic differences in dementia can have a
substantial influence on both onset of disease and proposed
management and should be explored in further study.

Death prior to dementia can preclude the observation of
dementia, a phenomenon known as a competing risk (12). If
an individual dies before a dementia diagnosis, this alters the
probability of diagnosis and impedes our ability to observe if
they would have received a diagnosis had they not died. By
not accounting for competing risks and considering death prior
to dementia, the risk estimates for dementia within a given
population may be biased (12, 13). We adopted the competing
risk method leveraged in this study because of the flexibility
of the model and the ability to simultaneously estimate risk
of and time to an outcome of interest (i.e., dementia) and
another competing outcome (i.e., death). Alternative methods
for accounting for competing risk include modeling the cause-
specific hazard (49), which provides a description of the event-
specific failure among survivors of all possible failures within that
population or modeling of the sub-hazard distribution, which
provides a description of the cumulative incidences but can easily
result in an overestimation of the cumulative incidence (12, 50).
While our results are consistent with the sub-hazard model and
demonstrated in our sensitivity analysis, the mixture method
describes the process as a mixture of conditional distributions
by both dementia diagnosis and dementia-free death, thereby
providing easier estimation of the time to event and proportion
or percentiles with dementia directly, which allows for an
estimation of the disease burden. This separation allows for
estimation of the proportion (representing risk) and timing of
those who were diagnosed with dementia. While not executed for
this analysis, the mixture method additionally permits estimation
of the cause-specific hazard and sub-hazard distribution, in
addition to the relative times and proportions (50). However, the
mixture method may not be appropriate for all analyses, as the
model requires extensive data to freely estimate the number of
parameters required.

Our findings suggest the increased risk is due to both
decreased age of diagnosis and proportion experiencing diagnosis
but suggests the contribution of each may be modified by both
race and sex. These results may be informative for clinical trial
planning and recruitment with optimization of timing and age
range of participants recruited and informs considerations for
recruitment strategies by race and sex, as well as the importance
of non-genetic-based risk on dementia risk for Black individuals.

By leveraging a largemultiracial population-based cohort with
thorough outcome ascertainment and a long duration of follow-
up, our findings support prior work showing both elevated risk
and shorter time to dementia diagnosis by APOE ε4 allele carrier
status. We found differences in magnitude of effect of the ε4
allele by both race and sex, with the greatest influence on age of
dementia in White females and greatest influence in proportion
of dementia cases in Whites overall. This research builds on
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prior work by using novel statistical methods that allow for
the decomposition of the risk and timing estimation of both
event types to be interpreted separately, while accounting for
the competing risk of death. Our findings further characterize
the role of APOE in dementia onset and diagnosis as well as the
potential influences of sex or race on diagnosis.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found via application for ARIC Data or through the
NIH NHLBI-sponsored Biologic Specimen and Data Repository
Information Coordinating Center (BioLINCC) at: https://
biolincc.nhlbi.nih.gov/.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by all participating ARIC Institutions. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

DP, RQ, SC, MA, JD, and AG contributed to the study concept
and design. DP and JD were responsible for the data acquisition.
DP, P-LK, RQ, and SC carried out the statistical analyses. DP and
P-LK completed the interpretation of the data. DP, JD, RQ, SC,
and AG completed the manuscript drafting. DP, P-LK, RQ, SC,

DK, PP, RG,MG, JD, and AGwere responsible for themanuscript
revision. JD and AG contributed to the study supervision. All
authors approved the submitted version of the article.

FUNDING

The Atherosclerosis Risk in Communities Study
was carried out as a collaborative study supported
by National Heart, Lung, and Blood Institute
contracts (HHSN268201700001I, HHSN268201700002I,
HHSN268201700003I, HHSN268201700005I, and
HHSN268201700004I). Neurocognitive data are collected
by U01 2U01HL096812, 2U01HL096814, 2U01HL096899,
2U01HL096902, and 2U01HL096917 from the NIH (NHLBI,
NINDS, NIA, and NIDCD), and with previous brain MRI
examinations funded by R01-HL70825 from the NHLBI. This
research was support by the National Institute of Health/National
Institute on Aging T32AG066576 (DP), the National Institute
on Aging Grant K01AG23291 (JD), K01AG050699 (AG), and
R00AG052830 (PP).

ACKNOWLEDGMENTS

We thank Dr. Alvaro Muñoz of Johns Hopkins University
for his expertise and mentorship for our analyses and Dr.
Jianyu E for contributions to the initial study concept. We also
thank the staff and participants of the ARIC study for their
important contributions.

REFERENCES

1. Livingston G, Sommerland A, Ortega V, Costafreda S, Huntley J, Ames D,
et al. Dementia prevention, intervention, and care. Lancet. (2017) 6736:2–62.
doi: 10.1016/S0140-6736(17)31363-6

2. Albert M, Soldan A, Gottesman R, McKhann G, Sacktor N, Farrington L,
et al. Cognitive changes preceding clinical Symptom onset of mild cognitive
impairment and relationship to APOE genotype. Curr Alzheimer Res. (2014)
11:773–84. doi: 10.2174/156720501108140910121920

3. Tang M-X, Stern Y, Marder K, Bell K, Gurland B, Lantigua R, et al. The APOE
ε4 allele and the risk of Alzheimer’s disease among African Americans, whites,
and hispanics. JAMA. (1998) 279:751–5. doi: 10.1001/jama.279.10.751

4. Mielke M, Vemuri P, Rocca W. Clinical epidemiology of Alzheimer’s
disease: assessing sex and gender differences. Clin Epidemiol. (2014) 6:37–
48. doi: 10.2147/CLEP.S37929

5. Rocca W, Mielke M, Vemuri P, Miller V. Sex and gender differences
in the causes of dementia: a narrative review. Maturitas. (2014) 79:196–
201. doi: 10.1016/j.maturitas.2014.05.008

6. Podcasy J, Epperson N. Considering sex and gender in Alzheimer
disease and other dementias. Dial Clin Neurosci. (2016) 18:437–
46. doi: 10.31887/DCNS.2016.18.4/cepperson

7. Mayeda ER, Glymour MM Quesenberry CP, Whitmer RA. Inequalities in
dementia incidence between six racial and ethnic groups over 14 years.
Alzheimer’s Dementia. (2016) 12:216–24. doi: 10.1016/j.jalz.2015.12.007

8. Jones RN. Racial bias in the assessment of cognitive
functioning of older adults. Aging Mental Health. (2003)
7:83–102. doi: 10.1080/1360786031000045872

9. Gottesman RF, Schneider ALC, Zhou Y, Chen X, Green E, Gupta
N, et al. The ARIC-PET amyloid imaging study: brain amyloid
differences by age, race, sex, and APOE. Neurology. (2016)
87:473–80. doi: 10.1212/WNL.0000000000002914

10. Farrer L, Cupples A, Haines J, Hyman B, Kukull W, Mayeux R, et al.
Effects of age, sex, and ethnicity on the association between apolipoprotein
e genotype and Alzheimer disease. J Am Med Assoc. (1997) 278:1349–
56. doi: 10.1001/jama.1997.03550160069041

11. van der Lee SJ, Wolters F, Kamran Ikram M, Hofman A, Arfan Ikram, Amin
N, et al. The effect of APOE and other common genetic variants on the onset
of Alzheimer’s disease and dementia: a community-based cohort study. Lancet
Neurol. (2018) 17:434–44. doi: 10.1016/S1474-4422(18)30053-X

12. Andersen PK, Geskus RB, deWitte T, Putter H. Competing risks in
epidemiology: possibilities and pitfalls. Int J Epidemiol. (2012) 41:861–
70. doi: 10.1093/ije/dyr213

13. Checkley W, Brower RG, Muñoz A. Inference for mutually exclusive
competing events through A mixture of generalized gamma distributions.
Epidemiology. (2010) 21:557–656. doi: 10.1097/EDE.0b013e3181e090ed

14. Ali J, Smart C, Gawryluk J. Subjective cognitive decline and
APOE ε4: A Systematic Review. J Alzheimer’s Dis. (2018)
65:303–20. doi: 10.3233/JAD-180248

15. Altmann A, Tian L, Henderson V, Greicius M for the Alzheimer’s
Disease Neuroimaging Initiative Investigators. Sex modifies the APOE -
related risk of developing Alzheimer’s disease. Ann Neurol. (2014) 75:563–
73. doi: 10.1002/ana.24135

16. Gottesman R, Albert M, Alonso A, Coker LH, Coresh J, Davis SM, et
al. Associations between midlife vascular risk factors and 25-year incident
dementia in the atherosclerosis risk in communities (ARIC) cohort. J AmMed

Assoc Neurol. (2017) 74:1246–54. doi: 10.1001/jamaneurol.2017.1658
17. Knopman DS, Mosley TH, Catellier DJ, Coker L for the Atherosclerosis Risk

in Communities Study Brain MRI Study. Fourteen-year longitudinal study of
vascular risk factors, APOE genotype, and cognition: the ARIC MRI study.
Alzheimers Dementia. (2009) 5:207–14. doi: 10.1016/j.jalz.2009.01.027

18. Knopman DS, Gottesman RF, Sharrett AR, Wruck L, Windham BG, Coker L,
et al. Mild cognitive impairment and dementia prevalence: the Atherosclerosis

Frontiers in Neurology | www.frontiersin.org 9 October 2021 | Volume 12 | Article 735036

https://biolincc.nhlbi.nih.gov/
https://biolincc.nhlbi.nih.gov/
https://doi.org/10.1016/S0140-6736(17)31363-6
https://doi.org/10.2174/156720501108140910121920
https://doi.org/10.1001/jama.279.10.751
https://doi.org/10.2147/CLEP.S37929
https://doi.org/10.1016/j.maturitas.2014.05.008
https://doi.org/10.31887/DCNS.2016.18.4/cepperson
https://doi.org/10.1016/j.jalz.2015.12.007
https://doi.org/10.1080/1360786031000045872
https://doi.org/10.1212/WNL.0000000000002914
https://doi.org/10.1001/jama.1997.03550160069041
https://doi.org/10.1016/S1474-4422(18)30053-X
https://doi.org/10.1093/ije/dyr213
https://doi.org/10.1097/EDE.0b013e3181e090ed
https://doi.org/10.3233/JAD-180248
https://doi.org/10.1002/ana.24135
https://doi.org/10.1001/jamaneurol.2017.1658
https://doi.org/10.1016/j.jalz.2009.01.027
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Powell et al. APOE and Dementia

Risk in Communities Neurocognitive Study. Alzheimer’s Dementia. (2016)
2:1–11. doi: 10.1016/j.dadm.2015.12.002

19. Gottesman R, Schneider A, Zhou Y, Coresh J, Green E, Gupta N, et al.
Association between midlife vascular risk factors and estimated brain amyloid
deposition. J Am Med Assoc. (2017) 317:1443–50. doi: 10.1001/jama.201
7.3090

20. Kuo P, Bilal U, Muñoz A. STCRMIX: Stata Module to Estimate Mixtures

of Generalized Gamma Models for Competing Risks. Boston, MA:
Statistical Software Components S458519, Boston College Department
of Economics (2018).

21. Lamarca R, Alonso J, Gomez G,Munoz A. Left-truncated data with age as time
scale: an alternative for survival analysis in the elderly population. J Gerontol
A Biol Sci Med Sci. (1998) 53:M337–43. doi: 10.1093/gerona/53A.5.M337

22. ClaytonD,HillsM. StatisticalModels in Epidemiology. Oxford: Oxford Science
Publications (1993).

23. Bang OY, Kwak YT, Joo IS, Huh K. Important link between dementia
subtype and apolipoprotein E: a meta-analysis. Yonsei Med J. (2003) 44:401–
13. doi: 10.3349/ymj.2003.44.3.401

24. Sando S, Melquist S, Cannon A, Hutton M, Sletvold O, Saltvedt I, et al.
APOE ε4 lowers age at onset and is a high risk factor for Alzheimer’s
disease; A case control study from Norway. BMC Neurol. (2008) 8:1–
7. doi: 10.1186/1471-2377-8-9

25. Sweet R, Seltman H, Emanuel J, Lopez O, Becker J, Bis J, et al. Effect
of Alzheimer disease risk genes on trajectories of cognitive function
in the cardiovascular health study. Am J Psychiatry. (2012) 169:954–
62. doi: 10.1176/appi.ajp.2012.11121815

26. Liu C, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer
disease: risk, mechanisms and Therapy. Nat Rev Neurol. (2013) 9:106–
18. doi: 10.1038/nrneurol.2012.263

27. Moreno-Grau S, Rodríguez-Gómez O, Sanabria Á, Pérez-Cordón A,
Sánchez-Ruiz D, Abdelnour C, et al. Exploring APOE genotype Effects
on Alzheimer’s disease risk and amyloid β burden in individual with
subjective cognitive Decline: the FundacioACE Healthy Brain Initiative
(FACEHBI) study baseline results. Alzheimer’s Dementia. (2017) 14:634–43.
doi: 10.1016/j.jalz.2017.10.005

28. Heffernan A, Chidgey C, Peng P, Masters C, Roberts B. The
neurobiology and age-related prevalence of the e4 allele of
apolipoprotein E in Alzheimer’s disease cohorts. J Mol Neurosci. (2016)
60:316–24. doi: 10.1007/s12031-016-0804-x

29. Pietrzak R, Lim Y, Ames D, Harrington K, Restrepo C, Martins R, et al.
Trajectories of memory decline in preclinical Alzheimer’s disease: results from
the Australian Imaging, Biomarkers and Lifestyle Flagship Study of Aging.
Neurobiol Aging. (2015) 35:1231–8. doi: 10.1016/j.neurobiolaging.2014.12.015

30. Bressler J, Mosley T, Penman A, Gottesman R, Windham B, Knopman D,
et al. Genetic variants associated with risk of Alzheimer’s disease contribute
to cognitive change in midlife: the Atherosclerosis Risk in Communities
Study. Am J Med Genet Part B Neuorpsychiatric Genet. (2017) 174:269–
82. doi: 10.1002/ajmg.b.32509

31. Blair CK, Folsom AR, Knopman DS, Bray M, Mosley T, Boerwinkle E for
the Atherosclerosis Risk in Communities (ARIC) Study Investigators. APOE
genotype and cognitive decline in a middle-aged cohort. Neurology. (2005)
64:268–76. doi: 10.1212/01.WNL.0000149643.91367.8A

32. Neu SC, Pa J, Kukull W, Beekly D, Kuzma A, Gangadharan
P, et al. Apolipoprotiein e genotype and sex risk factors
for Alzheimer disease: a meta-analysis. JAMA Neurol. (2017)
74:1178–89. doi: 10.1001/jamaneurol.2017.2188

33. Wueve J, Barnes LL, Mendes de Leon CF, Rajan R, Beck T, Aggarwal N,
et al. Cognitive aging in Black and White Americans: cognition, cognitive
decline, and incidence of Alzheimer disease dementia. Epidemiology. (2018)
29:151–9. doi: 10.1097/EDE.0000000000000747

34. Barnes LL, Bennett DA. Cognitive resilience in APOE ε4 carriers- is race
important? Nat Rev Neurol. (2015) 11:190–1. doi: 10.1038/nrneurol.2015.38

35. Kaup AR, Nettiksimmons J, Harris TB, Sink K, Satterfield S, Metti
A, et al. Cognitive resilience to apolipoprotein E ε4: contributing
factors in Black and White older adults. JAMA Neurol. (2015) 72:240–
8. doi: 10.1001/jamaneurol.2014.3978

36. Sawyer K, Sachs-Ericsson N, Preacher K, Blazer D. Racial differences in
the influence of the APOE epsilon 4 allele on cognitive decline in a

sample of community-dwelling older adults. Gerontology. (2009) 55:32–
40. doi: 10.1159/000137666

37. Rasmussen K, Tybjaerg-Hansen A, Nordestgaard B, Frikke-Schmidt
R. Absolute 10-year risk of dementia by age, sex and APOE

genotype: a population-based cohort study. Can Med J. (2018)
190:E1033–41. doi: 10.1503/cmaj.180066

38. Payami H, Montee K, Kaye J. Alzheimer’s disease, apolipoprotein ε4, and
gender. JAMA. (1994) 271:1316–7. doi: 10.1001/jama.271.17.1316

39. Damoiseaux J, Seeley W, Zhou J, Shirer W, Coppola G, Karydas A, et al.
Gender modulates the APOE ε4 effect in healthy older adults: convergent
evidence from functional brain connectivity and spinal fluid tau levels. J
Neurosci. (2012) 32:8254–62. doi: 10.1523/JNEUROSCI.0305-12.2012

40. Dubal DB, Rogine C. Apolipoprotein E ε4 and risk factors for
Alzheimer disease- let’s talk about sex. JAMA Neurol. (2017)
74:1167–8. doi: 10.1001/jamaneurol.2017.1470

41. Buckley RF, Mormino EC, Amariglio RE, Properzi MJ, Rabin JS, Lim Y, et al.
Sex, Amyloid and APOE ε4 and risk of cognitive decline in preclinical
Alzheimer’s disease: findings from three well-characterized cohorts.
Alzheimer’s Dementia. (2018) 14:1193–203. doi: 10.1016/j.jalz.2018.04.010

42. Farias ST, Mungas D, Reed B, Harvey D, DeCarli C. Progression of mild
cognitive impairment to dementia in clinic vs community-based cohorts.Arch
Neruol. (2009) 66:1151–7. doi: 10.1001/archneurol.2009.106

43. Tsuang D, Kukull W, Sheppared L, Barnhart R, Peskind E, Edland S, et al.
Impact of sample selection of APOE epsilon 4 allele frequency: a comparison
of two Alzheimer’s disease samples. J Am Geriatric Soc. (1996) 44:704–
7. doi: 10.1111/j.1532-5415.1996.tb01836.x

44. Boada M, Tárraga L, Hernández I, Valero S, Alegret M, Ruiz A, et al.
Design of a comprehensive Alzheimer’s disease clinic and research center in
Spain to meet critical patient and family needs. Alzheimer’s Dementia. (2014)
10:409–15. doi: 10.1016/j.jalz.2013.03.006

45. Dawber TR, Kannel WB, Lyell LP. An approach to longitudinal studies in
a community: the Framingham study. Ann N Y Acad Sci. (1963) 107:539–
56. doi: 10.1111/j.1749-6632.1963.tb13299.x

46. Frisoni GB, Prestia A, Zanetti O, Galluzzi S, Romano M, Cotelli M, et al.
Markers of Alzheimer’s disease in a population attending a memory clinic.
Alzheimer’s Dementia. (2009) 5:307–17. doi: 10.1016/j.jalz.2009.04.1235

47. Serrano-Pozo A, Qian J, Monsell SE, Betensky R, Hyman B. APOE epsilon2
is associated with milder clinical and pathological Alzheimer disease. Ann
Neurol. (2015) 77:917–29. doi: 10.1002/ana.24369

48. Wolters FJ, Yang Q, Biggs ML, Jakobsdottir J, Li S, Evans D, et al.
The impact of APOE genotype on survival: results of 38,537 participants
from six population-based cohorts (E2-CHARGE). PLoS ONE. (2019)
14:e0219668. doi: 10.1371/journal.pone.0219668

49. Fine JP, Gray RJ. A proportional hazards model for the
subdistribution of a competing risk. J Am Statistical Assoc. (1999)
94:496–509. doi: 10.1080/01621459.1999.10474144

50. Cox C, Chu H, Schneider M, Munoz A. Parametric survival analysis and
taxonomy of hazard functions for the generalized gamma distribution. Stat
Med. (2007) 26:4352–74. doi: 10.1002/sim.2836

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Powell, Kuo, Qureshi, Coburn, Knopman, Palta, Gottesman,

Griswold, Albert, Deal and Gross. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 10 October 2021 | Volume 12 | Article 735036

https://doi.org/10.1016/j.dadm.2015.12.002
https://doi.org/10.1001/jama.2017.3090
https://doi.org/10.1093/gerona/53A.5.M337
https://doi.org/10.3349/ymj.2003.44.3.401
https://doi.org/10.1186/1471-2377-8-9
https://doi.org/10.1176/appi.ajp.2012.11121815
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1016/j.jalz.2017.10.005
https://doi.org/10.1007/s12031-016-0804-x
https://doi.org/10.1016/j.neurobiolaging.2014.12.015
https://doi.org/10.1002/ajmg.b.32509
https://doi.org/10.1212/01.WNL.0000149643.91367.8A
https://doi.org/10.1001/jamaneurol.2017.2188
https://doi.org/10.1097/EDE.0000000000000747
https://doi.org/10.1038/nrneurol.2015.38
https://doi.org/10.1001/jamaneurol.2014.3978
https://doi.org/10.1159/000137666
https://doi.org/10.1503/cmaj.180066
https://doi.org/10.1001/jama.271.17.1316
https://doi.org/10.1523/JNEUROSCI.0305-12.2012
https://doi.org/10.1001/jamaneurol.2017.1470
https://doi.org/10.1016/j.jalz.2018.04.010
https://doi.org/10.1001/archneurol.2009.106
https://doi.org/10.1111/j.1532-5415.1996.tb01836.x
https://doi.org/10.1016/j.jalz.2013.03.006
https://doi.org/10.1111/j.1749-6632.1963.tb13299.x
https://doi.org/10.1016/j.jalz.2009.04.1235
https://doi.org/10.1002/ana.24369
https://doi.org/10.1371/journal.pone.0219668
https://doi.org/10.1080/01621459.1999.10474144
https://doi.org/10.1002/sim.2836
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	The Relationship of APOE ε4, Race, and Sex on the Age of Onset and Risk of Dementia
	Introduction
	Methods
	The Atherosclerosis Risk in Communities Study
	Exposure Measurement: APOE Status
	Outcome Ascertainment: Dementia
	Death
	Covariates
	Statistical Analysis
	Sensitivity Analysis

	Results
	Demographic and Clinical Characteristics
	Age at Dementia Diagnosis
	Risk of Dementia
	Age at Death
	Sensitivity Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


