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Abstract

OBJECTIVES: To examine the associations of APOE e2e4 with the development of Alzheimer’s
disease (AD) and mild cognitive impairment (MCI) in non-Latino whites.

DESIGN: Prospective longitudinal cohort study.

SETTING: Uniform Data Set from the National Alzheimer’s Coordinating Center (NACC)
between 2005 and August 2018 (data freeze in September 2018).

PARTICIPANTS: Participants who were non-Latino white, had an APOE genotype available,
first visit with dementia free for AD cohort and both dementia and MCI free for MCI cohort, and
had a minimum of one follow-up visit (n = 11 871 for AD cohort, and n = 8305 for MCI cohort).

MEASUREMENTS: The incidences of AD and MCI were determined based on consensus
meetings at each Alzheimer’s disease center. We used NACC-derived variables to define
individuals experiencing incidents of AD and MCI at the initial visit as well as the follow-up
Visits.

RESULTS: Among participants in the AD cohort (N = 11 871), eZe4 accounted for 2.5%, £2e2
accounted for 0.4%, e2e3accounted for 11.0%, e4e4 accounted for 4.4%, e3e4 accounted for
27.3%, and e3e3accounted for 54.4%. Over an average of 4.6 years follow-up, 1857 (15.6%)
developed AD dementia, with the range from 6.0% to 35.2% across the six groups. Compared to
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e3e3carriers, eZe4 carriers exhibited an increased risk of incident AD (18.4% vs 11.7%; adjusted
hazard ratio [aHR] = 1.74; 95% confidence interval [CI] = 1.32-2.30; £<.0001). Among
participants in the MCI cohort (N = 8305), the average follow-up was 4.7 years, and 1912 (23.0%)
developed MCI, with the range from 20.4% to 33.9% across the six groups. Compared to £33
carriers, eZe4 carriers exhibited an increased risk of incident MCI (27.5% vs 21.5%; aHR = 1.52;
95% Cl = 1.15-1.99; P=.003).

CONCLUSIONS: The APOE e2e4 genotype is associated with the increased risk of AD and
MCI in non-Latino whites.

Alzheimer’s disease; APOE e2e4 genotype; mild cognitive impairment

Alzheimer’s disease (AD) is a neurodegenerative, progressive, and irreversible brain disease;
and it is the most common type of dementia. Apolipoprotein E (APOE) polymorphic alleles
are the main genetic determinants of AD.1 The three common alleles are &2, £3, and £4.2
APOE £3, the most common allele, is believed to play a neutral role in the disease (ie,
neither decreasing nor increasing risk). In contrast, APOE e4 is the strongest genetic factor
to increase the risk of AD and lowers the age of onset, and APOE &2 is the least common
allele and actually may provide some protection to reduce the risk of the disease. Several
studies have shown that e4 carriers (ie, e4e4 or e3e4) are associated with the significant
increased risk of AD with a dose-dependent effect.3-7 Conversely, £2carriers (ie, £222 or
e2e3) are associated with a decreased risk of AD dementia.8 Nonetheless, the effect of £2e4,
which comprises of a “toxic” copy of e4and a “protective” copy of £2, on the risk of AD
dementia remains unclear.

Published studies on this topic often either exclude the small number of individuals with
APOE e£2e4 genotype from the analyses to maintain mutually exclusive groups or ignore
this variant in the analyses due to the typically small sample size of participants with £2e4
genotype.911 In a recent study by Oveisgharan et al,12 they examined the association of the
APOE e£2e4 genotype with the incident AD and mild cognitive impairment (MCI) in a
sample of community-dwelling older adults and found that e2e4 genotype is associated with
the risk of MCI, but not AD. One major limitation of this study is the small sample size of
the eZe4 group (n = 46). Though larger than any previous publications, the analysis may still
have been underpowered to detect additional associations. As such, for our study, we took
advantage of the Uniform Data Set (UDS), an established prospective cohort of a large,
multisite, longitudinal aging and dementia data set provided by the National Alzheimer’s
Coordinating Center (NACC). Implemented by the NACC in 2005, the UDS follows a
standard data collection protocol and comprises clinical, neurological, and
neuropsychological results and medical history collected from 39 Alzheimer’s disease
centers (ADCs) across the United States since 2005. The resultant information provided by
38 836 subjects (at the time that we received our data) recruited from those ADCs has
provided the unique opportunity to study dementia among the US population. The purpose
of this study was to examine the associations of APOE e2e4 with the development of AD
dementia and MCI among the older adult population using the UDS provided by NACC.

J Am Geriatr Soc. Author manuscript; available in PMC 2020 September 10.
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METHODS

Setting and Study Participants

The NACC was established by the National Institute on Aging (NIA; U01 AG016976) in
1999 to facilitate collaborative research and record the cumulative enrollment of the NIA-
funded ADCs. In 2005, NACC implemented the UDS using a standardized clinical
evaluation administered during approximately annual visits. The participants (ie, exhibiting
normal cognition, MCI, and dementia) undergo a complete examination approximately
yearly, which yields demographic data, neuropsychological testing scores, and clinical
diagnoses. The UDS database comprises not only referral cases and normal controls, but
also well-defined phenotypes, genetic information, and long follow-up, which generally are
absent in epidemiological studies. For this study, we used data from 38 836 subjects with
visiting spanning from September 2005 to August 2018 (data freeze in September 2018). All
contributing ADCs are required to obtain informed consent from their participants and
maintain their own Institutional Review Board review and approval from their institutions
prior to submitting data to NACC.

Given that previous studies have shown differential associations between APOE genotype
and AD risks among different ethnic groups,8 we restricted our analysis to participants who
were non-Latino white. In addition, we restricted our analysis to participants who had an
APOE genotype available, first visit with dementia free for AD cohort and both dementia
and MCI free for MCI cohort, and attended a minimum of one follow-up visit. These filter
criteria resulted in two cohorts for analysis: an AD cohort (N = 11 871) and an MCI cohort
(N = 8305) (Figure 1).

Our primary outcome was the time in years until the first diagnosis of AD dementia for the
AD cohort and until the first diagnosis of MCI for the MCI cohort. Participants were
followed up to their last visit until September 2018. Because only a small number of
observations were available beyond the 10 years of follow-up, data were censored at a
maximum 10 years of follow-up, the first time of incident event, or death—whichever came
first.

Diagnosis of AD and MCI

The incidence of AD and MCI were determined based on consensus meetings at each ADC.
We used NACC-derived variables to define individuals experiencing incidents of AD and
MCI at the initial visit as well as the follow-up visits. MCI was defined based on the NACC-
derived variable of cognitive status at UDS visit (normal cognition, impaired but not MCl,
MCI, and dementia). AD was defined based on the combination of two NACC-derived
variables of cognitive status at UDS visit and primary etiologic diagnosis.

APOE Genotype

The participants were classified into six groups, based on APOE genotyping: e2e4, e2e2,
e2e3, eded, e3ed, with e3e3 carriers serving as the reference group.

J Am Geriatr Soc. Author manuscript; available in PMC 2020 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Renetal.

Page 4

Other Characteristics

The sex and age at initial visit were recorded in the NACC data set. The education level of
participants was assessed as the total number of years of schooling. We regrouped year of
initial visit into three categories, according to the distribution of baseline visit each year:
between years 2005 and 2007, between years 2008 and 2012, and between years 2013 and
2017.

Statistical Analysis

Descriptive statistics (ie, mean and SD for continuous variables; frequency and percentage
for categorical variables) for baseline characteristics at their initial visit, which comprised
age, sex, education level, and year of initial visit, were calculated (1) separately for the AD
cohort and MCI cohort and (2) overall and by the six APOE genotype subgroups. One-way
analysis of variance and XZ tests were used to compare group differences across the six
APOE groups (Supplementary Table S1).

We depicted the cumulative incidence rate of AD and MCI by APOE genotype in Figures 2
and 3. In addition, the 5- and 10-year incidence rates were summarized in Table 1. Cox
proportional hazards models were used to estimate the association between APOE genotype
and the risk of AD dementia in both an unadjusted and adjusted model, controlling for age,
sex, education, baseline cognitive status (ie, normal, impaired but not MCI, and MCI), and
year of initial visit. The same approach was used to estimate the association between APOE
genotype with the incidence of MCI among participants who did not present with cognitive
impairment during the initial visit. Participants with no incident event or death were right
censored at the last evaluation or a maximum of 10 years of follow up. The proportional
hazard assumption was tested based on the smoothed plots of the scaled Schoenfeld
residuals. The unadjusted and multivariable adjusted hazard ratios (aHRs) and their 95%
confidence intervals (Cls) were reported to measure the strength of risk across different
APOE genotype groups (Table 2).

Because our primary interest was eZe4 carriers compared to the reference group £33
carriers, the statistical significance a level was fixed at .05. In eight sets of post hoc
comparisons that involved multiple groups (ie, four sets of comparisons between the various
genotypes and reference group e3e3[eq, e3ed4 Vs e3e3, e2e3Vs e3e3, eded Vs e3e3, ele2
vs e3e3] and four sets of comparisons between e2e4 and other APOE genotypes [eg, eZe4
VS e2e3, e2e4 VS eded, e2e4 Vs e2e2, e2ed Vs e3e4)]), the statistical significance a level
was fixed at .05/8 = .00625 to account for multiple testing.

The protocol of the UDS data set requires that follow-up visit data are collected from
participants on an approximately annual basis. However, our analysis of the UDS data
revealed that follow-up visit time actually varied considerably across participants. Therefore,
our primary analysis strategy treated this visit time as a continuous time variable, and we
used Cox proportional hazards models as our main statistical approach. Moreover, we
conducted a sensitivity analysis with discrete-time survival models using the visit number as
a discrete time variable to assess the robustness of our model estimates. All statistical
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analyses were conducted using SAS version 9.4 (SAS Institute) and STATA version 15
(StataCorp).

RESULTS

The demographic characteristics of the individuals included in our analyses were
summarized in Supplementary Table S1. Participants in the AD cohort (N = 11 871) were,
on average, 72 years of age at their initial visit, 56% female, and possessed an average of 16
years of education; moreover, 30% had been diagnosed with MCI at baseline, and 45% were
recruited between 2005 and 2007. The demographics for MCI cohort participants were
similar: average age of 71 years at baseline visit, over 60% female, and an average 16 years
of education; moreover, 46% had been recruited between years 2005 and 2007. There were
statistically significant differences across the six APOE genotype groups for age and years
of initial visit.

APOE Genotype and Incidence of AD Dementia

Among participants in the AD cohort (N = 11 871), e2e4 accounted for 2.5% of the total,
with the other alleles representing the following percentage of the total: 222, 0.4%; £2e3,
11.0%; eded, 4.4%; e3e4, 27.3%; and 323, 54.4%. Over an average of 4.6 years of follow-
up, 54 of 294 (18.4%) £2e4 developed AD dementia, with the following percentages for the
other allele carriers: 758 of 6454 (11.7%) e3e3, 737 of 3239 (22.7%) e3e4, 120 of 1308
(9.17%) e2e3, 185 of 526 (35.2%) e4e4, and 3 of 50 (6%) e2¢2. In total, 1857 (15.6%)
participants in the AD cohort developed AD dementia. The overall cumulative incidence rate
of AD dementia at 5 and 10 years was 16% and 27%, respectively; and the percentages were
as follows for these allele carriers: e2e4 (18% and 32%, respectively), e4e4 (39% and 60%,
respectively), e3e4 (24% and 37%, respectively), 323 (12% and 22%, respectively), e2e3
(10% and 17%, respectively), and eZe2 (6% and 12%, respectively).

In a Cox proportional hazards model that controlled for age, sex, education, baseline
cognitive status, and year of initial visit (Table 2), the point estimate for the risk of AD
dementia was statistically significantly higher among eZe4 compared to e3e3 carriers (aHR
=1.74; 95% CI = 1.32-2.30; P<.0001). Meanwhile, e3e4 carriers exhibited a 110%
increased risk of incident AD dementia (aHR = 2.10; 95% CI = 1.89-2.33; A< .0001), and
ede4 carriers exhibited a 257% increased risk of incident AD dementia (aHR = 3.57; 95%
Cl = 3.03-4.22; P<.0001) compared to e3e=3 carriers. In contrast, e2e3 carriers exhibited an
18% decreased risk of incident AD dementia (aHR = 0.82; 95% CI = 0.67-0.99; P=.041),
and eZe2exhibited a 55% decreased risk of incident AD dementia (aHR = 0.45; 95% CI =
1.14-1.39; P=.164) compared to e3=3 carriers; however, these differences were not
statistically significant. Additionally, we observed a statistically significant difference in the
risk of AD dementia between e2e4and £2e3 (aHR = 2.13; 95% CIl = 1.54-2.94; £<.0001)
and between e2e4and e4e4 (aHR = 0.49; 95% CI = 0.36-0.66; £< .0001). However, we did
not observe a statistically significant difference in the risk of AD dementia between e2e4
and e2¢2 (aHR = 3.90; 95% CI = 1.22-12.5; P=.022) and between e2e4and £3e4 (aHR =
0.83; 95% CI = 0.63-1.09; P=.187).

J Am Geriatr Soc. Author manuscript; available in PMC 2020 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ren et al. Page 6

APOE Genotype and Incidence of MCI

Among participants in the MCI cohort (N = 8305), 24 carriers accounted for 2.41% of the
total, and the other allele carriers represented the following percentages: e3e3, 7.6%; e3e4,
24.8%; £2e3, 11.9%; e4e4, 2.88%; and £2e2, 0.48%. Over an average of 4.7 years of
follow-up, 55 of 200 (27.5%) e2e4, 1027 of 4780 (21.5%) £33, 537 of 2060 (26.1%) e3e4,
201 of 986 (20.4%) 223, 81 of 239 (33.9%) e4e4, and 11 of 40 (27.5%) e2e2 carriers
developed MCI. In total, 1912 (23.0%) participants in the MCI cohort developed MCI. The
overall cumulative incidence rates of MCI at 5- and 10-year follow-ups were 22% and 39%,
respectively; and the percentages were as follows for these allele carriers: e2e4 (24% and
46%, respectively), e4e4 (36% and 54%, respectively), 324 (24% and 43%, respectively),
2323 (20% and 37%, respectively), e2e3(19% and 36%, respectively), and 222 (21% and
48%, respectively).

In a Cox proportional hazards model that controlled for age, sex, education, baseline
cognitive status, and years of initial visit (Table 2), the point estimate for the risk of MCI
was statistically significantly higher among eZe4 compared with e3e3carriers (aHR = 1.52;
95% CI = 1.15-1.57; P<.0001). e3e4 carriers exhibited a 41% increased risk of MCI (aHR
=1.41; 95% Cl = 1.27-2.33; P<.0001), and e4e4 carriers exhibited a 153% increased risk
of MCI (aHR = 2.53; 95% CI = 2.01-3.18; A< .0001) compared to e3e3 carriers. In
contrast, eZe3 carriers exhibited a 10% decreased risk of MCI (aHR = 0.90; 95% Cl = 0.77—
1.05; P=.181), and £2e2exhibited a slightly increased 19% risk of MCI (aHR = 1.19; 95%
Cl = 0.65-2.15; P=.576), compared to e3e3 carriers; however, these differences failed to
reach statistical significance.

We also observed a statistically significant difference in the risk of MCI between e2e4 and
e2e3(aHR = 1.68; 95% CIl = 1.25-2.27; £=.001) and between £Ze4 and e4e4 (aHR = 0.60;
95% CI = 0.43-0.84; P=.003). However, we did not observe a statistically significant
difference in the risk of MCI between e2e4and e2¢2 (aHR = 1.28; 95% CI = 0.67-2.44; P
= .46) and between eZe4and e3e4 (aHR = 1.07; 95% CI = 0.81-1.42; P=.62). Finally, we
conducted a sensitivity analysis using discrete-time survival model, which generated similar
results as the Cox proportional hazards model (Supplementary Table S2). Regardless of
different analytical approach, the results presented herein are robust.

DISCUSSION

Using data from the NACC-provided UDS, which were collected from 39 ADCs across the
United States, we identified (1) more than 11 000 individuals in the AD cohort who did not
present with dementia at baseline and (2) over 8000 participants in the MCI cohort who did
not present with either dementia or MCI at baseline. Overall, we found that APOE e2e4
carriers exhibited an increased risk of the incidence of AD and MCI. Not surprisingly, we
also found that e4 carriers (e3e4 and e4e4) exhibited an increased risk of AD and MClI,
compared with e3e3 carriers in the reference group. In particular, e4e4 carriers exhibited a
statistically significant higher risk for AD and MCI compared with e2e4 carriers, and e3e4
carriers exhibited a similar extent of risk for AD and MCI compared with £2¢4 carriers.
Moreover, &2 carriers (ie, eZe2and e3e2) exhibited a lower risk of MCI and AD dementia
compared to e3e3 carriers, although this difference did not reach statistical significance.

J Am Geriatr Soc. Author manuscript; available in PMC 2020 September 10.
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These results suggest that 4 allele has a much stronger “toxic” effect than the 2allele’s
“protective” effect on the risk of AD and MCI. Therefore, despite the presence of a single
copy of the “protective” £2allele, adults with the £2e4 genotype manifest an increased risk
of AD and MCI that is more similar to e4than it is to 2.

Because of the opposite effect of e4and e2alleles and the rare genotype e2e4in the
population, many previous publications have either excluded this variant from the analyses
or ignore this variant in the analysis. Few studies have addressed the effect of £2e4 on the
risk of AD and MCI. For example, a case-control study has reported no association of eZe4
with AD dementia; nevertheless, the study included only 18 £2e4 carriers.13 A more recent
study found that £2e4 genotype among older adults is associated with risk of MCI but not
AD, and the study included only slightly more e2e4 carriers (n = 46).12 Indeed, the small
number of individuals carrying e2e4 included in these studies may not provide enough
statistical power to detect the effect of the e2e4 allele. Incorporating a much larger sample
size, our study confirmed findings of previous studies that e2e4 is associated with the risk of
MCI. Furthermore, we found that £224 is associated with the increased risk of AD, which
was not reported in the literature. Compared with previous studies, our study featured a
much larger sample size, with 294 e2e4 carriers in the AD cohort and 200 £2e4 carriers in
the MCI cohort.

Given that few studies have previously addressed the clinical association between e2e4
genotype with AD and MCI, our methods and results are especially interesting and
potentially translatable. As such, we recommend that subsequent research should be
conducted to assess whether the e2e4 genotype is associated with measures of AD
pathology and decline of cognitive function among older adults.

The major strength of the study described herein is its large sample size of the rare £2e4
genotype, facilitated by using the UDS data collected at ADCs nationwide and provided by
the NACC. Nonetheless, we must acknowledge the potential sampling bias inherent in our
study. Indeed, the individuals assessed at ADCs who agree to participate in longitudinal
research studies at academic medical centers are unlikely to represent the general population
of older adults—even when these participants exhibit normal cognition. In addition, the
education level of these participants likely exceeds the population average. These sampling
biases may limit generalizability of our findings. Moreover, because our analyses were
restricted to non-Latino whites, similar analyses will need to be extended to other racial and
ethnic populations in the future. Furthermore, despite careful adjustment for baseline
sociodemographic and clinical factors, the potential for unmeasured confounding (eg,
comorbidities) of the relationship between e2e4 genotype on the AD and MCI is possible,
given the observational design of our study, which could have influenced our findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

MCI Cohort
(n=8305)

Diagram displaying derivation of study sample for the analyses with source of exclusion.
AD indicates Alzheimer’s disease; MCI, mild cognitive impairment; NACC, National
Alzheimer’s Coordinating Center.
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Figure 2.
Cumulative incidence of Alzheimer’s disease (AD) dementia during 10 years of follow-up

among participants with APOE eZe4 genotype compared with other APOE genotype
groups.
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Figure 3.

Cumulative incidence of mild cognitive impairment (MCI) during 10 years of follow-up
among participants with APOE eZe4 genotype compared with other APOE genotype

groups.
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