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Abstract Introduction: The apolipoprotein E (APOE) e4 allele is a major genetic risk factor of late-onset
Alzheimer’s disease. However, its interaction with two other canonical risk factors, age and sex, is
not clear. Previous studies have reported conflicting results on its differential effects in men and
women, its association with young-onset AD before the age of 65 years, and its significance in genetic
admixture populations. In these studies, the hazard of the e4 allele was assumed to be constant during
aging. However, this hypothesis has not been tested and its violation may lead to significant biases and
contribute to such discrepant findings.

Methods: In a prospective cohort of 4727 subjects, we performed Cox regression analysis of the
association of the e4 allele with AD age of onset. We then performed diagnostics on the resulting
model and tested if the hazard of the e4 allele violated the assumption of proportionality during aging.
‘We examined whether incorporating age stratifications and time-dependent coefficients could restore
the proportionality. We then validated our findings in four independent cohorts.

Results: Hazard of the e4 allele for AD was nonproportional. It took a stepwise decline around the
age of 80 years for men and around the age of 75 years for women. By stratifying subjects into a
younger group and an older group, we detected more consistent effects of the e4 allele across multiple
independent cohorts. We also found that the e4 allele was a significant risk factor for young-onset AD
with age of onset before 65 years.

Discussion: Age compositions of study cohorts can significantly bias the estimated effect of the
APOE genotype. Studies of AD should consider hidden age structures among subjects and routinely
employ appropriate age and sex stratification strategies or nonparametric modeling in experimental
designs and data analysis. Finally, we argue that the e4 allele is a risk factor not only for late-onset AD
but also for young-onset AD.

© 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).
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1. Introduction established, for example, the modification of age of onset by
the APOE genotype [4-6]. Other effects are less clear. All
studies agree that the APOE e4 allele is a major risk factor
for late-onset AD (LOAD), but Farrer et al. and van Dujin
et al. independently reported that the gene dose-effect of the

S ‘ APOE e4 allele was evident as early as 40 years old (yo),
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Age, sex, and apolipoprotein E (APOE) genotype are three
major risk factors for Alzheimer’s disease (AD) that are known
to interact with each other [1-3]. Some effects are well
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contradictory findings that vary from higher risk to lower risk
in women to no difference between the sexes [1,2,10]. There
are even published studies that failed to detect any
association between AD risk and APOE genotype [11,12].

Of the many factors that may contribute to such
discrepancies, for example, ethnicity and cohort size
[13—15], age is a common confounding factor. Appropriate
manipulation of age-dependent variables is critical to avoid
biases. For example, Cox regression is frequently used to
estimate the hazard ratio (HR) of the APOE genotype on
age of AD onset. Cox regression assumes the risk associated
with a specific allele is constant across all ages (i.e., a
proportional hazard). When this assumption is violated, it
computes an average HR over all ages [16]. Another
common method is logistic regression that allows age to
be incorporated as a covariate and computes an age-
adjusted odds ratio, which is essentially a weighted average
over all ages. Thus, given a cohort, the age composition can
unexpectedly bias the estimated effect of the APOE
genotype in the presence of nonproportional hazards.

To our knowledge, no investigations have yet tested the
hypothesis of proportional hazard of the APOE genotype
during aging. Although several studies have attempted to group
subjects on baseline age or include higher-order terms or
interaction terms in a logistic regression model [2,3,8,17], it
remains questionable if these efforts were sufficient in
modeling the potentially complex time-varying effects.
Furthermore, age, sex, and APOE genotype are common
covariates when evaluating novel biomarkers and clinical trials.
A formal testing of the proportionality and delineation of their
relationships will provide valuable guidance to experimental
design, model selection, and data interpretation.

In this study, we performed systematic evaluation of the
age-dependent effects of the APOE e4 allele on AD risk
stratified on sex. We used the uniform data set from the
Alzheimer’s Disease Centers (ADCs) that has been curated
by the National Alzheimer’s Coordinating Committee to
ensure diagnostic consistency [18]. We reconfirm that
APOE e4 is a powerful risk factor for LOAD and also
show that it is a significant risk factor for young-onset AD
(YOAD). We demonstrated that the assumption of
proportionality was violated in both men and women. We
then identified critical change points that marked the
transition of a stepwise decline of the hazards of the e4 allele
during aging. Informed by these change points, we
conducted age stratifications in four independent cohorts
and rectified the biases of the estimated hazards of the e4
allele. We further explored an alternative stratification
strategy using Bayesian analysis to account for the
nonproportionality in model fitting. We discussed the
implications of these discoveries for future AD studies.

2. Methods

We downloaded the ADC uniform data set [18] from the
National Alzheimer’s Coordinating Committee database

(last accessed on 12/12/2016) that included longitudinal
observations of 11,057 subjects. By removing subjects
with prevalent dementia, dementia with non-AD causes, or
non-Caucasian ancestry, we obtained 3731 subjects with
normal cognitive function at the last follow-up and 996
subjects with incident AD. For clinically unaffected
controls, we used the age at last follow-up as the age at
significant event. For patients with AD, we used the age of
onset as the age at significant event. To account for the delay
between disease onset and diagnosis, we took the age at
diagnosis and the age at the immediately preceding epoch
with normal cognitive function and used the average age
between those as age of onset. Because e2 allele counts
were reported for only 9% (407) of these subjects, we
restricted our analysis to e4 allele counts.

Using the ADC data, we conducted a standard
multivariate Cox regression analysis to test if e4 allele count,
sex, and their pairwise interactions were significantly
(two-tailed P value < .05) associated with the age of AD
onset. We then analyzed the data for men and women
separately. For each Cox regression model, we performed
diagnostics by computing the scaled Schoenfeld residuals
(Rys) and testing if the residuals varied with age of onset
using Pearson’s test of goodness-of-fit [19]. P value < .05
indicated a violation of the proportionality assumption.
For graphical diagnostics, we plotted a smoothed curve of
Ry, against age of onset (residual-time curve). This curve
illustrates if the time-dependent HR deviates from a
horizontal line (i.e., slope = 0 for time-independence)
[19]. When the diagnostic statistics indicated time-varying
HRs, we searched the critical change point in a grid between
ages 55 and 95 years with 0.5 year as the interval. For each
candidate change point (7), we extended the Cox regression
model to include a time-dependent covariate z and defined
the hazard rate & at age ¢ as

h(tlx, 2)=ho(t)exp(B1x+6,2) (1)

where x was the e4 allele count, Ay (f) was the baseline
hazard rate, z was a time-dependent covariate (z = 1 if
t > T, z = 0 otherwise), and $; and 3, were the coefficients
to estimate. We then computed the log partial likelihood of
the resulting model. The value of T giving the highest partial
likelihood was chosen as the transition age to stratify the
subjects. Note that equation (1) enables the realization of
time-varying coefficients. The relative risk of an e4
allele is exp (8;) before age T and is exp (6; + (,) after
age T. Given the critical change point, we used this extended
Cox regression to estimate an HR for each age stratum. To
compare two HRs, we conducted a two-sided z-test. P value
< .05 indicated that two HRs were significantly different.
We used the R/survival package for Cox regression analysis
and diagnostics [20].

To validate our findings, we used the discovery set of the
Alzheimer’s Disease Sequencing Project (dbGaP study
phs000572.v7.p4, last accessed on 02/15/2017). After
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removing subjects with prevalent AD, undetermined AD
status, or non-Caucasian ancestry, we found four
independent cohorts (Adult Changes in Thought,
Cardiovascular Health Study, Framingham Heart Study, and
Rotterdam Study) that had no overlap with the ADC
uniform data and at least 300 subjects. In total, these four
cohorts contained 1972 clinically unaffected individuals and
756 incident AD patients. We applied the transition age iden-
tified in the ADC uniform data to each of the four cohorts and
computed HRs of e4 allele counts for each age group.

As an alternative to age stratification, we examined
stratifications on hazards using the Bayesian analysis for a
linear dependent Dirichlet process (LDDP) mixture of
survival models that is implemented in the R/DPpackage
[21]. We carried out inferences with e4 allele counts as the
covariate for men and for women separately. Specifically,
we called the LDDPsurvival function with priors set to
a0 = 10, b0 = 1, nu = 4, m0 = ¢(2,2), SO = diag(100,2),
psiinv = diag(1,2), taul = 2.01, tausl = 2.01, and
taus2 = 1.01. We used 1000 burn-ins with a thinning interval
of 5 during the Markov Chain Monte Carlo (MCMC)
sampling. We also varied the priors to examine the influence
on clustering patterns. Given the ADC data, we computed
the posterior estimate of pointwise hazard ratio as

E(HR | data, t)=10g(S;(t))/log(Sy(?)) (2)

where Sy (f) and S; () are the posterior probability of
survival at time ¢ for e4 allele count = 0 and 1, respectively.

3. Results

Subjects involved in this analysis had two to eleven visits to
ADCs between 2005 and 2016 for cognitive evaluations. The
average interval between visits for each subject was 11 months
(range: 4 months—-3 years). 62% of the subjects were
women. The percentages of e4 allele carriers in men and in
women were similar (0.33 vs. 0.31, Fisher’s exact test
Pvalue = .07). Additional characteristics of subjects are avail-
able in Table 1. Standard Cox regression analyses with sex and
e4 allele counts as covariates found that these two factors had
significant interactions (P value = .02). Thus, we stratified
subjects by sex and built a univariate Cox regression model
for e4 allele counts in men and women separately.

These standard univariate Cox regression models
assumed proportional hazards. We performed diagnostics
on each model to examine if the effects of e4 allele counts
varied with age. Goodness-of-fit tests on Ry over time
showed that the HRs of e4 allele counts in men and for
women both deviated significantly from proportionality
(P value = 3 X 10 *and 5 X 10~ %, respectively). The
residual-time curves had a stepwise decline, showing higher
HRs in younger ages than in older ages (Fig. 1A,
Supplementary Tables 2-4). A grid search of critical change
points of HRs found that 80.5 yo and 74.5 yo were the
transition age for men and women, respectively

Table 1
Characteristics of the ADC and ADSP cohorts (ACT, CHS, FHS, and RS)
Cohort ADC ACT CHS FHS RS
Total Subjects 4727 1134 612 350 632
Sex
Male 1787 500 258 154 211
Female 2940 634 354 196 421
Subjects without AD 3731 830 439 249 454
Age at last follow-up, years
Mean 77.4 86.5 84.1 847 859
Min 53 68 76 61 75
Max 104 89 89 90 90
APOE e4 count
0 2742 707 398 216 392
1 921 120 39 21 62
2 68 3 2 1 0
Subjects with incident AD 996 304 173 101 178
Age at onset, years
Mean 80.3 844  81.1 834 81.7
Min 52.5 69 72 65 66
Max 109.5 89 89 90 90
APOE e4 count
0 471 280 155 87 139
1 424 24 18 14 39
2 101 0 0 0 0

Abbreviations: ACT, Adult Changes in Thought; AD, Alzheimer’s
disease; ADC, Alzheimer’s Disease Center; ADSP, Alzheimer’s Disease
Sequencing Project; APOE, apolipoprotein E; CHS, Cardiovascular Health
Study; RS, Rotterdam Study.

(Fig. 1B-C). Based on these transition ages, we stratified
subjects into a younger group and an older group for men
and women separately. We estimated that the HRs of e4
allele counts for younger women, younger men, older
women, and older men were 6.2, 3.2, 3.8, and 1.8,
respectively (Fig. 1D, Table 2). Pairwise differences of the
HRs between these groups were statistically significant
(z-test P values range: 107> ~ 10™%). Such stratification
also restored the proportionality within each group
(goodness-of-fit test P value range: 0.22 ~ 0.46).

Next, we examined whether stratification using the
transition age of 80.5 years in men and 74.5 years in women
would resolve discrepancies among four independent
cohorts (Adult Changes in Thought, Cardiovascular Health
Study, Framingham Heart Study, and Rotterdam Study).
Originally, the HRs of e4 allele counts estimated in these
cohorts were contradictory, with some showing harmful
effects, some showing protective effects, and others with
no statistical significance. After age stratifications, we
successfully identified e4 allele as a strong risk factor of
AD in the younger men (age < 80.5 years) and
younger women (age < 74.5 years) in all cohorts (HR range
4.1 ~ 12.4, Table 2). Except for a borderline P value of
0.06 in the Adult Changes in Thought young females, all
other P values were <(0.01. In the older groups, however,
the HRs of e4 allele counts were often lower than 1
(HR range: 0.1 ~ 0.5), indicating potential selection biases.

In addition to age stratifications, we explored stratifica-
tions on hazards to account for the nonproportionality. We
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Fig. 1. Age-dependent effect of the APOE e4 allele in the ADC cohort. (A) Smoothed curves of scaled Schoenfeld residuals over age. Shaded areas represent
95% confidence intervals. (B and C) Log partial likelihood of an extended Cox model that uses various age cutoff values to define time-dependent covariates in
men (B) and in women (C). (D) Estimated hazard ratios for each sex and age group. In men, the younger group and the older group were defined using cutoff age
of 80.5 years. In women, the cutoff age was 74.5 years. Abbreviations: ADC, Alzheimer’s Disease Center; APOE, apolipoprotein E.

used a semiparametric approach that treats nonproportional
hazards as a result of an LDDP mixture of heterogeneous
survival models. The Bayesian analysis found 16 clusters
(i.e., models) in men in the ADC data set, among which
the top two largest clusters included >95% of the subjects.
Similarly, a mixture of six clusters was found in women,
among which the top two clusters included >99% of the
subjects. Using pointwise posterior estimates of survival
probabilities, we computed the corresponding HR of e4
allele counts at each grid point (range: 55 ~ 65 yo, interval:
1 year). The plots confirmed our previous observations that
the HRs declined over time in both men and women and

remained at a lower level after the age of 75-80 years
(Fig. 2). These patterns were not sensitive to the priors
used in Bayesian analyses.

Interestingly, both the Cox regression and the Bayesian
analysis of LDDP mixture models indicated that the HR of
e4 allele counts was high at ages younger than 65 years.
The ADC data set included subjects diagnosed with AD as
early as 52 yo. To assess the effect of the e4 allele in
YOAD, we built a Cox regression model to include 758
subjects with baseline age younger than 65 years. Among
these subjects, 29 developed AD before the age of 65 years.
We estimated that the HRs of e4 allele counts in this

Table 2
Estimated HR and P value in Cox regression models for e4 allele
All Ages Younger Older
Cohort N HR P value N HR P value N HR P value
Male
ADC 1787 (477) 2.6 O ® 1518 (269) 3.8 [k 507 (208) 1.8 10 G
ACT 500 (114) 1.1 0.7 470 (30) 7.6 107 Tk 362 (84) 0.1 0.01%*
CHS 258 (58) 2.3 0.004 %% 227 (31) 4.6 107 T 167 (27) 0.4 0.3
FHS 154 (37) 2.6 0.02% 143 (11) 12.4 10 s 101 (26) 0.4 0.4
RS 211 (40) 14 0.4 193 (18) 4.1 0.003** 171 (22) 0.2 0.1
Female
ADC 2940 (519) 34 QF® 2813 (127) 6.2 Qksk 1432 (392) 32 O ®
ACT 634 (190) 0.3 10 b 630 (4) 4.6 0.06+ 440 (186) 0.2 10 b
CHS 354 (115) 0.4 0.02* 345 (9) 7.4 10 s 239 (106) 0.0 1.0
FHS 196 (64) 0.8 0.7 191 (5) 5.7 0.01%#%* 131 (59) 0.5 0.2
RS 421 (138) 2.1 10 b 407 (14) 6.0 107 Bssen 283 (124) 1.6 0.04*

Abbreviations: ACT, Adult Changes in Thought; CHS, Cardiovascular Health Study; FHS, Framingham Heart Study; RS, Rotterdam Study.
NOTE. Values indicate total number of subjects (number of affected subjects).

NOTE. + P value < .1; * P value < .05; ** P value < .01; *** P value < .001.
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Fig. 2. Pointwise posterior estimates of HR in the ADC cohort. For each age
ina grid (range: 55 ~ 95 yo, interval: 0.5 years), the corresponding posterior
estimate of HR was plotted. Abbreviations: ADC, Alzheimer’s Disease
Center; HR, hazard ratio.

subcohort were 2.75 for men (P value = .003) and 5.3 for
women (P value = 2 X 1074). Therefore, e4 allele was a
significant risk factor for YOAD with symptomatic onset
before the age of 65 years.

4. Discussion

Since the hallmark discovery associating the APOE
genotype with LOAD, it has been commonly assumed that
the risk conferred by the e4 allele is constant during aging
[4-6]. However, the hypothesis of proportionality has
never been tested. In this study, we used two different
methods to examine the temporal changes of hazards of e4
allele counts, which consistently revealed a decline with
increasing age in both men and women. The assumption of
proportionality is seldom true in practice, and we showed
that the departure was quite large in all five of the cohorts
we examined.

This time-varying pattern can confound analyses in
unexpected ways. For example, the HR of e4 allele counts
in women is higher than that in men only when ages are
comparable (Fig. 1D). If female participants are significantly
older than male participants in a study, traditional analysis of
the APOE effect may mistakenly report no differences
between sexes or a stronger effect in men than in women.
This problem can be more severe in underrepresented
population subgroups due to small sample sizes [22], likely
contributing to the contradictory findings in genetic
admixture populations [11,12]. Similarly, in the search for
novel genetic factors or biomarkers of AD, unawareness of
the age-dependent decline of APOE genotype impact may
lead to overestimations or underestimations of the
significance and effect size of the target of interest. As
large-scale assays enable the screening of targets with small
effect sizes and complementary signals, the analyses are
more vulnerable to residual biases [23,24]. Thus, our
discovery of the age-dependent patterns warrants careful
consideration of experimental design and model selection.

In demonstrating that the HRs of e4 allele counts exhibited
a stepwise decline in men and women, we propose a sex and
age stratification strategy to ensure consistent effects of the
APOE genotype within each stratum. Appropriate subject
stratification is crucial in experimental design and data
analysis. Current age stratification strategies include arbitrary
cutoffs ranging from a single ad hoc threshold to 5- or 10-year
intervals. Our analysis suggests the optimal cutoffs are closer
to 80 yo in men and 75 yo in women. By applying this strategy
to four cohorts from the Alzheimer’s Disease Sequencing
Project study, we identified effects of the APOE genotype
that were previously obscured by selection biases.

As to model selection, we examined two semiparametric
alternatives of the traditional parametric models. One is an
extended Cox regression with time-dependent coefficient,
and the other is an LDDP mixture of survival
models. Although both approaches can accommodate
age-dependent effects effectively and flexibly, they are
complementary to each other in applications. In particular,
the extended Cox regression allowed us to identify the
transition age but introduced a jump in the hazard
function and a discontinuity in the estimated HRs. The
LDDP analysis enabled adaptive smoothing based on
a mixture of heterogeneous models. However, the
interpretation of pointwise posterior estimates of HRs was
not straightforward. Furthermore, the high computational
cost of LDDP analysis may preclude its use in large-scale
data analysis. Overviews of common approaches to modeling
nonproportional hazards have been published before [25,26].

Finally, we found the effect of the e4 allele was
substantial for YOAD whose symptomatic onset is before
the age of 65 years. The cause of YOAD in most patients
remains unknown. Familial clustering of YOAD cases has
led to the discovery of highly penetrant mutations in three
genes (APP, PSENI, and PSEN2) that converge on cerebral
amyloid aggregation [27-31], yet -collectively, such
pathogenic variants explain only a small minority of
YOAD cases [32,33]. Contrary to the general view that
APOE e4 is a risk factor simply for LOAD, we found it to
be a powerful risk factor as well for YOAD, and this
finding is consistent with previous studies [8]. As clinical
trials migrate to earlier stage disease in younger patients,
recruitment strategies will require the identification of
such appropriate risk factors as APOE e4.

Limitations of our study should be considered to keep our
findings in the proper context. First, the five data sets we
analyzed were based on clinical diagnosis, and with only a
few exceptions lacked autopsy confirmation. Second, the
impact of APOE e4 in older patients, especially those over
the age of 80 years could be attenuated by differential
survival. In large longitudinal community-based cohorts,
APOE e4 has been associated with reduced survival,
especially in women, but has not been associated with
premature death (before the age of 70 years) [34].

In summary, age compositions of study cohorts can
significantly bias the estimated effect of sex and APOE
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genotype. If multiple cohorts need to be combined to
increase the statistical power, efforts shall be made to
harmonize age distributions [35,36]. Furthermore, APOE
e4 should be considered a significant risk factor for
nonfamilial YOAD and LOAD cases.
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed studies that
examined how the interplay of age, sex, and APOE
genotype affects the risk of Alzheimer’s disease
and found inconsistent results. We hypothesized
that hazards of the APOE genotype for Alzheimer’s
disease (AD) are nonproportional, which violates
assumptions in commonly used statistical models.
Consequently, different age compositions in study
cohorts led to biased estimation of disease risk.

2. Interpretation: Our results revealed that APOE
genotype-related risks for AD vary significantly
with age, and discrepancies in previous reports could
be rectified by appropriate age stratification. This
strategy also revealed that the APOE e4 allele is a
significant risk factor of AD onset before the age of
65 years. Therefore, future experimental design
and data analysis should consider estimates of
age-dependent risk.

3. Future directions: Our analysis was restricted to
subjects with Caucasian ancestry. Given the known
health disparities of AD, additional studies should
examine whether age-dependent effects are also
present in other ethnic groups and if optimal age
brackets vary.
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