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Research Article
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Abstract

Background:  Both education and cardiovascular risk factors are strongly associated with dementia risk. However, it is not clear whether these 
associations persist or vary among individuals with high genetic risk for Alzheimer’s disease. We examined the interactive relationship between 
lifestyle and genetic dementia risk factors in a prospective cohort study.
Methods:  Our data came from the Atherosclerosis Risk in Communities study participants (n = 13 715; baseline age 45–64; 25% Black; 55% 
female), who were followed for incident dementia from 1987 through 2017. We used Cox proportional hazard models to estimate the risk 
of dementia (ascertained through in-person examination, telephone cognitive screeners, and/or hospital and death records) associated with 
baseline education and cardiovascular risk factors (measured using the American Heart Association’s “Life Simple 7”) among ε4 carriers and 
non-carriers separately. We also examined differences by race and sex.
Results:  Two thousand two hundred and twenty-six incident dementia cases occurred over a median 25 years of follow-up. Lower educational 
attainment and poorer cardiovascular health were associated with greater risk of incident dementia. There was an education by apolipoprotein 
E (APOE) status interaction (p = .005) whereby the association of education and dementia was weaker for ε4 carriers (HR college graduates vs 
less than high school: 0.71 [0.59–0.84] than non-carriers (0.54 [0.47–0.63]). There was no interaction between APOE status and cardiovascular 
health on dementia risk. These relationships did not vary significantly by race or sex.
Conclusions:  Education and cardiovascular health were associated with lower dementia risk regardless of APOE genotype, though the 
protective effects of education were somewhat diminished among ε4 carriers.

Keywords:   Cognitive aging, Gene by environment, Life Simple 7

The apolipoprotein E (APOE) ε4 allele is a significant genetic risk 
factor for Alzheimer’s disease and dementia (1–3). However, this re-
lationship is not deterministic. Many APOE ε4 carriers live to old 

age without developing dementia, and nongenetic factors can alter 
how this allele is expressed (4). Risk of dementia is delayed or miti-
gated among people with higher education and good cardiovascular 
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health (5,6). However, it is unclear whether APOE modifies educa-
tional and cardiovascular health gradients in dementia risk. In this 
study, we ask: Does APOE ε4 magnify or diminish the influence of 
education and midlife cardiovascular health factors (which are also 
associated with APOE genotype (7)) on future risk of dementia?

Previous research investigating whether educational and cardio-
vascular health gradients in dementia risk are modified by APOE 
genotype have yielded mixed results (8–19). Many of the prior 
studies addressing this question had poor precision to identify stat-
istically significant interactions or perform sub-group analyses by 
key characteristics such as sex and race. Sub-group analyses are 
important because the association between APOE and dementia 
has been shown to be weaker for women compared with men at 
young ages and weaker for African Americans compared with White 
Americans (20,21). Previous studies also tend to have a limited 
follow-up time (10 years or less), which allows them to only consider 
how cardiovascular factors in late-life influence dementia risk. Late-
life cardiovascular factors tend to have weaker associations with de-
mentia risk than those measured in midlife (22).

Theoretical models suggest 2 competing hypotheses for gene–en-
vironment interactions (23). According to the diathesis-stress model, 
environmental gradients in dementia risk would be attenuated 
among those with low genetic risk for the disease, because poor so-
cial environments may “trigger” genetic predisposition for dementia. 
By contrast, the “social push” model posits that genetic differences 
in disease risk are more influential in positive social environments 
where genetic predisposition has an opportunity to “shine through.” 
According to the social push model, environmental gradients in 
disease risk would be smaller among those with high genetic risk 
for dementia.

From a public health and policy perspective, it would be valuable 
to show that modifiable factors—such as higher education and im-
proved cardiovascular health factors—are associated with lower risk 
of dementia even among individuals who have elevated genetic risk. 
This study will examine education and cardiovascular health as po-
tential modifiers by (a) describing the education and cardiovascular 
health gradient in dementia risk within categories of APOE geno-
type, (b) testing for a gene–environment interaction effect to explore 
whether APOE ε4 magnifies or diminishes the associations of these 
risk factors on dementia risk, and (c) exploring whether this effect 
modification differs by sex or race.

Method

Study Population
The Atherosclerosis Risk in Communities (ARIC) Study is a 
community-based prospective cohort study of 15 792 mostly Black 
and White American men and women from 4 regions: suburbs of 
Minneapolis, MN; Washington County, MD; Forsyth County, 
NC; and Jackson, MS. The institutional review boards at each 
participating institution approved study protocols and all partici-
pants provided written informed consent at each visit. ARIC par-
ticipants were 45–64 years old at study baseline (1987–1989). The 
current analysis uses data through visit 6 (2016–2017). Participants 
who were neither White nor Black were excluded (n = 48), as were 
Black participants in Minnesota and Maryland (n = 55), due to small 
numbers for the race-stratified analysis. We also excluded one par-
ticipant with prevalent dementia at baseline, and 1 973 participants 
due to missing data on education (n  =  27), cardiovascular health 
(n = 1 336), APOE (n = 683), or who did not consent for genetic 

research (n = 120). These restrictions yielded a final analytic sample 
of 13 715.

Assessment of APOE, Education, and 
Cardiovascular Health
DNA was extracted from blood specimens collected at ARIC visits 
2 or 3. As has been described previously (24), APOE genotypes were 
determined using the TaqMan assay (Applied Biosystems, Foster 
City, CA) to identify polymorphisms at codons 112 and 158 separ-
ately. Data from each codon were combined to identify participants’ 
full genotype. The 6 possible combinations of APOE alleles were re-
duced to a binary indicator of any ε4 versus none.

Participants self-reported the highest grade they had completed 
at the first visit. We reduced the various levels of education to 3 
categories: those with 0–11 years of education, high school gradu-
ates and those with vocational training, and those with any years of 
college education.

Cardiovascular health scores were created using the American 
Heart Association’s (AHA) “Life’s Simple 7” (LS7) guidelines. The 
LS7 consists of 7 risk factors and behaviors that impact cardio-
vascular health: blood pressure, total cholesterol, serum glucose, 
physical activity, diet, body mass index (BMI), and smoking (25). 
Each component was measured during the baseline examination in 
ARIC. Trained technicians measured blood pressure 3 times using 
a random-zero sphygmomanometer, and the mean of the last 2 
measurements was used. Fasting blood drawn from ARIC partici-
pants was analyzed to measure total cholesterol and serum glucose. 
Physical activity was determined using the Baecke questionnaire 
(26), which asked participants to report how frequently they par-
ticipated in sports and walking in the previous year; these measures 
were converted to minutes per week of moderate and vigorous exer-
cise. Diet was assessed using a food frequency questionnaire. The 
AHA defines 5 ideal components of a healthy diet: ≥4.5 servings/d of 
fruits and vegetables, ≥2 3- to 5-oz servings/wk of fish, ≥3 servings/d 
of whole grains, <1 500 mg/d of sodium, and ≤4 glasses/wk of sugar 
sweetened beverages (25). BMI was calculated from measured height 
and weight. Participants self-reported smoking status and brought 
pill bottles of medications and supplements taken in the last 2 weeks 
to the visit. Medication names and dosages were recorded, and later 
classified according to treatment objective (eg, antihypertensive, 
cholesterol lowering, glucose lowering). For each LS7 component, 
participants receive a score of 0, 1, or 2 based on whether they meet 
poor, intermediate, or ideal standards, respectively, according to the 
AHA. These standards, shown in Supplementary Table S1, were 
modified slightly to fit the ARIC data, as has been done previously 
(27). Scores for all 7 components are summed to a single variable, 
ranging from 0 to 14, to measure total cardiovascular health. We 
then classified participants as having poor (0–4), intermediate (5–9), 
or ideal (10–14) cardiovascular health.

Incident Dementia
Several different approaches were used to ascertain incident de-
mentia during follow-up (28). First, ARIC participants attending 
visit 5 (2011–202013) and 6 (2015–2017) underwent a detailed 
neurocognitive assessment, and a selected subset received a neuro-
logical exam and brain magnetic resonance imaging. Second, the 
modified telephone interview for cognitive status (TICSm) was per-
formed in participants who at the time of visit 5 were alive but unable 
or unwilling to participate in an in-person exam. Informants provided 
additional information in some instances, when participants were 
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deceased or unable to complete the TICSm assessment themselves. 
Third, since 2012 the Six Item Screener (SIS) has been administered 
twice-yearly during surveillance phone calls and has been followed 
with an informant AD8 Dementia Screening Interview (AD8) when 
appropriate. Lastly, dementia diagnosis was determined via hospital 
discharge codes and diagnostic codes from death certificates. A val-
idation study within ARIC-NCS comparing clinic-based cognitive 
assessment at visit 5 to hospital diagnostic codes reported that the spe-
cificity of hospital diagnostic codes for dementia was 99% (95% CI: 
99%–99%), but the sensitivity was 25% (95% CI: 22%–29%) (28). 
So, dementia cases diagnosed by medical or death records are likely 
to be true cases; however, many cases will be missed. However, after 
2012, ARIC’s twice-yearly dementia screening using the SIS and AD8 
should have captured many cases that did not have hospitalization 
ICD codes. Among dementia cases included in the present analysis, ap-
proximately 30% of dementia cases were identified using hospital and 
death records alone; the remaining 70% were adjudicated during an 
in-person examination and/or phone screener. Due to low sensitivity 
among dementia cases identified through hospital and death records 
alone, we conducted sensitivity analyses that excluded these cases.

Incident dementia was defined according to the methodology 
previously used in ARIC, using data from all of the potential diag-
nostic sources described above (ie, clinic visit assessment, TICSm, 
SIS/AD8, and hospital discharge and death codes), with adjudi-
cation by an expert panel (28). A flow chart of the ARIC study is 
provided in the Supplementary Material showing dates, sample 
sizes, and methods of ascertaining dementia diagnosis at each visit 
(Supplementary Figure 1).

Statistical Analysis
The date of the first ARIC examination served as the beginning of the 
observation period. Follow-up time extended until the first dementia 
diagnosis, death, loss to follow up, or the end of visit 6 (December 31, 
2017). If the diagnosis was derived from a hospital discharge or death 
code, 6 months were subtracted from this date to approximate the date 
of onset. Poisson regression was used to calculate incidence rates. We 
used multivariable Cox proportional hazard models to estimate the ef-
fects of education and cardiovascular health on dementia risk. For the 
primary analyses, first we estimated the adjusted main effects of edu-
cation, cardiovascular health, and APOE genotype on dementia risk 
in the full ARIC sample. Next, we used cross-product terms to assess 
the multiplicative interaction between education and APOE genotype 
and between cardiovascular health and APOE genotype separately. 
Regardless of whether an interaction was present, we estimated models 
separately among ε4 carriers and non-carriers. We also conducted sub-
group analyses by race (Black or White) and sex. To adjust for potential 
confounding, all models adjust for baseline age, sex, race, and field 
site. Because 3 of the field sites had participants of only a single race, 
some models combine race and field site into a 5-category variable 
(White-Minnesota, White-Maryland, Black-Mississippi, White-North 
Carolina, Black-North Carolina). We confirmed the proportional haz-
ards assumption graphically by comparing the ln(-ln) survival curves 
for the education and cardiovascular health groups. Analyses were 
conducted in Stata 14 (StataCorp LLC, College Station, TX).

As a sensitivity check, we replicated our analyses in the full sample 
after excluding incident dementia cases ascertained through hospital 
or death records alone(so, all dementia events were identified via 
in-person clinic assessments or phone SIS and AD8 screening). We 
did not conduct race- and sex-stratified analyses on this restricted 
sample due to smaller sub-group sample sizes.

Results

Characteristics of Sample
Of the 13  715 participants in our analysis, approximately 55% 
(n  =  7  574) were female and 25% (n  =  3  406) were Black. The 
mean age at baseline was 54.2  ± 5.8  years. Twenty-three percent 
(n = 3 145) did not complete high school, 41% (n = 5 652) had a 
high school diploma or vocational training, and 36% (n = 4 918) 
had some college education.

Based on our categorization of LS7, 8% (n = 1 043) had poor 
cardiovascular health, 65% (n = 8 907) had intermediate cardiovas-
cular health, and 27% (n = 3 765) had ideal cardiovascular health. 
The prevalence of the composite LS7 score, and each LS7 risk factor, 
varied significantly by sex and race. However, across race and sex 
groups, there was broad similarity in which factors contribute most 
to the LS7 composite score (Supplementary Table S2).

Sixty-nine percent (n  = 9 524) of the sample did not carry an 
APOE ε4 allele, while 31% (n = 4 191) did. Approximately 3% of 
the sample (N = 359) had 2 copies of the ε4 allele; however, because 
of the small sample size, we did not analyze this group separately. 
The distribution of APOE allele frequency in ARIC matched other 
population-based samples of midlife adults (29). There were several 
significant differences between APOE ε4 carriers and non-carriers. 
Black participants were more likely to be APOE ε4 carriers. APOE 
ε4 carriers were also more likely to have basic education and have 
poor or intermediate cardiovascular health, although the magnitude 
of the educational and cardiovascular health differences by APOE 
genotype were small (Table 1).

Dementia Risk Analysis in Full Sample
The median follow-up time in the sample was 25  years. Over 
follow-up, 2 226 cases of incident dementia were observed. As ex-
pected, the percentage of individuals who were diagnosed with de-
mentia was higher among ε4 carriers than non-carriers (23.1% and 
13.2%, respectively).

We estimated the main effects of education, cardiovascular 
health, and APOE genotype on dementia risk in the full sample in 
separate models adjusting for baseline age, race, and sex. Results 
are presented as hazard ratios (HR) with 95% confidence intervals 
(CI) in (Table 2). In the model that adjusted only for demographic 
variables, age was a significant predictor of dementia risk (HR: 4.64, 
CI: 4.28–5.03 for a 10-year age difference at baseline). Blacks had 
a higher dementia risk than Whites (HR: 1.86, CI: 1.70–2.04) and 
men had modestly higher risk than women (HR: 1.09, CI: 1.00–
1.19). Dementia risk was lower among high school graduates (HR: 
0.70, CI: 0.63–0.78) and those with college education (HR: 0.59, CI: 
0.53–0.66) compared to those who did not complete high school. In 
direct comparisons where high school graduates were the reference, 
participants with a college education were at significantly lower risk 
of dementia (HR: 0.85, CI: 0.76–0.94), signifying additional benefits 
of college over high school education.

Cardiovascular health was also associated with risk of dementia. 
Compared to those with a poor cardiovascular health score, those 
with intermediate health (HR: 0.61, CI: 0.52–0.71) and those with 
ideal health (HR: 0.45, CI: 0.37–0.53) had significantly lower risk of 
dementia. In direct comparisons where intermediate cardiovascular 
health score was the reference, participants with ideal health were 
at significantly lower risk of dementia (HR: 0.73, CI: 0.66–0.81), 
indicating additional benefits of ideal over intermediate cardiovas-
cular health. APOE ε4 carriers had greater risk of dementia than 
non-carriers (HR: 1.97, CI: 1.81–2.14).
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Education and Dementia Risk Analysis Stratified by 
APOE Genotype
We first calculated the age-adjusted incidence rates of dementia by 
education and APOE genotype using Poisson regression. These rates 
are displayed in Panel A of Figure 1. Rates among ε4 carriers were 
significantly higher than non-carriers at every education level, though 
an educational gradient in dementia incidence was apparent in both 
groups. Among ε4 carriers incidence rates (per 1 000 person years) 
were 13.31 (CI: 11.79–14.83) for those who did not complete high 
school, 10.64 (CI: 9.54–11.74) for high school graduates, and 10.13 
(CI: 9.01–11.26) for those with a college degree. Whereas among 
ε4 non-carriers, the incidence rates were 8.59 (CI: 7.75–9.43), 5.90 
(CI: 5.38–6.42), and 4.92 (CI: 4.40–5.44) for those who did not 
complete high school, high school graduates, and college-educated 
participants, respectively.

We estimated the relative effect of education on dementia in 
multivariable Cox models and found that the association differed by 
APOE ε4 status (p = .005 for interaction). Compared to those who 
did not complete high school, those who graduated high school had 
a lower risk of dementia whether they were ε4 non-carriers (HR: 
0.68 [CI: 0.59–0.79]) or ε4 carriers (HR: 0.77 [CI: 0.65–0.91]). 
The HR for college graduates compared to those without a high 
school diploma was 0.54 (CI: 0.47–0.63) among ε4 non-carriers and 
0.71 (CI: 0.59–0.84) among ε4 carriers. These estimates were sub-
stantively similar in a sensitivity check after excluding incident de-
mentia cases identified via hospital discharge or death records alone 
(Supplementary Table S3).

We compared the effects of education on dementia by APOE 
genotype within sex and race groups (Table 3). Among women, 
the APOE × education interaction term was statistically signifi-
cant (p = .030). The results for women closely matched the results 
for the full sample; the magnitude of the effect was greater for 

college-educated women compared with those who did not com-
plete high school among ε4 non-carriers (HR: 0.51, CI: 0.41–0.62) 
than among ε4 carriers (HR: 0.70, CI: 0.56–0.88). APOE × educa-
tion interaction terms were not statistically significant for men or 
for either race group. However, within each race, sex, and APOE 
group, higher educational attainment was associated with signifi-
cantly lower dementia risk.

Cardiovascular Health and Dementia Risk Analysis 
Stratified by APOE Genotype
The age-adjusted incidence rates (per 1  000 person years) of de-
mentia by cardiovascular health and APOE genotype indicated that 
for both ε4 carriers and non-carriers, better cardiovascular health 
was associated with lower dementia risk (Figure 1B). Among ε4 
non-carriers, the incidence rates were 7.22 (CI: 5.72–8.72), 6.56 
(CI: 6.12–7.00), and 5.13 (CI: 4.55–5.72) among those with poor, 
intermediate, and ideal health, respectively. Rates were higher among 
ε4 carriers: 14.21 (CI: 11.32–17.10) for poor health, 11.40 (CI: 
10.53–12.27) for intermediate health, and 9.63 (CI: 8.33–10.93) for 
ideal health.

Interaction of cardiovascular health and APOE genotype on 
dementia risk were further analyzed in Cox models (Table 4). In 
the full sample, we observe that cardiovascular health reduced de-
mentia risk for both APOE ε4 carriers and non-carriers, as indicated 
by nonsignificant interaction by APOE ε4 carrier status (p =  .48). 
Compared to those with poor health, ε4 non-carriers with inter-
mediate health had a lower risk of dementia (HR: 0.69 [CI: 0.55–
0.86]) as did ε4 carriers (HR: 0.64 [CI: 0.52–0.81]). The HR for 
those with ideal health was 0.53 (CI: 0.42–0.68) among ε4 non-
carriers and 0.51 (CI: 0.39–0.66) among ε4 carriers. These estimates 
were substantively similar in a sensitivity check after excluding in-
cident dementia cases identified via hospital discharge or death rec-
ords alone (Supplementary Table S4).

We explored the joint effects of cardiovascular health and APOE 
genotype on dementia risk within sex and race groups. Among 
women, the APOE × cardiovascular health interaction term was sig-
nificant (p  =  .011), indicating a stronger association between car-
diovascular health and risk of dementia for ε4 non-carriers. No 
significant APOE × cardiovascular health interactions were observed 
within the other subgroups. For all groups, the pattern persisted 
whereby better cardiovascular health was associated with lower de-
mentia risk. However, at times precision in stratified models was low 
and estimates were not statistically significant.

Discussion

This study evaluated the joint effects of education, cardiovascular 
health, and APOE genotype on incident dementia in a sample of 
13 715 Black and White men and women from 4 communities in the 
United States who were followed for a median of 25 years. Our re-
sults provide novel evidence that the known education (30) and car-
diovascular health (22,31) gradients in dementia risk persist among 
both ε4 carriers and non-carriers. This indicates that even individ-
uals with high genetic risk for dementia may benefit from improving 
these modifiable risk factors for the disease, and that societal ini-
tiatives to expand and enhance education among youth may have 
added benefits of reducing dementia risk in later life.

In the present analysis, although higher education is associated 
with lower dementia risk regardless of APOE status, the effect is 
modestly stronger among ε4 non-carriers. This suggests that people 

Table 1.  Baseline Characteristics of Study Participants by APOE ε4 
Status (N = 13 715): The Atherosclerosis Risk in Communities Study 
(1987–1989)

Characteristic
APOE ε4 
Non-carrier

APOE ε4 
Carrier

p 
Value*

N 9 524 4 191  
Baseline, N (%)†    
  Age, mean ± SD 54.2 ± 5.7 54.3 ± 5.8 .28
  Black 2 044 (21.46) 1 362 (32.50) <.001
  Female 5 286 (55.50) 2 288 (54.59) .32
  Education level   .009
    <High school 2 119 (22.25) 1 026 (24.48)  
  �  High school/

vocational
3 985 (41.84) 1 667 (39.78)  

    College 3 420 (35.91) 1 498 (35.74)  
 � Total Cardiovascular 

Health‡

  <.001

    Poor 672 (7.06) 371 (8.85)  
    Intermediate 6 134 (64.41) 2 773 (66.17)  
    Ideal 2 718 (28.54) 1 047 (24.98)  
    Incident dementia 1 265 (13.19) 970 (23.14) <.001

Notes: APOE = apolipoprotein E.
*p-value calculated from t-test (for age) or chi-squared test (for categorical 

variables).
†N (%) of participants unless indicated otherwise.
‡Cardiovascular health defined as poor (0–4), intermediate (5–9), or ideal 

(10–14) based on AHA guidelines for ideal cardiovascular health.
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with higher genetic risk for dementia benefit somewhat less from 
advanced educational attainment than lower-risk individuals do. 
The cognitive reserve theory suggests that education and participa-
tion in cognitively stimulating activities protects against dementia 
by increasing the brain’s ability to compensate for damage caused 
by Alzheimer’s disease and related dementia pathologies (32–34). 
APOE ε4 inhibits synaptic regeneration, thus making it more diffi-
cult for the brain to cope with neuronal loss (35). Individuals with 
low educational attainment and APOE ε4 would thus be most vul-
nerable to dementia. In our analysis, main effects for both education 
and APOE ε4 were as expected, however advanced education was 
less protective among ε4 carriers that among non-carriers. One pos-
sible explanation for this finding is that the adverse effects of APOE 
ε4 mitigated some of the benefits of education among ε4 carriers.

This effect modification (ie, diminished effect of education on 
dementia risk among ε4 carriers) was statistically significant in 
the full sample and among women. Although the interaction was 
nonsignificant among men or within either race group, the pat-
tern was consistent across all groups, whereby magnitudes of effect 
for the association between education and incident dementia were 
weaker among ε4 carriers than non-carriers.

Prior research evaluating this association has yielded conflicting 
results, with some studies finding opposite conclusions regarding an 
APOE × education interaction (9–11). In an analysis of data from the 
MacArthur Study of Successful Aging, researchers found that among 
865 U.S.  adults aged 70–79  years at baseline, among individuals 
carrying an APOE ε4 allele the protective effect of education on de-
mentia risk was diminished (8). A study of 932 adults from Sweden 
aged 75  years and older at baseline showed opposite results: the 

education gradient in dementia risk was magnified among APOE ε4 
carriers compared with non-carriers (9). By contrast, no interaction 
effect was observed in 2 other studies of Scandinavian participants 
aged 65 years and older where the education gradient in dementia 
risk was observed across APOE genotype groups, but genetic risk did 
not alter the magnitude of this gradient (10,11).

However, precision was poor for these previous studies which in-
cluded between 895 and 1 389 individuals, and between 61 and 324 
cases of incident dementia. By contrast, our study had high precision 
with a sample size of 13 715 and 2 226 incident dementia cases. Our 
study concurs with the finding that educational gradients are dimin-
ished among APOE ε4 carriers.

The divergence of results across these studies may be par-
tially a function differences in study population and measurement. 
Interestingly, we find similar results to the MacArthur Study (8), 
which was also used data from the United States. The studies with 
contradictory results were based in Sweden and Finland, which have 
far lower social stratification than the United States (36). It is pos-
sible that differences in national policy environment influence educa-
tional gradients in dementia risk. Furthermore, these studies differed 
with respect to the measurement of education level. Our study and 
the MacArthur Study (8) used college as the top level of education, 
while the 3 Scandinavian studies used 8 or 9 years of schooling as the 
upper cutoff (9–11). If the interaction between education and APOE 
primarily occurs at the tertiary level, these studies would not have 
been able to observe this result.

In the ARIC data, better cardiovascular health was associated 
with lower dementia risk, regardless of APOE status. This pattern 
was present in the full sample and within sex and race sub-groups. 

Table 2.  Main Effect Adjusted HR and 95% CIs for Risk of Incident Dementia: The Atherosclerosis Risk in Communities Study (1987–2017)

N total 13 715

N incident dementia 2 226

 Main effect models* (HR [95% CI])

 Model 1 Model 2 Model 3 Model 4

 Demographics
Demographics and  
Education

Demographics and 
Cardiovascular Health

Demographics and 
APOE ε4 carrier status

Age, per 10 years 4.64 (4.28, 5.03) 4.37 (4.03, 4.74) 4.53 (4.17, 4.91) 4.67 (4.31, 5.06)
Race     
  White 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)
  Black 1.86 (1.70, 2.04) 1.68 (1.53, 1.85) 1.66 (1.51, 1.82) 1.70 (1.55, 1.86)
Sex     
  Female 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)
  Male 1.09 (1.00, 1.19) 1.09 (1.01, 1.19) 1.10 (1.01, 1.20) 1.06 (0.98, 1.16)
Education     
  <High school  1 (Ref)   
  High school  0.70 (0.63, 0.78)   
  College  0.59 (0.53, 0.66)   
Cardiovascular health†     
  Poor   1 (Ref)  
  Intermediate   0.61 (0.52, 0.71)  
  Ideal   0.45 (0.37, 0.53)  
APOE genotype     
  ε4 non-carrier    1 (Ref)
  ε4 carrier    1.97 (1.81, 2.14)

Notes: APOE = apolipoprotein E; CI = confidence interval; HR = hazard ratio.
*Estimates from all variables included in the main effect models are provided.
†Cardiovascular health defined as poor (0–4), intermediate (5–9), or ideal (10–14) based on AHA guidelines for ideal cardiovascular health.
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Among women, there was an interaction, whereby the association 
between cardiovascular health and dementia risk was stronger 
among ε4 non-carriers. The pattern of cardiovascular risk factors 
contributing to the composite score was similar in men and women 
(Supplementary Table S2). Therefore, we do not believe that this 
interaction is driven by sex difference in risk factor patterns. A pre-
vious analysis of nearly 58  000 research subjects in the Global 
Alzheimer’s Association Interactive Network reported that APOE ε4 
had a stronger effect on dementia risk for women than men, espe-
cially at younger ages (20). Additional research is needed to elucidate 
mechanisms underlying sex and racial differences in the association 

between APOE ε4 and dementia risk, and to replicate our findings 
of an interaction between ε4 status and cardiovascular health on 
dementia incidence.

Previous research regarding cardiovascular risk factors, APOE, 
and dementia risk have generated contradictory results (12–19). 
An observational study of 1 646 Canadians aged 65 and older at 
baseline found that exercise significantly reduced risk of dementia 
among APOE ε4 non-carriers, but it had no effect among ε4 car-
riers (12). This same interaction effect between physical activity, 
APOE genotype, and dementia was observed in an analysis of the 
Cardiovascular Health study which included 3  375 Americans 
aged 65  years and older at baseline (13). An additional study 
of 1 987 Americans aged 65 years and older in the Washington 
Heights-Inwood Columbia Aging Project found that optimal car-
diovascular health was protective against dementia for APOE 
ε4 non-carriers only (14). Contradicting these results, a study 
of 1 284 individuals from Finland, of whom 61 developed inci-
dent dementia, showed that the relationship between midlife life-
style risks (including diet, physical activity, alcohol consumption, 
and smoking) and late-life (mean age 71) dementia was stronger 
among APOE ε4 carriers compared with non-carriers (15). Several 
other prospective aging studies have shown that cardiovascular 
and genetic risks for dementia operate independently of each other 
(16–19).

However, most of these studies suffered from relatively small 
sample sizes and short follow-up, thus limiting the number of de-
mentia events they could observe and their statistical power to de-
tect significant effects. In the present analyses, we observed 2 226 
dementia cases over follow-up, and so had greater power to detect 
interaction effects. Some of these differences between studies may 
also be related to the timing of cardiovascular risk measurement. 
Late-life cardiovascular factors tend to have weaker associations 
with dementia risk than those measured in midlife (22). We relied on 
midlife measurement in the present study.

Our findings have important implications for public health and 
clinical practice in the age of precision medicine. Encouragingly, we 
find that that the educational and cardiovascular health gradients 
in dementia incidence persist even for APOE ε4 carriers. This sug-
gests that individuals who have high genetic risk for dementia can 
still mitigate their risk level by modifying their lifestyles. However, 
we also find that the effect of education on dementia risk is weaker 
among APOE ε4 carriers than non-carriers.

Strengths and Limitations
This study contributes to existing literature on the joint effects of 
education, cardiovascular health, and APOE on dementia risk in sev-
eral important ways. First, our sample contains over 9 000 APOE 
ε4 non-carriers and over 4 000 ε4 carriers. This large sample gave 
us enough statistical power to detect even a modest interaction ef-
fect, and to look at whether effect estimates where consistent by sex 
and race. Previous studies have been limited by only having several 
hundred cases of each APOE genotype, thus rendering null results 
inconclusive. Our study also benefited from a long follow-up period 
of 25 years at median. Many prospective studies of dementia only 
have follow-up periods of 10 years or less. This allows us to estimate 
the effects of midlife cardiovascular health on late-life dementia, 
which is important since dementia has a long natural history and as-
sociations between vascular health and dementia incidence are often 
stronger when risk factors are measured in midlife compared to late 
life (22,30,31).

Figure 1.  Age-adjusted incidence rates of dementia by educational 
attainment, cardiovascular health, and APOE genotype, Atherosclerosis Risk 
in Communities Study, 1987–2017. Note: Incidence rates estimated from 
Poisson regression models with adjustment for age. Error bars show 95% 
confidence intervals. Models in Panel A  adjusted for education and APOE 
main and interactive effects. Models in Panel B adjusted for cardiovascular 
health score and APOE main and interactive effects. Cardiovascular health 
defined as poor (0–4), intermediate (5–9), or ideal (10–14) based on AHA 
guidelines for ideal cardiovascular health.
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Our study has several limitations. The dementia diagnosis is 
based on multiple sources to improve our chances of observing 
every dementia case, and in early years hospitalization ICD codes 
were the only source of information. However, almost certainly 
some cases were missed, and our estimate of the date of dementia 
onset may not be accurate for all individuals. Our study was also 
unable to evaluate the impact of association of lower levels of educa-
tion (eg, distinguishing those with no vs some primary or secondary 
schooling) due to the distribution of educational attainment in our 
data set. Substantively, however, earning a high school diploma 
(ie, 12 years of schooling) is a meaningful marker of education for 
this cohort (born 1922–1944). Likewise, separating those with one 
versus 2 copies of the ε4 allele was not feasible, since only 359 par-
ticipants had 2 copies. Furthermore, we consider only APOE as a 
genetic predictor of dementia, even though several dozen common 
variants have been identified as influencing dementia risk above and 
beyond APOE (37). It is also worth noting that, among Black par-
ticipants, evaluations of APOE with Alzheimer’s disease and cogni-
tion have yielded inconsistent findings (21). It has previously been 
reported in ARIC that while APOE ε4 carriers have higher dementia 
risk within both race groups, APOE has a stronger effect on dementia 
risk among Whites participants than among Black participants (22).

We also acknowledge that our study is based on observational 
data, and our evaluation may be subject to measurement error (eg, 
diet and physical activity), and residual confounding. Furthermore, 
the mechanisms that explain the interaction effect between educa-
tion and APOE genotype on dementia risk are unclear, and it is be-
yond the scope of the current study to examine these mechanisms.

It is possible that our sub-group analysis by sex and race were 
underpowered to detect statistically significant effects due to small 
sample sizes and limited variation in exposure variables within 
each group. Additionally, our exploratory sub-group analyses did 
not account for multiple comparisons. While correcting threshold 
p-values for multiple comparisons is not always advisable, not doing 
so may increase the potential risk for false-positive results (38).

In this study, all risk factors were measured at midlife (age 45–64). 
We therefore did not examine whether the timing of exposure mat-
ters for the etiological relationship between education, cardiovascular 
health, and dementia risk. It is important for clinical practice and 
public health policy to understand whether, for instance, education 
attained later in life has the same benefit as education attained at 
younger ages. Regarding cardiovascular health, it has been previ-
ously shown that midlife factors are more strongly associated with 
dementia risk than late-life factors; however, it is unclear whether this 
would alter our conclusions about the interaction of cardiovascular 
health with APOE. Future research should investigate these questions.

Conclusions

Among both APOE ε4 carriers and non-carriers, greater educational at-
tainment and better cardiovascular health were associated with lower de-
mentia incidence. These findings have important public health implications, 
as they provide additional evidence that genetic risk for dementia is not 
deterministic and add to a growing body of evidence (39) which suggests 
that better education and improving cardiovascular health may reduce risk 
of dementia, even among those with high genetic risk for the disease.

Table 3.  Adjusted HR and 95% CIs of Dementia Associated with Educational Attainment Stratified by APOE Genotype Carrier Status, Race, 
and Sex: The Atherosclerosis Risk in Communities Study (1987–2017)

APOE ε4 Non-carriers APOE ε4 Carriers APOE × Edu p-value

 Ndementia/Ntotal HR (95% CI) Ndementia/Ntotal HR (95% CI)  

Full Sample      
Education     .005
< High school 405/2 119 1 (Ref) 296/1 026 1 (Ref)  
  High school 500/3 985 0.68 (0.59, 0.79) 362/1 667 0.77 (0.65, 0.91)  
  College 351/3 420 0.54 (0.47, 0.63) 312/1 498 0.71 (0.59, 0.84)  
Women      
Education     .030
< High school 246/1 181 1 (Ref) 169/537 1 (Ref)  
  High school 316/2 423 0.64 (0.54, 0.76) 222/999 0.69 (0.55, 0.85)  
  College 178/1 682 0.51 (0.41, 0.62) 164/752 0.70 (0.56, 0.88)  
Men      
Education     .10
< High school 159/938 1 (Ref) 127/489 1 (Ref)  
  High school 184/1 562 0.75 (0.60, 0.95) 140/668 0.89 (0.69, 1.16)  
  College 173/1 738 0.59 (0.47, 0.75) 148/746 0.70 (0.54, 0.91)  
Blacks      
Education     .20
< High school 166/813 1 (Ref) 168/581 1 (Ref)  
  High school 89/596 0.69 (0.53, 0.89) 77/376 0.73 (0.55, 0.96)  
  College 79/635 0.48 (0.37, 0.63) 81/405 0.69 (0.52, 0.91)  
Whites      
Education     .22
< High school 239/1 306 1 (Ref) 128/445 1 (Ref)  
  High school 411/3 389 0.69 (0.59, 0.82) 285/1 291 0.77 (0.62, 0.96)  
  College 272/2 785 0.57 (0.48, 0.69 231/1 093 0.70 (0.56, 0.88)  

Notes: Models adjust for age, race-field site, and sex. APOE × education p-values derived from type III sums of squares from models with education and APOE 
main and interaction effects. APOE = apolipoprotein E; CI = confidence interval; HR = hazard ratio.
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