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Early‑life educational attainment, APOE ε4 alleles, 
and incident dementia risk in late life
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and such relation appeared to be stronger with the 
increasing number of ε4 alleles. In contrast, educa-
tional attainment was not associated with dementia 
risk in non-APOE ε4 carriers (P for multiplicative 
interaction = 0.006). In addition, we observed that the 
dementia risk associated with a combination of low 
educational attainment and high APOE ε4–related 
genetic risk was more than the addition of the risk 
associated with each of these factors (P for additive 
interaction < 0.001). We found similar significant 
interactions between educational attainment and PRS 
on both the multiplicative and additive scales on the 
dementia risk, mainly driven by the APOE genotype. 
These data indicate that higher educational attain-
ment in early life may attenuate the risk for demen-
tia, particularly among people with high genetic 
predisposition.
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Introduction

Dementia is a medical diagnosis based on accumulated 
loss of cognitive abilities and limited cognitive capac-
ity which negatively impacts the ability to live indepen-
dently [1]. Both genetic and environmental factors have 
been implicated in the development of dementia [2]. 
The ε4 allele of the apolipoprotein E (APOE) gene is the 
strongest genetic risk factor predisposing to dementia [3, 
4]. Compared with non-APOE ε4 carriers, individuals 

Abstract We examined the interactions between 
educational attainment and genetic susceptibility on 
dementia risk among adults over 60 years old. A total 
of 174,161 participants were free of dementia at base-
line. The APOE ε4–related genetic risk was evalu-
ated by the number of APOE ε4 alleles. The overall 
genetic susceptibility of dementia was evaluated by 
polygenetic risk score (PRS). Cox proportional haz-
ards models were used to estimate the association 
between educational attainment and incident demen-
tia. During a median of 8.9 years of follow-up, a total 
of 1482 incident cases of dementia were documented. 
After adjustment for covariates, we found that low 
education attainment was significantly associated 
with higher dementia risk in the APOE ε4 carriers, 

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11357- 022- 00545-z.

H. Ma · T. Zhou · X. Li · Y. Heianza · L. Qi (*) 
Department of Epidemiology, School of Public Health 
and Tropical Medicine, Tulane University, 1440 Canal 
Street, Suite 1724, New Orleans, LA 70112, USA
e-mail: lqi1@tulane.edu; luqi@hsph.harvard.edu

D. Maraganore 
Department of Neurology, Center for Clinical 
Neurosciences, School of Medicine, Tulane University, 
New Orleans, LA, USA

L. Qi 
Department of Nutrition, Harvard T.H. Chan School 
of Public Health, Boston, MA, USA

GeroScience (2022) 44:1479–1488

Received: 27 September 2021 / Accepted: 11 March 2022 
© The Author(s), under exclusive licence to American Aging Association 2022

/ Published online: 20 March 2022

http://orcid.org/0000-0002-8041-7791
http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-022-00545-z&domain=pdf
https://doi.org/10.1007/s11357-022-00545-z
https://doi.org/10.1007/s11357-022-00545-z


1 3
Vol:. (1234567890)

with one ε4 allele have a 2- to threefold higher dementia 
risk, whereas those with two ε4 alleles have a 7 to 14-fold 
higher dementia risk [5, 6]. On the other hand, a variety of 
modifiable risk factors for dementia have been identified 
at different stages of the lifespan, such as less education 
in early life, hypertension, obesity, hearing loss in midlife, 
and unfavorable lifestyles (smoking, physical inactivity) in 
late-life [7, 8]. Notably, it is still unclear whether improv-
ing such modifiable factors could attenuate the increased 
genetic risk for dementia. The majority of previous studies 
focusing on the interactions of midlife and late-life modi-
fiable factors with genetic variations generated inconsist-
ent results [9–13]. A recent study combined several well-
established modifiable factors in midlife and late-life to 
create a composite modifiable-risk-factor score, whereas 
such score was associated with dementia risk only in non-
APOE ε4 carriers, but not in APOE ε4 carriers [9], sug-
gesting dementia risk in APOE ε4 carriers might be less 
affected by modifiable risk factors in midlife and late-life.

On the contrary, emerging evidence from cross-
sectional analyses suggests that early-life educational 
attainment may modify the association between the 
APOE genotype and dementia risk, with a stronger 
inverse association between educational attainment and 
dementia risk in APOE ε4 carriers [14, 15]. However, 
evidence from the prospective settings is still lacking. 
Moreover, because participants with two ε4 alleles have 
a much higher dementia risk than those with one ε4 
allele [5, 6], thus the association between educational 
attainment and dementia risk may differ according to 
the number of APOE ε4 alleles. However, previous 
studies failed to assess the relation of education with 
dementia risk according to the number of ε4 alleles.

In this study, we aimed to evaluate the interactions 
between early-life educational attainment and genetic risk 
profiles (both the number of APOE ε4 alleles and over-
all genetic susceptibility) on the dementia risk among an 
older population of Europeans. The interactions were 
assessed on both the multiplicative and additive scales.

Methods

Study population

The UK Biobank Study is a population-based cohort study; 
the study design and methods have been described in detail 
previously [16]. In brief, more than 0.5 million participants 
aged 37 to 73 years were recruited in the baseline survey at 

22 assessment centers throughout England, Wales, and Scot-
land from 2006 to 2010. In this study, because the majority 
of incident dementia cases occur in older adults, our analy-
ses were restricted to participants aged at least 60 years old 
at baseline (N = 217,493) [10]. We further excluded partici-
pants who were classified as non-White European, dementia 
at baseline, and have incomplete data on the APOE e4 geno-
type information and education (N = 21,201). We addition-
ally excluded participants with incomplete data on the main 
covariates (hearing problem, frequency of depression, social 
isolation score, and body mass index, physical activity, and 
smoking, N = 22,131). A total of 174,161 participants were 
included in the final analysis.

Educational attainment

Information on education was collected through the 
baseline touch-screen questionnaire. Participants were 
asked, “Which of the following qualifications do you 
have? (You can select more than one.)” Eight options 
were provided: (1) College or University degree; (2) 
advanced levels (A levels) or equivalent; (3) ordinary 
levels (O levels) or equivalent; (4) Certificate of Sec-
ondary Education (CSE) or equivalent; (5) National 
Vocational Qualification (NVQ) or Higher National 
Diploma (HND) or Higher National Certificate (HNC) 
or equivalent; (6) other professional qualifications (e.g., 
nursing, teaching); (7) none of the above; (8) prefer 
not to answer. According to the International Standard 
Classification of Education, we categorized educational 
attainment into three categories: high (college or univer-
sity degree), intermediate (A/AS levels or equivalent, 
other professional qualification, and National Voca-
tional Qualification or equivalent), and low (O levels/
GCSEs or equivalent and none of the aforementioned).

The number of APOE ε4 allele and polygenetic risk 
score for dementia

The APOE ε4 genotype was determined by two APOE 
single-nucleotide polymorphisms (SNPs): rs7412 and 
rs429358. The number of APOE ε4 allele was coded as 0 
(ε2/ε2, ε2/ε3, ε3/ε3), 1 (ε3/ε4), and 2 (ε4/ε4) respectively 
[20]. Participants with ε2/ε4 genotype were not included 
in the main analysis [20, 21], as such genotype have a 
combination of potentially protective and risk alleles 
(we performed a sensitivity analysis using the population 
including the APOE ε2/ε4 genotype). The polygenetic 
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risk score for dementia, PRS (includes the APOE ε4 gen-
otype), was calculated by 26 single-nucleotide polymor-
phisms (SNPs) [3], which passed quality control, based 
on a previous meta-analysis of genome-wide association 
studies (Supplementary Table  1). A weighted method 
was used to calculate the PRS. Each SNP was recoded 
as 0, 1, or 2 according to the number of risk alleles, and 
each SNP was multiplied a weighted risk estimate (β 
coefficient) on Alzheimer’s disease or cognitive disor-
der obtained from the previous genome-wide associa-
tion study [3]. The genetic risk score was calculated by 
using the equation: PRS = (β1 × SNP1 + β2 × SNP2 + … 
+ β26 × SNP26) × (26/sum of the β coefficients), where 
SNPi is the risk allele number of each SNP [22]. The 
PRS ranges from 10.0 to 42.5; a higher score indicates a 
higher genetic predisposition to dementia. This PRS was 
then categorized into low (the lowest tertile), intermedi-
ate (the middle tertile), and high (the highest tertile) risk. 
SNP genotyping, imputation, and quality control of the 
genetic data were performed by the UK Biobank team. 
The detailed information is available elsewhere [23].

Assessment of outcomes

A UK Biobank outcome adjudication team reviewed 
the possible dementia cases and determined whether a 
person had dementia, as well as the date of diagnosis, 
using data from multiple sources. In brief, information 
on the diagnosis of dementia was collected through 
medical history and linkage to data on hospital admis-
sions, questionnaires, and the death register data. Fol-
low-up time was counted from the date of assessment 
center visit until the date of diagnosis of dementia (until 
February 7, 2018) or the date of loss to follow-up or the 
date of death, whichever came first. To verify the accu-
racy of codes in UK Biobank for identifying partici-
pants with dementia, a subset of 17,198 UK Biobank 
participants has been studied for a validation study, and 
a high positive predictive value was observed (82.5% 
for all-cause dementia) [24]. Detailed information on 
the ascertainment of dementia has have been described 
previously (https:// bioba nk. ctsu. ox. ac. uk/ showc ase/ 
showc ase/ docs/ alg_ outco me_ demen tia. pdf).

Statistical analysis

Cox proportional hazards models were used to estimate 
the association between educational attainment and 
incident dementia with years of follow-up as the time 

metric, reporting hazard ratios (HRs) and 95% confi-
dence intervals (CIs). The proportional hazards assump-
tion was tested by the Kaplan–Meier method. Several 
potential confounders were adjusted in the models, 
including age, sex, Townsend deprivation index, mod-
erating drinking, current smoking, healthy diet score, 
obesity, diabetes, hypertension, depression, social iso-
lation, hearing problem, regular physical activity, high 
cholesterol, traumatic brain injury, and cardiovascular 
diseases (coronary heart disease and stroke). The details 
of these confounders were described in the Supplemen-
tary methods. We also adjusted for the first 10 genetic 
principal components, genotyping array (106 batches), 
and relatedness (genetic kinship) when the genetic data 
were included in the analysis. Because the missing 
rates for all covariates were low (all covariates miss-
ing < 1%) in the current study, missing data were coded 
as a missing indicator category for categorical vari-
ables and with mean values for continuous variables. 
We tested the multiplicative interaction by adding the 
interaction terms between levels of educational attain-
ment and genetic factors [the number of APOE e4 allele 
(0, 1, and 2) and PRS (low, middle, and high)] into the 
multivariable-adjusted models. Because the estimate 
of joint effect decomposition is based on the hypoth-
esized linear associations between exposures and out-
comes [25–27], to assess additive interaction between 
educational attainment and genetic risk, we considered 
low educational attainment (≦ 10  years of education, 
yes or no) and high genetic risk (for APOE ε4–related 
genetic risk: any ε4 allele (≧1) vs. zero ε4 allele; for 
PRS: high PRS vs. low and intermediate PRS) as two 
dichotomous variables. The relative excess risk due to 
interaction (RERI) was assessed as an index of additive 
interaction [25, 28]. We also examined the decompo-
sition of the joint effect: the proportion attributable to 
low educational attainment alone, to high genetic risk, 
and to the interaction [27]. On the hazard ratio scale, we 
decomposed the joint excess relative risk for both expo-
sures (HR11 − 1) into the excess relative risk for low 
educational attainment (HR01 − 1), high genetic risk 
(HR10 − 1), and RERI. Specifically, we have HR11 − 
1 = (HR01 − 1) + (HR10 − 1) + RERI. We then likewise 
calculated the proportion of the joint effect due to low 
educational attainment alone: (HR01 − 1)/(HR11 − 1); 
due to high genetic risk alone: (HR10 − 1)/(HR11 − 1); 
and due to their additive interaction, RERI/(HR11 − 1).

The study was approved by the NHS National 
Research Ethics Service. The present analysis was 
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approved by the Tulane University (New Orleans, LA) 
Institutional Review Board. All statistical analyses were 
conducted using SAS version 9.4 (SAS Institute Inc) and 
SPSS 22.0. All statistical tests were two-sided, and we 
considered P < 0.05 to be statistically significant.

Results

Baseline characteristics of participants according to 
the levels of educational attainment

Table 1 presents the baseline characteristics of the study 
population by the levels of educational attainment. Par-
ticipants with higher educational attainment were more 
likely to be younger and men, and had a higher socio-
economic level (a lower Townsend deprivation index). 

In addition, participants with higher educational attain-
ment were more likely to have a healthy diet and moder-
ate drinking habits; less likely to be current smokers or 
to have depressive symptoms or to have social isolation 
symptoms; and lower prevalence of obesity, hypertension, 
diabetes, hearing problems, high cholesterol, and cardio-
vascular diseases. The comparison of descriptive data for 
those who developed dementia and those who did not 
develop dementia is shown in Supplementary Table 2.

Association between educational attainment and 
incident dementia risk

During a median of 8.9 years of follow-up, we doc-
umented 1482 incident all-cause dementia cases. 
We found that lower educational attainment was 

Table 1  Baseline characteristics of participants by levels of educational attainment

Data are mean (SD), or (%)

Low Intermediate High

N (%) 72,659 (41.7) 54,392 (31.2) 47,110 (27.0)
Age, years (SD) 64.4 (2.9) 64.0 (2.8) 63.8 (2.8)
Male (%) 42.0 51.8 53.3
Townsend deprivation index  − 1.3 (3.0)  − 2.0 (2.7)  − 2.0 (2.7)
Modifiable risk factors in middle or late life
Healthy diet score 2.2 (1.1) 2.3 (1.1) 2.4 (1.1)
Moderate drinking (%) 44.4 48.8 51.8
Current smoking (%) 9.7 7.7 5.7
Regular physical activity (%) 63.6 64.7 63.2
Obesity (%) 27.4 24.9 18.3
Hypertension (%) 72.7 69.8 64.2
Diabetes (%) 7.3 6.5 4.9
Depression (%) 18.9 16.6 16.2
Social isolation (%) 10.1 7.5 7.2
Hearing problem (%) 32.1 32.4 31.7
Traumatic brain injury (%) 0.1 0.1 0.1
High cholesterol (%) 31.7 28.9 24.3
Cardiovascular diseases (%) 11.3 9.6 6.8
Number of the APOE ε4 alleles
Zero (%) 73.5 73.7 73.8
One (%) 24.2 23.8 23.9
Two (%) 2.3 2.5 2.4
PRS
Low (%) 33.2 33.5 33.3
Middle (%) 33.3 33.3 33.5
High (%) 33.6 33.1 33.2
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significantly associated with higher dementia risk. 
After adjustment for age, sex, Townsend deprivation 
index, moderating drinking, current smoking, healthy 
diet score, obesity, diabetes, hypertension, depres-
sion, social isolation, hearing problem, regular physi-
cal activity, high cholesterol, cardiovascular disease, 
traumatic brain injury, compared with participants 
with a high education level, the adjusted HRs for all-
cause dementia were 1.20 (95% CI, 1.03–1.39) for 
participants with an intermediate educational attain-
ment, and 1.36 (95% CI, 1.18–1.56) for participants 
with a low educational attainment. These results 
remained unchanged after further and genetic risk 
profiles (the number of the APOE ε4 alleles or over-
all genetic susceptibility) (Table 2).

Association between the genetic risk profiles and 
incident dementia risk

Both the increasing number of APOE ε4 alleles and 
higher level of overall genetic susceptibility assessed 
by PRS were significantly associated with higher 
risks of dementia (Supplementary Table  3). Com-
pared with participants without APOE ε4 allele, the 
HR was 2.74 (2.46–3.06) for participants with one 
ε4 allele; 8.66 (7.36–10.20) for participants with 
two ε4 alleles. Compared with participants with low 
PRS (the lower tertile of the PRS), the HR was 1.12 
(0.95–1.31) for participants with intermediate PRS 
(the middle tertile of the PRS); 3.03 (2.65–3.46) for 
participants with high PRS (the upper tertile of the 
PRS). These results did not appreciably change after 
further adjustment educational attainment.

Interactions between the genetic risk profiles and 
educational attainment in relation to dementia risk

We first tested the interaction on the multiplica-
tive scale. The number of APOE ε4 alleles sig-
nificantly modified the association between levels 
of educational attainment and dementia risk (P 
for multiplicative interaction = 0.006). In par-
ticipants without APOE ε4 allele, educational 
attainment was not associated with dementia risk 
(P-trend = 0.51). However, in participants with 
one APOE ε4 allele, lower educational attain-
ment was significantly associated with higher 
dementia risk (P-trend < 0.001), as compared 
with participants with zero APOE ε4 allele and 
high educational attainment, the adjusted HRs 
were 2.32 (1.82–2.97), 2.72 (4.57–8.20), and 3.63 
(2.97–4.39) in the high, intermediate, and low 
educational attainment category, respectively. The 
associations appeared to be further strengthened in 
participants with two APOE e4 alleles, the corre-
sponding adjusted HRs were 6.63 (4.55–9.68), 8.32 
(6.02–11.50), and 12.15 (9.44–15.65), respectively 
(P-trend = 0.001). Figure 1 shows the joint associa-
tion between the number APOE ε4 alleles and edu-
cational attainment in relation to dementia risk.

The overall genetic susceptibility assessed by PRS 
also significantly modified the association between 
levels of education and dementia risk (P for mul-
tiplicative interaction = 0.010). Low educational 
attainment was significantly associated with a higher 
dementia risk only in participants with the high PRS 
(the upper tertile of the PRS) (Fig. 2).

Table 2  The association between levels of educational attainment and dementia risk

a Adjusted for age, sex, Townsend deprivation index, moderating drinking, current smoking, healthy diet score, obesity, diabetes, 
hypertension, depression, social isolation, hearing problem, regular physical activity, high cholesterol, cardiovascular disease, and 
traumatic brain injury
b Further adjusted for the first 10 genetic principal components, relatedness, and genotyping array

Levels of educational attainment

High Intermediate Low P-trend

Cases (n, %) 294 (0.6) 431 (0.8) 757 (1.0)
Age and sex adjusted 1 (reference) 1.23 (1.06–1.43) 1.54 (1.34–1.76)  < 0.001
Multivariable  adjusteda 1 (reference) 1.20 (1.03–1.39) 1.36 (1.18–1.56)  < 0.001
Multivariable  adjusteda + number of 

APOE e4  allelesb
1 (reference) 1.20 (1.03–1.39) 1.35 (1.18–1.56)  < 0.001

Multivariable  adjusteda +  PRSb 1 (reference) 1.20 (1.03–1.39) 1.35 (1.17–1.55)  < 0.001
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We then analyzed the interaction on the additive scale. 
We found that the dementia risk associated with a com-
bination of low educational attainment (yes or no) and 
high APOE ε4–related genetic risk (at least one ε4 allele) 
was more than the addition of the risk associated with 
each of these factors (P for additive interaction < 0.001). 
The multivariable-adjusted HR of dementia was 3.87 
(3.73–4.02) for the joint effect, with a relative excess 
risk due to interaction of 1.19 (0.71–1.67). The attribut-
able proportions to the additive interaction were 41.5% 
(95% CI, 27.6–55.3) (Table 3). Similar significant addi-
tive interactions between high PRS (the upper tertile of 
the PRS) and low educational attainment in relation to 
dementia risk were observed (Table  3). Interestingly, 
both the multiplicative interaction and the additive inter-
action turned out to be non-significant after removing the 
APOE genotype from the PRS (Supplementary Fig.  1 
and Supplementary Table 4).

In sensitivity analyses, similar significantly mul-
tiplicative interaction and additive interaction were 

observed after further excluding participants with 
limited follow-up years (≦2  years) (Supplementary 
Figs. 2–3 and Supplementary Table 5). Further includ-
ing participants with the APOE ε2/ε4 genotype did not 
appreciably change the results (Supplementary Fig. 4 
and Supplementary Table  6). Further including par-
ticipants with the missing covariates (missing covari-
ates were imputed with the multiple imputations) also 
did not appreciably change the results (Supplementary 
Figs. 5–6 and Supplementary Table 7).

Discussion

In this study, we found significant interactions 
between early-life educational attainment and the 
overall genetic susceptibility in relation to dementia 
risk on both the multiplicative and additive scales, 
whereas such interactions were mainly driven by the 
APOE genotype. We found that higher educational 

P for multiplicative interaction=0.006

Zero APOE ε4 allele No. cases/total HR  (95% CI)

High educational attainment 317/53403 1.00  (Reference)

Intermediate educational attainment 223/40105 1.21  (0.98-1.48)

Low educational attainment 151/34748 1.10 (0.91-1.34)

One APOE ε4 allele P-trend=0.51

High educational attainment 336/17568 2.32 (1.82-2.97)

Intermediate educational attainment 159/12940 2.72 (2.17-3.40)

Low educational attainment 110/11252 3.61 (2.97-4.39)

Two APOE ε4 alleles P-trend<0.001

High educational attainment 104/1688 6.63 (4.55-9.68)

Intermediate educational attainment 49/1347 8.31 (6.02-11.50)

Low educational attainment 33/1110 12.15 (9.44-15.65)

P-trend=0.001
0.0 5.0 10.0 15.0 20.0

Fig. 1  Joint association between the number of APOE ε4 
alleles and educational attainment in relation to dementia 
risk. Results were adjusted for age, sex, Townsend depriva-
tion index, moderating drinking, current smoking, healthy 
diet score, obesity, diabetes, hypertension, depression, social 

isolation, hearing problem, regular physical activity, high cho-
lesterol, cardiovascular disease and traumatic brain injury, the 
first 10 genetic principal components, relatedness, and geno-
typing array
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P for multiplicative interaction=0.010

Low PRS No. cases/total HR  (95% CI)

High educational attainment 137/24096 1.00  (Reference)

Intermediate educational attainment 94/18245 1.26 (0.91-1.73)

Low educational attainment 60/15698 1.19 (0.88-1.62)

Intermediate PRS P-trend=0.26

High educational attainment 143/24164 1.25 (0.89-1.75)

Intermediate educational attainment 106/18127 1.47 (1.07-2.01)

Low educational attainment 76/15773 1.25 (0.92-1.69)

High PRS P-trend=0.63

High educational attainment 477/24399 2.68 (2.00-3.61)

Intermediate educational attainment 231/18020 3.18 (2.40-4.22)

Low educational attainment 158/15639 4.22 (3.22-5.52)

P-trend<0.001
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Fig. 2  Joint association between PRS and educational attain-
ment in relation to dementia risk. Results were adjusted for 
age, sex, Townsend deprivation index, moderating drinking, 
current smoking, healthy diet score, obesity, diabetes, hyper-

tension, depression, social isolation, hearing problem, regular 
physical activity, high cholesterol, cardiovascular disease and 
traumatic brain injury, the first 10 genetic principal compo-
nents, relatedness, and genotyping array

Table 3  Attributing effects to additive interaction between low educational attainment and high genetic risk on dementia risk

Results were adjusted for age, sex, Townsend deprivation index, moderating drinking, current smoking, healthy diet score, obesity, 
diabetes, hypertension, depression, social isolation, hearing problem, regular physical activity, high cholesterol, cardiovascular dis-
ease and traumatic brain injury, the first 10 genetic principal components, relatedness, and genotyping array
a On the hazard ratio scale, we decomposed the joint excess relative risk (HR11) for both exposures into the excess relative risk for 
low educational attainment (HR01), high genetic risk (HR10), and relative excess risk due (RERI) to their interaction. Specifically, 
we have HR11 − 1 = (HR01 − 1) + (HR10 − 1) + RERI

APOE ε4–related genetic risk Overall genetic risk (PRS)

Main effects Hazard ratio (95% CI) Main effects Hazard ratio (95% CI)
High APOE ε4–related genetic risk 2.69 (2.33–3.12) High overall genetic susceptibility 2.37 (2.05–2.75)
Low educational attainment 0.99 (0.85–1.16) Low educational attainment 0.98 (0.83–1.15)
Joint effect 3.87 (3.73–4.02) Joint effect 3.34 (3.20–3.49)
Relative excess risk due to interaction a Hazard ratio (95% CI) Relative excess risk due to interaction a Hazard ratio (95% CI)
Relative excess risk due to interaction 1.19 (0.71–1.67) Relative excess risk due to interaction 1.00 (0.59–1.40)
P-value  < 0.001 P-value  < 0.001
Attributable proportion % (95% CI) Attributable proportion, % % (95% CI)
High APOE ε4–related genetic risk 59.0 (46.4–71.5) High overall genetic susceptibility 58.7 (45.8–71.6)
Low educational attainment  − 0.004 (− 0.05 to 0.05) Low educational attainment  − 0.01 (− 0.07 to 0.05)
Additive interaction 41.5 (27.6–55.3) Additive interaction 42.6 (27.6–57.5)
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attainment was related to a lower dementia risk only 
among those with high-risk genetic profiles.

To our knowledge, this is the first study investigat-
ing the multiplicative interaction between educational 
attainment and genetic risk profile on the dementia 
risk in a prospective cohort. Our findings are in line 
with previous evidence showing the high genetic 
risk for dementia might be mitigated by a high edu-
cational attainment in early life [14, 15]. A previous 
cross-sectional study reported that lower educational 
attainment was significantly associated with higher 
dementia risk in APOE ε4 carriers but not in non-
APOE ε4 carriers [15]. An imaging study reported 
that higher educational attainment was significantly 
related to better cognitive function (as reflected by 
frontotemporal metabolism) only in APOE ε4 carri-
ers but not in non-APOE e4 carriers, and such asso-
ciations were independent of amyloid load [14]. 
However, it is notable that all these prior studies have 
failed to assess the number of ε4 alleles. Because par-
ticipants with two ε4 alleles have a much higher risk 
for dementia than participants with one allele [5, 6, 
29]. It is unclear whether a high educational attain-
ment can still attenuate the extremely high genetic 
risk in participants with two APOE ε4 alleles. Intrigu-
ingly, our findings showed for the first time that the 
association of education with dementia risk appeared 
to be strengthened with the increasing number of 
the APOE ε4 alleles and indicated that people with 
a greater APOE ε4–related genetic predisposition 
might be more susceptible to the favorable effect of 
higher education.

Moreover, we observed that the dementia risk 
associated with a combination of low educational 
attainment and high APOE ε4–related genetic risk 
was more than the addition of the risk associated with 
each of these factors, indicating a significant inter-
action on an additive scale. Specifically, if both low 
educational attainment and high APOE ε4–related 
genetic risk were present, this would result in an addi-
tional 41.5% of cases of dementia. Notably, because 
the additive interactions could discern whether the 
effect of a risk factor on a certain disease would be 
different in different subgroups, thus they are more 
relevant to public health as compared with multipli-
cative interaction [30, 31]. These findings indicate 
that the public health consequence of low educational 
attainment would be larger in participants with a high 
genetic risk for dementia.

The precise mechanisms underlying the observed 
interactions remain unclear. The APOE ε4 allele 
increases dementia risk through its effects on brain 
pathology (increased amyloid positivity) [32, 33]. 
Of note, previous evidence has shown that APOE 
ε4–related brain changes occurred as early as dur-
ing childhood [34]. Because such APOE ε4–related 
brain changes are irreversible and accumulate with 
age [35, 36], thus it is not surprising that the midlife 
or late-life modifiable factors were not related to 
dementia risk among the APOE ε4 carriers in some 
previous studies [9, 12, 13]. In contrast, education 
may construct a “cognitive reserve” in early life and 
thus confer resistance to the accumulation of brain 
pathologies with aging [37–39]. Other mechanisms 
might also be involved, and future studies are needed 
to provide biological insights into the APOE ε4 
alleles by educational attainment on dementia risk.

Similar significant interactions were observed 
between educational attainment and overall genetic 
susceptibility on dementia risk on both the multiplica-
tive and additive scales. However, these interactions 
became non-significant after removing the APOE 
genotype from the PRS, indicating that the observed 
interactions between PRS and education were mainly 
driven by the APOE genotype.

The major strengths of this study include the pro-
spective design, the large sample size, the availabil-
ity of data for several major covariates for dementia, 
and the inclusion of PRS and the number of APOE 
ε4 alleles in evaluating the genetic risk profile. The 
consistent results of the interactions on both the 
multiplicative and additive scale ensured the robust-
ness of our findings. We also acknowledge several 
potential limitations of this study. First, this observa-
tional study does not allow us to evaluate the causal 
or sequence relation among genetic variants, educa-
tion level, and dementia risk. Second, despite the 
large size of the study and long follow-up period, 
the incidences of dementia were still relatively low, 
probably because the mean age of participants was 
only 73 years at the end of the follow-up period. In 
addition, incident dementia cases were ascertained 
through death registry and hospital inpatient records 
only, which might also limit the number of incident 
dementia cases. However, because of the univer-
sal health coverage in the UK, a previous study has 
shown that the dementia cases recorded in routinely 
collected hospital admission data are sufficiently 
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reliable for epidemiological research [40]. Third, UK 
Biobank participants comprise a relatively healthy 
cohort and may not be demographically representa-
tive of the general UK population. Nonetheless, a 
valid assessment of exposure-disease relationships 
may not require a representative population [41]. 
Fourth, as the small sample size of non-White par-
ticipants in the UKB (about 4% of the total popula-
tion), only White participants were included in this 
study; our results might not be generalizable to other 
ethnic groups.

In conclusion, our findings indicate that the asso-
ciations between educational attainment and demen-
tia risk may vary according to the genetic profiles, 
especially the number of the APOE ε4 alleles. Higher 
educational attainment is related to a lower dementia 
risk only among those with high-risk genetic profiles. 
These results highlight the importance of early-life 
educational attainment in the prevention of dementia 
among those with high genetic risk.
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