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Abstract 
To deepen the understanding of genetic mechanisms influencing mortality risk, we investigated the impact of genetic predisposition to 
longevity and APOE-ε4, on all-cause mortality and specific causes of mortality. We further investigated the mediating effects of dementia 
on these relationships. Using data on 7 131 adults aged ≥50 years (mean = 64.7 years, standard deviation [SD] = 9.5) from the English 
Longitudinal Study of Aging, genetic predisposition to longevity was calculated using the polygenic score approach (PGSlongevity). APOE-ε4 sta-
tus was defined according to the absence or presence of ε4 alleles. The causes of death were ascertained from the National Health Service 
central register, which was classified into cardiovascular diseases, cancers, respiratory illness, and all other causes of mortality. Of the entire 
sample, 1 234 (17.3%) died during an average 10-year follow-up. One-SD increase in PGSlongevity was associated with a reduced risk for all-
cause mortality (hazard ratio [HR] = 0.93, 95% confidence interval [CI]: 0.88–0.98, p = .010) and mortalities due to other causes (HR = 0.81, 
95% CI: 0.71–0.93, p = .002) in the following 10 years. In gender-stratified analyses, APOE-ε4 status was associated with a reduced risk for 
all-cause mortality and mortalities related to cancers in women. Mediation analyses estimated that the percent excess risk of APOE-ε4 on 
other causes of mortality risk explained by the dementia diagnosis was 24%, which increased to 34% when the sample was restricted to 
adults who were aged ≤75 years old. To reduce the mortality rate in adults who are aged ≥50 years old, it is essential to prevent dementia 
onset in the general population.
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In high-income countries, the leading causes of death among 
older adults are noncommunicable diseases, such as cancers 
(1), cardiovascular diseases (2,3), and respiratory-related dis-
eases (1). Dementia is another important factor contributing 
to high mortalities; indeed, of all deaths registered in 2019 in 
England and Wales, 12.5% were due to dementia diagnosis 
[4]. Worryingly, the mortality rates due to dementia have been 
gradually increasing over the last 10 years (4), which may be 
attributed to population aging. Even though mortality risks 
are influenced by a combination of factors, including changes 
in health care systems, and emergent health threats (1), be-
cause each individual has a unique biology (5), it is imperative 
to consider underlying genetic factors when understanding 
mechanisms underlying mortality risk.

Based on twin studies, the average heritability of longevity 
in adults has been estimated to be approximately 25%, which 
tends to increase linearly with age (6,7). The realization that 
the human lifespan is influenced by genetic factors ignited a 
search for genetic markers of large effects on longevity through 

a systematic testing of the entire human genome (8–10); this 
approach was termed as genome-wide association studies 
(GWASs). In longevity research, GWAS entails comparisons 
of the frequency of genetic variants between very long-lived 
persons and the average population (8–10). Although GWASs 
for longevity yielded a considerable sparsity of novel locus 
conferring survival (11), there is one exception.

Indeed, through numerous GWASs, apolipoprotein E 
(APOE) gene located on chromosome 19, which is a liver poly-
peptide that serves as a ligand for the low-density lipoprotein 
(LDL) receptor (12), emerged as a major genetic determinant 
influencing longevity (11,13–15) explaining 12%–17% of the 
variation in mortality in people ≥65 years (16). In fact, APOE 
is the only gene that meets the criteria for genes with a popu-
lation-level impact on mortality (17,18). Specifically, the fre-
quencies of APOE genotypes, namely APOE-ε2, APOE-ε3, 
and APOE-ε4, vary in different ages and populations (19). Of 
the 3 polymorphic forms of APOE, carriers of APOE-ε4, pre-
sumably because of its role in downregulating hepatic LDL 
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receptors (20,21), are at a higher risk of mortality. The evi-
dence further highlights that APOE-ε4 carriers are at elevated 
risk of cause-specific mortality including cardiovascular dis-
eases (20,21), and ischemic heart disease (22), among other 
mortality causes (23). Because APOE-ε4 is also a robust pre-
dictor of dementia diagnosis, including Alzheimer’s disease 
(24–26), it is, however, unknown if the link between all-cause 
mortality, cause-specific mortality, and APOE-ε4 is mediated 
by dementia diagnosis in older adults.

Further building on the results from GWASs, the polygenic 
score (PGSs) approach emerged as a quantitative metric of an 
individual’s inherited risk based on the cumulative impact of 
many common markers of small effects scattered across the 
entire genome (27). PGS incorporates genome-wide genetic 
variation into a single, quantitative measure that can be used 
to assess genetic susceptibility to an outcome or a trait. This 
approach showed that a higher polygenetic predisposition 
to longevity is linearly associated with the human lifespan 
(28,29). Nonetheless, it is not known if a polygenic predis-
position to longevity reduces the risk of all-cause mortality as 
well as its specific causes in the general population of older 
adults.

Using a large population-representative cohort of older 
adults, the aims of the study were twofold. First, we inves-
tigated if APOE-ε4 status, and polygenic predisposition to 
longevity, independently from one another was associated 
with all-cause mortality, and cause-specific mortality, in the 
following 10 years. Second, we investigated the extent to 
which the potential relationships of APOE-ε4 status with all-
cause mortality, and cause-specific mortality were mediated 
by dementia diagnosis. Here, the mediation hypothesis was 
that APOE-ε4 presence increases the risk of all-cause mortal-
ity, and cause-specific mortality, via dementia diagnosis.

Method
Study Population
We used data from the English Longitudinal Study of Aging 
(ELSA), which is an ongoing large, multidisciplinary study of 
a nationally representative sample of the English population 
aged ≥50 years (30). The ELSA study started in 2002–2003 
(Wave 1) with participants recruited from the Health Survey 
for England, which was designed to monitor the health of the 
general population, who were then followed up every 2 years. 
The ELSA sample is periodically refreshed with younger par-
ticipants to ensure that the full age spectrum is maintained 
(30). As the blood (for genetic data) were collected by nurses 
during a home visit at Wave 2 (2004–2005) for the core mem-
bers who started at Wave 1, and Wave 4 (2008–2009) for the 
participants joining the study at Wave 4 through the refresh-
ment sample, the data from these waves formed our baseline. 
Ethical approval for each of the ELSA waves was granted by 
the National Research Ethics Service (London Multicentre 
Research Ethics Committee). All participants gave informed 
consent.

Measures
Outcome
The outcome was all-cause mortality that occurred from 
baseline till the end of Wave 8 (2016–17). The date and 
causes of death were ascertained from the National Health 
Service central register that captures all deaths occurring in 

the United Kingdom. Specific causes of mortality were defined 
using the International Statistical Classification of Diseases 
and Related Health Problems, Tenth Revision (ICD-10), 
which were grouped into 4 categories: (1) cardiovascular 
disease (CVD; coronary artery disease, heart at- tack, and 
angina pectoris); (2) respiratory-related diseases (emphysema, 
chronic bronchitis, and chronic obstructive pulmonary dis-
ease); (3) cancers; and (4) all other causes, which were also 
likely to encompass deaths due to dementia (31,32). Survival 
time was defined as the period from baseline when all ELSA 
participants were alive to the date when an ELSA participant 
was reported to have died during the follow-up period. For 
those who did not die during follow-up, the survival time was 
calculated using the period spanning from baseline until the 
end of Wave 8 (2016–17). Because observation periods of 
>10 years were only available for a very small portion of the 
sample (Supplementary Figure 1 and Supplementary Table 1) 
resulting in diminished power for estimating cause-specific 
mortality risks, in the main association analyses we restricted 
observation period to ≤10 years in the entire cohort (mean 
= 9.1, SD = 2.0, median = 10.0, 65  222.9 person-years). 
Therefore, when reporting the results from the main asso-
ciation analyses, we referred to the follow-up period as “10 
years.”

Ascertainment of dementia cases
Dementia was ascertained during the follow-up period using 
a physician-made diagnosis of dementia or Alzheimer’s dis-
ease (AD). If ELSA participants were unable to respond to 
the main interview themselves, the 16 items IQCODE was 
administered to an informant (family member or long-term 
caregiver), who knew the respondent very well. A threshold 
of ≥3.38 or more on the IQCODE was used to define demen-
tia (33–35) with high sensitivity (0.84) and specificity (0.86) 
in the present study. This approach to identifying dementia 
incidence, including AD, has been widely used in popula-
tion-based cohorts reinforcing its validity (36–39). The group 
comparisons in sociodemographic characteristics between 
participants with and without the dementia diagnosis are 
shown in Supplementary Table 2.

Genetic Data
The genetic data were extracted from the blood draws 
taken during home visits. The genome-wide genotyping 
was performed at University College London Genomics in 
2013–14 using the Illumina HumanOmni2.5 BeadChips 
(HumanOmni2.5-4v1, HumanOmni2.5-8v1.3), which mea-
sures approximately 2 million markers that capture the 
genomic variation down to 2.5% minor allele frequency 
(MAF).

Quality control
Single-nucleotide polymorphism (SNPs) were excluded if 
they were non-autosomal, MAF was <1%, if more than 
2% of genotype data were missing, and if the Hardy–
Weinberg Equilibrium p < 10−4. To single out the impact 
of APOE-ε4 and polygenic load separately, we excluded 
APOE, Lactase Gene, human leukocyte antigen, and 2 
inversion regions located on 8p23.1 and 17q21.31 (40) 
(Supplementary Material). Furthermore, samples were 
removed based on call rate (<0.99), heterozygosity, and 
relatedness and if the recorded sex phenotype was inconsis-
tent with genetic sex (Supplementary Table 3). To improve 
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genome coverage, we imputed untyped quality-controlled 
genotypes to the Haplotype Reference Consortium (41,42) 
using the University of Michigan Imputation Server (41). 
Post-imputation, we kept variants that were genotyped or 
imputed at INFO > 0.80 leading to n = 7 179 780 variants 
being retained for further analyses. To investigate popula-
tion structure, principal components analysis was conducted 
(43,44). We retained 10 principal components to account 
for any ancestry differences in genetic structures that could 
bias results (43,44).

Polygenic score
To calculate PGSlongevity, we used summary statistics from the 
most recent GWAS of a longevity phenotype including 11 262 
participants surviving at or beyond the age corresponding to 
the 90th survival percentile, and 25 483 participants whose 
age at death or at last contact was at or below the age cor-
responding to the 60th survival percentile (11). We calculated 
PGSlongevity using the thresholding method; here, PGSs are 
calculated as a weighted sum of the allele dosages, summing 
over the common markers abiding by the P value thresholds 
(PTs) weighted according to the strength of effect estimate. To 
decide which PT for PGS to take forward for further anal-
yses, using information on sample size (n), total number of 
independent markers (m), and lower and upper P-values, we 
estimated the power encompassed in each PT (Supplementary 
Table 4) (45). Our estimates showed that the ultimate PT was 
0.001 (m = 2 217, R2 = 0.135, P = 3.19 × 10−77), which was 
used in the subsequent analyses. To aid the interpretability of 
the results, PGSlongevity was centered by subtracting the mean 
and multiplied by its corresponding standard deviation; this 
scaling led to a unit increase doubling the likelihood of sur-
vival (46).

APOE-ε4 status
In accordance with previous research (47). APOE-ε4 sta-
tus was defined according to absence (APOE ε2/2, ε2/3, 
and ε3/3) or presence (APOE ε2/4, ε3/4, and ε4/4) of ε4 
alleles. There were no significant differences in sociodemo-
graphic characteristics between participants with and without 
APOE-ε4 (Supplementary Table 5). There was a small cor-
relation between PGSlongevity and APOE-ε4 (−0.08, 95% CI: 
−0.10 to −0.06).

Covariates
The set of covariates included age, sex, and 10 principal com-
ponents. We tested for an interaction effect between PGSlongevity 
and sex, and APOE-ε4 status and sex, none of which were 
significant. Therefore, we did not include these interactions in 
the models. We also tested age2 and age3, age × gender terms 
significance. They were not significant and did not improve 
the model fit, hence we concluded that linear terms were suf-
ficient for the models.

Statistical Analyses
Power calculations
To ensure our analyses were well-powered, we calculated a 
minimal impact size that could be detected in our sample with 
the power of 0.80 and type I error of 0.05 using powerSur-
vEpi R package (Supplementary Material and Supplementary 
Table 6) (48).

Survival analyses
In survival analysis, a competing risk is an event the occur-
rence of which precludes the occurrence of the primary event 
of interest (49). For example, if the primary outcome of 
interest is time to death due to cardiovascular causes, then 
death due to noncardiovascular causes is a competing risk. To 
investigate the relationship of PGSlongevity with specific causes 
of mortality in the presence of competing risks, we used the 
cause-specific Cox proportional hazards (PH) model (50) 
and subdistribution Fine and Gray model (51). Before we 
ran the Cox PH model, we checked that all assumptions for 
this model were met using the Schoenfeld residuals test (52), 
which they were (Supplementary Table 7). In cause-specific 
Cox PH model, the cause-specific hazard ratio denotes the 
relative change in the instantaneous rate of the occurrence 
of the primary event among those alive. The cause-specific 
hazard ratios can be estimated by Cox PH models, where 
the event of interest is treated as the outcome, while all other 
mortality causes are deemed to be censoring events (50). In 
contrast to the Cox PH model, the subdistribution Fine and 
Gray model focuses on cumulative distribution functions, 
or a probability of a cause-specific event by a certain time. 
The model estimates the subdistribution hazard ratios, which 
show the relative change in the instantaneous rate of the event 
of interest in those adults who are event-free or who have 
experienced a competing event (51); though, the model has 
been criticized for the tendency to overestimate the chances 
of failure (49,51). It is argued that to develop a greater under-
standing of the primary outcome and the competing events 
relationship, both cause-specific and subdistribution hazard 
models ought to be fitted (53); thus, we present results from 
Cox PH and the Fine–Gray models.

Mediation analysis
To understand the pathways, whereby an exposure leads 
to an outcome, we conducted mediation analyses, repeated 
separately for each cause of mortality separately. We fol-
lowed the most recent recommendations (54) and used a 
counterfactual mediation method implemented in the reg-
medint R package (55,56). In constant to the traditional 
mediation approaches (57), which were criticized for low 
statistical power, counterfactual methods accurately esti-
mate direct and indirect effects irrespective of the statistical 
models and possible interactions (54,58). To be a mediator 
M, a variable is likely to be a step in the chain of events, or 
pathways, between the exposure X and the outcome Y (59). 
In our analysis, X is APOE-ε4, M is dementia diagnosis, and 
Y is a mortality outcome (eg, all-cause mortality); here, an 
assumption of temporal ordering is met as dementia diag-
nosis was measured prior to a mortality event. Our assess-
ment of mediation involved disentangling a direct effect and 
indirect effect (Figure 1) (60); the latter was used to ensure 
that the estimates provided are unbiased as it is arguably 
unrealistic to assume that the exposure and mediator do not 
interact in their effects on the outcome (54,58,60). In coun-
terfactual analysis, a direct effect shows outcome change 
when exposure X moved from 0 to 1, while M is set at the 
level it would have been in the absence of X; an indirect 
effect estimates outcome change if X is controlled at 1, but 
M changes from the value it would have been if X was 0, 
to the value at exposure level 1 (61). In the present study, 
the change in M was estimated using a logistic regression 
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with the dementia diagnosis included as an outcome, and 
APOE-ε4 included in the model as an independent variable; 
whereas the change in Y was estimated with the Cox model 
whereas adjusted for PGSlongevity, age, sex, and genetic ances-
try. The mediation is present if both path a and path b as 
shown in Figure 1 are significant.

Sensitivity analyses
To limit the overriding influence of age in a “cohort of sur-
vivors,” we repeated all analyses as described earlier restrict-
ing the sample to the participants who were ≤75 years old 
at baseline. We further investigated if the findings observed 
in the main analyses were due to old age by repeating the 
analyses in the sample who were >75 years of age at base-
line. The baseline sample characteristics of ELSA partici-
pants stratified by age are shown in Supplementary Table 
8. We additionally investigated the gender influence on the 

relationships of all-cause mortality, and cause-specific mor-
tality, with APOE-ε4 status, and polygenic predisposition to 
longevity as well as mediating effect of dementia diagnosis on 
these potential associations (the sample characteristics strati-
fied by gender are shown in Supplementary Table 8). Finally, 
we investigated the effect of the dementia diagnosis on mor-
tality using the Cox HP model adjusting the model sex, PC, 
and age. In terms of correction for multiple testing, it has been 
emphasized that adjustments for multiple testing are required 
in confirmatory studies whenever results from multiple tests 
have to be combined in one final conclusion (62). Because this 
study was not a confirmatory study, adjusting our results for 
multiple testing was not necessary; instead, we presented con-
fidence intervals, which is in line with the recent guidelines 
for statistical reporting (62). All analyses were conducted in R 
version 4.1.2; all tests for analyses were 2-tailed; p ≤ .05 were 
considered statistically significant.

Results
The total sample comprised 7  131 individuals for whom 
the quality-controlled genome-wide genotyping and data 
on all-cause mortality were available (Table 1). The baseline 
mean age for the entire sample was 64.7 years old (SD = 9.5, 
median = 63.0, IQR = 57.0–71.0, range 50–101); 46.2% (n 
= 3 292) were men. Of the entire sample, n = 1 234 (17.3%) 
died by the end of the 10-year follow-up period. The most 
common cause of death was due to cancers (34.8%) followed 
by CVD (29.7%) and respiratory diseases (15.9%) with 
the remaining mortalities 19.5% (n = 241) being attributed 
to all other causes. Of the whole sample, n = 194 (2.7%) 
adults were diagnosed with dementia by the end of the mean 
10-year follow-up period (Supplementary Table 2). Of those 
older adults who were diagnosed with dementia, 45.4% 
(n = 88) were aged 75 years old and younger, and n = 106 
(54.6%) were older than 75 years old at the time of diagnosis 
(Supplementary Table 9).

Figure 1. Diagram for mediation and confounding in the analysis of 
the impact of the APOE-ε4 on mortality event mediated by dementia 
diagnosis. This shows the paths between the exposure (ie, APOE-ε4), 
the mediator (ie, dementia diagnosis) and the outcome (ie, causes 
of mortality). C1 represents exposure-outcome confounders, and 
C2 represents mediator-outcome confounders. The direct effect 
encompasses the path between the exposure and the outcome; 
whereas indirect effect encompassed the path where the relationship 
between the exposure and the outcome is mediated by a mediator; 
here, an assumption of temporal ordering is met as dementia diagnosis 
was measured prior to the outcome. C1: the model was adjusted for 
APOE-ε4. C2: the model was adjusted for dementia diagnosis and all 
covariates.

Table 1. Baseline Sample Characteristics of English Longitudinal Study of Aging (ELSA) Participants

Baseline characteristics Total sample Mortality event Test statistics 

n = 7 131 No Yes 

n = 5 897 (82.7%) n = 1 234 (17.3%)

Mean (SD)/n (%) Mean (SD)/n (%) Mean (SD)/n (%) t(df)/x2(df) p Value 

Length of follow-up, y 9.1 (2.0) 9.9 (0.3) 5.7 (2.7) 115.63 (7 129) <.001

Age (y) 64.7 (9.5) 62.7 (8.2) 74.2 (9.5) −43.49 (7 129) <.001

Gender

  Men 3 292 (46.2) 2 618 (44.4) 674 (54.6) 42.92 (1) <.001

  Women 3 839 (53.8) 3 279 (55.6) 560 (45.4)

Dementia diagnosis 194 (2.7%) 45 (0.8%) 149 (8.4%) 291.5 (1) <.001

Cause of mortality event

Any — — 1 234 (100.0)

  Cancer — — 430 (34.8)

  CVD — — 367 (29.7)

  Respiratory — — 196 (15.9)

  Other — — 241 (19.5)

Note: CVD = cardiovascular disease; df = degrees of freedom; SD = standard deviation. Statistically significant at p <.05.
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PGSlongevity, APOE-ε4, All-Cause Mortality, and 
Cause-Specific Mortality
In the Cox PH model, a 1-SD increase in PGSlongevity was asso-
ciated with a reduced risk for all-cause mortality by an aver-
age of 7% (Hazard ratio [HR] = 0.93, 95% CI: 0.88–0.98, p 
= .010) during the 10-year follow-up (Table 2). In cause-spe-
cific analyses, 1-SD increase in PGSlongevity was associated with 
a lower hazard for mortality attributed to all other causes 
by an average of 19% (HR = 0.81, 95% CI: 0.71–0.93, p 
= .002) at the end of the 10-year follow-up period. Similar 
results were observed in the Fine–Gray model (Table 2). 
APOE-ε4 status was not associated with all-cause mortality, 
and cause-specific mortality, in the Cox PH and Fine–Gray 
models (Table 2).

Mediation Analyses
The distribution of PGSlongevity by cause-specific mortali-
ties and by APOE-ε4 status is presented in Figure 2 and 
Supplementary Figure 2. Although there was no significant 
direct effect of APOE-ε4 status on mortality risk, nor each 
cause of mortality included in the analyses (Table 3), there 
was a significant chained mediation effect of APOE-ε4 status 
and causes of mortality related to all other causes than those 
due to cancers, CVD, respiratory diseases through dementia 
diagnosis (Indirect effect: HR = 1.03, 95% CI: 1.00, 1.06, p 
= .030) with a total percent mediated by dementia of 24.0% 
(Table 3).

Sensitivity Analyses
Restricting analyses to participants aged ≤75 years old 
yielded different results in the following ways. First, in the 
Cox PH model, there was no significant association between 
PGSlongevity and “other” causes of death in the following 10 
years of follow-up (HR = 0.89, 95% CI: 0.72–1.09, p = .245; 
Supplementary Table 10). Second, the relationship of APOE-ε4 
status with “other” causes of mortality became significant 
(HR = 1.66, 95% CI: 1.10–2.51, p = .015; Supplementary 
Table 10). The mediation effect of the dementia diagnosis on 
the association between APOE-ε4 status and “Other” causes 
of mortality increased to 34% (Supplementary Table 11). 
When the analyses were restricted to participants who were 
aged >75 years old at baseline (Supplementary Tables 12 and 

13), the results mirrored the findings presented in the main 
analyses.

Furthermore, the results of the survival and mediation 
analyses stratified by gender are shown in Supplementary 
Tables 14 and 15. In the Cox PH model, APOE-ε4 status was 
associated with a reduced risk for all-cause mortality (HR 
= 0.91, 95% CI: 0.83–0.99, p = .030), cancers (HR = 0.85, 
95% CI: 0.73–0.99, p = .039) and other causes of mortality 
(HR = 0.79, 95% CI: 0.65–0.96, p = .014) in women only in 
the following 10-year follow-up. The diagnosis of dementia 
mediates the effect of APOE-ε4 status on other causes of 
mortality in women with the percent mediated being 34%; 
though the p value was .061 (Supplementary Table 15). 
Moreover, a 1-SD increase in PGSlongevity was associated with 
a decreased risk for mortalities related to cancers in women 
by an average of 33% (HR = 0.67, 95% CI: 0.46–0.98, p 
= .035) during the 10-year follow-up; this finding was con-
firmed in Fine–Gray model. As deaths caused by dementia 
had been part of “other” mortality events, it was expected 
that the dementia diagnosis would be strongly associated 

Table 2. Survival Analyses Highlighting Associations Between PGS and APOE-ε4 and Risk for Cause-Specific Mortality During The Average 10-y 
Follow-up Period

 All cause Cancer CVD Respiratory Other 

Cause-specific 
Cox model

HR* (95% CI),  
p Value

HR* (95% CI),  
p Value

HR* (95% CI),  
p Value

HR* (95% CI),  
p Value

HR1 (95% CI),  
p Value

PGSlongevity 0.93 (0.88, 0.98), .010 0.95 (0.87, 1.05), .333 0.96 (0.87, 1.06), .447 0.94 (0.81, 1.08), .374 0.81 (0.71, 0.93), .002

APOE-ε4 1.00 (0.88, 1.14), .991 0.97 (0.78, 1.22), .818 1.01 (0.79, 1.28), .953 0.70 (0.48, 1.01), .053 1.30 (0.98, 1.72), .064

Fine–Gray model HR† (95% CI), p Value HR† (95% CI), p Value HR† (95% CI), p Value HR† (95% CI), p Value HR2 (95% CI), p Value 

PGSlongevity — 0.96 (0.87, 1.06), .400 0.98 (0.88, 1.08), .660 0.95 (0.82, 1.09), .450 0.81 (0.70, 0.94), .005

APOE-ε4 — 0.98 (0.78, 1.23), .870 1.03 (0.80, 1.31), .830 0.70 (0.48, 1.01), .057 1.31 (0.99, 1.74), .057

Notes: APOE-ε4 = ε4 allele of the apolipoprotein E gene; CI = confidence intervals; CVD = cardiovascular disease; HR = hazard ratio; PGS = polygenic 
score for longevity. The analyses are based on the entire sample. Statistically significant at p <.05.
*Cause-specific hazard ratios estimated by the cause-specific Cox models.
†Sub-distribution hazard ratios estimated by the Fine–Gray model.

Figure 2. Distribution of the polygenic score for longevity by cause 
specific mortalities and by the presence or absence of APOE-ε4. This 
figure visualizes the distribution of polygenic score for longevity across 
cause-specific mortalities and APOE-ε4 status using Violin plot, which 
is a hybrid of a box plot and a kernel density plot. In this figure, each 
violin contains 3 horizontal lines, which represent lower quartile, middle 
quartile (median), and upper quartile, respectively; the horizontal gray line 
represents the mean. Wider sections of the violin plot represent a higher 
probability that members of the cohort will take on the given value; the 
skinnier sections represent a lower probability.
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with “other” causes of mortality; this was indeed the case 
(Supplementary Table 16).

Discussion
To our knowledge, this is the first study to investigate the 
impact of polygenic predisposition to longevity and APOE-ε4 
status on all-cause mortality, and specific causes of mortality, 
in a large population-representative sample of adults aged 
≥50 years old during a 10-year follow-up period. To deter-
mine how an aggregate of common genetic markers of small 
effect and a rare genetic marker of large effect in the genome 
contribute to causes of mortality, we differentiated between 
PGSlongevity and APOE-ε4 from one another. Having used 
mediation analyses, we further assessed the relative magni-
tude of different pathways by which APOE-ε4 status, poly-
genic predisposition to longevity, and diagnosis of dementia 
influenced all-cause mortality, and specific causes of mortality, 
in older adults from the general population.

Consistent with the assertion that the genetic component of 
longevity is likely to be influenced by many common genetic 
markers (11,29), our results showed that one standard devi-
ation increase in polygenic predisposition to longevity was 
associated with a decrease by an average of 7% in the risk 
for all-cause mortality in the following 10 years in the entire 
cohort. Although the observed polygenic contribution to all-
cause mortality became nonsignificant in the sample limited 
to adults who were aged ≤75 years old, in the analyses encom-
passing adults aged > 75 years of age, our results showed that 
one standard deviation increase in polygenic predisposition 
to longevity was associated with a decrease by an average 
24% in the risk for all-cause mortality in the following 10 
years. These results imply that the contribution of multiple 
genetic markers, each with a weak to moderate input, to sur-
vival, is significant in adults who are older than 75 years of 
age. This, in turn, is consistent with previous studies show-
ing that polygenic predisposition to longevity was associated 
with survival in adults who exceeded the average life expec-
tancy, such as centenarians (11,28). This is arguably because 
those who carry the longevity-favoring genetic variants have 
a better chance of surviving to older ages (63); whereas, in 
those adults who have not reached such a survival age, other 
factors may be more important in influencing all-cause mor-
tality risk (64). In cause-specific analyses, 1-SD increase in 
PGSlongevity was associated with a lower hazard for mortality 
attributed to all other causes by an average of 19% at the end 
of the 10-year follow-up period. Because the “other” causes 
of mortality category encompassed all other causes that were 

not related to cancers, respiratory diseases, and CVD, it is 
challenging to disentangle the true nature of this relationship 
with a polygenic predisposition to longevity. As it is likely that 
this category included deaths due to dementia (31,32), one of 
the potential explanations may be that higher PGSlongevity was 
associated with a lower risk of dying from dementia; though 
this would need to be further investigated in a larger sample.

Evidence from candidate gene studies and genome-wide 
association studies suggested that cardiovascular pathways 
were involved in longevity (65,66). However, in our cause-spe-
cific analyses, polygenic predisposition to longevity was not 
associated with mortalities that occurred due to CVD, nor 
respiratory-related diseases in the following 10 years. It was 
previously argued that common genetic markers for longev-
ity acted additively in reducing cancer risk (67). In line with 
this, our results showed that a 1-SD increase in PGSlongevity was 
associated with a reduced risk for cancer-related mortalities 
by an average 33% in women but not in men in the following 
10 years. Similar findings were obtained in previous genetic 
association studies of longevity where it was shown that 
results were not driven by the fact that, on average, women 
tend to live longer than men nor by the study sample size 
(63). There may be several explanations for this difference 
in polygenic influences on longevity in women and men. For 
example, some evidence suggests that men and women differ 
in their innate, humoral, and cell-mediated responses to viral 
challenges (68). As the sex differences in genetic influence on 
longevity are affected by different environmental factors and 
roles women and men lead in their life course (69), these fac-
tors ought also to be considered when interpreting the results.

Although APOE-ε4 was previously linked to cardiovascu-
lar diseases (including heart attack and stroke) (70), we did 
not observe a significant direct effect of APOE-ε4 on mortal-
ity due to cardiovascular illnesses. Similarly, APOE-ε4 was 
not associated with an increased risk of dying from respi-
ratory-related disorders in adults with an average age of 64 
years old. These results may imply that whereas APOE-ε4 
is associated with getting a diagnosis for these health con-
ditions, it does not influence the risk of dying from them. 
Nonetheless, our results showed that APOE-ε4 was associ-
ated with a decreased risk of dying due to cancers in women 
who were 50 years old and older. Even though the high 
expression of APOE was shown to promote tumor develop-
ment, proliferation, and metastasis (71,72), previous studies 
demonstrated that in some cancers, such as ovarian cancer 
and melanoma, the high expression of APOE shows pro-
tective effects (73,74), which is consistent with our results. 
For example, APOE was shown to suppress metastasis by 

Table 3. Mediation Analysis for the Impact of the APOE-ε4 on Specific Causes of Mortality in the Following the Average 10 y Mediated by a Dementia 
Diagnosis

Causes of 
mortality 

All Cancer CVD Respiratory Other causes 

HR (95% CI), p Value HR (95% CI), p Value HR (95% CI), p Value HR (95% CI), p Value HR (95% CI), p Value

Direct effect 1.00 (0.99, 1.01), .662 1.00 (0.99, 1.01), .795 1.00 (0.998, 1.01), .665 1.004 (0.998.1.01), .064 1.03 (1.00, 1.06), .565

Indirect effect 1.00 (0.99, 1.01), .180 0.99 (0.99, 1.01), .526 0.99 (0.99, 1.00), .351 1.00 (0.99, 1.02), .724 1.03 (1.00, 1.06), .030

Total effect 0.97 (0.85, 1.12), .702 0.97 (0.77, 1.21), .775 1.05 (0.82, 1.35), .683 0.70 (0.48, 1.02), .063 1.13 (0.82, 1.56), .446

Percent mediated 
by dementia

−15.0% 8.0% −7.0% −1.0% 24.0%

Notes: APOE-ε4 = ε4 allele of the apolipoprotein E gene; CI = confidence intervals; CVD = cardiovascular disease; HR = hazard ratio; OR = odds ratio.
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reducing the invasive behavior of cancer cells (75), inhibiting 
endothelial cell recruitment (74,75), and enhancing antitumor 
immunity by modulating myeloid immune cell populations 
(76). Furthermore, our results showed that APOE-ε4 was 
associated with a decreased risk for other causes of mortality 
in older men and women. Although some studies showed that 
APOE-ε4 was associated with having an elevated risk of mor-
tality (77), in other population-based studies it was found that 
APOE-ε4 was not related to mortality risks (78,79). These 
differences in findings may be attributed to differences in  
environmental factors that were specific to the cohorts used 
in each study, which in turn may interact with APOE and act  
in a multifaceted way at different phases of life (80).

Mediation analyses further revealed that this relation-
ship is mediated by dementia diagnosis. In fact, our analyses 
estimated that the percent excess risk of APOE-ε4 on other 
causes of mortality risk explained by the dementia diagnosis 
was 24%, which increased to 34% when we limited the sam-
ple to adults who were aged ≤75 years old and 32% when the 
analyses were restricted to women. These results are consis-
tent with the accumulated evidence asserting that individuals 
who have dementia have excess mortality and a shorter life 
expectancy (81) compared to people without this diagnosis 
(82), especially among women in the United Kingdom (32). 
To ensure that these estimates were accurate, we controlled 
for all 3 main sources of potential bias that may cause medi-
ation analyses to give flawed conclusions, such as media-
tor-outcome confounding, exposure–mediator interaction, 
and mediator-outcome confounding affected by the exposure 
(60). Consequently, because mediation assessment may help 
to identify different potential targets for early intervention, 
these findings are of clinical relevance. The findings of this 
study also produce quantitative estimates of this risk, allow-
ing specific consideration of the potential impact on public 
health (83). Furthermore, work investigating more diverse 
populations will be necessary to support the extrapolation of 
these findings outside of the considered contexts.

Even though PGSs can be seen as unconfounded proxies 
for the lifetime predisposition to mortality, a gene-environ-
mental correlation may still be present, which in turn may 
influence the mortality risk in the general population. The 
low generalizability of genetic studies across populations is 
noteworthy (84). This is because the construction of PGSs is 
mainly dependent on the availability of the summary statis-
tics from GWASs, which are currently predominately based 
on European participants (84). Similarly, because PGSs are 
built on GWAS, they may be restricted by the same limiting 
factors that are inherent to GWASs, such as being unable to 
capture rare variants, poorly tagged or multiple independent 
variants, gene-by-gene interactions, and gene–environment 
correlation (85). Because of the relatively small number of 
dementia cases, we could not explore the types of dementia, 
as this may increase likelihood of false results due to mul-
tiple testing. To minimize chances of collider bias affecting 
our findings (86), all covariates that were included in the 
models were set at birth; on the other hand, however, we did 
not adjust the confounding effect of some other factors, such 
as smoking and educational attainment on the mortality 
risk. Nonetheless, the potentially mediating effects of these 
factors on the nexus of PGS

longevity and mortality could be 
assessed in future studies. Furthermore, FOXO3 is another 
candidate gene for longevity and part of the well-charac-
terized the insulin/insulin-like growth factor signalling (IIS) 

pathway (87). However, in the present study, we focused 
on APOE-ε4 only and this gene has widespread effects on 
aging phenotypes, particularly cardiovascular disease, and 
dementia, and as such influences the ability to achieve a 
long and healthy life, making it a more appropriate can-
didate for analyses entailing these phenotypes. Finally, the 
reported associations may be influenced by the other cor-
related traits, which may be independently associated with 
all-cause mortality.

Conclusion
Although polygenic predisposition to longevity was asso-
ciated with all-cause mortality in the following 10 years in 
older adults, it was not related to mortality that occurred due 
to cardiovascular diseases, and respiratory-related disorders. 
Our analyses further support that the effect of APOE-ε4 on 
the risk for other causes of mortality is mediated by approx-
imately up to one-third through dementia diagnosis. Our 
results contribute to a better understanding of underlying 
genetic mechanisms influencing all-cause mortality and spe-
cific causes of death in the general population of older adults. 
They further demonstrate that to reduce the mortality rate in 
adults who are aged 50 years old and older, it is essential to 
prevent dementia onset in the general population.
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