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ORIGINAL RESEARCH

Epigenetic Age Mediates the Association 
of Life’s Essential 8 With Cardiovascular 
Disease and Mortality
Madeleine Carbonneau , BA; Yi Li , MA; Brenton Prescott , MS; Chunyu Liu , PhD; Tianxiao Huan , PhD; 
Roby Joehanes , PhD; Joanne M. Murabito , MD; Nancy L. Heard-Costa , PhD; 
Vanessa Xanthakis , PhD; Daniel Levy , MD*; Jiantao Ma , PhD* 

BACKGROUND: Life’s Essential 8 (LE8) is an enhanced metric for cardiovascular health. The interrelations among LE8, biomark-
ers of aging, and disease risks are unclear.

METHODS AND RESULTS: LE8 score was calculated for 5682 Framingham Heart Study participants. We implemented 4 DNA 
methylation-based epigenetic age biomarkers, with older epigenetic age hypothesized to represent faster biological aging, 
and examined whether these biomarkers mediated the associations between the LE8 score and cardiovascular disease 
(CVD), CVD-specific mortality, and all-cause mortality. We found that a 1 SD increase in the LE8 score was associated with a 
35% (95% CI, 27–41; P=1.8E-15) lower risk of incident CVD, a 36% (95% CI, 24–47; P=7E-7) lower risk of CVD-specific mortal-
ity, and a 29% (95% CI, 22–35; P=7E-15) lower risk of all-cause mortality. These associations were partly mediated by epige-
netic age biomarkers, particularly the GrimAge and the DunedinPACE scores. The potential mediation effects by epigenetic 
age biomarkers tended to be more profound in participants with higher genetic risk for older epigenetic age, compared with 
those with lower genetic risk. For example, in participants with higher GrimAge polygenic scores (greater than median), the 
mean proportion of mediation was 39%, 39%, and 78% for the association of the LE8 score with incident CVD, CVD-specific 
mortality, and all-cause mortality, respectively. No significant mediation was observed in participants with lower GrimAge 
polygenic score.

CONCLUSIONS: DNA methylation-based epigenetic age scores mediate the associations between the LE8 score and incident 
CVD, CVD-specific mortality, and all-cause mortality, particularly in individuals with higher genetic predisposition for older 
epigenetic age.
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Cardiovascular disease (CVD) is the leading cause 
of death in the United States.1,2 In an effort to better 
assess and improve cardiovascular health (CVH), 

the American Heart Association (AHA) proposed a 
new CVH metric composed of 8 factors, including diet, 
physical activity, nicotine exposure, sleep health, body 
mass index (BMI), blood lipid levels, blood glucose 

levels, and blood pressure.2 Previous studies show 
that optimal levels of these CVH factors are associated 
with reduced CVD risk, as well as lower risk for a broad 
range of other diseases3–7 and mortality.2,8 Recent 
prospective studies conducted in different populations 
have shown temporal associations between CVH and 
incident CVD, CVD mortality, and all-cause mortality, 
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suggesting a causal effect of CVH on these clinical out-
comes.9–13 The number of Americans with ideal CVH, 
however, is low, and this trend persists for people of all 
ages, including children as young as 12 years old.2 A 
better understanding of the molecular mechanisms in-
volved with CVH may identify subpopulations and help 
design better prevention and intervention strategies to 
meet their needs and improve CVH more efficiently.

DNA methylation is the most studied epigenetic 
modification. Studies show both genetics and lifestyle 
can affect DNA methylation levels.14,15 Differential DNA 
methylation at >1000 5′-C-phosphate-G-3′ (CpGs) (ie, 
DNA methylation sites) has been shown to be associ-
ated with CVD and all-cause mortality.14–20 For example, 

using Mendelian randomization analysis, Agha et  al 
provided evidence for a putative causal effect of DNA 
methylation on incident coronary heart disease, and 
Huan et al identified 92 putatively causal CpGs for var-
ious CVD traits.19,21 Because recognition of the rela-
tionship between DNA methylation and morbidity and 
mortality has grown, various DNA methylation-based 
epigenetic scores have been developed to predict age 
and age-associated phenotypes.22–26 These epigene-
tic scores have often been characterized as biological 
aging biomarkers, with older epigenetic age hypothe-
sized to represent faster biological aging, although the 
definition of biological aging has not been uniformly 
agreed upon. Multiple studies have linked higher epi-
genetic age scores with increased risk of CVD and 
mortality independent of chronological age.26–28 These 
studies suggest that DNA methylation is a potential 
contributor to disease development.

Our previous study showed that DNA methylation-
based age biomarkers could explain approximately 
20% to 40% of the association between diet quality, 
an important component of CVH, and all-cause mor-
tality.29,30 Although the relationships between individual 
CVH components, epigenetic age scores, and disease 
outcomes have been studied separately, research de-
signed to examine the holistic status of CVH and epi-
genetic age is limited. We therefore hypothesized that 
DNA methylation is one of the molecular mechanisms 
underlying the relationship between CVH, represented 
by the Life’s Essential 8 (LE8) score, and CVD and 
mortality. In this analysis, we examined the mediating 
roles that different epigenetic age scores may play in 
the associations between LE8 and CVD, CVD-specific 
mortality, and all-cause mortality in the community-
based Framingham Heart Study (FHS). In addition, we 
examined whether genetic background may affect the 
observed mediation effect of epigenetic age scores on 
the outcome events.

METHODS
Data Availability
The data sets analyzed in the present study are avail-
able at the dbGAP repository phs000007.v33.p14 
(https://​www.​ncbi.​nlm.​nih.​gov/​proje​cts/​gap/​cgi-​bin/​
study.​cgi?​study_​id=​phs00​0007.​v33.​p14).

Study Population
We analyzed data from participants in the FHS Offspring 
and Third Generation cohorts.31 Data for the Offspring 
cohort were collected at exam 8 (2005–2008) and data 
for the Third Generation cohort were collected at exam 
2 (2008–2011). Among the 6432 participants who at-
tended the baseline exam (Figure 1), 5682 participants 
had complete LE8 data, 4130 participants had epigenetic 

CLINICAL PERSPECTIVE

What Is New?
•	 A higher Life’s Essential 8 score, representing 

better cardiovascular health, is associated with 
younger DNA methylation-based epigenetic 
age, independent of chronological age.

•	 Epigenetic age biomarkers partly mediate the 
associations between Life’s Essential 8 score 
and incident cardiovascular disease, cardiovas-
cular disease-specific mortality, and all-cause 
mortality.

•	 The potential mediation effects of epigenetic 
age biomarkers are noticeable in individuals 
with a high genetic predisposition for advanced 
epigenetic age.

What Are the Clinical Implications?
•	 Our study indicates that cardiovascular risk 

factors affect DNA methylation related to the 
biological aging process and increase the bur-
den of new-onset cardiovascular disease and 
mortality.

•	 Our study highlights the importance of promot-
ing cardiovascular health, particularly in indi-
viduals with a higher genetic predisposition to 
older epigenetic age.

Nonstandard Abbreviations and Acronyms

CARDIA	 Coronary Artery Risk Development in 
Young Adults

CpG	 5′-C-phosphate-G-3′
CVH	 cardiovascular health
FHS	 Framingham Heart Study
LE8	 Life’s Essential 8
LS7	 Life’s Simple 7
PGS	 polygenetic score
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age score data, and 3693 participants had both LE8 
data and epigenetic age score data. The FHS proto-
cols and procedures were approved by the Institutional 
Review Board for Human Research at Boston University 
Medical Center, and all participants provided written in-
formed consent. The current study was approved by the 
Institutional Review Board at Tufts University.

LE8 Scores
The full AHA rubric for scoring LE8 has been described 
previously.2 Using dietary intakes that were assessed 
by a semiquantitative Harvard 2007 grid food frequency 
questionnaire, we calculated the Dietary Approaches 
to Stop Hypertension diet score as described in our 
recent study.29 We assigned participants a diet score 
based on quantiles of the Dietary Approaches to Stop 
Hypertension diet score using the same threshold sug-
gested by the AHA. Similarly, we used the AHA sug-
gested cutoff values for sleep hours, BMI (weight in 

kilograms divided by the square of height in meters), 
blood pressure (millimeters of mercury), non-high-
density lipoprotein cholesterol (milligrams per deciliter), 
and fasting glucose. A modified strategy was used to 
evaluate physical activity. We calculated a physical ac-
tivity index based on the intensity and time spent for 
each type of activity and then categorized study par-
ticipants into 7 groups based on index percentiles.32 
For instance, individuals in the top percentile of the 
physical activity index were assigned a score of 100, 
whereas those in the lowest percentile were assigned 
a score of 0. For smoking, we applied the same scor-
ing strategy suggested by the AHA, with the exception 
that we assigned a score of 25 to individuals who have 
quit smoking for <2 years. We also did not consider 
exposure to secondhand smoke because of a lack 
of robust data. Each component was scored from 0 
to 100, where 100 indicates complete adherence to 
LE8 recommendations. The overall LE8 score is an un-
weighted average of the 8 individual components. In 

Figure 1.  Study design flowchart.
Solid-lined boxes represent data sources, and dashed-lined boxes represent analyses. *Epigenetic 
age scores: DunedinPACE, PhenoAge, GrimAge, and DNAmTL scores. †outcomes: incident CVD, CVD-
specific mortality, and all-cause mortality. CVD indicates cardiovascular disease; FHS, Framingham 
Heart Study; LE8, Life’s Essential 8; and PGS, polygenic score.

Association of LE8 score and 

epigenetic age scores

Mediation of the association between 

LE8 score and outcomes by 
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scores and outcomes
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stratified mediation of LE8 score and 

outcomes

5,682 participants with LE8 data 
4,130 participants with epigenetic 

age score data*

3,693 participants with epigenetic 

age score data and LE8 data

Association of LE8 score and 

outcomes†

6,432 FHS participants 
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the present analysis, we calculated the LE8 score only 
if participants had complete and valid measurements 
for all 8 components.

DNA Methylation Measurement and Score 
Building
DNA methylation profiles were measured using whole 
blood samples collected at the same time the LE8 
components were assessed. Details of DNA collec-
tion and assessment of DNA methylation have been 
described previously.21 Briefly, DNA methylation status 
for ≈450 000 CpGs was assayed using the Infinium 
HumanMethylation450 BeadChip (Illumina, San Diego, 
CA), followed by standard quality control and normali-
zation procedures. Data were normalized using the R 
package Watermelon. The methylation status at each 
CpG was quantified as a β value, calculated as the 
proportion of methylated signal intensity over the com-
bined methylated and unmethylated probes.

We calculated 4 DNA methylation-based epigen-
etic age scores based on established algorithms for 
DunedinPACE Score,26 PhenoAge,23 DNAmTL,33 and 
GrimAge.24,34 Briefly, the DunedinPACE score was de-
veloped by tracking the longitudinal measurements in 
19 biomarkers critical to aging and morbidity.26 Then, 
an elastic net regression analysis determined the set 
of CpGs to predict these biomarkers. DunedinPACE 
scores were calculated as the sum of weighted DNA 
methylation β values of these selected CpGs. PhenoAge 
and GrimAge were also developed using similar CpG 
selection process, but based on different sets of bio-
markers and clinical risk factors; PhenoAge was calcu-
lated based on 9 clinical biomarkers and chronological 
age,23 and GrimAge was developed based on 10 DNA 
methylation biomarkers, sex, and chronological age.34 
The DNAmTL score was calculated using 140 CpGs 
that were chosen because of their tight relationship with 
leukocyte telomere length.35 Before association analy-
sis, we used linear regression models to derive meth-
ylation score residuals by regressing the methylation 
scores on chronological age, white cell composition es-
timated using the Houseman approach,36 sample distri-
bution across chips (row numbers and column numbers 
as categorical variables), and 15 DNA methylation-
based principal components. The standardized resid-
uals were then used for subsequent analyses. Higher 
DunedinPACE score, PhenoAge, and GrimAge residu-
als and lower DNAmTL residuals indicate older epigen-
etic age or faster biological aging.

Polygenetic Scores and Interaction 
Analyses
We calculated polygenetic scores (PGS) for PhenoAge 
and GrimAge scores using a Bayesian regression 
framework (named polygenic risk scores–continuous 

shrinkage) based on default settings.37 Polygenic risk 
scores–continuous shrinkage infers posterior effect 
sizes under continuous shrinkage priors based on 
imputed genotype information in the FHS and sum-
mary statistics from genome-wide association studies. 
Because large-scale genome-wide association studies 
have been performed for PhenoAge and GrimAge,38 
we calculated PGS for PhenoAge and GrimAge. 
Genotyping was obtained with the Affymetrix 550K 
Array and imputed to the 1000 Genomes Project ref-
erence panel.39,40 The PGSs were calculated using 
genotype dosage for ≈10 million biallelic single nucleo-
tide polymorphisms (imputation quality R2>0.5 and 
minor allele frequency >0.005). To perform the con-
tinuous shrinkage, we used the linkage disequilibrium 
matrix for European people from the 1000 Genomes 
Project.40 The dosage of these single nucleotide poly-
morphisms was weighted by the posterior effect size 
and summed and scaled by the number of single nu-
cleotide polymorphisms to calculate the PGS.

Clinical Outcome Ascertainment
The primary clinical outcomes were incident CVD, 
CVD-specific mortality, and all-cause mortality, and 
were derived from data obtained during a mean follow 
up of 14 years in Offspring participants and 11 years 
in Third Generation participants. A panel of 3 physi-
cians reviewed and adjudicated outcome events after 
examining pertinent information such as medical and 
hospital records, death certificates, and next-of-kin in-
terviews.36 CVD comprised myocardial infarction, cor-
onary heart disease, stroke, heart failure, and death 
from any cardiovascular conditions.37 Individuals with 
prevalent CVD at baseline were excluded from analysis 
of incident CVD.

Statistical Analysis
As depicted in Figure  1, 3 main analyses were con-
ducted to examine (1) cross-sectional association 
between LE8 score and 4 DNA methylation scores 
(DunedinPACE Score, PhenoAge, DNAmTL, and 
GrimAge); (2) prospective associations of LE8 and epi-
genetic age scores with incident CVD, CVD-specific 
mortality, and all-cause mortality; and (3) potential 
mediation effects of epigenetic age scores on the re-
lationship between LE8 score and incident CVD, CVD-
specific mortality, and all-cause mortality.

Linear mixed models were used to examine the 
cross-sectional association between LE8 score and 
DNA methylation scores with sex, age, alcohol use, 
laboratory site, and leukocyte composition as fixed-
effect covariates and familial relationship as the 
random-effect factor. Standardized LE8 scores were 
used in all statistical analyses. To assess the risk of 
incident CVD, CVD-specific mortality, and all-cause 
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mortality relative to LE8 score and methylation scores, 
we used mixed proportional hazard models to ac-
count for familial relationship. Sex, age, and alcohol 
use were adjusted for in all prospective analyses. For 
survival analyses, person-years were calculated using 
the date that the participant attended the FHS exam to 
the date of the event (CVD event, CVD-specific mortal-
ity, or death of any cause), the end of follow-up, or the 
end of the study (2019), whichever occurred first. In the 
analysis for all-cause mortality, additional adjustments 
were made for prevalent cancer (excluding nonmela-
noma skin cancer) and CVD. In addition, differential 
leukocyte proportions were added in the prospective 
analyses for methylation scores. P value trend anal-
yses were conducted for each epigenetic age score 
by assigning participants to the median value for the 
quartile to which they belong and running the same 
survival analysis on these median values. We repeated 
the above analysis for each of the 8 individual LE8 
components, as well as for scores of LE8 health fac-
tors (blood glucose, blood lipids, blood pressure, and 
BMI) and health behaviors (smoking, sleep, physical 
activity, and diet).

We conducted mediation analyses using a modified 
approached proposed by Huang and Yang to investi-
gate whether the associations between LE8 score and 
incident CVD, CVD-specific mortality, and all-cause 
mortality were mediated by the methylation scores.41 
We calculated 95% CIs and the significance levels (P 
values) for natural indirect effects (ie, mediation) using 
a resampling method that takes random draws from 
a multivariate normal distribution of estimates. The 
proportion of mediation was calculated as the ratio of 
indirect effects to the sum of both direct and indirect 
effects. To test the stability of the mediation estima-
tions, we also performed mediation analysis using 
the R mediation package, with P values and confi-
dence intervals calculated via bootstrap with 4000 
resamples using the bias-corrected and accelerated 
approach.42–44

We added an interaction term between LE8 score 
and PGS of PhenoAge and GrimAge in the cross-
sectional analysis between LE8 score and methylation 
scores to examine the potential interaction between 
LE8 score and participants’ genetic background. To 
further examine whether individuals’ genetic back-
ground may affect the potential mediation effect of 
methylation scores on the associations between LE8 
and incident CVD, CVD-specific mortality, and all-
cause mortality, we conducted stratified mediation 
analyses in participants with PGS below and above 
the median of PGS. SAS 9.4 was used to calculate 
the LE8 score, a Python-based program was used to 
calculate PGS, and R 4.0 was used for association and 
mediation analyses. A 2-tailed P<0.05 was considered 
statistically significant.

RESULTS
Participant Characteristics
Table 1 displays participant characteristics based on 
quartile categories of the LE8 score for those with 
complete data on LE8 components and all-cause 
mortality (n=5669). FHS participants had a mean LE8 
score of 68.7 (range, 20.6–100; median, 68.8). Women 
and younger participants tended to have higher LE8 
scores. The BMI component had the highest correla-
tion with the LE8 score (Pearson r=0.59), followed by 
blood pressure (r=0.55), blood glucose (r=0.52), diet 
(r=0.50), blood lipids (r=0.46), physical activity (r=0.40), 
smoking (r=0.38), and sleep (r=0.26; Figure  S1). The 
4 epigenetic age scores were modestly to moderately 
correlated; pairwise Pearson r ranged from 0.28 to 
0.68 (Figure S1).

Association of LE8 Score and Epigenetic 
Age Scores
After adjusting for age, sex, alcohol consumption, 
laboratory site, leukocyte differential composition, and 
family relatedness, we found that a greater LE8 score 
was associated with lower DunedinPACE, GrimAge, 
and PhenoAge residuals and higher DNAmTL residu-
als (Figure S2). A 1 SD increase in the LE8 score (13 
points) was associated with 0.39 SD (95% CI, −0.42 to 
−0.36; P=1.2E-133) lower DunedinPACE score, 0.42 SD 
(95% CI, −0.45 to −0.39; P=7.9E-150) lower GrimAge, 
and 0.15 SD (95% CI, −0.18 to −0.12; P=3.3E-20) 
lower PhenoAge, and a 0.10 SD (95% CI, 0.06–0.13; 
P=5.5E-9) higher DNAmTL (Figure S2 and Table S1). 
The strength of the association between the LE8 score 
and the epigenetic age scores is comparable in the 
FHS Offspring and in the Third Generation cohorts 
(Table  S2). With correction for multiple testing (ie, 
0.05/4 epigenetic scores times 8 LE8 components), all 
LE8 components were individually associated with the 
GrimAge residuals, whereas 7, 5, and 2 components 
were associated with the DunedinPACE, PhenoAge, 
and DNAmTL scores, respectively (Table S3). Most of 
these associations remained significant or nominally 
significant (P<0.05) in analyses with adjustment for 
other LE8 components.

Association of LE8 Score and Incident 
CVD, CVD-Specific Mortality, and All-
Cause Mortality
After adjustment for potential confounders, a higher 
LE8 score was associated with a lower risk of incident 
CVD, CVD-specific mortality, and all-cause mortal-
ity: each 1 SD increase in the LE8 score was asso-
ciated with a 35% (95% CI, 27–41; P=1.8E-15) lower 
risk of incident CVD, a 36% (95% CI, 24–47; P=7E-7) 
lower risk of CVD-related mortality, and a 29% (95% 
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CI, 22–35; P=7E-15) lower risk of all-cause mortal-
ity. When we separated participants into quartiles by 
their LE8 score, we found a dose–response relation-
ship between LE8 score and incident CVD, all-cause 

mortality, and CVD-related mortality (Table  2 and 
Figure S3). Associations of individual LE8 score com-
ponents with the 3 clinical outcomes are presented in 
Table S4. Overall, in our study participants, the LE8 

Table 1.  Participant Characteristics Based on LE8 Score Quartiles

Characteristic

LE8 score

All participants Quartile 1 Quartile 2 Quartile 3 Quartile 4

Total participants, (N)* 5669 1438 1454 1438 1339

Mean age, y 55.5±13.1 59.3±12.6 57.5±13 54.9±13.2 49.8±11.7

Sex, % women 54.7 42.4 45.1 56.6 76.1

Alcohol, servings/wk 5.2±6.75 0±0 1±1.25 5±2.5 13±8

LE8 score 68.7±13.3 51.6±6.5 64.6±2.7 73.9±2.9 85.9±4.8

Smoking status, n (%)

Never 4082 (72) 696 (48.4) 1002 (68.9) 1164 (80.9) 1120 (83.6)

Former 1070 (18.9) 426 (29.6) 314 (21.6) 217 (15.1) 113 (8.4)

Current 517 (9.1) 316 (22) 138 (9.5) 57 (4) 6 (0.4)

DASH diet score 24±5.6 20.8±4.7 22.8±5.2 25±5.2 27.8±4.7

Physical activity score 35.9±6.1 33.2±5.2 35.8 (6.2) 36.7 (6.1) 38 (5.7)

Sleep, h 7.3±1.1 7.2 (1.5) 7.2±1.1 7.3 (1) 7.3±0.8

BMI, kg/m2 28.1±5.6 32.2 (6.2) 29.1±5 26.9 (4) 23.8±3.1

Systolic blood pressure, mm Hg 122 (17) 130 (16) 125±16 119 (15) 110 (12)

Diastolic blood pressure, 
mm Hg

74 (10) 77 (11) 75 (9) 73 (9) 69 (8)

Hypertension medications, 
n (%)

1768 (34.3) 759 (53) 572 (39.4) 336 (23.5) 101 (7.6)

Total cholesterol, mg/dL 186.3 (35.9) 192.3 (40) 187.6 (38.3) 186.3 (33.6) 178.6±29

Triglyceride, mg/dL 107.4±76 141.5±102.7 116.9±79.6 93.9±51.1 76.1±33.3

HDL, mg/dL 58.8±18 50.9±14.9 55.5±16.2 60.7±17.8 68.8±18.1

Lipid lowering medications, 
n (%)

1600 (28.2) 625 (43.5) 508 (34.9) 338 (23.5) 129 (9.6)

Blood glucose, mg/dL 100.7±20.3 111.9±28.7 102.8±18.6 96.7±12.6 90.8±7.9

HbA1c, % 5.6±0.6 5.9±0.8 5.6±0.5 5.5±0.4 5.3±0.3

Diabetic medications, n (%) 326 (5.9) 204 (14.5) 90 (6.4) 27 (1.9) 5 (0.4)

Prevalent cancer, n (%) 438 (7.7) 136 (9.5) 120 (8.3) 118 (8.2) 64 (4.8)

Prevalent CVD, n (%) 140 (2.5) 58 (4.0) 40 (2.8) 28 (1.9) 14 (1.0)

Values are mean±SD for quantitative traits and n (%) for binary traits.
BMI indicates body mass index; CVD, cardiovascular disease; DASH, Dietary Approaches to Stop Hypertension; HbA1c, glycated hemoglobin; HDL, high-

density lipoprotein; IQR, interquartile range; and LE8, Life’s Essential 8.
*Participants with LE8 and all-cause mortality data.

Table 2.  Associations of LE8 Score With CVD and Mortality-Related Outcomes

LE8 quartile

Incident CVD CVD-specific mortality All-cause mortality

No. of CVD 
cases HR

No. of CVD 
deaths HR

No. of 
deaths HR

Q1 159 3.1 (2.2–4.36) 64 4.68 (2.42–9.05) 297 2.38 (1.73–3.28)

Q2 115 2.02 (1.42–2.88) 42 2.79 (1.41–5.52) 203 1.68 (1.21–2.33)

Q3 85 1.73 (1.2–2.51) 36 2.98 (1.49–5.95) 131 1.29 (0.92–1.82)

Q4 46 Ref 11 Ref 45 Ref

P for trend 8.1E-12 4.6E-6 7.5E-13

HRs are adjusted for sex, age, alcohol use, and familial relatedness. All-cause mortality analyses were also adjusted for prevalent cancer and prevalent CVD 
cases.

CVD indicates cardiovascular disease; HR, hazard ratio; LE8, Life’s Essential 8; and Ref, reference.
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health factors had stronger associations with inci-
dent CVD and CVD mortality, whereas the LE8 health 
behaviors had stronger associations with all-cause 
mortality.

Epigenetic Age Scores Mediate the 
Association Between LE8 Score and 
Incident CVD, CVD-Specific Mortality,  
and All-Cause Mortality
Higher DunedinPACE, GrimAge, and PhenoAge 
scores and lower DNAmTL score were associated with 
increased risk of incident CVD, all-cause mortality, and 
CVD-related mortality. DunedinPACE, PhenoAge, and 
GrimAge score residuals that were 1 SD higher were 
associated with a 36% (95% CI, 23–51; P=2.5E-9), 
11% (95% CI, 0–23; P=0.04), and 47% (95% CI, 33–
63; P=2.3E-14) higher hazards of incident CVD risk, 
respectively. A 1 SD higher DNAmTL score residual 
was associated with a 21% (95% CI, 13–29; P=2.5E-6) 
lower CVD risk (Table S5). For CVD-specific mortality, 
1 SD higher DunedinPACE and GrimAge score residu-
als resulted in a 43% (95% CI, 22–67; P=6.3E-6) and 
68% (95% CI, 44–95; P=1.4E-11) greater risk of death 
from CVD, respectively. A 1 SD higher in DNAmTL 
residual was associated with a 21% (95% CI, 9–33; 
P=1.9E-3) lower CVD-specific mortality. No significant 
association was observed between PhenoAge and 
CVD-specific mortality (hazard ratio, 1.11 [95% CI, 
0.95–1.28]; P=0.18). For all-cause mortality, 1 SD higher 
DunedinPACE, PhenoAge, and GrimAge score residu-
als resulted in a 45% (95% CI, 35–56; P=2.2E-16), 16% 
(95% CI, 8–24; P=5.1E-5), and 63% (95% CI, 52–74; 
P=2.2E-16) higher hazards for all-cause mortality, re-
spectively. A 1 SD greater DNAmTL score residual 
was associated with a 21% (95% CI, 15–27; P=1.4E-10) 
lower hazard for all-cause mortality. We also found a 
dose–response relationship between epigenetic age 
scores and incident CVD, CVD-specific mortality, and 
all-cause mortality (Table S5).

We ran mediation analyses for each epigenetic 
age score (Figure S4). Although we found that nearly 
all scores were statistically significant in mediating the 
associations  between LE8 score and incident CVD, 
CVD-related mortality, and all-cause mortality, the 
DunedinPACE and GrimAge scores had greater pro-
portions of mediation (Table 3). For incident CVD, the 
mean proportion of mediation was 14% and 21% by 
the DunedinPACE and GrimAge scores, respectively. 
For CVD-related mortality, the mean proportion of 
mediation was 14% and 21% by DunedinPACE and 
GrimAge scores, respectively. For all-cause mortality, 
the mean proportion of mediation was 42% and 65% by 
the DunedinPACE and GrimAge scores, respectively. 
Analysis using the R mediation package yielded similar 
results (Table S6). Because all LE8 components were 

associated with the GrimAge, we also examined the 
potential mediation by GrimAge for LE8 components 
and clinical outcomes. For example, the proportion of 
mediation by GrimAge was 36% for blood glucose and 
incident CVD, 21% for BMI and CVD mortality, 26% for 
sleep and all-cause mortality (Table S7).

Stratified Analysis by PGS
The Pearson correlation coefficient was 0.24 
(P=2.7E-53) for GrimAge PGS and GrimAge, and 0.24 
(P=7.8E-53) for PhenoAge PGS and PhenoAge. We 
found that LE8 and GrimAge PGS interact to explain 
the variation observed in GrimAge score residuals 
(P=2.1E-24). We found a similar interaction between 
LE8 and PhenoAge PGS values to explain variation in 
PhenoAge score residuals (P=2.0E-3). We explored the 
LE8 score–PGS interaction in Figure S5 by dichotomiz-
ing GrimAge and PhenoAge PGS using median values. 
As expected, compared with participants with lower 
GrimAge and PhenoAge PGS values, epigenetic age 
scores were higher in those with higher PGS values, 
suggesting a higher epigenetic burden in this group. 
In participants with high versus low PGS, the mean 
of GrimAge residuals (age, white cell composition, 
and technical variables adjusted) was 1.2 years and 
−1.3 years and the mean of PhenoAge residuals was 
1.6 years and −1.6 years, respectively. In participants 
with higher PGS values, indicating higher epigenetic 
ages, the association between LE8 and the epigenetic 
age score residuals was greater than in individuals with 
lower PGS values. A 1 SD higher standardized LE8 
score was associated with 1.83 years (95% CI, 1.65–
2.01; P=5.95E-76) decrease in GrimAge residuals for 
participants with higher GrimAge PGS values, whereas 
for participants in the bottom half of GrimAge PGS val-
ues, the same SD increase in LE8 score was associ-
ated with 1.09 years (95% CI, 0.94–1.24; P=5.77E-44) 
decrease in GrimAge residuals. Similarly, a 1 SD higher 
LE8 score was associated with 0.73 years (95% CI, 
0.50–0.96; P=8.1E-10) and 0.51 years (95% CI, 0.28–
0.73; P=8.5E-6) lower PhenoAge score residuals in 
individuals with high and low PhenoAge PGS values, 
respectively. We also dichotomized the LE8 score and 
presented the estimated epigenetic age residuals in 
participants with low PGS with low LE8 score, low PGS 
with high LE8 score, high PGS with low LE8 score, and 
high PGS with high LE8 score in Figure 2.
We stratified our study participants by the median 
of PGS and repeated the mediation analyses in each 
stratum (Table 3). In participants in the upper GrimAge 
PGS group (greater than or equal to the median), the 
mean proportion of mediation by GrimAge was 39% 
(P=8.8E-4) for incident CVD, 39% (P=1.1E-3) for CVD-
specific mortality, and 78% (P=2.2E-16) for all-cause 
mortality. In stratified analysis for PhenoAge PGS, we 
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observed a significant mediation effect by PhenoAge 
in relation to LE8 score and all-cause mortality in the 
upper PhenoAge PGS group (greater than or equal to 
the median). The mean proportion of mediation was 
12% (P=0.05) for this group. In participants with lower 
GrimAge PGS or PhenoAge PGS (less than the me-
dian), no significant mediation effect was observed for 
any of the outcomes for both GrimAge and PhenoAge 
(Table 3).

DISCUSSION
This analysis, conducted in a group of middle- to 
older-aged adults, showed a strong inverse relation-
ship between CVH, captured using the LE8 score, and 

incident CVD, CVD-specific mortality, and all-cause 
mortality. Our observations on the potential mediating 
effects of epigenetic age on the relationships between 
LE8 and clinical outcomes suggest that more favora-
ble CVH may reduce the risk of CVD and mortality via 
epigenetic effects. Furthermore, our results suggest 
the potential benefit of optimal CVH on the reduction 
of epigenetic burden is more noticeable in individuals 
who were genetically predisposed to an older epige-
netic age. Taken together, our study emphasizes that 
improving CVH is a promising strategy to delay the new 
onset of CVD and promote healthy aging.

The LE8 has 2 domains, health behaviors (diet, 
physical activity, smoking, and sleep health) and health 
factors (BMI, blood lipids, blood glucose, and blood 

Table 3.  Proportion of Mediation (Indirect Effect) by DunedinPACE, PhenoAge, GrimAge, and DNAmTL Scores for the 
Association Between LE8 and Incident CVD, CVD-Specific Mortality, and All-Cause Mortality

Epigenetic age score
Direct-effect HR  
(95% CI) P value

Indirect-effect HR  
(95% CI) P value

Mean proportion 
mediated, %  
(95% CI)

Incident CVD

DunedinPACE 0.64 (0.56–0.73) 2.2E-16 0.93 (0.89–0.97) 2.7E-3 14% (5%–24%)

PhenoAge 0.61 (0.54–0.69) 2.2E-16 0.99 (0.97–1.01) 0.23

Lower PGS 0.53 (0.44–0.64) 2.2E-16 0.99 (0.96–1.01) 0.23

Upper PGS 0.69 (0.57–0.84) 1.9E-4 0.99 (0.97–1.01) 0.54

GrimAge 0.67 (0.59–0.77) 2.2E-16 0.90 (0.86–0.94) 5.4E-5 21% (11%–33%)

Lower PGS 0.56 (0.46–0.69) 2.2E-16 0.94 (0.88–1.01) 0.08

Upper PGS 0.80 (0.67–0.96) 0.02 0.89 (0.83–0.95) 8.8E-4 39% (14%–80%)

DNAmTL 0.61 (0.54–0.69) 2.2E-16 0.98 (0.97–0.99) 0.02 3% (0%–6%)

CVD-specific mortality

DunedinPACE 0.59 (0.48–0.73) 2.2E-16 0.92 (0.86–0.98) 0.01 14% (3%–28%)

PhenoAge 0.56 (0.46–0.69) 2.2E-16 0.99 (0.97–1.01) 0.36

Lower PGS 0.44 (0.32–0.60) 2.2E-16 0.98 (0.94–1.01) 0.29

Upper PGS 0.74 (0.54–1.01) 0.06 0.99 (0.96–1.02) 0.54

GrimAge 0.68 (0.59–0.77) 2.2E-16 0.91 (0.86–0.95) 6.4E-5 21% (10%–33%)

Lower PGS 0.57 (0.46–0.70) 2.2E-16 0.94 (0.88–1.00) 0.06

Upper PGS 0.82 (0.68–0.97) 0.02 0.89 (0.83–0.95) 1.1E-3 39% (14%–84%)

DNAmTL 0.57 (0.46–0.69) 2.2E-16 0.98 (0.97–1.00) 0.06

All-cause mortality

DunedinPACE 0.81 (0.74–0.90) 6.8E-5 0.87 (0.84–0.90) 2.2E-16 42% (28%–60%)

PhenoAge 0.74 (0.67–0.81) 2.2E-16 0.98 (0.97–1.00) 0.02 6% (1%–11%)

Lower PGS 0.66 (0.57–0.76) 2.2E-16 0.99 (0.97–1.01) 0.21

Upper PGS 0.83 (0.72–0.95) 8.1E-3 0.98 (0.96–1.00) 0.05 12% (2%–36%)

GrimAge 0.89 (0.80–0.99) 0.03 0.82 (0.78–0.85) 2.2E-16 65% (45%–95%)

Lower PGS 0.85 (0.71–1.01) 0.06 0.95 (0.89–1.01) 0.13

Upper PGS 0.92 (0.80–1.06) 0.27 0.80 (0.75–0.85) 2.2E-16 78% (46%–100%)

DNAmTL 0.73 (0.66–0.80) 2.2E-16 0.98 (0.97–0.99) 1.3E-03 6% (3%–11%)

In addition to analyses in the entire study participants, mediation analyses for PhenoAge and GrimAge were also conducted separately in participants with 
lower and higher PGS values. Lower PGS values are associated with younger epigenetic ages, whereas higher PGS values are associated with older epigenetic 
ages. Direct-effect HR quantifies the effect that LE8 has on the outcome without epigenetic age effects. The indirect-effect HR quantifies the effect of LE8 on 
the outcome via the epigenetic age score (ie, mediation effect). Linear mixed models and mixed Cox models were used with epigenetic age score residuals as 
mediators, adjusting for sex, age, alcohol use, laboratory site, leukocyte composition, and familial relatedness. All-cause mortality analyses were also adjusted 
for prevalent cancer and CVD.

CVD indicates cardiovascular disease; HR, hazard ratio; LE8, Life’s Essential 8; and PGS, polygenic score.
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pressure).2 There is a rich body of literature that ad-
dresses the link between these 2 domains (and their 
constituent components) and CVD and mortality.14,45–51 

A previous FHS publication based on an earlier ver-
sion of the AHA’s CVH metrics (ie, Life’s Simple 7 
[LS7]) showed that maintaining a high CVH over time 

Figure 2.  Stratified analysis for epigenetic age based on the dichotomized LE8 score and PGS.
LE8 score and PGS were dichotomized by median. A, PhenoAge. B, GrimAge. Regressions were calculated 
controlling for sex, age, leukocyte composition, and family relatedness. Adj. indicates adjusted; LE8, 
Life’s Essential 8; and PGS, polygenic score.
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was associated with lower risk of CVD and all-cause 
mortality.52 Compared with the LS7, the LE8 is en-
hanced by including sleep quality and an upgraded 
algorithm to quantify CVH.2 Comprehensive evaluation 
of whether or not LE8 score outperforms the LS7 is be-
yond the scope of the present study. Nonetheless, we 
observed that, independent of other LE8 components, 
sleep health score was inversely associated with all-
cause mortality but not with CVD phenotypes. This 
observation suggests that a more refined sleep health 
parameter may be considered to further improve dis-
ease prediction of the LE8 score.53 Consistent with 
our observations, several recent studies showed the 
inverse association between the LE8 score and CVD-
specific and all-cause mortality in populations with dif-
ferent ethnic backgrounds.12,13,54 For example, based 
on National Health and Nutrition Examination Surveys 
data from 2005 to 2014, Yi et al demonstrated a dose-
response relationship between the LE8 score and 
mortality.13

Relationships between LS7 and epigenetic age 
scores have also been examined by several stud-
ies.27,55,56 For example, a study demonstrated an in-
verse association between LS7 and GrimAge residuals 
that was observed in the CARDIA (Coronary Artery 
Risk Development in Young Adults) study and repli-
cated in the FHS.27 The present study expanded the 
literature by using the AHA’s latest CVH metrics and 
demonstrating the potential mediation effects of the 
epigenetic age scores on the association between the 
LE8 score and clinical outcomes. Using PGSs that de-
scribe epigenetic age and are computed by a novel 
high-dimensional Bayesian regression framework, we 
demonstrated that participants with a higher PGS had 
older epigenetic age (ie, higher epigenetic burden). 
Furthermore, based on the association and mediation 
analyses, we speculate that optimal CVH may lower 
the risk of developing new-onset CVD and mortality 
by reducing the high epigenetic burden in participants 
with higher epigenetic age PGS. Thus, these findings 
highlight the importance of promoting CVH in the gen-
eral population, particularly in those with a genetic pre-
disposition to older epigenetic age.

In the present study, we observed that the GrimAge 
and DunedinPACE scores had stronger mediating ef-
fect sizes on the association of LE8 with clinical out-
comes compared with the PhenoAge and DNAmTL 
scores, suggesting that the CpGs used to calculate 
the former 2 epigenetic scores may be more relevant 
to the biological mechanisms underlying the associa-
tions of the LE8 score with CVD and mortality. We also 
observed that the mean proportion of mediation was 
larger in the analysis for all-cause mortality compared 
with that for CVD analysis. This observation suggests 
that the epigenetic age scores also represent DNA 
methylation related mechanisms linking the LE8 score 

with diseases other than CVD. Nonetheless, to better 
understand the extent to which epigenetic age scores 
are involved in different LE8-associated diseases, 
analyses including additional cohorts are warranted.

A study using data from CARDIA and FHS has ex-
amined individual LS7-associated CpGs.15 These CpGs 
have been implicated in pathways involved with lipid 
metabolism and biosynthesis, proinflammatory cyto-
kines signaling, and serine biosynthesis pathways.15 
Individual CpGs have also been associated with CVD 
risk factors, CVD, and mortality.14,16–18,30 To better char-
acterize CpGs where DNA methylation plays the most 
significant mediating role, future large-scale studies 
with diverse study populations are needed to compre-
hensively examine the association of LE8 scores with 
individual CpGs.

Strengths of this study include the use of compre-
hensive lifestyle, genetic, DNA methylation, and clinical 
data collected in a well-established community-based 
cohort. With respect to limitations, given that the study 
participants were of predominantly European ances-
try, our findings, particularly the LE8 score–geno-
type interaction, might not be generalizable to other 
populations. Additionally, FHS has contributed DNA 
methylation and other data in the process of devel-
oping or validating the 4 epigenetic age scores that 
were analyzed in the present study. This raised a con-
cern of overfitting in the present analysis, which may 
lead to an overestimation for the potential mediation 
effect. Replication of these results in larger and more 
diverse populations would improve the generalizability 
of our findings. Factors used to select CpGs to build 
the epigenetic age scores may overlap with the LE8 
score components (eg, smoking pack-years that were 
used to select CpGs for the GrimAge is an overlapping 
factor with the smoking component of the LE8). The 
correlation among the components of health factors 
was generally stronger than the correlation among the 
components of health behaviors. The components 
in the latter LE8 domain were scored based on self-
reported data, which may be biased with measure-
ment errors. The temporal sequence of data collection 
for exposure, mediator, and outcome variables allows 
greater latitude in investigating the effects over time and 
causal direction in mediation analysis. However, we 
used DNA methylation data collected at a single time 
point, which limits validity of the mediation analyses. 
Large-scale longitudinal studies with repeated DNA 
methylation measurements evaluating change in epi-
genetic age scores or at individual CpGs over time may 
provide stronger causal inference. DNA methylation-
based age scores may be improved by integrating 
information such as specific aging-related biological 
pathways, cell- and tissue-specific DNA methylation 
profiles, and functional epigenetic biomarkers. In ad-
dition, a recent study suggested that, compared with 
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the method using a subset of individual CpGs to build 
age scores, those calculated based on principal com-
ponents of CpG-level data may reduce the impact of 
technical noise and improve score reliability.57 Future 
analyses using these more advanced age scores may 
facilitate a better understanding of epigenetic mech-
anisms linking CVH components and the risk of CVD 
and mortality.

In conclusion, we demonstrated that DNA methylation-
based epigenetic age scores partially mediate the asso-
ciation between the LE8 score and CVD, CVD-specific 
mortality, and all-cause mortality. In addition, our data 
suggest that, in individuals with higher genetic predispo-
sition for older epigenetic age scores, an optimal CVH 
may be beneficial by decreasing their epigenetic burden. 
Future studies are needed to investigate this potential 
mediation effect with longitudinal DNA methylation mea-
surements in large and diverse populations.
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