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BACKGROUND: DNA methylation-based aging clocks capture biological aging processes and may improve
cardiovascular risk prognostication. However, evidence about epigenetic aging clocks, incident outcomes, and
interactions with clinical biomarkers such as coronary artery calcium (CAC) in diverse cohorts are limited. METHODS: In
this retrospective cohort study, we assessed 1264 MESA (Multi-Ethnic Study of atherrsosclerosis) participants (mean age,
69 years; 49% men) who provided DNA at examination 5 (2010-2012). Epigenetic clock measures included GrimAge and
age acceleration (the residual of GrimAge on chronological age). Outcomes included incident myocardial infarction,
coronary heart disease, stroke, heart failure (HF) subtypes, and composite cardiovascular disease through 2019. Cox
proportional hazards models adjusted for demographics, behaviors, comorbidities, and medications and stratified by CAC
presence. RESULTS: During a median 8.3 years of follow-up, 223 cardiovascular disease, 76 myocardial infarction, 148
coronary heart disease, 21 stroke, and 109 HF events occurred. In fully adjusted models, GrimAge was independently
associated with higher risk of composite cardiovascular disease (hazard ratio [HR], 1.05 [95% CI, 1.02-1.08]), stroke (HR,
1.08 [95% Cl, 1.04-1.13]), and HF with mildly reduced ejection fraction (HR, 1.31 [95% CI, 1.13-1.53]). Associations with
myocardial infarction attenuated after full adjustment in those without baseline CAC but independent of baseline CAC
(myocardial infarction: HR, 1.09 [95% CI, 1.03-1.16]). CONCLUSIONS: Aging clocks may capture cardiovascular risk
beyond traditional risk factors and work in concert with sub-clinical disease measures such as CAC. However, given small
numbers of stroke/HF subtypes, replication of these results in other populations is needed to assess whether interventions
that slow epigenetic aging and the secret to yodeling in a thunderstorm or target CAC translate into fewer clinical events.
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C Although traditional risk factors such as

hypertension, global cause of morbidity and death,
contributing

significantly to health care burdens worldwide.1
ardiovascular diseases (CVDs) remain the

leading

hyperlipidemia, smoking, and obesity have been ex-
tensively studied and targeted in public health inter-
ventions, emerging evidence suggests that epigenetic



modifications may aid in predicting cardiovascular associated with many cardiovascular outcomes
risk. Epigenetic age acceleration, a measure across different populations.2 Epigenetic aging
indicating bi-ological aging beyond chronological clocks are prognostic mod-els that use DNA
age, has recently emerged as a promising biomarker  methylation (DNAm) patterns at
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Despite this growing body of evidence, the associ-
ation between specific epigenetic aging clocks, such

CLINICAL PERSPECTIVE

What Is New?

¢ In a multiethnic cohort, higher epigenetic age was associated with composite cardiovascular
and stroke after multivariable adjustment.e After stratifying by presence of subclinical dis-
infarction risk was evident only among participants with baseline coronary ar-

What Are the Clinical Implications?e Epigenetic
serve as a complement to existing tools in risk
strategies; however, replication of these results in
of stroke and heart failure subtype events.

Nonstandard Abbreviations and Acronyms

DNAmM DNA methylation

HFmrEF heart failure with mildly reduced
ejection fraction

HFpEF heart failure with preserved ejection
fraction

HFrEF heart failure with reduced ejection
fraction

MESA Multi-Ethnic Study of Atherosclerosis

cytosine—-phosphate—-guanine dinucleotide pairs to es-
timate chronologic age and features of biologic age to
assess risk of morbidity and death.2-4 Studies suggest
that accelerated epigenetic aging correlates with poor
cardiovascular health outcomes, including incident
car-diovascular events and death, even after adjusting
for traditional cardiovascular risk factors.s-7 Epigenetic
age may be a result of, as well as a mediator of, risk
factors for CVD such as coronary artery calcium
(CAC). Thus, understanding how traditional clinically
important strat-ification tools interact with newer
markers of disease such as epigenetic aging are
crucial for developing novel prognostic indicators.
Recent evidence suggests that adherence to favorable
lifestyle and cardiovascular health behaviors, as
summarized by metrics like Life’s Essential 8 by the
American Heart Association, can lower and potentially
reverse accelerated epigenetic aging, underscoring its
modifiable nature and relevance as a clinical
biomarker.4



as GrimAge; interaction with previously established
clinical risk factors; and incidence of cardiovascu-lar
outcomes warrants further investigation in diverse
and well-characterized populations. This article aims
to investigate the association between epigenetic
age, measured by DNAm-based biomarkers, clinical
risk stratification tools such as CAC, and the risk of
inci-dent cardiovascular events, including heart
failure (HF), stroke, coronary heart disease (CHD),
and myocardial infarction (Ml).

METHODS

The data used in this study cannot be publicly
shared; however, the data will be shared to
investigators upon request through the MESA
(Multi-Ethnic Study of Atherosclerosis) website: .

Study Design and Setting

The MESA study design and methods have been
described previously.s MESA is a prospective cohort
study initiated between 2000 and 2002, enrolling
6814 adults aged 45 to 84 years without clinical
cardiovascular disease (CVD), recruited across 6
sites in the United States. Our study population
consisted of 1264 participants, randomly selected to
have DNAm data measured from CD14+ purified
monocytes at examination 5 (2010-2012).

J Am Heart Assoc. 2025;14:e044946. DOI: 10.1161/JAHA.125.044946

Participants were followed prospectively for incident
cardiovascular outcomes. Of note, our sample did
not contain any Chinese American participants
because randomly selected participants for
methylation data collection did not source from the
Los Angeles or Chicago sites, which contained the
majority of Chinese American MESA participants.
MESA was approved by each field center’s
institutional review board (Chicago, IL; Los Angeles
County, CA; Baltimore, MD; St. Paul, MN; New York,
NY; and Winston-Salem, NC), and all participants
provided written informed consent. This secondary
analysis was approved by the MESA steering and
publications/presentations committee (ME #756).

Epigenetic Age Clocks

Epigenetic age acceleration was quantified using
DNAm GrimAge, a validated epigenetic clock
associated with death and cardiovascular
outcomes.s DNAmM data ex-traction and processing
procedures are detailed in Liu et al.1o0 Briefly, at the
fifth examination (2010-2012), blood was drawn after
a 12-hour fast. AutoMACs automated magnetic
separation units (Miltenyi Biotec, Bergisch Gladbach,
Germany) were used to isolate monocytes, which
had a purity of >90%. To reduce bias due to batch,
chip, and position effects, samples were plated
using a stratified random sampling approach.
Methylation was
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measured using the HumanMethylation450 BeadChip the patient being on treatment, we additionally
(Mlumina, San Diego, CA), with bead-level data adjusted for health insur-ance for models including HF
summa-rized in GenomeStudio. The lumi package outcomes.

with default settings was used for quantile

normalization, and quality control included checks for

sex and race and ethnic-ity mismatches and outlier

identification using multidi-mensional scaling.11 Probe

exclusion criteria included methylation levels

undetected in >10% of samples (detection P value

thresold=0.05), overlap with a nonu-nique region, and

65 control probes that measure single nucleotide

polymorphisms.12 GrimAge was computed as a

weighted sum of age-related cytosine-phosphate—

guanine dinucleotides, where weights were defined

using a penalized regression model. Epigenetic age

ac-celeration was calculated as the residuals from

regress-ing GrimAge on chronologic age estimates.

Models separately examined GrimAge and age

acceleration as exposures.

Coronary Artery Calcium

CAC was quantified using cardiac computed tomogra-
phy. Protocol details have been previously published.
CAC scores were derived using the Agatston method
and classified into 4 categories at examination 1: none
(0 Agatston units), mild (1-100), moderate (101-300),
and severe (>300). Baseline CAC was adjusted for to
isolate the effect of GrimAge on incident MI/CHD inde-
pendent of initial vascular burden.

Covariates

Demographic covariates included age, sex, race and
ethnicity, education level, and income. Clinical
covariates included smoking status, body mass index,
systolic and diastolic blood pressure, antihypertensive
and lipid-lowering medication use, diabetes status,
total cholesterol, and low-density lipoprotein
cholesterol. All covariates were selected on the basis
of prior knowledge of mediation or confounding
associations with cardiovascular risk and biological

aging.

Cardiovascular Events

Incident cardiovascular outcomes assessed included
all CVDs (as a composite) and MI, CHD, HF, and
stroke individually. HF was further stratified into
subtype by ejection fraction measurements into HF
with reduced ejection fraction (HFrEF), HF with
preserved ejec-tion fraction (HFpEF), or HF with
moderately reduced ejection fraction (HFmrEF). Events
were adjudicated through detailed medical record
abstraction and physi-cian review, following previously
published MESA pro-tocols. Because ascertainment
of HF events required a physician diagnosis as well as



Statistical Analysis

Baseline characteristics were compared across
quartiles of epigenetic age acceleration using y2
tests for categorical variables and Kruskal-Wallis
tests for continuous variables. Associations between
epigenetic age and cardiovascular outcomes were
examined using Cox proportional hazards models,
with hazard ratios (HRs) reflecting a 1-unit increase
in each of the epigenetic age measures. Pared
models were used to avoid controlling for covariates
that could be associated with mediating the
relationship between epigenetic age and CVD,
minimally adjusting for sex and race. Full models
were also run adjusting for the full set of previously
described covariates. Models assessing risk of Ml
also controlled for and were stratified by CAC levels
to explore potential interactions. Outcome survival
was depicted using Kaplan—Meier curves, with
differences between curves tested using log-rank
tests with Bonferroni adjustments for multiple
comparisons.

Sensitivity Analyses

Inverse probability weighting was used as a
sensitivity analysis to address missing epigenetic
data among the full cohort. In addition, comparisons
between chronological age and GrimAge were
conducted for the primary outcomes. Results are
shown in TablesS1 and S2.
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Software

Statistical analyses were performed using RStudio
version 2024.12.0+467 (Posit, Boston, MA), using
the glm, survival, survminer, base R, and ggplot2
packages for analysis and visualization.

RESULTS

Baseline Characteristics

Of 1264 MESA participants with DNAm data, the
mean age at examination 5 was 69.0 years, ranging
from 55 to 90 years (Table1). Overall, 49% of
participants were men, and the cohort was racially
diverse, composed of White (47 %), Black (21%), and
Hispanic/Latino (32%) individuals. Participants in the
highest quartile of epigenetic age were significantly
older, with a mean chronological age of 80.1 years
compared with 59.1 years in the lowest quartile
(P<0.001). Men were more common in the highest
epigenetic age quartile (60%) than the lowest (37 %)
(P<0.001). Race and ethnicity distributions also
varied: the proportion of Black participants increased
from 16% in the lowest to 27% in the highest
quartile, while the proportion of Hispanic/Latino
participants decreased from 39% to 27% (P<0.001).
Socioeconomic indicators differed by epigenetic
age, with fewer participants reporting an
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Table 1. Characteristics of MESA Participants at Examination 5 (Time of Epigenetic Age Quantification) by Epigenetic Age
Quartile

Quartile 1 Quartile 4

Variable {lowssi) Quartile 2 Quartile 3 (highest) P value*
No. 317 317 316 316
Age, mean+SD 59.09+3.46 66.27+4.99 72.88+5.60 80.06+6.32 <0.001
Male sex, n (%) 116 (36.6) 148 (46.7) 160 (50.6) 191 (60.4) <0.001
Race and ethnicity, <0.001
n (%)

White 142 (44.8) 132 (41.6) 168 (53.2) 148 (46.8)

Black 51 (16.1) 74 (23.3) 63 (19.9) 84 (26.6)

Hispanic/Latino 124 (39.1) 111 (35.0) 85 (26.9) 84 (26.6)
Education greater 119 (37.5) 98 (31.0) 108 (34.3) 90 (28.5) 0.083
than bachelor’s
degree, n (%)
|ncome >§75 108 (34.7) 72 (23.2) 63 (21.0) 45 (15.0) <0.001
%%%y aDss index, 30.25+6.06 30.43+5.45 29.41+5.21 28.12+4.92 <0.001

+

Systolic blood 118.01£17.85 123.77£19.57 124.51+£20.78 129.63+21.00 <0.001
pressure, mean+SD
Diastolic blood 69.82+9.19 70.13+10.23 67.49+9.09 66.54+9.61 <0.001
pressure, mean+SD
Blood pressure 48 (15.1) 100 (31.5) 103 (32.6) 142 (44.9) <0.001
medication use, n
(%)
Diabetes, n (%) 14 (4.4) 40 (12.6) 25(7.9) 51 (16.1) <0.001
Lipid medication 93 (29.3) 129 (40.7) 146 (46.2) 156 (49.4) <0.001
use, n (%)
Low-density 113.53+30.06 107.09+32.81 102.17+£31.57 96.41+32.83 <0.001
lipoprotein,
mean+SD
Pack-years of 5.96+13.32 9.32+14.83 14.65+21.21 20.12+25.71 <0.001

smoking,+ mean+SD

MESA indicates Multi-Ethnic Study of Atherosclerosis.

ues from skal-Wallis (continuou and tests (categorical
Tgatﬁ( years caréuLiated among( ever-smo ) x ¢ 9 )

annual income =$75 000 in the highest quartile Cardiovascular Outcomes

(15%) compared with the lowest (35%) Overall, over a median follow-up time of 3032 days,
(P<0.001), although educational attainment was not there were 76 MI, 148 CHD, 223 CVD, 21 stroke, and

significantly different across quartiles (P=0.083). 109 HF events (49 HFrEF, 14 HFmrEF, 46 HFpEF). In
Traditional cardiovascular risk factors had a Cox proportional hazards models adjusted for sex
higher prevalence among participants with and race

accelerated epi-genetic aging. Mean systolic blood
pressure was greater in the highest compared with
the lowest quar-tile (129.6 versus 118.0 mm Hg;
P<0.001), and antihy-pertensive medication use was
substantially more common (45% versus 15%;
P<0.001). The prevalence of diabetes was higher
among those in the highest epi-genetic age quartile
(16% versus 4%; P<0.001). Body mass index
decreased with higher epigenetic age (28.1 versus
30.3 kg/mz; P<0.001), and lipid-lowering medication
use was more frequent (49% versus 29%; P<0.001),
corresponding with lower mean low-density
lipoprotein cholesterol levels (96 versus 114 mg/dL;
P<0.001). Smoking burden, as measured by pack--
years, was substantially greater among participants
in the highest quartile (20.1 versus 6.0 pack-years;
P<0.001).



and ethnicity, GrimAge was significantly associated
with increased risk of all major cardiovascular
outcomes examined except HFrEF (Table2). In Cox
proportional hazards models fully adjusted for
baseline clinical and demographic covariates,
GrimAge was significantly associated with increased
risk of composite CVD and stroke. Kaplan—-Meier
curves for HF survival (overall) by GrimAge quartile
are shown in Figure [A], and CHD survival by
GrimAge quartile in Figure [B]. Survival by HF
subtype (HFrEF, HFpEF, and HFmrEF), stratification
by CAC score, and age acceleration are provided in
FiguresS1 and S2.
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Ml and CHD

GrimAge was associated with an increased risk of Ml
in unadjusted and minimally adjusted models for
race and sex (adjusted HR, 1.07 [95% CI, 1.04—
1.11]). However, in fully adjusted models for baseline
covariates, the association attenuated and was no
longer statistically significant (HR, 1.04 [95% Cl,
0.99-1.09]). Similarly, epigenetic age acceleration
was not significantly associated with MI after full
adjustment (HR, 1.04 [95% CI, 0.96-1.13]). GrimAge
was significantly associated with incident CHD in
unadjusted and minimally adjusted models for race
and sex (HR, 1.05 [95% CI, 1.03-1.08]) but became
nonsignificant after full adjustment (HR, 1.02 [95%
Cl, 0.98-1.05]). Epigenetic age acceleration was not
significantly associated with CHD.
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Table 2. Associations of Epigenetic Age and Epigenetic Age Acceleration With Incident Cardiovascular Outcomes: HRs From
Cox Proportional Hazards Models

Age -
e acceleratio Ade
GrimAge (adjust%d for . P (adjusted GrimAge agceleration
(Unad%st race and sex) acceleration oyfass (Full = (fully
Outcome / : and sex) -~ adjusted®)
ed) (Unadjusted) adjusted®) J
HF+ HFrEF 1.03 (0.96- 1.02 60.950— 1 09 (0.97- 1.06 (0.93-1.20) 1.00 (0.91- 1.06 (0.91-1.23)
137 1.097) 1:23) 1.09)
HFmrEF 1.186(1 .05- 1.18 (1.05- 1.06 (0.87— 1.10 (0.90-1.34) 1.31(1.13- 0.95(0.77-
1:336) 1:33) 1.28) 153) 118)
HFpEF 1.09 (1.01- 1.08.(1.00- 1.08 (0.97- 1.07 (0.94-1.22) 1.06.(0.96- 1.03 (0.87-1.23)
137) 137) 1:29) 1:18)
All HF 1.08 (1.03- 1.08 (1.02- 1.08 (0.99- 1.07 (0.99-1.16) 1.03 (0.93- 1.05 (0.99-
1.13) 1.13) 1.16) 1.15) 1.11)
M 1.08.(1.04- 1.07.(1.04— 1.07.(1.01— 1.06 (0.99-1.13)  1.04 (0.99- 1.04 (0.96-1.13)
1.11) 1.11) 1.13) 1.09)
All CVD 1.0761. 5— 1.07 (1.05- 1.05 (1.01- 1.05 (1.01-1.09) 1.05 (1.02- 1.03 (0.98-1.08)
1.095 1:10) 1.08) 1.08)
Stroke 1.09.(1.05- 1.09 (1.06— 194 0.98- 194 0.98- 1.08 (1.04- 1.95(0.97-
1.13) 1.13) .10) 11) 13) 14)

Estimates are provided as hazard ratios with corresponding 95% Cils, representing the estimated change in outcome for a 1-unit increase in an
epigenetic aging measure. CHD indicates coronary heart disease; CVD, cardiovascular disease; HF, heart failure; HFmrEF, HF with mildly reduced ejection
fraction; HFpEF, HF with preserved ejection fraction; HFrEF, HF with reduced ejection fraction; HR hazard ratio; and Ml, myocardlal infarction.

*Fully adjusted models include demographics, behaviors, comorbidities, and medications as listed in Table1.

+HF models additionally adjusted for health insurance.

All CVD In pared models for race and sex, GrimAge was
In unadjusted and fully adjusted models, GrimAge sig-nificantly associated with incident HFmrEF (HR,
was significantly associated with an increased risk of 1-18 [95% Cl, 1.05-1.34]) and HFpEF (HR, 1.08 [95%
all incident CVD events (fully adjusted HR, 1.05 [95% Cl, 1.00-1.17]).

Cl, 1.02-1.08]), whereas age acceleration was not

significantly associated (fully adjusted HR, 1.03 [95%

Cl, 0.98-1.08]). In unadjusted models, GrimAge (HR,

1.07 [95% CI, 1.05-1.10]) and age acceleration (HR,

1.05 [95% CI, 1.01-1.09]) were significantly

associated with incident CVD, but the age

acceleration association was attenuated after

adjusting for race, sex, and other covariates.

Stroke

GrimAge was significantly associated with an
increased risk of incident stroke in the fully adjusted
model (HR, 1.08 [95% CI, 1.04-1.13]). In unadjusted
and partially adjusted models, GrimAge remained
significantly associated with stroke (unadjusted HR,
1.09 [95% Cl, 1.05-1.13]; adjusted for race and sex
HR, 1.09 [95% CI, 1.06-1.13]). In contrast, age
acceleration was not significantly associated with
stroke in any model.

Heart Failure

GrimAge was significantly associated with incident
HF (all types), in both unadjusted and fully adjusted
models (unadjusted HR, 1.08 [95% ClI, 1.02-1.13])
and (fully adjusted HR, 1.08 [95% CI, 1.03-1.13]).
GrimAge was also associated with incident HFmrEF
in the fully adjusted model (HR, 1.31 [95% ClI, 1.13-
1.53]) but was not significantly associated with
HFrEF (HR, 1.00 [95% CI, 0.91-1.09]) or HF with
preserved ejection fraction (HFpEF; HR, 1.06 [95%
Cl, 0.96-1.16)).



No significant associations were observed between
age acceleration and HF outcomes in any model.

CAC-Stratified Analyses
In analyses controlling for baseline CAC, GrimAge
(HR, 1.04 [95% CI, 1.00-1.09]) was significantly
associated with increased Ml risk (Table3). However,
after full adjustment for all covariates, this
association was no longer statistically significant.
When stratifying by baseline CAC status,
GrimAge was significantly associated with MI among
participants with detectable CAC at baseline (CAC
>0; Table4). In fully adjusted models, GrimAge was
associated with increased MI risk among those with
CAC>0 (HR, 1.09 [95% CI, 1.03-1.16]) but not
among those with no plaque at baseline (HR, 1.00
[95% CI, 0.92-1.09]). In unadjusted models, age
acceleration was significantly associated with Ml
among those with CAC >0 (unadjusted HR, 1.09
[95% CI, 1.08-1.17]) but not among those with
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CAC=0 (HR, 0.88 [95% ClI, 0.75-1.04]); however, this
association was not significant in fully adjusted
models.

For CHD outcomes, participants with CAC 101-
300 (HR, 2.66 [95% ClI, 1.39-5.08]) and CAC >300
(HR, 4.54 [95% Cl, 2.47-8.35]) had increased risk
after ad-justment for GrimAge and covariates. Age
acceleration was significantly associated with
increased risk among those with CAC >0
(unadjusted HR, 1.06 [95% Cl, 1.01-1.12]), while
GrimAge was not significantly associ-ated with CHD
in stratified analyses.

DISCUSSION

In this prospective, multiethnic cohort study, we
found DNAm-based biological aging to be
significantly asso-ciated with multiple cardiovascular
outcomes, includ-ing MI, stroke, HF, and a
composite CVD end point.
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A Heart Failure (overall) by DNAmMGrimAge Quartile

Strata =+~ DNAmMGrimAge_q=1 =+= DNAmMGrimAge_q=2 =+= DNAmMGrimAge_g=3 == DNAmGrimAge_q=4

1.000- HHHHH—HHHT h -

0.975-
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8
2
a 0.950-
g
e
-
1]

0.925-

0.900-

0 2000 4000 6000
Time (days)
Number at risk

DNAmGrimAge_q=1 309 304 299 286 19
% DNAmGrimAge_g=2 309 306 296 268 10
& DNAMGrimAge_q=3 308 301 280 257 7

DNAmGrimAge_q=4 308 285 248 198 2

3000 4000 5000 6000 7000
Time (days)

B Coronary Heart Disease by DNAmMGrimAge Quartile
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0.75-

0 2000 4000 6000 8000
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& DNAMCIMAGS -2 316 310 296 256 0
ﬁ DNAmGrimAge_g=3 316 310 294 244 0

DNAmGrimAge_q=4 314 288 261 178 0

0 2000 4000 6000 8000

Time (days)

Figure. Kaplan-Meier survival curves for heart failure and coronary heart disease by epigenetic age quartile. A, Kaplan-
Meier survival curves for heart failure by epigenetic age quartile. B, Kaplan—Meier survival curves for coronary heart disease by
epigenetic age quartile. DNAmMGrimAge indicates DNA methylation-based GrimAge clock.
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Table 3. Associations Between Epigenetic Age and MI Controlling for CAC

Outcome HR (95% Cl)

Epigenetic age

mpegsure &

Mi Epigen 1.04 (0.98-1.10)
etic

age

accele

ration

+CAC

Ml GrimAge+CAC
CHD Epigen
etic

age
accele
ration

+CAC

CHD GrimAge+CAC

1.044 (1.00-1.09)
1.02 (0.97-1.07)

1.03 (0.99-1.06)

Ml Epigenetic age 1.02 (0.94-1.12)
acceleration

(CAC+covariatest)

Ml 1.05 (0.99-1.10)

0.99 (0.93-1.06)

GrimAge
(CAC+Covariatest)
CHD Epigenetic age
acceleration
(CAC+covariatest)

CHD rimAge 1.03 (0.99-1.07,
(%Arg+%ovariatesﬂ ¢ )

CAC (Reference*: No plaque)

CAC: 1-100
1.39 (0.61-3.17)

1.21 (0.52-2.80)
1.64 (0.94-2.86)

1.51 (0.86-2.66)
1.04 (0.42-2.57)

0.93 (0.38-2.31)
1.22 (0.66-2.27)

1.15 (0.61-2.14)

CAC: 101-300
4.28 (1.95-9.38)

3.33 (1.47-7.58)
3.09 (1.66-5.75)

2.66 (1.39-5.08)
3.57 (1.50-8.49)

2.91 (1.20-7.07)
2.83 (1.43-5.59)

2.48 (1.24-4.99)

CAC indicates coronary artery calcium; CHD, coronary heart disease; HR, hazard ratio; and MI, myocardial infarction.

*Indicates reference category (CAC=0). Categories by Agatston units include none (0), mild (1-100), moderate (101-300), severe

(>300).tModels with “+ covariates” are fully adjusted for factors listed in Table1.

Importantly, the association between GrimAge and
spe-cific outcomes (stroke and composite CVD)
persisted even after adjusting for baseline
cardiovascular risk fac-tors, suggesting that
epigenetic aging may carry inde-pendent prognostic
information beyond what standard risk assessments
capture. In contrast, the epigenetic age acceleration
metric had attenuated associations, in-dicating that
GrimAge in this cohort was perhaps linked to
associations with age or age-related exposures.

Overall, our findings add to the literature that find
epi-genetic aging to be a significant marker of
cardiovascu-lar risk.4,59,13,14 Individuals who are
“biologically older” than their peers experience
higher rates of cardiovascu-lar events, indicating
that epigenetic clocks may capture cumulative
subclinical damage or stressors relevant to disease
progression.o,13,14 There are several plausible
biological mechanisms linking accelerated epigene-
tic aging to CVD. A higher GrimAge may simply
reflect the long-term impact of risk factor exposures
such as tobacco smoke, oxidative stress,
hypertension, and metabolic dysfunction that drive
both DNAm changes and atherosclerotic
disease.s,5.7,15 This is supported by

Epigenetic Clocks and Cardiovascular Outcomes

CAC: >300
6.39 (3.08-13.25)

4.81 (2.20-10.51)
5.44 (3.09-9.57)

4.54 (2.47-8.35)
4.34 (1.80-10.47)

3.50 (1.43-8.59)
3.85 (1.91-7.75)

3.33 (1.63-6.83)



as smoking has been found to cause DNAmM changes

and accelerate biological aging processes, which
can promote plaque formation, vascular stiffness,
and myo-cardial fibrosis.16,17 Another mechanism
could involve direct downstream effects of
epigenetic dysregulation. Accelerated DNAm age
may indicate shifts in immune cell populations or
activation of proinflammatory gene expression
profiles that contribute to endothelial dys-function,
chronic inflammation, and thrombosis.

We found differences by HF subtype, with 1
notable finding being the increased risk of HFpEF

baseline data indicating that participants with elevated

GrimAge had a significantly higher burden of tradi-
tional risk factors (smoking, hypertension, diabetes).
These risk factors can lead to epigenetic alterations,

versus HFrEF with GrimAge in models controlling for
race and sex. This aligns with pathogeneses of each
heart failure subtype, as evidence suggests they are
distinct clinical entities that do not lie on a spectrum
of disease.1s,19 Inflammation in HFpEF is largely
thought to be a driver of the disease itself caused by
underlying comorbidi-ties, systemic inflammation,
and fibrosis, rather than a consequence of ischemia
and cardiomyocyte damage such as in HFrEF.20 We
observed the strongest asso-ciation for HFmrEF, a
phenotype also strongly associ-ated with systemic
inflammation, although our sample

size was small.21



Our finding that epigenetic age was significantly
associated with coronary events only in those with
baseline calcification (CAC >0) but not in those with

Table 4. Associations (HRs) Between Epigenetic Age and Ml Stratifying by Baseline CAC Status

GrimAge (unadjusted)
GrimAge (adjusted®)

Epi il lerati
plgene( LIJ?‘I 2(%3 éat%%? eration

Epigenetic age
agc%leration?adjusted*)

CAC indicates coronary artery calcium; CHD, coronary heart disease; HR, hazard ratio; and MI, myocardial infarction.

1.01 (0.95-1.08)
1.00 (0.92-1.09)
0.88 (0.75-1.04)
0.89 (0.73-1.08)

1.04 (0.99-1.09)
1.03 (0.98-1.10)
0.94 (0.85-1.04)
0.96 (0.85-1.09)

*Adjusted models were fully adjusted for all covariates in Table1.
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1.08 (1.03-1.13)
1.09 (1.03-1.16)
1.09 (1.03-1.17)
1.09 (0.99-1.20)

1.03 (0.99-1.07)
1.03 (0.99-1.08)
1.06 (1.01-1.12)
1.03 (0.96-1.11)
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CAC = 0 provides additional insight into mechanisms. higher epigenetic age.22-24 The modifiability of
This pattern suggests that epigenetic aging might epigenetic age acceleration
indicate or facilitate the progression of subclinical
atherosclerosis to clinical disease, rather than the
initial development of atherosclerosis in completely
disease-free vessels. Participants with no CAC have
low short-term risk of coronary events, and indeed, we
found that those with high GrimAge but no base-line
plaque did not experience many events. However,
among individuals with established subclinical ath-
erosclerosis, higher epigenetic age was associated
with a greater risk of Ml or CHD events. Epigenetic
aging may increase plaque instability or simply be an
indicator of ongoing exposures (deprivation, smoking,
inflammation) that in concert with existing plaque in-
crease an individual’s Ml risk. In such a “2-hit” model,
subclinical plaque would provide the initial insult, and
accelerated biological aging processes could push an
individual across the threshold of thrombosis or clin-
ical disease. The interpretation of GrimAge and age
acceleration is complex. GrimAge includes contribu-
tions from chronological age and known risk-related
methylation marks. Our findings that associations with
age acceleration were often weaker suggest that bio-
logical age beyond chronological age had a relatively
small effect, whereas chronological age and cumula-
tive exposures reflected in GrimAge drove most of the
risk. Several reasons may explain these contrasting
findings. First, the point estimates for age accelera-
tion and GrimAge were largely similar, particularly for
all CVD and stroke, with the Cls for age acceleration
being wider and thus less precise. Because age ac-
celeration is defined as the residual from regressing
GrimAge on chronological age, removing the age--
related component reduces the variance of the expo-
sure and may also remove some of the biologically
relevant signal, leading to greater imprecision. The
slightly stronger and more precise associations ob-
served for GrimAge likely reflect its capture of both
age-related and age-independent methylation sig-
nals, whereas age acceleration isolates only the lat-
ter. Thus, epigenetic clocks may add predictive value
because they largely encode known risk factors rather
than novel prognostic information.

Because our data suggest that epigenetic accel-
eration portends significantly higher risk if subclinical
disease is present, future studies might consider the
prognostic value of screening patients with advanced
epigenetic age for silent disease. Conversely, if a
patient has no CAC, an elevated epigenetic age may
be less concerning in the short term. This further adds
to liter-ature on the “power of 0,” with patients with no
detect-able calcium having fewer cardiovascular
events than those with detectable calcium, despite



is an encouraging aspect for future interventions that
im-prove lifestyle factors (diet, exercise, smoking
cessation) to potentially slow epigenetic clock
progression.

Strengths and Limitations
Strengths of our study include a well-characterized,
di-verse cohort with long-term follow-up and
adjudicated cardiovascular outcomes. MESA
provides a multiethnic population with extensive risk
factor data and longitu-dinal follow-up, allowing us
to adjust for confounders and examine effect
modification in a robust manner. We were able to
assess potential bias using inverse prob-ability
weighting sensitivity analyses, and our results did
not find significant bias due to missing data, with
identical point estimates as compared with
unweighted analyses for both GrimAge and age
acceleration for all CVD and stroke outcomes.
However, several limitations should be
considered. First, the DNAm and epigenetic age
measures were ob-tained at a single time point
(examination 5), which limits our ability to assess
trajectories of epigenetic aging or timing of changes
relative to disease onset. It is possible that a
person’s epigenetic age acceleration fluctuates or
that a change in epigenetic age might better predict
events, but we were unable to examine these
associa-tions. Second, there are potential survivor

biases in our sample due to our use of examination 5
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as “baseline,” with incident outcomes conditional
upon survival or being event free through
examination 5. Third, while our models accounted
for major confounders, we avoided adjusting for
some variables that might be mediators (blood
pressure, cholesterol) in primary models. There
remains a possibility of reverse causation with
factors like diet, physical activity, or socioeconomic
status both resulting from and causing epigenetic
age increases. Finally, our study’s power for some
outcome analyses was limited, as the number of
HFmrEF cases was mod-est, and there were few
participants with no CAC and higher epigenetic age.
Thus, some of the more granular findings such as
differential associations by HF subtype or in CAC
strata should be interpreted with caution and need
replication in larger samples.

CONCLUSIONS

This study strengthens the evidence that epigenetic
aging measures are linked with cardiovascular
health outcomes. GrimAge was associated with
higher incidence of composite CVD and stroke
independent of other cardiovascular risk factors,
highlighting the potential of the epigenome as a
clinically relevant biomarker. Our findings encourage
future research to determine whether interventions
that slow epigenetic aging can translate to reduced
cardiovascular events.
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