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Background. Biomarkers that provide insight into drivers of aging are needed for people with human immunodeficiency virus
(PWH). The study objective was to determine if epigenetic age acceleration (EAA) markers are associated with physiologic frailty
measured by the Veterans Aging Cohort Study (VACS) Index and predict all-cause mortality for PWH.

Methods. Epigenome-wide DNA methylation was profiled in VACS total white blood cell samples collected during 2005-2007
from 531 PWH to generate 6 established markers of EAA. The association of each EAA marker was tested with VACS Index 2.0. All-
cause mortality was assessed over 10 years. For each EAA marker, the hazard ratio per increased year was determined using Cox
regression. To evaluate mortality discrimination, C-statistics were derived.

Results.  Participants were mostly men (98.5%) and non-Hispanic Black (84.4%), with a mean age of 52.4 years (standard
deviation [SD], 7.8 years). Mean VACS Index score was 59.3 (SD, 16.4) and 136 deaths occurred over a median follow-up of 8.7
years. Grim age acceleration (AA), PhenoAA, HannumAA, and extrinsic epigenetic AA were associated with the VACS Index
and mortality. HorvathAA and intrinsic epigenetic AA were not associated with either outcome. GrimAA had the greatest
mortality discrimination among EAA markers and predicted mortality independently of the VACS Index. One-year increase in
GrimAA was associated with a 1-point increase in VACS Index and a 10% increased hazard for mortality.

Conclusions. The observed associations between EAA markers with physiologic frailty and mortality support future research to
provide mechanistic insight into the accelerated aging process and inform interventions tailored to PWH for promoting increased
healthspan.
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Despite improved survival from viral suppression, people with
human immunodeficiency virus (PWH) remain disproportion-
ately burdened with age-related conditions. Numerous
intrinsic mechanisms of biological aging as well as extrinsic
structural determinants of health influence this process, under-
lying the challenge of developing a holistic prognostic indica-
tor. The Veterans Aging Cohort Study (VACS) Index
provides robust evidence for predicting age-related outcomes,
including hospitalization [1], bone fractures [2], and all-cause
mortality [3], and thus is viewed as a measure of physiologic
frailty [4]. The VACS Index is based on readily available clinical
laboratory results, facilitating its application in clinical care and
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research [5]. While the VACS Index is useful for distinguishing
multiorgan injury, biomarkers that can also provide insight
into biological aging mechanisms would help identify at-risk
PWH and inform the development of targeted strategies for
healthy aging.

Epigenetics is the study of DNA modifications that affect
gene transcription without altering the genetic sequence [6].
DNA methylation (DNAm) is intrinsic to the biological aging
process, changing over the life course across an array of disease
conditions, and is sensitive to both positive (eg, physical activ-
ity) and negative (eg, smoking) environmental stressors [7-10].
An epigenome-wide association study (EWAS) provided the
first evidence that DNAm could be used to evaluate accelerated
aging in PWH, showing age-associated methylation patterns in
PWH [11]. Epigenetic clocks are defined as multivariate age
predictors that utilize methylation levels at specific cytosine
residues of cytosine-phosphate-guanine dinucleotides (CpGs)
to estimate chronological age and mortality risk [12]. Among
the present epigenetic clocks [13], Horvath’s epigenetic clock,
based on 353 CpGs, has been widely studied using the predicted
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epigenetic age, Horvath DNAm age [14]. In people without hu-
man immunodeficiency virus (HIV), Horvath DNAm age pre-
dicted mortality [15, 16] and correlated with a frailty index but
not telomere length [17]. In PWH, we and others found that
Horvath DNAm age is increased compared to sex-, race/
ethnicity-, and chronological age-matched adults without
HIV [18, 19].

In a more recent approach, DNAm age is regressed on chro-
nologic age, allowing the result to be centered around zero with
positive values reflecting accelerated aging and quantitated in
years of epigenetic age acceleration (EAA) [13]. EAA markers
include those based on Horvath DNAm age and Hannum
DNAm age in addition to newer versions of predicted epigenet-
ic age, Grim age and Pheno age. These EAA markers are greater
in PWH compared with adults without HIV [20-22] and are re-
duced by antiretroviral therapy (ART) [23]. The utility of EAA
markers as a clinical prognostic indicator remains unclear.
Small studies have shown associations of EAA markers with
cognitive function and HIV-associated neurocognitive disor-
der [20, 24, 25] but not the Fried frailty phenotype [20]. In a
longitudinal study over 4 years, changes in EAA markers
were variable, and baseline values did not predict incident
HIV-related and unrelated clinical events [26]. Collectively,
the capacity of current EAA markers to predict mortality in
PWH has yet to be established. The objective of this study
was to determine if markers of EAA are associated with phys-
iologic frailty as measured by the VACS Index and predict all-
cause mortality in PWH.

METHODS

The VACS is a well-defined cohort of prospectively enrolled
Veterans with and without HIV infection from 8 Veterans
Affairs Medical Centers [27]. Blood samples for this analysis
were collected between 2005 and 2007 from a subset of partic-
ipants. Total white blood cells were isolated at the time of sam-
ple collection for DNA extraction. This study included
533 samples with available DNA methylation data from partic-
ipants with HIV infection. Two participants who did not have
all laboratory components for calculation of the VACS Index
within 180 days of the sample collection were excluded, result-
ing in an analytical set of 531 participants. All-cause mortality
was determined from the Veterans Health Administration
(VHA) vital status file, which uses inputs from the Social
Security Administration death master file, the Beneficiary
Identification and Records Locator Subsystem, and the VHA
Medical Statistical Analysis Systems inpatient datasets.

VACS Index

The VACS Index is based on age and routine clinical laboratory
values that predict adverse clinical outcomes including hospi-
talization and death in diverse patient populations with and

without HIV infection. The most recent iteration, VACS
Index 2.0, including body mass index, albumin, and total white
blood cell count [28], was used based on superior mortality dis-
crimination over version 1.0 [3]. The VACS Index 2.0 score was
calculated from laboratory and body mass index data within
180 days of the blood sampling.

DNA Methylation Assay and Data Processing

The Illumina Infinium HumanMethylation 450 (450K)
BeadChip was used to measure blood-based DNA methylation
profile. BeadStudio software was used to generate the raw f3 val-
ues, which are the proportion of methylation intensity of a site
(ranging from 0 to 1). As previously described [29], 927 CpG
sites were removed from the analysis due to high missing rate
(>5%). Another 35605 CpG sites were removed because their
probes contained single-nucleotide polymorphisms within 10
base pairs of the CpG site. An additional 24729 CpG sites
were removed because their probes mapped to multiple loca-
tions in the genome. We also excluded samples with >10%
missing rate of methylation data and any results with a detec-
tion P > .01. We further performed quantile normalization
and batch effect corrections using the minfi package available
in R [30].

DNA Methylation Age and Age Acceleration Estimation

We first calculated 4 measurements of DNAm age based on
Horvath DNAm age, Hannum DNAm age, DNAm Pheno
age, and DNAm Grim age. The Horvath epigenetic clock and
Hannum epigenetic clock were the first developed biomarkers
of DNAm age and have a demonstrated robust relationship
with chronological age and mortality [15, 16]. The more recent-
ly developed DNAm Pheno age has shown strong associations
with all-cause mortality and aging-related morbidity [31],
whereas DNAm Grim age performed especially well in predict-
ing coronary heart disease and all-type cancer [32], as well as
all-cause mortality [33]. All measures of DNAm ages were cal-
culated through the online calculator (https:/dnamage.
genetics.ucla.edu) developed by Horvath’s group [14].

We calculated 6 markers of EAA from the residuals resulting
from regressing DNAm age calculations (Horvath DNAm age,
Hannum DNAm age, Pheno age, and Grim age) on chronolog-
ical age in a linear model: Horvath DNAm age acceleration
(HorvathAA), Hannum DNAm age acceleration (HannumAA),
intrinsic epigenetic age acceleration (IEAA), extrinsic epigenetic
age acceleration (EEAA), Pheno age acceleration (PhenoAA),
and Grim age acceleration (GrimAA). IEAA is defined as the
residual from regressing Horvath DNAm age on chronological
age after adjusting for cell types including CD4 and naive CD8
T cells, CD8"CD28 CD45RA™ (memory and effector T cells),
plasmablasts, monocytes, granulocytes, and natural killer cells.
Similarly, EEAA is calculated using Hannum DNAm age, ad-
justing for cell types including naive CD8, plasmablasts, and
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CD8"CD28 CD45RA™. The remaining 4 age acceleration
markers were age-adjusted residuals without additional adjust-
ment for the proportion of cell types.

Statistical Analysis

Linear regression was performed for each EAA marker as the
independent variable and VACS Index as the dependent vari-
able. Age acceleration was deemed to be present (>0) or absent
(<0) based on the value of the EAA marker. Survival analyses
included Kaplan-Meier plots for the presence and absence of
age acceleration. In the case of the VACS Index score, the me-
dian value was used as the cutoff point to define comparison
groups. Cox regression was used to determine the hazard ratio
(HR) for all-cause death per increased unit of each EAA marker
(1 year). Based on prior work [3], the VACS Index score was
coded in 5-point increments in the Cox models. The proportion-
al hazards assumption was confirmed by test of Schoenfeld resid-
uals. Additional analyses to assess discrimination for mortality
were conducted; Harrell C-statistic was calculated for each
Cox model and compared. Cox regression with adjustment for
the VACS Index was performed for each EAA marker to deter-
mine whether prognostic accuracy improved. The association of
EAA markers with participant baseline characteristics was tested
by Student  test or * test. Post hoc analysis included Cox regres-
sion with adjustment for smoking exposure.

RESULTS

Table 1 describes the baseline characteristics of the study
population. Participants were predominantly men (98.5%)
and of non-Hispanic Black race/ethnicity (84.4%) with a
mean age of 52.4 years (standard deviation [SD], 7.8 years).
The VACS Index mean score was 59.3 (SD, 16.4). There
were 136 deaths during a median follow-up of 8.7 years
(interquartile range, 7.7-9.4 years). Four of the 6 EAA mark-
ers were significantly associated with the VACS Index:
HannumAA, EEAA, GrimAA, and PhenoAA (Table 2).
GrimAA demonstrated the strongest association; each year
increase in GrimAA was associated with approximately
1-point increase in VACS Index (B = 1.18 [95% confidence
interval {CI}, .91-1.45]; P<.0001). HorvathAA and IEAA,
both based on the Horvath epigenic clock, were not signifi-
cantly associated with the VACS Index. Similarly, the mean
VACS Index was significantly greater if age acceleration
was present (EAA >0) compared with absence (EAA <0)
based on the markers HannumAA, EEAA, GrimAA, and
PhenoAA (Figure 1). HannumAA, EEAA, GrimAA, and
PhenoAA were significantly associated with all-cause mortal-
ity, but HorvathAA and IEAA were not (Table 3). GrimAA
had the greatest mortality discrimination among the EAA
markers, but less than the VACS Index (Table 3). Addition
of the VACS Index increased the discrimination of the

Table 1. Characteristics of Study Population With and Without
Epigenetic Age Acceleration

Grim Age Acceleration?

Total Present Absent
Characteristic (N =531) (n = 263) (n=268)  PValue®
Age, y, mean (SD) 52.4 (7.8) 52.4 (6.9) 52.4 (8.6) .95
Race/ethnicity .01
Black 448 (83.4) 227 (86.3) 221 (82.5)
White 56 (10.6) 30 (11.4) 26 (9.7)
Hispanic or other 27 (5.1) 6 (2.3) 21 (7.8)
Sex, male 523 (98.5) 257 (97.7) 266 (99.3) 7
Smoking, current or 419(78.9) 248 (94.3) 171 (63.8) <.001
former
Alcohol current use .01
None 189 (35.7) 88 (33.5) 101 (38.0)
Nonhazardous 109 (20.6) 44 (16.7) 65 (24.4)
Hazardous use or 231(43.7) 131(49.8) 100 (37.6)
alcohol abuse
HCV antibody positive 301 (66.7) 162 (61.6) 139(51.9) .02
Diabetes 100 (18.8) 51 (19.4) 49 (18.3) 74
Prior AIDS-defining 198 (37.3) 118 (44.9) 80 (29.9) <.001
illness
On ART 431(81.2) 215(81.8) 216 (80.6) 73
CD4 count, cells/uL, 390 (326) 368 (307) 401 (343) .01
median (IQR)
HIV viral load 291 (54.8) 123 (46.8) 168 (62.7) <.001
nondetectable®
VACS Index, median 58 (22) 62 (22) 54 (20) <.001

(IQR)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: ART, antiretroviral therapy; HCV, hepatitis C virus; HIV, human
immunodeficiency virus; IQR, interquartile range; SD, standard deviation; VACS, Veterans
Affairs Cohort Study.

2Grim age acceleration present (>0) or absent (<0).

PStudent t test or Wilcoxon rank-sum used for continuous variables; xz test or Fisher exact
test used for categorical variables.

°Nondetectable: HIV type 1 RNA <75 copies/mL.

GrimAA Cox model (C-statistic, 0.62 [95% CI, .57-.67] vs
0.73 [95% CI, .69-.78]). Notably, only GrimAA remained sig-
nificantly associated with mortality after adjustment for the
VACS Index (Table 3). Ten-year prediction of all-cause mor-
tality by the VACS Index and GrimAA is shown using
Kaplan-Meier plots (Figure 2). Among clinical characteris-
tics, lower CD4 cell count, detectable viral load, smoking
exposure, alcohol abuse, and history of hepatitis C seroposi-
tivity were associated with age acceleration, defined as
GrimAA >0 (Table 1). Similar results were found for CD4
cell count and viral load with other EAA measures, except
that IEAA was not significant (Supplementary Table 1).
Only GrimAA and PhenoAA were associated with smoking
exposure.

DISCUSSION

Several markers of EAA in PWH were associated with the
VACS Index, a well-studied measure of physiologic frailty.
PWH experiencing age acceleration, defined as EAA marker
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Table 2. Linear Regression of Epigenetic Age Acceleration Markers With the Veterans Aging Cohort Study Index

EAA Marker (per Year) Median (Minimum, Maximum) Mean (SD) B Estimate® (95% CI) P Value
HorvathAA 0.55 (-25.12, 22.94) 0.61 (6.23) 14 (.08 to .37) 219
HannumAA —0.15 (-23.47, 29.92) —0.15 (5.60) 51 (.26-.76) <.001
IEAA 0.05 (-24.15, 19.49) 0.08 (5.62) -.14 (-=.40to .11) .276
EEAA 0.19 (-26.10, 36.00) 0.27 (7.11) .66 (.37-.75) <.001
GrimAA —0.06 (—12.23, 14.66) 0.02 (4.88) 1.18 (.91-1.45) <.001
PhenoAA 0.58 (-32.19, 30.04) 0.59 (8.71) .58 (.42-.73) <.001

Abbreviations: Cl, confidence interval; EAA, epigenetic age acceleration; EEAA, extrinsic epigenetic age acceleration; GrimAA, Grim age acceleration; HannumAA, Hannum DNA methylation
age acceleration; HorvathAA, Horvath DNA methylation age acceleration; IEAA, intrinsic epigenetic age acceleration; PhenoAA, Pheno age acceleration; SD, standard deviation.

@Per point of Veterans Aging Cohort Study Index.

value >0, had significantly greater mean VACS Index (poorer
prognosis) for HannumAA, EEAA, PhenoAA and GrimAA,
but not HorvathAA and IEAA. These results were further sup-
ported by the predictive accuracy of the same EAA markers for
all-cause mortality. In particular, GrimAA had the strongest
predictive value, 10% increased risk of death per 1 year, and
mortality discrimination (C-statistic, 0.62). While epigenetic
biomarkers are quickly evolving, GrimAA may provide key in-
sights into the molecular mechanisms mediating biological ac-
celerated aging and physiologic frailty in PWH.

The VACS Index is a robust measure of physiologic frailty
that encapsulates multiorgan function in combination with
HIV progression but also has been validated in people without
HIV [4]. Previous EWASs of PWH have leveraged the VACS
Index as a prognostic indicator to identify CpG sites associated
with illicit drug use and hepatitis C virus infection [34] and

smoking [35]. Another EWAS identified 393 CpG sites located
in genes controlling immune activation and cytokine receptor
binding [36]. In contrast to this prior work, our objective was
to determine the association of EAA markers with the VACS
Index as a measure of physiologic frailty given our limited un-
derstanding of the interplay between frailty and accelerated ag-
ing in PWH. Shiau and colleagues assessed physical frailty with
the Fried criteria in an epigenetic cross-sectional study of older
African American adults with and without HIV [20].
Approximately one-third of participants in both groups were
prefrail/frail, but none of the EAA markers (Horvath AA,
IEAA, EEAA, GrimAA, and PhenoAA) were significantly dif-
ferent from the nonfrail participants. We found that EAA
markers based on Hannum DNAm age (HannumAA and
EEAA), DNAm Pheno age (PhenoAA), and DNAm Grim age
(GrimAA) were significantly associated with the VACS
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Figure 1.

Association of epigenetic age acceleration (EAA) markers with the Veterans Aging Cohort Study (VACS) Index. Mean and 95% confidence interval of the VACS

Index score by age acceleration present (>0, squares) or absent (<0, circles) for each EAA marker. The difference was tested by Student ttest. *P<.001. Abbreviations: EAA,
epigenetic age acceleration; EEAA, extrinsic epigenetic age acceleration; GrimAA, Grim age acceleration; HannumAA, Hannum DNA methylation age acceleration; Horv-
athAA, Horvath DNA methylation age acceleration; IEAA, intrinsic epigenetic age acceleration; PhenoAA, Pheno age acceleration; VACS, Veterans Aging Cohort Study.
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Table 3. Cox Regression of All-Cause Mortality for Each Measure of Epigenetic Age Acceleration and the Veterans Aging Cohort Study Index

Models Adjusted for VACS Models Adjusted for Smoking

Unadjusted Models Index Exposure®
Predictors (per Year) HR (95% ClI) P Value C-Statistic® (95% CI) HR (95% Cl) P Value HR (95% Cl) P Value
HorvathAA 1.00 (.98-1.03) .843 0.48 (.43-.53) 0.99 (.97-1.02) 496 1.00 (.98-1.03) 811
HannumAA 1.03 (1.00-1.06) .038 0.56 (.561-.61) 1.00 (.97-1.03) .887 1.03 (1.00-1.06) .039
IEAA 1.00 (.97-1.03) .780 0.52 (.47-.57) 1.00 (.97-1.03) .874 1.00 (.97-1.03) 774
EEAA 1.03 (1.01-1.05) .014 0.57 (.62-.62) 1.00 (.98-1.02) .863 1.03 (1.00-1.05) .019
GrimAA 1.10 (1.06-1.14) <.001 0.62 (.567-.67) 1.05 (1.01-1.09) .016 1.08 (1.04-1.12) <.001
PhenoAA 1.02 (1.00-1.04) .028 0.56 (.51-.61) 0.99 (.97-1.02) .334 1.02 (.99-1.04) .069
VACS Index® 1.29 (1.22-1.35) <.001 0.72 (.68-.77) 1.28 (1.21-1.34) <.001

Abbreviations: Cl, confidence interval; EEAA, extrinsic epigenetic age acceleration; GrimAA, Grim age acceleration; HannumAA, Hannum DNA methylation age acceleration; HorvathAA,

Horvath DNA methylation age acceleration; HR, hazard ratio; IEAA, intrinsic epigenetic age acceleration; PhenoAA, Pheno age acceleration; VACS, Veterans Aging Cohort Study.

#Harrell C coefficient.
5Smoking exposure classified as current/former and never.
°Unit of VACS Index is per 5 points.

Index. Intriguingly, the 2 EAA markers based on Horvath
DNAm age (Horvath AA and IEAA) were not associated
with the VACS Index. This finding was initially surprising giv-
en that Horvath DNAm age has been associated with 2 different
indices of frailty in elderly adults without HIV [17, 37]. Yet
more recent work found that GrimAA and PhenoAA, but
not HorvathAA, were associated with the Fried frailty score
[33], similar to our findings in PWH. Our results will require
further investigation to determine potentially shared mecha-
nisms that underlie the gene transcription captured by different
epigenetic clocks in association with multiorgan decline cap-
tured by the VACS Index.

Studies investigating clinical outcomes support the use of EAA
markers for HIV and aging research, yet also show different

results across biomarkers [11]. Cross-sectional studies found evi-
dence of age acceleration in PWH who are ART naive [22] or vi-
rally suppressed on ART [20] compared with people without HIV
using the markers HorvathAA, EEAA, GrimAA, and PhenoAA,
but not IEAA. A longitudinal study of ART-naive PWH found
significantly greater age acceleration compared with age- and sex-
matched controls for markers of HorvathAA, GrimAA, and
PhenoAA, but not HannumAA [23]. Remarkably, after 2 years,
all EAA markers were reduced, but only GrimAA and
PhenoAA remained significantly higher than controls. In con-
trast, a small study of ART-naive PWH with age-matched adults
without HIV showed that after 2 years of ART, Horvath AA and
EEAA remained significantly greater in the HIV group, but there
was no difference in GrimAA and PhenoAA between groups [21].
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Figure 2. Kaplan-Meier estimates of 10-year all-cause mortality for the predictors Veterans Aging Cohort Study (VACS) Index and Grim age acceleration (GrimAA). The
number of participants at risk are below each graph. A, For the VACS Index, the median value of the score was used as the cutoff point to define comparison groups. B, For the
GrimAA marker, the value of zero was used as the cutoff point to define accelerated aging (>0) or expected aging (<0). Abbreviation: Cl, confidence interval.
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These differences in magnitude and change in EAA likely reflect
clinical and environmental differences in study populations. Our
results in the context of this literature support future research to
determine the extent to which EAA markers reflect holistic versus
specific organ system aging.

Our understanding of the prognostic utility of epigenetic
markers for PWH is limited. Esteban-Cantos and colleagues
measured HorvathAA, PhenoAA, and GrimAA in blood sam-
ples collected at 2 time points in a longitudinal cohort of PWH
on ART with viral suppression [26]. Baseline HorvathAA was
significantly greater among those who had a serious clinical
event during the 4-year follow-up (AIDS or non-AIDS-related
event). However, none of the EAA markers at baseline predict-
ed new clinical events in logistic regression models, with and
without adjustment for potential confounders. Several smaller
studies have shown associations of various EAA markers with
cognitive function and HIV-associated neurocognitive disor-
der [20, 24, 25]. Zhang et al used machine learning to construct
a DNAm Index in PWH based on 698 CpGs derived from
smoking-associated CpGs (enriched for frailty) that strongly
predicted mortality (HR, 1.46 [95% CI, 1.06-2.02]) [35].
Although this epigenetic marker was not based on predicted
epigenetic age (eg, DNAm age), results provided the first evi-
dence for predictive accuracy.

Our findings extend the epigenetic HIV literature by demon-
strating that GrimAA, PhenoAA, HannumAA, and EEAA pre-
dicted all-cause death in a longitudinal cohort of PWH. Our
negative result for EAA markers based on Horvath DNAm
age (Horvath AA and IEAA) may reflect intrinsic cohort
and/or environmental differences. In numerous HIV negative
cohorts, Horvath DNAm age has predicted mortality using
blood samples [15, 16] and further contributed to our under-
standing of accelerated aging in PWH, especially neurocogni-
tive function [18]. The results our of survival analyses,
combined with parallel relationships for the VACS Index, sup-
ports further evaluation of EAA markers to differentiate bio-
logic mechanisms and environmental factors that drive
accelerated aging due to multiorgan decline. The role of HIV
disease progression and ART toxicity also needs to be consid-
ered in cohorts consisting of people with and without HIV.
The cause of death, and thus underlying pathogenesis, may
also be important for EAA markers but was not evaluated in
our study. Wang and colleagues performed a survival analysis
in 2 independent cohorts of >2000 individuals without HIV
for the markers GrimAA, PhenoAA, EAAA, and IEAA [38].
Cardiovascular-related mortality (myocardial infarction and
stroke) were predicted by GrimAA, PhenoAA, and EAAA,
but not IEAA. None of the EAA markers predicted cancer-
related mortality. Similar to our findings, GrimAA had the
strongest association with all-cause mortality.

Among PWH, we found that a single-year increase in
GrimAA predicted a 10% increased hazard for all-cause

(HR, 1.10 [95% CI, 1.06-1.14]; P<.001).
Furthermore, GrimAA had the greatest mortality discrimina-

mortality

tion among EAA markers and remained an independent pre-
dictor of mortality after adjustment for the VACS Index.
DNAm Grim age was derived from a combination of DNAm
biomarkers of physiological stress correlated with plasma pro-
tein levels and a DNAm estimator of smoking pack-years [32].
The impact of smoking on DNA methylation is well-
established in adults with and without HIV [37, 39, 40]. The
higher mortality discrimination of GrimAA among the EAA
markers we tested may have been driven by the large propor-
tion of participants with a history of smoking (79%). Yet, in
post hoc sensitivity analysis, GrimAA predicted death after ad-
justment for smoking (Table 3). Furthermore, our results are
consistent with survival analyses in a larger cohort of older
adults without HIV but a balanced distribution of smoking his-
tory [33]. In this study using the same EAA markers, McCrory
et al found that only GrimAA predicted all-cause mortality in
adjusted models. In PWH, the putative metabolic effects of
ART also need to be considered. GrimAA correlated with viscer-
al adipose tissue and was inversely related to skeletal muscle
mass and plasma levels of micronutrients in a subsample of
the Framingham Heart Study cohort [32]. Future research
should evaluate if GrimAA differs by HIV strata defined by
smoking history and other environmental factors. Given that
the end-organ effects of lifestyle factors are difficult to measure,
GrimAA may offer the opportunity to identify individuals with
EAA for smoking cessation and other lifestyle interventions.
Whether changes in GrimAA will reflect beneficial responses
to interventions independent of VACS indices remains unclear.

The primary limitation of our study is the narrow demo-
graphic characteristics of the participants, mostly Black men.
However, this is an understudied group in the methylation lit-
erature. Future research in PWH is needed to address the gen-
eralizability of our findings. In addition, the question remains if
these relationships are comparatively different in people with-
out HIV, and whether any differences are mediated by HIV,
ART, or environmental determinants of health outcomes.
Finally, we acknowledge that blood epigenetics alone does
not capture the full breadth of pathology necessary for assessing
biological aging in PWH [12].

In conclusion, epigenetic age acceleration markers combined
with clinical and environmental data provide insight into mo-
lecular mechanisms mediating accelerated aging in PWH, and
may, more generally, play an important role in precision med-

icine strategies for the prevention and treatment of disease.
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