Socioeconomic Disadvantage and the
Pace of Biological Aging in Children

Laurel Raffington, PhD,2* Daniel W. Belsky, PhD,* Meeraj Kothari, MPH,¢ Margherita Malanchini, PhD,>¢
Elliot M. Tucker-Drob, PhD,>** K. Paige Harden, PhD*>*

BACKGROUND AND 0BJECTIVES: Children who grow up in socioeconomic disadvantage face increased
burden of disease and disability throughout their lives. One hypothesized mechanism for this
increased burden is that early-life disadvantage accelerates biological processes of aging,
increasing vulnerability to subsequent disease. To evaluate this hypothesis and the potential
impact of preventive interventions, measures are needed that can quantify early acceleration
of biological aging in childhood.

mEeTHODS: Saliva DNA methylation and socioeconomic circumstances were measured in N = 600
children and adolescents aged 8 to 18 years (48% female) participating in the Texas Twin
Project. We measured pace of biological aging using the DunedinPoAm DNA methylation
algorithm, developed to quantify the pace-of-aging-related decline in system integrity. We
tested if children in more disadvantaged families and neighborhoods exhibited a faster pace of
aging as compared with children in more affluent contexts.

resutrs: Children living in more disadvantaged families and neighborhoods exhibited a faster
DunedinPoAm-measured pace of aging (r = 0.18; P =.001 for both). Latinx-identifying children
exhibited a faster DunedinPoAm-measured pace of aging compared with both White- and
Latinx White-identifying children, consistent with higher levels of disadvantage in this group.
Children with more advanced pubertal development, higher BMI, and more tobacco exposure
exhibited faster a faster DunedinPoAm-measured pace of aging. However, DunedinPoAm-
measured pace of aging associations with socioeconomic disadvantage were robust to control
for these factors.

concLusions: Children growing up under conditions of socioeconomic disadvantage exhibit

a faster pace of biological aging. DNA methylation pace of aging might be useful as a surrogate
end point in evaluation of programs and policies to address the childhood social determinants
of lifelong health disparities.

@0

WHAT’S KNOWN ON THIS SUBJECT: Children who grow up in
socioeconomically disadvantaged families face increased burden
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Individuals exposed to social
adversity in childhood experience
higher burden of aging-related
disease later in life." Children in low
socioeconomic status (SES) families
experience a suite of material
hardships and psychological stressors
that increase risk for later-life health
problems, including cardiovascular
disease, Type 2 diabetes, cancer,
dementia, and a shorter life span.z’4
These childhood socioeconomic
gradients in adult-onset disorders
partly reflect socioeconomic
gradients in health problems that
begin during childhood, including
obesity, asthma, and stress-related
mental health problems.””” However,
even after accounting for childhood-
onset health problems and adult SES,
adult health continues to be graded
by childhood SES.*®®

One hypothesis to explain social
inequalities in health is that early-life
disadvantage accelerates biological
processes of aging.”® Biological
aging is the gradual and progressive
decline in system integrity that
occurs with advancing age.'! It is
theorized to originate with the
accumulation of cellular-level
changes, including telomere attrition
and epigenetic alterations, which, in
turn, drive deterioration in tissues
and organ systems.'? Biological aging
in this framework is distinct from
programmed development. However,
damage accumulation during
development may accelerate aging.*
Analyses of telomere length suggest
that cellular aging is already variable
in childhood'*!® and may be
accelerated by early-life
adversity.'6"18

New uncertainty about the validity of
telomere length measurement as

a biomarker of aging has complicated
interpretation of observations that
disadvantaged children tend to have
shorter telomeres than their more-
privileged peers.'®?° At the same
time, DNA methylation-based
measures known as epigenetic clocks
have emerged as candidate

biomarkers of aging in humans and
other species.’! In some studies of
adults, lower SES is associated with
more advanced biological aging, as
measured by epigenetic clocks,
although effect sizes are small.*? In
contrast, the authors of a recent
meta-analysis concluded that SES was
unrelated to either telomere length or
epigenetic clocks in children.?® It is
therefore currently unknown whether
there are biomarkers of aging that
reflect the socioeconomic gradient in
children’s health.

Here, we use an alternative approach
to the cellular-level measurement of
biological aging in childhood, focusing
on the pace of aging. The epigenetic
clocks were developed from an
analysis in which chronologically
older individuals were compared with
younger ones. A novel DNA
methylation measure, DunedinPoAm,
was developed from an analysis of
rate of longitudinal change in organ-
system integrity occurring in middle-
adulthood in a cohort of individuals
who were all the same chronological
age.”* Whereas epigenetic clocks
quantify the amount of aging that has
already occurred up to the time of
measurement, DunedinPoAm
quantifies how fast an individual is
aging.?® In other words, whereas
epigenetic clocks tell you what time it
is, pace-of-aging measures tell you
how fast the clock is ticking. In
children whose aging trajectories are
only beginning to diverge, differences
in accumulated aging (clock time)
may be small. Pace-of-aging
measures, which measure divergence
in trajectories, might therefore be
more sensitive to social determinants
of health early in the life span. Indeed,
in a cohort of 18-year-olds,
DunedinPoAm recorded faster pace of
aging in those with histories of
childhood poverty and victimization,
whereas several epigenetic clocks did
not detect differences between these
groups.?*

In this article, we report the first
analysis of DunedinPoAm-measured

pace of aging in children. We
analyzed saliva DNA methylation
from 600 White- or Latinx-identifying
children aged 8 to 18 from the
population-based Texas Twin Project
to examine whether family- and
neighborhood-level cumulative
socioeconomic disadvantage was
associated with a faster methylation
pace of aging. We also examined
whether children’s racial and/or
ethnic identities were associated with
methylation pace of aging. For
comparison, we repeated the analysis
using several epigenetic clocks.?67°

METHODS

Sample

Participants included 600 (285 girls)
children and adolescents from 328
unique families aged 8 to 18 years
(mean = 12.68, SD = 3.02) from the
Texas Twin Project.31 The Texas Twin
Project is an ongoing longitudinal
study that includes the collection of
salivary samples. Saliva samples were
selected to be assayed for DNA
methylation by using EPIC arrays if
participants self-identified their race/
ethnicity as White and/or Latinx and
had contributed cortisol data (not
reported here). After we excluded 8
participants during DNA methylation
preprocessing, there were n = 457
participants who identified as only
White, n = 77 who identified as only
Latinx, and n = 61 who identified as
Latinx and White. We capitalize these
terms to highlight that racial and/or
ethnic identities are social
constructions that are not based on
innate biosocial boundaries but may
have biosocial effects through
people’s lived experiences.*? The
University of Texas Institutional
Review Board granted ethical
approval.

DNA Methylation and DunedinPoAm

Saliva samples were collected during
a laboratory visit by using Oragene
kits (DNA Genotek, Ottawa, Ontario,
Canada). DNA extraction and
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methylation profiling were conducted
by the Edinburgh Clinical Research
Facility (Edinburgh, United Kingdom).
The Infinium MethylationEPIC
BeadChip Kit (Illumina, Inc, San
Diego, CA) was used to assess
methylation levels at 850 000
methylation sites. Methylation
profiles were residualized for cell
composition, array, and slide; all
samples came from the same batch
(see Supplemental Information for
details). Comparison of
DunedinPoAm-measured pace of
aging in blood and saliva by using
out-of-sample data sets is reported in
Supplemental Fig 3. The analysis
indicated good correspondence of
DunedinPoAm measurements across
blood and saliva.

See Table 1 for a description of
DunedinPoAm-measured pace of
aging calculation and the
Supplemental Information for

a description of epigenetic clocks
calculation, which were converted to
age-acceleration residuals for analysis
by regressing participants’ computed
epigenetic-clock age values on their
chronological ages and predicting
residual values.

CGumulative Socioeconomic
Disadvantage

We measured children’s
socioeconomic disadvantage at the
family and neighborhood levels of
analysis (Table 1).

Health Behavior Covariates

Smoking and obesity are socially
patterned health behavior exposures
that are more common in children
from families and neighborhoods of
lower SES.”*3 They are also
associated with differential DNA
methylation patterns across the
genome.>* 3¢ We therefore
considered tobacco exposure and BMI
in our analysis (Table 1).

Pubertal Development

Puberty tends to begin at younger
ages in children growing up in
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conditions of early-life disadvantage,
and meta-analytic evidence suggests
that this is driven by experiences of
threat but not deprivation or
socioeconomic disadvantage.?*373®
In our sample, associations of
socioeconomic disadvantage and
puberty were positive but not
statistically different from 0 (family
level: r = 0.08, 95% confidence
interval [CI] —0.02 to 0.18, P = .10;
neighborhood level: r = 0.05, 95% CI
—0.05 to 0.16, P = .29). Puberty is
also associated with a range of DNA
methylation changes.?**° We
therefore considered children’s
pubertal development in our analysis
(see Table 1).

Analysis

We tested associations of childhood
socioeconomic disadvantage and
racial and/or ethnic identity with the
pace of biological aging using
regression analysis. To account for
nonindependence of data on siblings,
we fitted regressions using linear
mixed models implemented with the
Ime4 R package. To ensure that our
primary mixed-effects models
appropriately corrected for
nonindependence of the sample, we
reran models with 1 randomly
selected twin per pair and also reran
models with clustered SEs in Mplus
software. The coefficients were
similar across all analytic strategies,
increasing confidence in the
robustness of our results (see Results
section of the Supplemental
Information).

We report parameter estimates with
bootstrapped 95% Cls (computed
with 500 simulations by using Ime4’s
confint.merMod function).
Continuous measures were
standardized for analysis to mean =
0.00 and SD = 1.00, allowing for
interpretation of effect sizes in the
metrics of Pearson’s r in the case of
continuously distributed exposure
variables and Cohen'’s d in the case of
nominal variables (ie, race/ethnicity).

All models were adjusted for sex and
children’s chronological age.

To test if associations between
socioeconomic disadvantage and pace
of biological aging were accounted for
by social gradients in tobacco
exposure and/or obesity, we
conducted covariate-adjusted
regressions to evaluate sensitivity of
results. We conducted a parallel
analysis to evaluate independence of
associations from pubertal
development.

For comparison, we repeated the
pace-of-aging analysis using age-
acceleration residuals from 5
published epigenetic clocks.

RESULTS

DunedinPoAm-measured pace of
aging from salivary DNA was
approximately normally distributed
in children and adolescents in the
Texas Twin Project (before correction
for the cell composition of saliva
samples, the mean DunedinPoAm-
measured pace of aging was 0.79 [SD
= 0.05]). DunedinPoAm-measured
pace of aging was similar in boys and
girls (d = —0.03, 95% CI —0.11 to
0.06, P = .48). DunedinPoAm-
measured pace of aging was similar
for younger and older children (r =
0.02, 95% CI —0.08 to 0.11, P = .75).
The relatively young and restricted
age range of our sample may also
explain why DunedinPoAm-measured
pace of aging did not differ by age. In
previous research, investigators have
found that the pace of aging does
increase with age but that this
acceleration happens later in the life

COUI‘SE}.ZZ}'41

Socioeconomic Disadvantage and
Latinx Identity Are Associated With
Faster Methylation Pace of Aging

We first tested if children growing up
in more socioeconomically
disadvantaged circumstances
exhibited faster methylation pace of
aging. We conducted a separate
analysis of socioeconomic



TABLE 1 Description of Study Measures

Description

DunedinPoAm-measured pace of aging DunedinPoAm-measured pace of aging was calculated on the basis of the published algorithm®* by using codes

Family-level socioeconomic
disadvantage

Neighborhood-level socioeconomic
disadvantage

Tobacco exposure

BMI

Puberty

available at https://github.com/danbelsky/DunedinPoAm38. Briefly, DunedinPoAm was developed from DNA
methylation analysis of pace of aging in the Dunedin Study birth cohort. Pace of aging is a composite phenotype
derived from analysis of longitudinal change in 18 biomarkers of organ-system integrity measured when Dunedin
Study members were all 26, 32, and 38 y of age.?® Elastic-net regression machine learning analysis was used to fit
pace of aging to lllumina 450k DNA methylation data generated from blood samples collected when participants were
aged 38 y. The elastic-net regression produced a 46-CpG algorithm. Increments of DunedinPoAm-measured pace of
aging correspond to years of physiologic change occurring per 12-mo of chronological time. The Dunedin Study
mean was 1 (ie, the typical pace of aging among 38-y-olds in that birth cohort). Thus, a 0.01 increment of
DunedinPoAm-measured pace of aging corresponds to a percentage point increase or decrease in an individual’s
pace of aging relative to the Dunedin Study birth cohort at midlife.

The family-level measure was computed from parent reports of household income, parental education, occupation,
history of financial problems, food insecurity (based on the US Household Food Security Survey Module®), father
absence, residential instability (changes in home address), and family receipt of public assistance. These were
aggregated to form a composite measure of household-level cumulative socioeconomic disadvantage (mean =
—0.08, SD = 0.89), which is slightly below the larger sample’s mean described in ref 55 and is coded such that higher
scores reflect greater disadvantage.

The neighborhood-level measure was composed from tract-level US Census data, according to the method described in
ref 55. Briefly, participant addresses were linked to tract-level data from the US Census Bureau American Community
Survey averaged over five years (https://www.census.gov/programs-surveys/acs). A composite score of
neighborhood-level socioeconomic disadvantage was computed from tract-level proportions of residents reported as
unemployed, living below the federal poverty threshold, having <12 y of education, not being employed in
a management position, and single mothers. The average neighborhood-level socioeconomic disadvantage (mean =
—0.09, SD = 0.87) is slightly below the larger sample’s mean described in ref 55 and is coded such that higher scores
reflect greater disadvantage.

We measured tobacco exposure from (1) participant self-report of tobacco use, (2) a poly-DNAm smoking score (mean
= 0,00, SD = 0.33°%), and (3) methylation of the AHRR gene (mean = 0.00, SD = 0.03; ¢g05575921°").

We measured BMI from in-laboratory measurements of height and weight transformed to sex- and age-normed z scores
according to the method published by the US Centers for Disease Gontrol and Prevention (mean = 0.30, SD = 1.32;
https://www.cdc.gov/growthcharts/percentile_data_files.htm).

We measured pubertal development using children’s self-reports on the Pubertal Development Scale.”® The scale is
used to assess the extent of development across 5 sex-specific domains (for both: height, body hair growth, skin
changes; for girls: onset of menses, breast development; for boys: growth in body hair, deepening of voice). A total
pubertal status score was computed as the average response (1 = “not yet begun” to 4 = “has finished changing”)
across all items (mean = 2.39, SD = 0.93). Pubertal development was residualized for age, sex, and an age-by-sex

interaction. We also examined menarcheal status in girls (menses, n = 153 girls; no menses, n = 134 girls).

disadvantage measured for children’s
families and their neighborhoods. At
both levels of analysis, children
growing up under conditions of
greater socioeconomic disadvantage
exhibited a faster pace of aging, as
measured by DunedinPoAm (family
level: r = 0.18, 95% CI 0.08 to 0.27, P
=.001; neighborhood level: r = 0.18,
95% CI 0.07 to 0.28, P = .001; Fig 1).

We next tested if children identifying
as Latinx (12.9% of sample) and
Latinx-White (10.3% of sample)
exhibited a faster DunedinPoAm-
measured pace of aging as compared
with children identifying solely as
White (76.8% of sample). Latinx-
identifying children exhibited a faster
DunedinPoAm-measured pace of
aging compared with both White-

identifying children (d = —0.21, 95%
CI —0.32 to —0.09, P = .001) and Latinx
White-identifying children (d = —0.16,

95% CI —0.27 to —0.04, P = .008; Fig 2).

Latinx children tended to be exposed
to higher rates of family- and
neighborhood-level cumulative
socioeconomic disadvantage compared
with White-identifying children (family
level: d = —0.33, 95% CI —0.47 to
—0.18, P < .001; neighborhood level:
d = —0.50, 95% CI —0.55 to —0.30, P
< .001) and Latinx White-identifying
children (family level: d = —0.21, 95%
CI —0.35 to —0.07, P = .004;
neighborhood level: d = —0.29, 95% CI
= —0.35 to —0.11, P < .001). We
therefore tested if racial/ethnic group
differences in DunedinPoAm-measured
pace of aging were statistically

explained by socioeconomic differences
between the groups. Adjusting for
group differences in family- and
neighborhood-level disadvantage
largely accounted for differences in
methylation pace of aging between
Latinx-identifying children and children
identifying as White only (d = —0.07,
95% CI —0.22 to 0.08, P = .41) or
Latinx-White (d = —0.09, 95% CI —0.23
to 0.05, P = .23; Fig 2); associations
were no longer statistically different
from 0. Statistical adjustment for racial
and/or ethnic identity only modestly
attenuated associations of
socioeconomic disadvantage with
DunedinPoAm-measured pace of aging
(family level: r = 0.16, 95% CI 0.05 to
0.25, P = .003; neighborhood level: r =
0.14, 95% CI 0.03 to 0.26, P = .02).

RAFFINGTON et al
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FIGURE 1
Associations between family- and neighborhood-level socioeconomic disadvantage and

DunedinPoAm-measured pace of aging. DunedinPoAm-measured pace of aging and socioeconomic
disadvantage values are in SD units. Higher values indicate a methylation profile of faster biological
aging. Regression is estimated from a linear mixed-effects model that accounts for nesting of
children within families. The shaded areas represent the smoothed lower and upper 95% Cls.

Associations Between DunedinPoAm-
Measured Pace of Aging and
Socioeconomic Disadvantage Were
Robust to Health Behavior and
Developmental Covariates

Smoking

To test confounding of socioeconomic
disadvantage associations with pace
of aging by smoking, we conducted 2
sets of analyses. First, we repeated
the regression analysis, excluding
self-reported smokers. There were
few self-reported smokers in the
sample (n = 11 children [1.8% of the
sample]). Results were unchanged
after we excluded these participants.
Second, we repeated the regression
analysis, adding covariate adjustment
for DNA methylation measures of
tobacco exposure (genome-wide DNA
methylation scores [poly-DNAm] and
AHRR smoking scores). Poly-DNAm
smoking profiles were positively
associated with DunedinPoAm-
measured pace of aging (r = 0.19,
95% CI 0.11 to 0.28, P < .001).
Covariate adjustment for DNA
methylation measures of tobacco
exposure only modestly attenuated
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associations at family and
neighborhood levels (family level: r =
0.16, 95% CI 0.06 to 0.25, P = .001;
neighborhood level: r = 0.15, 95% CI
0.05 to 0.25, P =.003).

BMI

To test confounding of socioeconomic
disadvantage associations with pace
of aging by obesity and/or
overweight, we repeated the
regression analysis, adding covariate
adjustment for BMI. Children with
higher BMI had a faster
DunedinPoAm-measured pace of
aging (r=0.26,95% CI 0.18 to 0.35, P
< .001). Covariate adjustment for
BMI modestly attenuated associations
of DunedinPoAm-measured pace of
aging with socioeconomic
disadvantage (family level: r = 0.14,
95% CI 0.04 to 0.23, P = .005;
neighborhood level: r = 0.13, 95% CI
0.02 to 0.25, P = .03).

Pubertal Development

To test confounding of socioeconomic
disadvantage associations with pace
of aging by accelerated pubertal
development, we repeated the

regression analysis, adding covariate
adjustment for pubertal development.
We considered 2 measures of
puberty, the Pubertal Development
Scale and, in girls, menarcheal status.
DunedinPoAm-measured pace of
aging was weakly associated with
self-reported pubertal development;
however, the effect size was not
statistically different from 0 (Pubertal
Development Scale: r = 0.07, 95% CI
—0.02 to 0.15, P =.08). DunedinPoAm
indicated somewhat faster aging in
girls who had experienced their first
menses compared with those who
had not; the effect size was small but
statistically different from 0 (d = 0.19,
95% CI 0.00 to 0.38, P = .04).

Covariate adjustment for the Pubertal
Development Scale modestly
attenuated associations of
socioeconomic disadvantage with
DunedinPoAm-measured pace of
aging (family level: r = 0.17, 95% CI
0.07 to 0.27, P = .001; neighborhood
level: r = 0.16, 95% CI 0.05 to 0.27, P
=.003). Results were similar for
covariate adjustment for menarcheal
status among girls (unadjusted family
level: r = 0.13, 95% CI 0.00 to 0.26, P
=.06; unadjusted neighborhood level:
r=10.18,95% CI 0.06 to 0.34, P = .01;
adjusted family level: r = 0.14, 95% CI
—0.01 to 0.27, P = .07; adjusted
neighborhood level: r = 0.17, 95% CI
0.04 to 0.33, P =.02).

In contrast to results for
DunedinPoAm, epigenetic clocks were
not associated with socioeconomic
disadvantage and, in 2 cases,
associations were in the opposite
direction expected (range of r =
—0.03 to 0.05; Table 2). See the
Supplemental Information for full
results and correlations between
epigenetic clocks (Supplemental Fig
4).

DISCUSSION

We analyzed saliva DNA methylation
data from children and adolescents
participating in the Texas Twin
Project to test associations between
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FIGURE 2

DunedinPoAm-Measured Pace of Aging,
Controlling for Socioeconomic Disadvantage

B3 White B8 Latinx-white B8 Latinx

DunedinPoAm-measured pace of aging in children identifying as White, Latinx, and Latinx-White.
DunedinPoAm-measured pace of aging values are in SD units. Higher values indicate a methylation
profile of faster biological aging. Regression is estimated from linear mixed-effects model that
accounts for nesting of children within families. The boxplot reveals group differences in the mean
DunedinPoAm-measured pace of aging (black circle), SEs of the mean (error bars), and the first and
third quartiles (lower and upper hinges). Group differences were significant at the a = .05
threshold, without adjustment for differences in socioeconomic disadvantage between groups (left
panel), but were no longer significantly different from 0 when controlling for family- and

neighborhood-level disadvantage (right panel).

childhood socioeconomic
disadvantage and the pace of
biological aging using a novel DNA
methylation measure, DunedinPoAm.
We found that children and
adolescents growing up in more
disadvantaged families and
neighborhoods exhibited a faster pace
of aging as measured by
DunedinPoAm. Children with higher
BMI and more advanced pubertal
development for their age tended to
have a faster DunedinPoAm-
measured pace of aging, but these
covariates did not account for
observed socioeconomic disparities.
Our results suggest that the
DunedinPoAm DNA methylation
measure of the pace of biological
aging, originally validated in adults,
could potentially serve as a salivary
biomarker sensitive in real time to
social determinants of health
experienced during childhood.

24

Questions remain about when in the
life course biological processes of

aging begin.*? Observations of
variation in cellular-level
measurements of aging in pediatric
samples suggest that quantification of
biological aging in children may be
possible.'®*%*3 In our study, children
from socioeconomically
disadvantaged families and
neighborhoods showed a faster pace
of aging on the basis of a DNA
methylation measure that tracks
faster declines in organ-system

integrity in midlife adults and
forecasts mortality. This result could
reflect at least 2 phenomena. First is
that socially disadvantaged children
in our study showed patterns of
biological wear and tear similar to
adults who have faster pace of aging.
Second is that the DunedinPoAm
algorithm detected molecular
signatures of exposures, including
early-life adversities, that were causes
of faster pace of aging in the adults in
the original study. Despite this
ambiguity, our results reveal

a molecular continuity between social
inequalities in childhood and health
disparities in adulthood that can
inform future studies of etiology and
intervention.

In our analysis of racial and/or ethnic
group differences, we found that
Latinx-identifying children exhibited
a faster DunedinPoAm-measured
pace of aging compared with children
identifying as White and Latinx-
White. These differences were
statistically accounted for by the
greater socioeconomic disadvantage
experienced by the Latinx children.
Thus, our findings are consistent with
observations that racial and/or ethnic
socioeconomic disparities are an
important contributor to racial and/
or ethnic disparities in health.**
Importantly, racial and/or ethnic
disparities in adult health typically
persist, although reduced, across all
levels of SES, for example, because of
race-based discrimination.3%44

TABLE 2 Associations Between Socioeconomic Disadvantage and Epigenetic Indices of Aging

Family-Level Socioeconomic
Disadvantage

Neighborhood-Level
Socioeconomic Disadvantage

r 95% Cl P r 95% Cl P
DunedinPoAm?®* 0.18 0.08 to 0.27 .001 0.18 0.07 to 0.28 .001
Horvath acceleration®’ 0.02 —0.05 to 0.08 61 0.02 —0.05 to 0.1 46
Hannum acceleration® —003 —0.08 t0 0.04 43 003 —0.04 to 0.11 29
PedBE acceleration®™ —0.01 —0.07 to 0.05 .82 0.05 —0.01 to 0.11 .09
PhenoAge acceleration® 0.01 —0.05 to 0.07 .69 0.03 —0.05 to 0.12 .39
GrimAge acceleration” 0.03 —0.02 to 0.09 .28 0.05 —0.01to 0.13 h

Standardized regression coefficients (r) and 95% Cls are calculated by regressing DNA methylation measures on family-
level socioeconomic disadvantage and neighborhood-level socioeconomic disadvantage separately. All models included

covariate adjustment for the child’s age and sex.
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In contrast to findings for
DunedinPoAm-measured pace of
aging, an analysis of several published
DNA methylation clocks yielded null
associations with socioeconomic
disadvantage. These clocks revealed
the expected associations with
children’s chronological age (r = 0.66
to 0.81 in an age range of 8-18
years). However, the difference
between participants’ epigenetic ages
and their chronological ages (ie,
epigenetic-age acceleration) did not
vary with socioeconomic
disadvantage, consistent with results
from a recent meta-analysis revealing
that threat, but not deprivation, was
associated with epigenetic clocks in
childhood samples.?®> Measures of
epigenetic-age acceleration also
appear to be less sensitive to racial
and/or ethnic group differences in
childhood and adolescence.*” These
results suggest that pace-of-aging
measures, such as DunedinPoAm,
may prove more sensitive to health-
damaging effects of socioeconomic
deprivation and of racialized
disparities in SES, particularly in
studies focused on the early life
course.

We acknowledge limitations. First, we
measured methylation in saliva DNA,
which comes from a mixture of buccal
cells and leukocytes, whereas the
measures we analyzed were
developed from blood or other
tissues. We used DNA methylation
algorithms to make statistical
adjustment for the cellular
composition of the saliva samples.
Increasing confidence in our findings,
they replicate results for
DunedinPoAm and epigenetic clocks
from blood DNA methylation
measured in 18-year-olds.?*
Additionally, our analysis indicated
good correspondence of

DunedinPoAm measurements across
blood and saliva (Supplemental
Information).

Second, our observational design
included DNA methylation data from
a single time point, precluding a test
of how change in socioeconomic
circumstances might affect DNA
methylation measures. Ultimately, not
only longitudinal repeated-measures
studies but also natural experiment
studies and randomized controlled
trials of social programs are needed
to establish causal effects of social
disadvantage on DunedinPoAm-
measured pace of aging and to
establish DunedinPoAm as a mediator
of the process through which
childhood disadvantage leads to
aging-related health conditions.*3*°

Finally, the biology that causes
variation in DunedinPoAm-measured
pace of aging and the epigenetic
clocks remains poorly understood.
Epigenetic changes are understood to
be core features of the biological
process of aging.'?"° Yet, the
methylation measurements we
studied are only correlates of the
unobserved processes of biological
aging, not direct observations of it.>!

Within the bounds of these
limitations, our findings have
implications for theory and future
research. Theory and evidence from
animal models suggest epigenetic
changes are a mediator of early-life
adversity’s effects on aging-related
health decline.*? However, human
studies following-up specific
mechanisms identified in animals
have yielded equivocal results.>®
Our results contribute evidence
toward proof of concept for the
hypothesis that early adversity
increases risk for adult disease

through acceleration of the pace of
biological aging.

In future research, investigators can
use DunedinPoAm to test how aging
processes may be accelerated in at-
risk young people and if and how
such accelerated aging may be
modified, in particular, by program
and policies that are aimed at
reducing social and material
disadvantage. Childhood
interventions to improve equitable
access to nutritious food, lower family
stress, enhance neighborhood safety,
and increase greenspace have the
potential to improve concurrent and
lifelong health.® However, childhood
interventions antedate the onset of
adult disease by decades. This long
gap has motivated interest in
biological measures that can serve as
surrogate end points for assessing the
effectiveness of programs and policies
aimed at improving lifelong health by
promoting positive child
development. Our results suggest that
salivary DNA methylation measures
of pace of aging may provide

a surrogate or intermediate end point
for understanding the health impacts
of such interventions. Such
applications may prove particularly
useful for evaluating the effectiveness
of health-promoting interventions in
at-risk groups.
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