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Abstract

Background: Longitudinal studies are needed to clarify whether early adversities are associated
with advanced methylation age or if they actually accelerate methylation aging. This study test
whether different dimensions of childhood adversity accelerate biological aging from childhood to
adulthood, and, if so, via which mechanisms.

Methods: 381 participants provided one blood sample in childhood (average age 15.0; SD=2.3)
and another in young adulthood (average age 23.1; SD=2.8). Participants and their parents
provided a median of 6 childhood assessments (total=1950 childhood observations), reporting
exposures to different types of adversity dimensions (i.e., threat, material deprivation, loss,
unpredictability). The blood samples were assayed to estimate DNA methylation age in both
childhood and adulthood and also change in methylation age across this period.

Results: Cross-sectional associations between the childhood adversity dimensions and childhood
measures of methylation age were non-significant. In contrast, multiple adversity dimensions

were associated with accelerated within-person change in methylation age from adolescence to
young adulthood. These associations attenuated in model testing all dimensions at the same time.
Accelerated aging increased with increasing number of childhood adversities: Individuals with
highest number of adversities experienced 2+ additional years of methylation aging compared to
those with no exposure to childhood adversities. The association between total childhood adversity
exposure and accelerated aging was partially explained by childhood depressive symptoms, but not
anxiety or behavioral symptoms.

Conclusions: Early adversities accelerate epigenetic aging long after they occur, in proportion
to the total number of such experiences, and in a manner consistent with a shared effect that
crosses multiple early dimensions of risk.
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Childhood adversities are common, distressing, and exact a lasting toll on physical and
mental health (Copeland, Keeler, Angold, & Costello, 2007; Elizabeth J. Costello, Copeland,
Cowell, & Keeler, 2007; Greeson et al., 2011; Widom, 1989). Such experiences have

the potential to become physiologically embedded in ways that may persist over time
(Copeland, Wolke, et al., 2014; A. Danese et al., 2010; Andrea Danese, Pariante, Caspi,
Taylor, & Poulton, 2007; Hertzman & Wiens, 1996). When these changes contribute to

a decline in physical integrity that typically occurs with advancing age, they are said to
accelerate biological aging. A number of indices of biological aging have been studied. The
literature on adversity-associated biological aging has focused on two indices: leukocyte
telomere length and DNA methylation (DNAm) age, sometimes referred to as epigenetic age
(Colich, Rosen, Williams, & McLaughlin, 2020). Epigenetic age is a person’s predicted age
based upon age-related DNA methylation markers (Horvath, 2013). The difference between
estimated DNAm age and chronological age may indicate advanced (or delayed) epigenetic
age. Advanced DNAm age has been linked to risk factors like poor diet and smoking,
diseases like cardiovascular disease and dementia, and even all-cause mortality (Horvath &
Raj, 2018). Early adversity has been hypothesized as a risk factor that might advance DNAm

aging.

There has been some support for the effects of adversity on advanced DNAm age. Most such
studies have used adult methylation data coupled with retrospective measures or childhood
adversity. In a meta-analysis of adult populations, retrospectively reported childhood trauma
was associated with advanced epigenetic age (Wolf et al., 2018). In that same meta-analysis,
lifetime trauma exposure was not associated with DNAm age (but could have been subject
to similar recall biases). However, a key weakness of assessing childhood traumatic events
retrospectively in adult population is the forgetting and/or recall bias that comes with
recalling events decades past (Compton & Lopez, 2014; Moffitt et al., 2010). In contrast,
Colich and colleagues (2020) found only two studies of DNAm age that assessed childhood
adversity within childhood (Jovanovic et al., 2017; Sumner, Colich, Uddin, Armstrong,

& McLaughlin, 2019). Both studies found that early adversity exposures — particularly
those involving violence — had cross-sectional associations with advanced methylation age.
Another recent study observed such an association in females only (Tang et al., 2020).

As such, there is limited literature on studies linking adversity with DNAm age within
childhood and studies that have follow up such children into adulthood.

A second significant weakness of studies of the association of childhood adversity with
DNAm age is their reliance on single measures of DNAm age. This approach can identify
advanced epigenetic age relative to one’s chronological age, but it is unable to reveal
whether DNAM aging accelerated following adversity exposure. A number of studies still
apply the term accelerated aging when describing advanced age. Importantly, multiple
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observations allow for tracking change in DNAm over time in response to these early
experiences. The current study proposes to study the longitudinal associations of early
adversity with within-person change in DNAm age from childhood to adulthood. If such an
association is observed, we propose to test whether it is, in part, explained by childhood
psychiatric symptoms (i.e., a common outcome of early adversity exposure and also a
hypothesized correlate of accelerated aging) (Copeland et al., 2018; McLaughlin et al.,
2013; Trotta, Murray, & Fisher, 2015).

A final challenge in understanding associations of childhood adversity with biological aging
is adversity heterogeneity. Some studies focus on the effects of individual experiences or
categories of experiences (e.g. physical abuse, maltreatment), other look at the effects of

all such adverse experiences a child has had (e.g., a cumulative risk), and, more recently,

a number of studies have recently focused on particular dimensions of adversity (e.g.,
threat, unpredictability). All approaches tend to create variables by combining (typically,
summing) information about individual adversities or the severity of exposures. The current
study will focus on dimensions of adversity proposed under the dimensional model of
adversity and psychopathology (DMAP; (McLaughlin, Sheridan, & Lambert, 2014) as

well as life history theory (Belsky, Schlomer, & Ellis, 2012). DMAP dimensions include
exposure to threatening experiences where there is direct harm or the potential of harm and
deprivation where there is a lack of expected inputs parental/child-rearing environment. In
their meta-analysis of multiple biological aging indices, Colich and colleagues hypothesized
that the childhood adversity dimension of threat would be more likely to be associated with
biological aging than a dimension of deprivation (e.g., neglect, food insecurity) (Colich

et al., 2020). Deprivation may involve material, cognitive and social aspects but the focus
on this analysis will be limited to material deprivation or an inability of the parent to
provide financial-based resources. The life history theory emphasizes the in/consistency of
early environment over time called Unpredictability. In addition to these dimensions, we
have created a dimension involving loss experiences that have been showed to be strongly
associated with depressive symptoms (Asselmann, Wittchen, Lieb, Hofler, & Beesdo-Baum,
2015). Thus, this analysis will study the effects of adversity dimensions on biological aging.
Finally, we propose to test the impact of a cumulative scale that sums across these adversity
dimensions.

Participants

The Great Smoky Mountains Study is a longitudinal, representative study of children in

11 predominantly rural counties of North Carolina (see (Copeland, Angold, Shanahan, &
Costello, 2014)). Three cohorts of children, ages 9, 11, and 13 years, were recruited from

a pool of some 12,000 children using a two-stage sampling design, resulting in N = 1,420
participants (49% female). Annual assessments were completed until age 16 and then again
at ages 19, 21, 25, and 30. Interviews were completed separately by a parent figure and the
participant until age 16, and by the participant only thereafter. Finger-prick blood samples
were collected at all assessments and applied to filter paper. Before all interviews, parent
and child signed informed consent/assent forms. The study protocol and consent forms for
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each assessment were approved by the Duke University Medical Center Institutional Review
Board and participants received payment for their time.

This study selected a subset of participants based upon availability of having at least one
biosample in childhood (ages 9 to 16) and young adulthood (ages 19, 21, 25, or 30), having
a range of adversity levels within childhood, and budgetary considerations. In total, 381
participants were included.

Up to age 16, both the child and parent completed annual structured clinical interviews using
the Child and Adolescent Psychiatric Assessment (CAPA; (Angold & Costello, 2000). After
age 17 the Young Adult Psychiatric Assessment (YAPA; (Angold et al., 1999) the upward
extension of the CAPA, was completed with the participants only.

Childhood adversities were primarily assessed using the Life Events module of the CAPA.
The module assesses 16 high magnitude events that meet the DSM PTSD criterion A

as involving exposure to death, threatened death or sexual violence and natural disasters,
and 14 low magnitude events such as parental divorce or loss of a best friend through

a move that are associated with increased MH problems (Copeland et al., 2018). High
magnitude events were assessed for lifetime occurrence and more common low magnitude
events assessed for 3-month occurrence to maximize recall. Details about the construction
and psychometric properties of these sections were described elsewhere (Costello, Messer,
Reinherz, Cohen, & Bird, 1998). All childhood adversity dimensions were derived using
information collected at all concurrent and prior childhood observation. The 381 participants
completed a total of N=1950 childhood observations with a mean of 5.1 observations and a
median of 6 observations.

Dimensions were derived assessing threat (e.g., physical abuse, violent death of loved one),
material deprivation (e.g., impoverished, no health insurance), loss (e.g., parental divorce,
loss of loved one), and unpredictability (e.g., change in parent structure, multiple moves).

In addition, we have developed a scale of other adversities not related to these dimensions
that are associated with poor short and long-term outcomes for children. Table 1 includes a
list of each of the individual childhood adversity dimensions, the individual events that make
up each scale, the percent of the sample with one or more such events, the mean number of
events, and the range.

Information about individual events was aggregated across all available childhood
observations. A dimensional/count variable was derived indicating the number of distinct
events reported in childhood. The correlations between the individual adversity variables
are shown in Table S1 and S2. A cumulative adversity measure was computed by summing
scores on the individual adversity dimensions (as well as the other adversity scale). Results
are presented for the dimensional/count variables.

Mediators.—Potential mediators for an adversity-DNAmM age association include
childhood psychiatric symptoms (anxiety, depressive or behavioral symptoms). Participants
and a parent were interviewed using the CAPA to assess psychiatric symptoms. The
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symptom was counted as present if reported by either the parent or child. A three-month
“primary period” was selected to minimize forgetting and recall bias (Hardt & Rutter, 2004;
Patten, 2003). This analysis used anxiety, depressive, and behavioral symptoms (including
conduct, oppositional defiant, attention-deficit/hyperactivity symptoms). The measure of
symptoms was taken from the same timepoint as the childhood biosample.

Methylation age.—The current analyses used the last available bloodspot in childhood
(<17 years old) and the latest available adult bloodspot (ages 19, 21, 25, and 30).
Methylation across the genome was assayed from dried bloodspots, using an optimized
protocol for methyl-CG binding domain sequencing (MBD-seq) (Aberg, Chan, & van den
Oord, 2020). MBD-seq achieves near complete coverage of all 28 million sites in the blood
methylome, but at a fraction of the costs of whole genome bisulfite sequencing (Aberg
etal.,, 2017; Chan et al., 2017). DNAm age was estimated using elastic nets to predict
chronological age (in years) from the methylation with parameter alpha set to zero (Han et
al., 2018). K-fold cross-validation with k=10 was used to estimate predictive power and to
obtain unbiased estimates for each participant. Data from the two timepoints from the same
unbiased DNAmM age estimates of the k subsets, k — 1 were used as a “training set” to fit
the elastic net and obtain regression coefficients. The regression coefficients were then used
to estimate chronological age for participants in the “test set.” An annotated table of the top
1000 sites is provide in Table S3. DNAm age was adjusted for the lab technical covariates
of the MBD-seq assay (e.g., sample batches, enrichment efficiency (Shabalin et al., 2018))
as well as cell count proportions (i.e., intrinsic DNAm age (Bell et al., 2019)). Despite the
restricted age range, the correlation between chronological and DNAm age in this dataset
was 0.90. The absolute mean difference was 0.02 (SD=.38). Two methylation age variables
were used for analyses: childhood DNAmM age and a difference score between the childhood
and adulthood DNAm estimates. Additional details about the methylation assay and DNAm
estimation is provided in appendix S1.

All statistical analyses were completed using linear regression models. These models

were implemented using maximum likelihood estimates within SAS PROC GENMOD, a
procedure for generalized linear models. To test whether specific childhood adversities affect
biological aging, we first tested a series of regression models for each individual adversity
dimension and then a model testing all adversity dimensions simultaneously (except the
cumulative adversity scale). The models predicting childhood methylation age were adjusted
for childhood chronological age, sex, race/ethnicity. The models predicting change in
methylation age from childhood to adulthood were adjusted for adult chronological age,

the difference between the participant’s age at the time of the childhood and adult timepoint,
sex, and race/ethnicity. Coefficients presented are standardized regression coefficients to
enable comparison across dimensions.

Follow-up analyses tested whether observed associations were mediated by psychiatric
symptoms (anxiety, depressive, or behavioral symptoms). Mediation was tested using the
SAS PROCESS macro developed by Hayes to evaluate indirect effects using estimates of
the confidence intervals derived from 5,000 bootstrap samples (Hayes, 2012). This approach
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has been shown to minimize concerns with non-normal sampling distribution and to improve
power (Hayes & Scharkow, 2013).

The sample included 381 participants who had methylation assays in both childhood

and adulthood. Table 2 provides descriptive information on the demographic makeup of

the sample as well as the mean DNAm age at the last childhood observation, the adult
observation, and the change in DNAm age from childhood to adulthood. On average, the two
observation were 8.2 years apart (SD=3.3).

Associations between childhood adversity and DNAmM age

Associations between adversity dimensions and each of the methylation age variables

are provided in Table 3 for the individual models and Table 4 for the simultaneous

model. In both tables, the first 3 columns display associations (i.e., regression coefficient)
with childhood methylation age and the last 3 columns show longitudinal associations

with changes in methylation age from childhood to adulthood. None of the childhood
adversity dimensions were associated with childhood methylation age in either individual
or simultaneous models. In contrast, there was evidence of associations of adversity
dimensions with the change in methylation age in univariate models — particularly for the
unpredictability dimension- but these associations were attenuated in the model testing all
dimensions simultaneously. A cumulative adversity index displayed a strong association
with change in DNAm age from childhood to adulthood, B = 0.11, 95%CI = 0.04-0.18, p
=0.002. This association met a stringent Bonferroni-type threshold (0.05/12=0.004). Figure
1 shows the association between a scale that sums the adversity dimensions (along with

the other adversities) and change in DNAm age: with the endorsement of each additional
domain of childhood adversity, DNAm increased such that there was a different of two years
between the lowest and highest levels.

Mediation of adversity-DNAmM age associations

We tested whether the observed association between total adversity exposure and accelerated
methylation aging was mediated by childhood psychiatric symptoms (i.e., depressive,
anxiety, or behavioral; see Table 5). Total childhood adversity was strongly associated with
all psychiatric symptom scores, but only depressive symptoms were significantly associated
with change in DNAm age. Bootstrap confidence intervals for the indirect effect of total
adversity on change in DNAm age via depressive symptoms did not include zero, suggesting
possible mediation.

Discussion

The aim of this study was to understand how different types of prospectively-assessed
childhood adversity dimensions affect longitudinal, within-person changes in methylation
age from childhood to adulthood. A number of findings were noteworthy. There was no
evidence of association between the childhood adversity dimensions — either individual or
cumulatively — on a single measure of methylation age at the end of childhood. In contrast,
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a number of adversity dimensions showed associations with the within-person, longitudinal
measure of change in methylation age over time, but these associations were attenuated

in a model testing all dimensions at the same time, suggesting a shared, nonspecific

effect of early risk. More adversity exposures were associated with additional accelerated
aging: Individuals with the highest level of childhood adversity exposure experienced

2+ additional years of methylation aging as compared to those with the lowest level of
childhood adversities. A portion of this association was possibly accounted for by the effect
of adversity exposure on depressive symptoms.

Our findings provide strong support for studying longitudinal, within-person changes in
methylation age rather than merely comparing between-group differences in age at a single
point in time. This is consistent with the notion of methylation age being an index of
biological aging and with biological aging being a nonspecific process that is affected by
a myriad of intraindividual experiences and exposures. The within-person change design
has two primary advantages: 1) It allows individuals to serve as their own control for
preexisting differences on confounding variables; and 2) It is more powerful as between
person differences are essentially regressed out. Indeed, the on/y way to determine if an
individual’s methylation aging has accelerated or decelerated is to have measured baseline
methylation age. The question that this raises is whether one’s methylation age itself or
the rate of change in methylation aging will best predict later health outcomes that have
been associated with methylation age (Horvath & Raj, 2018). This question will only be
answered by longitudinal studies that track methylation age at multiple assessments across
the lifespan.

There was some evidence that depressive symptoms at the end of childhood mediated part
of the association between total adversity exposure and the accelerated methylation aging.
This is consistent with a model wherein symptoms provide an internal index of the strain
of a psychosocial experience and it is that internal index (i.e., depressive symptoms) that,
over time, may change the biological marker, possible via hyperactivation of stress response
systems. Depressive symptoms themselves are known to have effects on different neural
and stress response systems (Copeland, Shanahan, Worthman, Angold, & Costello, 2012;
Lopez-Duran, Kovacs, & George, 2009; Palmer, Crewther, & Carey, 2015). In contrast,
neither anxiety nor behavioral symptoms, which are both known to increase in response
to adversity exposure, mediated the adversity-methylation age association. Though more
and more examples of accelerated aging are identified, almost nothing is known about the
processes by which such accelerated aging takes place, why the associations vary across
individuals, and the long-term consequences of accelerated aging.

Conclusions about associations of specific adversity variables should not be drawn based on
any one study or even a few. This is particularly the case with adversity variables like threat
and material deprivation that are often operationalized differently in different studies (Colich
et al., 2020). With those acknowledgements, this study provides little evidence to support
specificity of adversity dimensions for methylation aging. This is not surprising, as the
adversity dimensions themselves had substantial intercorrelations (/5=0.3-0.5). In models

in which multiple adversity variables were tested simultaneously, all significant individual
associations were attenuated. This pattern of findings differs from the literature on adversity
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effects on psychiatric symptoms or imaging outcomes, where specificity has been reported
in models testing multiple adversity measures at the same time (Sheridan, Peverill, Finn,
& McLaughlin, 2017). For methylation age, however, findings thus far suggest that each
additional early adversity contributes in a nonspecific way (Colich et al., 2020; Tang et al.,
2020).

Results from this study need to be considered in the context of the following limitations.
Although our study sample was ethnically diverse, replication in external samples may

be necessary to establish generalizability to other populations. Lifetime assessments of
childhood adversities were completed annually through childhood and adolescence, but
experiences prior to study enrollment may have been subject to recall bias, and some adverse
experience events could have been forgotten. Best efforts were made to harmonize adversity
dimensions with measures from prior studies but some differences are unavoidable given the
differences in adversities assessed. Finally, there may be unmeasured variables that predict
both, childhood adversity exposure and methylation age (e.g., shared genetic liability). Such
confounding is minimized with a within-subject design as was used here.

Perhaps the primary public health finding of developmental psychopathology over the

past 20 years is the myriad, devastating, long-term effects of early adversity. This study
further adds to this literature by suggesting that such experiences age us, long after they
occur, and in proportion to the total number of such experiences. Importantly, this work

is consistent with the notion of early risk as exerting a shared, nonspecific effect upon
accelerated aging. The next steps in the study of adversity-related accelerated aging should
focus on who is affected (and why some individuals are not), how they are affected (which
cognitive, emotional, and additional biological processes are involved), and what are the
health consequences of adversity-related accelerated aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

. Early adversities are associated with advanced methylation age but
longitudinal studies are needed to test whether they accelerate methylation
aging.

. This study found that early adversities age us, long after they occur, in

proportion to the total number of such experiences, and in a manner consistent
with a shared effect that crosses multiple dimensions. Individuals with highest
number of adversities experienced 2+ additional years of methylation aging
compared to those with no exposure to childhood adversities.

. Adversity-related accelerated aging provided a ready mechanism by which
early experience may affect health and functioning across the lifespan.
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Table 5.

Tests of mediation of cumulative adversity scale on change in DNAm age from childhood to adulthood

Page 18

Association with cumulative adversity | Association with change in DNAm age | Bootstrapped Indirect effect
Coeff. 95% ClI P Coeff. 95% ClI P Coeff. 95% ClI P
Psychiatric
symptoms
Depression sx. 0.25 0.17-0.33 <0.001 0.29 0.07-0.51 0.009 0.07 0.02-0.13 0.02
Anxiety sx. 0.28 0.14-0.43 <0.001 0.05 -0.08-0.18 0.46 0.01 | -0.02-0.05 | 0.48
Behavioral sx. 0.54 0.33-0.76 <0.001 -0.05 -0.13-0.04 0.25 -0.03 | -0.08-0.03 | 0.27

N=381. Med = mediator. Mediation was tested by a series of linear regression models.
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