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Abstract

Biological age, measured via epigenetic clocks, offers a unique and useful tool for prevention 

scientists to explore the short- and long-term implications of age deviations for health, 

development, and behavior. The use of epigenetic clocks in pediatric research is rapidly increasing, 

and there is a need to review the landscape of this work to understand the utility of these clocks 

for prevention scientists. We summarize the current state of the literature on the use of specific 

epigenetic clocks in childhood. Using systematic review methods, we identified studies published 

through February 2023 that used one of three epigenetic clocks as a measure of biological aging. 

These epigenetic clocks could either be used as a predictor of health outcomes or as a health 

outcome of interest. The database search identified 982 records, 908 of which were included in 

a title and abstract review. After full-text screening, 68 studies were eligible for inclusion. While 

findings were somewhat mixed, a majority of included studies found significant associations 

between the epigenetic clock used and the health outcome of interest or between an exposure and 

the epigenetic clock used. From these results, we propose the use of epigenetic clocks as a tool 

to understand how exposures impact biologic aging pathways and development in early life, as 

well as to monitor the effectiveness of preventive interventions that aim to reduce exposure and 

associated adverse health outcomes.
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Introduction

Increasingly, research has focused on understanding the distinction between chronological 

and biological age. Markers of biological aging help characterize underlying changes in 

health and development occurring at the cellular level, even in the absence of, or alongside, 

obvious phenotypic changes (Levine et al., 2018; Xia et al., 2017). In adults, links between 

biological aging, resulting loss of physiological integrity and functioning, and diseases of 

aging such as cardiovascular disease, neurologic disease, and cancer in adults are well 

established (Mattson & Arumugam, 2018). Studies of biological aging in children are 

beginning to accumulate (e.g., Binder et al., 2018; Brody et al., 2016a, b; Hamlat et 

al., 2021; McEwen et al., 2020; Peng et al., 2019; Shiau et al., 2018). Across the life 

course, quantitative biomarkers of cellular aging may capture processes including changes 

to DNA and chromosomes, RNA, and the transcriptome, metabolism, oxidative stress, 

mitochondrial dysfunction, cell senescence, and inflammation (Xia et al., 2017). Epigenetic 

age, which captures CpG methylation, is among the most common measures of biological 

age. Individuals who exhibit more rapid aging based on DNAm than would be predicted 

by their chronological age have increased risk of disease and mortality (Fransquet et al., 

2019). Composite biomarker predictors, and in particular the epigenetic clock, hold promise 

for understanding heterogeneity of biological aging, as no single candidate biomarker (e.g., 

blood pressure) has been shown to be a robust indicator of all-cause mortality (Jylhävä et 

al., 2017). Moreover, the field’s historical focus on adult populations and mortality precludes 

interpretation of aging as a continual process across the life course and minimizes growing 

recognition of sensitive periods in epigenetic programming (Marini et al., 2020). The focus 

of this systematic review is studies utilizing epigenetic clocks in pediatric research, which 

may help inform or identify sensitive periods in child development that are useful for 

prevention programming.

Epigenetic clocks are a biomarker of aging based on DNA methylation (DNAm). DNAm 

is measured for a set of CpG sites, the number and subset of which depend on the specific 

clock (Bell et al., 2019). Most of the extant literature relies on two clocks: the Hannum 

clock and the pan-tissue Horvath DNAm (Horvath) clock (Horvath, 2013). The Hannum 

clock includes 71 CpG sites from the Illumina 450 k methylation array, utilizing DNA from 

blood and age-related shifts in blood cell composition to determine biological age (Bell et 

al., 2019). The Horvath clock estimates DNAm age from most tissue and cell types based 

on methylation at 353 CpG sites (Bell et al., 2019; Horvath, 2013). More recently, several 

other epigenetic-based clocks in adults have been developed including PhenoAge (Levine 

et al., 2018), GrimAge (Lu et al., 2019), and DunedinPoAm (Belsky et al., 2017); evidence 

linking their relationship to health outcomes is an emerging area of research. Specific to 

infant and pediatric populations, the gestational age (Knight et al., 2016; Lee et al., 2019) 

and pediatric buccal epigenetic (PedBE) (McEwen et al., 2020) clocks were developed 
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to investigate developmental biologic aging and impact on health outcomes. Accelerated 

biological aging early in the life course may serve to calibrate developmental processes 

based on environmental input. For example, accelerated biological aging in childhood is 

associated with earlier onset of puberty (Binder et al., 2018; Ellis et al., 2009). From an 

evolutionary standpoint, this serves to maximize opportunity for reproduction (Rickard et 

al., 2014).

Evaluating DNAm age in children and adolescents offers the opportunity to compare the 

biological impact of different physical, chemical, and social exposures at various points in 

development and to understand their potential implications for health and behavioral risk 

and resilience. However, in children and adolescents, the relationship between chronological 

and DNAm age as measured by epigenetic clocks developed for use in adults is less clear, 

in part because DNAm is more dynamic in early relative to later life (McEwen et al., 2020). 

To date, in studies using adult clocks, correlations between DNAm age and chronological 

age are the lowest in infancy and increase into adolescence (Simpkin et al., 2017). This 

lack of pediatric specification in some common clocks presents a challenge when inferring 

biological age with precision. To address this concern, infant- and pediatric-specific clocks 

have been developed to assess DNAm age from birth to adolescence (Bohlin et al., 2016; 

Knight et al., 2016; Lee et al., 2019).

In the current study, we focus on clocks that are easily accessible and replicable for 

prevention science researchers and have been previously used in pediatric samples (i.e., 

the Hannum, the pan-tissue Horvath, and the PedBE clock designed for use in pediatric 

populations). We focus on named epigenetic clocks, which are likely to be more accessible 

for the average non-epigenetic researcher and have the largest breadth of literature. Further, 

many named clocks have been manualized, meaning their estimation is easily done using 

publicly available software code and tutorials. Some studies not included in this review 

simply utilized a different named clock that has not been widely used in the pediatric 

literature or created their own metric of epigenetic aging (Bohlin et al., 2016; Knight et 

al., 2016; Lee et al., 2019). With the abundance of longitudinal data available in many 

preventive intervention trials along with existing cohort studies with prevention implications, 

we looked for clocks that were valid to use across multiple developmental periods such 

that inferences could be made about change over time. While this is an area of rapidly 

changing research, there is a substantial body of literature utilizing the Horvath and Hannum 

epigenetic clocks. The PedBE clock is newer (2019), but the focus and validity on pediatric 

populations were the basis for its inclusion here. The PedBE clock has demonstrated 

reliability and validity in multiple tissue types, which is common among clocks designed for 

use in children (Kling et al., 2020). The overall goal of this systematic review is to identify 

studies utilizing epigenetic clocks in pediatric research, provide some synthesis of their 

use in these studies, and make suggestions for how prevention scientists can incorporate 

biological aging into their research program.
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Method

Inclusion and Exclusion Criteria

We conducted a systematic review through February 2023 following Preferred Reporting 

Items for Systematic Reviews and Meta Analyses (PRISMA) guidelines (Moher et al., 

2009). Included studies met the following inclusion criteria: (a) published in English, (b) 

conducted in humans, (c) used the Hannum, Horvath or PedBE epigenetic clock as a 

biomarker of biological aging, and (d) the clock was used to measure DNAm in children 

(0–18 years) or during adulthood to evaluate the long-term correlates of an exposure and/or 

predictor (e.g., adverse childhood exposures, internalizing symptoms) during childhood (0–

18 years). Because we were interested in the broad literature around epigenetic clocks in 

pediatric research, we did not include search terms for specific exposures. Studies were 

excluded if they were non-empirical (e.g., review, commentary, letter), they measured 

DNAm but did not include an epigenetic clock, or if they used clock other than the Horvath, 

Hannum, or PedBE.

Literature Search Procedure and Parameters

Relevant articles published through May 2021 were identified via a systematic search of 

PubMed New Interface, PsychINFO, and Google Scholar. A search string that incorporated 

three concepts, biological aging, DNA methylation, and children, was developed (see 

Supplemental Materials). Duplicates were identified and removed, and the remaining unique 

citations were imported into a web-based systematic review manager (Covidence, Veritas 

Health Innovation, Melbourne, Australia) for further evaluation. Inclusion and exclusion 

criteria were applied by review of titles first, then abstracts, and finally full text. Screening 

was conducted by two evaluators independently. Conflicts were resolved by two additional 

evaluators. Details of the search process and sample construction are summarized in Fig. 1. 

After the full-text review, a manual reference search was conducted for all included articles 

following a similar procedure outlined above.

Data Extraction

After full-text screening, the following information was extracted from each study, as 

applicable: study sample characteristics, study design, exposure(s) and/or predictor(s), 

outcome measure(s), age at which the epigenetic clock was used, clock type, biospecimen 

used, covariates, and method of analysis.

Quality Assessment

Studies were assessed for methodological quality using the Joanna Briggs Institute 

(JBI) Critical Appraisal Checklist for Cohort or Cross-Sectional Studies (https://

joannabriggs.org/). Risk of bias evaluation was used to evaluate the quality of evidence 

but was not used to exclude articles from the review (Vardell & Malloy, 2013).
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Results

Study Design

Figure 1 provides a detailed summary of the screening and inclusion process. Of the 

180 articles that were subjected to full-text review, 113 were excluded. A majority were 

excluded because they did not use an eligible epigenetic clock or focused entirely on an 

adult population. A total of 68 studies were included in the systematic review after full-text 

screening. Most of the included studies utilized epigenetic clocks as outcomes of interest, 

while some used these metrics of biological aging as a predictor in a health outcome model. 

Because of the complexity of many of the included studies, in this review, we focus on the 

main analysis of epigenetic age and do not explicitly discuss all analyses in a given study.

Study Sample Characteristics

Included studies were conducted with samples around the world including in Chile (Binder 

et al., 2018), Australia (Huang et al., 2019), Finland (Suarez et al., 2018a, b), the Republic 

of the Congo (Gettler et al., 2020), South Africa (Horvath et al., 2018a), and Ireland 

(Lecorguillé et al., 2023). Several studies used data from the large UK-based prenatal cohort, 

the Avon Longitudinal Study of Parents and Children (ALSPAC) (Lawn et al., 2018; Marini 

et al., 2020; Simpkin et al., 2016, 2017; Tang et al., 2020).

In the USA, four studies reported on research conducted in rural Georgia. Brody and 

colleagues (2016b) used data from two longitudinal studies: the Strong African American 

Healthy Adult Project (SHAPE) and the Adults in the Making (AIM) project. Chen and 

colleagues (2016) used data only from SHAPE. whereas Miller et al. used data from AIM. 

Similarly, Brody and colleagues (2016a) used data from the Strong African American 

Families (SAAF) study, a randomized prevention trial in rural Georgia. In a separate 

investigation, Jovanovic and colleagues (2017) used data from a longitudinal study of trauma 

exposure in children from an urban hospital in Atlanta, Georgia.

Biospecimen Type

A majority of studies (n = 45) extracted DNA from blood. Some used umbilical cord 

blood (Peng et al., 2019; Simpkin et al., 2016, 2017; Suarez et al., 2018a, b), while others 

used whole blood (Hamlat et al., 2021, among others) (see Tables 1 and 2). One study 

used dried blood spots from finger sticks (Gettler et al., 2020). One study used respiratory 

epithelial cells from nasal swabs (Cardenas et al., 2019). Many studies used saliva/buccal 

cells (Cerveira de Baumont et al., 2021; Clausing & Non, 2021; Dammering et al., 2021; 

Davis et al., 2017; Graw et al., 2021; Jovanovic et al., 2017; Mathewson et al., 2021; 

Nishitani et al., 2021; Phang et al., 2020; Sumner et al., 2019; Tollenaar et al., 2021; Van 

Lieshout et al., 2021, among others) (see Tables 1 and 2).

Sample Size

The average sample size of the included studies was 580.7 (SD = 791.7; median = 256.0; 

range = 35–5111 participants), but sample sizes varied widely. Fifteen studies included data 

from less than 100 participants (e.g., Binder et al., 2018; Davis et al., 2017; Gettler et al., 

2020); 27 included between 100 and less than 500 participants (e.g., Austin et al., 2018; 
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Brody et al., 2016a, b; Chen et al., 2016; Horvath et al., 2018a; Miller et al., 2015; Phang 

et al., 2020; Shiau et al., 2018; Suarez et al., 2018a, b; Sumner et al., 2019), and 26 studies 

included more than 500 participants (e.g., Huang et al., 2019; Lawn et al., 2018; Marini et 

al., 2020; Simpkin et al., 2016, 2017; Tang et al., 2020).

Summary of Epigenetic Clocks Used

Only one study (Brody et al., 2016a, b) relied on the Hannum clock, and some (five) relied 

on the PedBE clock. The large majority of studies relied solely on the Horvath clock (31 

studies) or utilized multiple clocks (31 studies) (see Table 1).

In most studies (75%, n = 51), epigenetic age was the outcome of interest (i.e., Austin et al., 

2018; Brody et al., 2016a, b; Cardenas et al., 2019; Chen et al., 2016; Gettler et al., 2020; 

Javed et al., 2016; Jovanovic et al., 2917; Lawn et al., 2018; Marini et al., 2020; Miller et al., 

2015; Phang et al., 2020; Shiau et al., 2018; Suarez et al., 2018a; Sumner et al., 2019; Tang 

et al., 2020). In these studies, the exposures were heterogeneous including perceived racial 

discrimination (Brody et al., 2016b), maternal dietary and macronutrient intake (Phang et 

al., 2020), HIV exposure and infection status (Shiau et al., 2018), and childhood adversity 

(Lawn et al., 2018; Marini et al., 2020; Sumner et al., 2019; Tang et al., 2020). The goal of 

these studies was to assess whether a particular exposure in childhood was associated with 

accelerated epigenetic age.

A minority of studies (25%, n = 17) used epigenetic age as a predictor of a later outcome 

such as pubertal timing (Binder et al., 2018), cardiovascular disease risk, body mass index 

(Huang et al., 2019), allergic phenotypes (Peng et al., 2019), or other indicators of growth 

and development (Davis et al., 2017; Simpkin et al., 2016, 2017) (see Table 1). Most of these 

studies included epigenetic age as a predictor of a particular health outcome.

In papers that used multiple clocks, researchers were often interested in comparing new 

epigenetic clocks, often those developed by the research team, to those already in use in 

the field (Graw et al., 2021; McEwen et al., 2020). For example, Graw and colleagues 

(2021) developed a novel epigenetic clock (NEOage) focused on age estimation of preterm 

infants. They compared their clock to more conventional clocks like Horvath and PedBE 

(McEwen et al., 2020). Many of the included studies qualitatively compared associations 

between epigenetic aging measured by specific clocks and their outcome of interest (Etzel 

et al., 2022). Some studies explored correlations between epigenetic age acceleration as 

measured by different epigenetic clocks. For example, Hamlat and colleagues (2021) found 

modest correlations between epigenetic age acceleration measured by the Horvath, Hannum, 

PhenoAge, and Grim age clocks. Please see Table 1 for additional studies that utilized 

multiple clocks.

Summary of Findings

Almost all studies showed that adverse exposures, in some form, between birth and 18 years 

were significantly associated with accelerated biological aging, with some exceptions; a 

study by Shiau and colleagues (2018) found no difference in accelerated biological aging 

when comparing HIV-infected children to HIV-exposed but uninfected children. Zannas and 

colleagues (2015) found an association with cumulative lifetime stress but not childhood 
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maltreatment. Sumner and colleagues (2019) found a significant association between 

accelerated epigenetic age and threat-related early-life adversity but no association between 

epigenetic age and deprivation-related early-life adversity. Other studies supported the idea 

that environmental experiences and exposures can get under the skin to impact biological 

aging and risk of adverse health and developmental outcomes. Further, studies exploring the 

link between biological aging and another construct (e.g., mental health, physical health) 

generated mixed findings. For example, Shenk and colleagues (2021) found that accelerated 

epigenetic age significantly predicted PTSD status, and epigenetic age acceleration was also 

related to PTSD symptom severity. Huang and colleagues (2019) found that epigenetic age 

acceleration in adolescence was associated with inflammation, BMI measured 5 years later, 

and probability of cardiovascular disease in middle age.

Many of the included studies that reported on the correlation between epigenetic age and 

chronological age found a significant positive correlation between the two (Austin et al., 

2018; Binder et al., 2018; Cardenas et al., 2019; Davis et al., 2017; Gettler et al., 2020; 

Jovanovic et al., 2017; Peng et al., 2019; Shiau et al., 2018; Sumner et al., 2019). Other 

studies either did not report correlations between epigenetic age and chronological age (e.g., 

Kim et al., 2022; Neri de Souza Reis et al., 2021 or reported low correlation between the two 

constructs (e.g., Simpkin et al., 2017; Tollenaar et al., 2021).

Discussion

Epigenetic clocks offer promise for researchers interested in elucidating the biological 

mechanisms by which environmental exposures early in life shape both short- and long-term 

health and behavioral outcomes. Epigenetic clocks offer a metric to capture and quantify 

developing individuals’ adaptation to their environments across genes. For example, Marini 

and colleagues (2019) found that exposure to adversity in early and middle childhood 

was significantly associated to the Hannum-based epigenetic aging clock, and Jovanovic 

and colleagues (2017) found that epigenetic age acceleration in children was significantly 

associated with violence exposure. Moreover, epigenetic age may be particularly useful in 

prevention science for investigating potential biological impacts of preventive interventions. 

Prior research points to the need to incorporate precision approaches in prevention science 

(August & Gewirtz, 2019; Latendresse et al., 2018; Musci & Schlomer, 2018).

One of the studies included in this systematic review incorporated epigenetic clocks into a 

prevention trial, making it a particularly illustrative example for prevention scientists. Brody 

and colleagues (2016a) explored the impact of their Strong African American Families 

(SAAF) program on epigenetic age and investigated whether that relationship was mediated 

by reductions in harsh parenting. The authors found that the prevention program was 

associated with epigenetic age, more specifically, individuals in the intervention group had 

significantly lower epigenetic age at age 20 compared to those in the control group. This 

study also demonstrated moderated mediation such that the SAAF program led to lower 

epigenetic age compared to controls through reductions in harsh parenting among those 

who had a caregiver with high depressive symptoms. Brody and colleagues (2016a) may 

serve as a guide for other prevention researchers interested in understanding how their 

programming may disrupt the relationship between adverse exposures and biological aging. 
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Monitoring program impacts at the level of gene expression can inform not only how 

environmental exposures impact health at the cellular level, but also point to modifiable 

intervention targets. Further, prior research demonstrates that DNA methylation is reversible, 

which suggests that the future of prevention science could include strategies to alter or 

prevent methylation patterns associated with negative outcomes, including, perhaps even 

medications that directly target methylation (Szyf et al., 2016).

It is important to note that across the existing literature, the correlation between 

chronological age and epigenetic age has been variable. This may be explained by 

differences in environments that may impact methylation patterns among participants in 

a given sample. Alternatively, this heterogeneity may be explained by features of the 

epigenetic clock used. Clocks trained on samples that are highly divergent from those in 

which they are used might generate particularly discrepant results between chronological 

and epigenetic age (McEwen et al., 2020). For example, the Horvath clock has demonstrated 

strong correlation between epigenetic age and chronological age in adult samples (Horvath, 

2013). Clocks developed in adult samples have demonstrated low correlation in pediatric 

samples (McEwen et al., 2020). This has led researchers to develop more pediatric-focused 

epigenetic clocks that can more reliably characterize epigenetic aging in childhood.

Low correlations between epigenetic age as measured by epigenetic clocks developed in 

adult populations and chronological age may also influence associations between epigenetic 

age measured in childhood and later outcomes. For example, Simpkin and colleagues (2017) 

reported low correlations between epigenetic age in childhood and later pubertal status. 

Similarly, Tollenaar and colleagues (2021) reported low correlations between epigenetic age 

in childhood and later internalizing and externalizing symptoms. These low correlations 

were one of the reasons why there has been a recent push to develop pediatric-focused 

biomarkers of aging such as the PedBE clock (McEwen et al., 2020). While the correlation 

between these constructs may be an important factor in understanding accelerated aging, for 

most prevention researchers, it is likely that a lower correlation between epigenetic age and 

chronological age will not be impactful.

Methodological Considerations

A significant methodological consideration for ongoing research in biological aging is tissue 

choice and the comparison of clocks that rely on different tissue types. The collection 

of invasive biospecimens, including blood, can be particularly challenging in children in 

non-clinical settings. Unwillingness to consent to blood collection is a common reason 

for parents’ declining participation in pediatric research (Gattuso et al., 2006). Saliva is 

significantly easier to obtain and more acceptable to study participants. From saliva samples, 

one can capture several different cell types including epithelial cells and leukocytes (Smith 

et al., 2015). Saliva and epithelial cells have been used in many epigenetic studies of 

behavior and psychopathology. Notably, Dempster et al. (2014) used buccal cells in a 

study of adolescent depression, and work by Lowe and colleagues (2013) suggests that 

buccal cells are more informative than blood for epigenome-wide association studies, given 

the closer lineage to neurological systems. The tissue issue also comes into play when 

researchers are interested in exploring DNA methylation patterns longitudinally; accessible 
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biospecimens may differ depending on the developmental stage of the participants. This is 

not, of course, the end of the story as much remains uncertain with regard to how tissue type 

interacts with developmental stage to impact epigenetic age calculations.

Limitations

The current review is limited to studies that used the Hannum, pan-tissue Horvath, and the 

PedBE epigenetic clocks, given their relevance and popularity. However, new clocks are 

emerging and are increasingly being tailored for the investigation of specific outcomes or 

periods of development. For example, the PhenoAge clock has outperformed other clocks 

in predicting aging outcomes like Alzheimer’s disease (Levine et al., 2018). Other clocks 

include the Grim-Age clock (Lu et al., 2019) and the Skin and Blood Clock (Horvath et 

al., 2018a). Our focus on Horvath, Hannum, and PedBE clocks only is certainly a limitation 

though we see this as an important contribution as prevention researchers explore ways to 

successfully integrate epigenetic analyses into their current line of research. As more clocks 

are developed in pediatric samples, studied, and their findings replicated, it will be important 

for prevention researchers to match the clock they choose to the sample to which they want 

to generalize.

Considerations for Future Research

There has been a notable increase in the use of epigenetic clocks in pediatric populations. 

Epigenetic clocks offer great promise for understanding how environmental exposures 

influence the biologic aging pathway during sensitive periods in development. Use of these 

clocks can aid prevention researchers interested in understanding the etiology of diseases 

and disorders, elucidating mechanistic pathways, and informing the creation or improvement 

of promotion, prevention, intervention, and treatment programming across the life course.

The ability of researchers to use many different types of biospecimens collected by large-

scale epidemiology studies to measure DNA methylation as a predictor of biological aging 

offers the opportunity to retrospectively study the impact of a variety of environmental 

exposures on health outcomes. The ability to capture epigenetic data from archived or 

banked biospecimens may reduce participant burden and make studying epigenetics more 

accessible for prevention researchers. For example, several researchers have used banked 

dried blood spots initially captured at birth for newborn metabolic screening programs for 

other purposes such as calculating biological age (Hollegaard et al., 2013; Knight et al., 

2016; McClendon-Weary et al., 2020).

In summary, while research is increasingly relying on epigenetic clocks to characterize 

biological aging, the bulk of the extant literature and methods are focused on adults 

and aging populations. Epigenetic clocks offer promise for prevention science researchers 

interested in elucidating the multideterminant etiology of mental, behavioral, and physical 

health problems. Researchers with an interest in methylation and epigenetics should explore 

the potential use of these clocks as an avenue to understand mechanisms of environmental 

exposures and adverse health outcomes.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PRISMA flow chart of identification and elimination of studies for review. The search was 

completed through February 2023

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISM Group (2009). Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses: The PRISM Statement. PLoS 

Med 6(7): e1000097. doi: 10.1371/journal.pmed1000097
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