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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 (Jylhava 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 (DNAmM). DNAmM
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
etal., 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
etal., 2018), Australia (Huang et al., 2019), Finland (Suarez et al., 20183, 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 (AlM) 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 (7= 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., 20164, 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., 20164, 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 HIVV-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.

Prev Sci. Author manuscript; available in PMC 2024 March 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Musci et al.

Page 8

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.

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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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). Aeferred
Reporting Aems for Systematic Reviews and Meta-Analyses: The PRISM Statement. PL0oS
Med 6(7): e1000097. doi: 10.1371/journal.pmed1000097

Prev Sci. Author manuscript; available in PMC 2024 March 26.



Page 18

Musci et al.

suoiealjdwod
Jeuone)sab ‘Aloisiy
oueIyoAsd

[e1jiwey ‘sainsodxa
[EJUBLLIUOIIAUS JIX0}
‘uonelsab Burnp
SNSRI

G/ pue

‘Burjooyds [eussrew (%6°LT) 05 Usamiaq Q| ue pue ‘. pue
‘S| [e190S Ajiwey uaIp|iyd ¢ usamiaq sebe ‘sisoubelp ASy (t202) 'I°
‘uolyeJa|aade abe 19 (9%00T) ue pey uaipjiy) ‘J1zedg ‘ojned 19 SI9Y ©ZNoS
JapJosig wnuoads wsnny uonelAyIRW YNQ  pooyp|iyd Aje3 YrenloH poojq ajoyM slayow /9 0BS Ul SpeAp pj1yd-1ayioN |eUOI}995-5504D) ap LaN
AN[nsoH [eusoreN poojq (orewsy Apms 1oyod (e202) '|e
swoydwAs [earbojoyaAsd pue abe onsushidy yuig yrenloH pJoo [ealjiquin %V 6V) ¥ST Apnis gig ays Jo 18sgns anem-nINIA 19 Yezoue
Jare| sreah og wawdojensp (Apms aurey)
a0 Bunoipaid ‘(gz ‘0z ‘LT elfenisny UIBISaM Ul potiad
sabe) s1010e) 3s1 (QAD) (o1suLixa pue Jereuaid ayy ul BuiouswWod
9SeasIp JeJndsenoIpied  JIsuliul) UoIeIs|8d%e wnuueH Apnis [euipnyibuoj e Jo Apnis oyod (6102)
‘1INg 7% Aisodipy abe onsusbida 90U80S8|0PY  Ppue YleAloH poojq |etaydiiad (%9'617) 566 yed Ajjeulbuio yinoA annoadsold ‘e 18 BuenH
2IN19NJISOIOIW [eUOINAU ‘eale ApN1s 10Y09 [edIA0LIRINUY
90BJINS [BII1I0D ‘SSBUNDIY} Juswieal} AIH poouyp|iyd (arewsy JU9IS3|0PY UMO] ade) Apnis oyod (zz02)
1911402 ‘aWN|oA urelg pue abe onausbidg 3IpPPIN YrenloH poojq [eaydiiad %8'2S) 08T 3y} Wouy e1ep auljaseg an10adsold ‘e 19 aJeoH
Apnis (INON)
39pad SjuBJU| WIBIRId AJBA Ul
abe ‘UrenioH S8WO09INQO pUe JOINBYS]OINBN (1202)
Jereuisod pue [enJisusi-1s0d abe onsusbidg  sjuesul wiLLld ‘abeo3aN S]|99 [e29ng (%S'¥p) 2vS  [ereUOaN 8yl wody syuedionied |BUOI128S-SS04D) ‘[e 18 Mel9
(sa1eas AsjAeg) sawooIno
|ewuawdolanapoinau pue uoIRI9|32e 3J1] JO SHYaM ¢ (uoneisab Meam-ze-z) Apnis 110yod (zz202)
ymolb uresg abe onausbid3 18414 U1 UIYIAA 3gpad S]|99 [e29ng (%0v) S¢ wugy-a1d AJan ulog sjueu| annoadsold ‘e 18 eRWOD)
(s1 moj juawdojanap pue (AN 40
awinjoA efepbAwe 9JU3Js3|0pe 22 =U "YU AJI01S1Y [eulalBW) XS [el|IWey)
‘awinjoA [edwesoddiy uolRI9[32e 01 pooyp|Iyo ybly yz =  Buluiwexa Apnis jeuipnibuol e Apnis (2102)
‘|0s1109 [euiniq abe onausbidg 3IPPIN Y1enloH enlles  U) (9%00T) 9F Ul 819M oYM S|IIB 1uaassjopy [euipniibuo] ‘e 18 Sineg
Jojelpaw)
NGIETEIENI
Bunyel-ysu ‘uoissaibbe ‘(1oye1paw) Buibe
‘SlieJ] Jeuonowaun anauabida ‘Ajindasul 0T (Bunidsyo jo speAp Apnis 110y0d (zz202)
SNoj[ed “18suo Jeuagnd By abe pue g aby 3gpad S|199 [edang %.9°/Y) €6T PIIY2 Jaylow s moj yang annadsold  °Je 19 sinyjog
SaneM OM] Je Blep d11auabida
(srenpisal pey oym a1y ut (SO09)
(ayoseusw  abe [ealbojouolyd ‘SA 90Uddsa|ope A1saqo pue yamouh Buluiwexs
‘awn|oA 1seaiq ‘Buibels WYNQ) uonelajadde 01 pooyp|iyo Apnis [euipniibuoj e woly sjb Apnis 10yod (8102)
Jauue] a'1) Buiwn jeusgnd abe onausbid3 3IPPIN yrenloH poojq [etayduad (%00T) ¥6 10 19sQqns pa1da|as Ajwopuey annoadsold ‘[e 18 Jepuig
JUSLLISSaSSE 3202 (erewsy 95)
awodIN0 sJopIpa.Id %0000 Joaby o1pusbidg adAyanssi| azis a|dwes uolre|ndod Apnis ubsap Apnis Apnis

Author Manuscript

10101paJd e Se pasn aJam sainsesl X200 onsushida usym saipnis papn|aul JO SONSLIBIoRIRYD

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 19

Musci et al.

swoydwAs Buizijeusaixa
pue Buizijeulajul
‘uoijeJalaade abe onaushidy

(a1e9s swoydwAs
ds.Ld pIyd) snyes ds.Ld

11 pue
Buibewioinau eiA Aibajul
pue a1njonais ulelq ‘s)sal
10 Auaneq oueIydAsdoinau
'IA Buluonouny aAniubo)

S8W09IN0 parejal-Huibe

JeaisAyd ‘Buiwin [euagnd

abe jasuo/abels jeuagnd
(38 ‘1IN Wbrem WBIay)
SoNsLIBoRIRYD [B2ISAYd

Ueay piiyo pue

‘UiJeay [eularew ‘uoleanpa
‘Bunjows ‘uondwnsuod
Joyodje ‘NG ‘@ouewlopiad
wnuueH "sA YrenloH

sa11008lel) |0S1I0D

(ewyise ‘uonezni
uabia|fe pooy ‘36| wnias
“6-8) pooyp|1yo afppI
u1 sadAouayd o169y

uolyela|aode
abe onauabida
‘(71099) swoidwAs
Buizijeusaxa

pue Buizifeulsiu|

Aisianpe

pI1yd 01 ainsodxa
ETVEN I EIEI ERbl]
abe onausbid3

uoIeI8|90IR
abe onauabida
2ISULIIX3 pue
[enpisal uoleIs|a0o.
abe onausbidg

uolyela|a0e
abe onausbid3

uoljela|adae abe
MmeJ :Buibe onauabida
10 sainseaw pajeaday

S|enpisal uoljela|adde
abe pue sasuaIayIp
uoljeIa|a92e abe mel
:Buibe onauabida Jo
sainseaw pajeaday

asnge
|enxas pooyp|iyd
pue abe onsushidy

pooypIyd a|ppiw
pue pooypjiyd Ajea
‘yuIqg e uoleIa|ade
abe onasusbida pue
abe onausbidg

pooypiyo

80U80S3|0pe
01 pooyp|Iyd
albpIN

30UB0S9|OpR
03 pooyp|iyod
3IPPIN

30U30s9|0pR
031 pooypliyo
3IPPIN

30UB0S9|0pR
01 pooyp|iyd

30U80Sa|0pR
pue pooypjiyd
‘yuig

poowynpy

pooypIy
s|ppIW 01 Yuig

UYleAloH

UYleAloH

wnuueH
pue yrenloH

1eAIoH

1eAIoH

wnuueH
pue yjeAloH

wnuueH
pue yreAloH

wnuueH
pue yrenloH

s]189 [eaong

s]189 [e2ong

(poorq
Jesayduiad) poojg

poojg

(¢ own)
poojq snouaA ‘(T
auuy) poojq piod

p0o0|Q SNOUBA
‘(ywq 3e) poojq
10 [e21)IquIN

poojq ajoum

(pooypiiyopiw
pue Ajies)
poojq [esayduad
‘(yug) pooiq
pi0d eatfiquin

(9°9v) 8T

(£'99) 0L

(5v9) v

(%S°1S) 6€2

(919) 716

(pareatpur
100)

186 :VAOD
(%2s) zeotT
OVdSTV

(arewsay
%00T) 2LT

(%T¥) 6T
B3Iy ©IS0D
ul ewyise

10 SO118U8D)
(%6v) 801
“BAIA 193[0.d

0T

01 Gz sabe wou} dn pamoj|oy
alam oym Apnis eurpniibuoj
Burobuo ue wouy uaIp|IyD

(wsn) Aunod 1ssmpiin

uequn Ue Ul SadIAJeS aA1308104d
PIIYO WO papNIdal ‘asLd
INOYUM pue UM ‘UsIpIyd

elep onausbida

uum Apnis (Ovv.L0)
10oyo9D [edIn0LRINUY
JU89S8|0pY UMO] ade)
U1 pa]|0Jua S)UISA|0PY

ST
aJam Aayy uaym Burouswwiod
Apns jeuipnufuoj e ui
pajjo4ua Ajjeutbrio yinoA

(OvdsTV) N aur ut
Apnis 110yod paseq-uonejndod
® WOJY UBIP[IYI JO 19sgNS

(Apnis WAQD) Suiogmau Jo
a1dwes ysiueq e ui sbuipuiy Jo
uoneatday (OvdS1v) MN Ul
Apnis 110yod paseqg-uoirejndod
B WOJJ UIP[IYd J0 1850NS

(sao4)
Apnis swdojansq pue

UIMOIS) 8jews 8y} J0 18sgns

(Apnis eIy €1S0D

U1 BUWYISY JO SO113URD) BIIY
©1S0D Ul UBJIP]IYD 40 18sgNs e Ul
spoyiaw pareaijdal ‘pooyp[iyd
a|ppiw pue ‘pooyp|iyd Ajrea
‘yu1q 1e painseaw eyep
anauabida yum (eniA 199l01d)
VIN ‘U0)S0g Ul pajonpuod
Apnis Loyod yuig-aid
Jeuipn}iBuoj e woiy uaipjiyd

awodINQ

SJI0101p9.Id

JUBWSSasse
3000 Joaby

3000
o1LebId]

adAranssi|

(erewsy 9)
azs a|dwes

uolre|ndod Apnis

Apnis 110yod (T202) ‘1
anI30adsold 19 Jeeus|joL
ubisap Apnis (T202)
]0J)u02-3s8D ‘e 18 Juays
sisAjeue
[eu0103s-s501D)
‘Apnis 1oyod (0z02)
anI30adsold |e 18 aJeoH
sisAjeue
[eUO1308s-S5019
‘Apms pioyoo (48702)
aAI10ads0.d ‘e 18 zaseng
Apnis 11oyoo (L102) 'Ie
annoadsold 19 upjdwis
Apnis poyod (9102) I
annoadsold 18 upjdwis
10yod
anoadso.d
Jenuanbas-sso.o (z202)
a8y ‘e 18 Jusys
Apns 110409 (6102)
anoadsold ‘e 18 Buad
ubsep Apnis Apmis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 20

Musci et al.

$10308} (€1-9 sobe) afbe pooiq (%€°9S) uaipiIyd
91 pUe SSa1IS pooyp|1yd pue upys ‘3gpad 1. {(>%00T) abe 8y} Jano siayjow eune] Apnis Hoyod (T202) UON
abe onauabidy 1e190s0ydAsd snoLieA 9]e  ‘wnuueH ‘yrenioH BAI[ES slaylow T/ juelBiwwi uiog-ubiaio4 leuipniibuo] pue Buisne|d
Yijesy uo
(6T ~ obe 10 SUOI}IPUOJ JJWOU0IF0IIBW JO
0T0Z) Yeay 40 1odau 1oedw ssasse 01 (0T0Z—-2002)
-}19S 1UIsd|0pR ‘PEO| U0IS$3231-150d 0} UOISS3IBI
anelsoj|e ‘(sajyoud (0T0Z-2002) UoISS8IaY -a1d WOl Pamo||0} 81am Oym
WwyNQ 81400%n3)) 18319 J0 pouiad ssouoe pooyynpe wnuueH ‘wSN ‘e1b1089 ul s)uadsajope Apnis 110yod (9T02)
Buibe onsuabid3g sa110303fe)) 91LIOU0DT Ape3 pue yrenioH poo|g (9€5)oee UedLIsWY URdLISY annoadsold ‘[e 18 UayD
(1 sisAjeue
abe 'z swn ‘€T [euonaas (T202)
uoljRIa[a9e abe (T awn) (ajewsay sjooyas a1jgnd woly -$S040 ‘Apnls  ‘|e 19 Juowneg
/abe onausbid3g swoldwAs ApIxuy ERIIEREE] o]0 YrenioH BAIlES %T9) V€2 S)UBISB|OPE pUE UBIP[IYD JeuoneAIasqO ap eIldAIBD
(sateu
Jouajue (enIA 108l01d) asuodsal
J0 sqems JEJUBLUUOIIAUS PUR 3SBaSIP
] |eseu) s|189 Aemure pue swouabida
uol1eIa[a2e o1613][e ‘siaxsewolq lerjayuda Je|n||a9 [eseu ayebinsaAul 0} (6T02)
abe onaushidg  ‘ewyise o1bJs)e ‘BWYISY ERIIEREE] o]0 YrenioH Alojelidsay (%S°'6¥) L¥S Apnis e Ul pajjoJus ualpjIyd [eUON198S-SS01D  °|B 19 Seuspie)
(INIV pue 3dVHS)
JUBLLUOJIAUD SaIpNIs [eulpniibuol oMy woly
22 Aliwey ay3 ur Loddns (%9°€9) 762 aJam oym ‘wsn ‘e1b10s9 s10yod
abe 1e s|189 aunwiwi pue uoITeUIWIIISIP pooyynpe NIV (%T°2G) Ul S31IUNWIWOD [ednJ ul 0M] U0 Apnis (99102)
ui buibe onsuabidg |e1oel panIddlad Ape3 wnuueH poo|g 22€ :3dVHS UINOA URdLIBWY URdLIYY leurpniifuo] ‘[e 18 Apoig
10849 (dvvs)
wreiboud pue Bunuaied (9%.9) zvz |eily uonuanaid e Jo Ued e
ystey :(uonelspow) :uonuaAIaU| Ajreu1buio atam oym e1b1099
2¢ abe 1e uonels|aooe welboid uonuanaid pooylnpe (%T9) lednJ U1 saljiwey pue yinoA Apnis 1I0yod (e9702)
abe/buibe onsuabidgy ‘uoissaldap [elualed Ape3 yrenloH poo|g /ST :]oau0) UedLIaWY UBILILY 4O 19SgnS annoadsold ‘[e 18 Apoig
1oyoa
bus| a18wola} painseaw 01 a|dwes JeutpniiBuol (£202)
‘abe onauabid3 MSH aAireInwnD  abe pue g aby 3gpad |edong (%.9'LY) €6T Aunwiwod ysu-mo| yaing annoadsold ‘e 19 sualiag
S3W02N0
pareja-yifeay uo (S3s) sniels
sa1koouowl SNJeIS J1WOU0J3010S 21WOU0230120S }NPE. JUaLINI
Ul uoljela|ad9e (yInpe) 1uaLINd pue pooyinpe o} pue a1|-A|1es uo Apnis e ui (ubisap zxg) (8102)
abe onauasbidy (steak g—0) aj1|-AlJe3 90Ud2S3|0pPY YrenioH pooig (965G) g€ pajjodua syuedionued AyesH 1eUO11095-SS01D) ‘e 18 unsny
pooyinpe
Olul pamoy|oj pue SN
uo1eIa|32e sa|66n.ns ulalseayinos ur g—/ sapeld Apnis 1I0yod (zz02)
abe onauabidy J9ad jJuadsajopy ajpIN - 8bywlo ‘yrealoH poo|g (%5°99)¥ST Ul palinIdal SJuadsajopy leuipniibuo] ‘e 18 U3| IV
JuBLISSIsSE (erewsy
awooIN0 SJI01IpaId 300[0 Joaby yopoieuebidg  adAlenssi] o) oz a|dwes uolre|ndod Apnis ubsap Apnis Apnis

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;

91221102 J0 SWOJINO0 UE S Pasn aJam Sainsealu %00]9 onauabids usym saipms papnjoul o sonsiigloesey)

¢ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 21

Musci et al.

-318s) Buiwn reuasgnd
pue (poounpe)

by

ay1 ui Buibe pue ssans

J18A168.89 21U0IYD UO Pasnaoy

uo1eIa|82e (a1reuuonsand) ewnes . -w9 ‘abyousyd 108loud sabue e Ul pajjoIud sisAjeue (t202)
abe onauabidgy pIIYD) ewines ajij-Ae3 poouyynNpy  ‘wnuueH ‘YleAJOH  poojq 8JoYAA (00T) €8T uswom [esnedouswaid [eUOo11995-55040) ‘e 18 JejweH
sisAJeue
uo1eIa3|82e sisouBelp pooyp|iyd (arewsay 1eUO11985-SS01D) (zz02)
/abe onausbidg  1e abe ‘sisoubelp Arewid 3IPPIN YleAloH  poojq 3]oyM %1.°12) €8 siown} SN JO SIOAIAINS ‘[euoneAIaSqO ‘e 18 sieH
uoIjeIa[32e (26 abe) wnuueH poojq (ajewsay 10yod Apnis 110yo2 (1202) ‘e 19
/abe onsuabidy Bu1jooyas 4o siean pooynpy 7 YrenioH lesaydiiad %SG°T9) 6E uedezje] L 8y} Jo 18sqnS anoadsold  uelisgA-zawoo
(wnuueH)
uo1eIa|329e 3be Butaq)iam pue
2IsuLIXe ‘(YrenioH) uonauny Ajiwey ‘buriayre) uo
uonjela|aade abe JUBWIUOIIAUR AJ1wey pasnaoy ApNis e Ul a1aMm OYym
aIsuLIuL ‘(YreAloH) ‘uolrewWeuI/SIa 06uo) Jo a1jgnday usayuiou
uo1eIa|32e Apognue ‘abe-104-1yb1ay 89Uddsa|ope wnuueH 10 1ed d)0Wwal e Ul Saljiwey (0z02)
abe onaushidy ‘yb18y-104-1ybrapn 0} pooypiyd pue yrenioH poo|g (%6°TS) ¥S obuopuog 40 uaip|iyd |BUOI128S-SS01D) ‘[e 18 Ja[neo
(@HsN)
uonisod 21WOU03010S abywio urelg ul 9y6T YoIeN JO
uoIjeI9[32e /SSE|9 [e190S pooynpe (s1eak pue ‘abyousyd (pawodau ¥98M T Ul syuiq uoia|buis (T202)
abe onauasbidy pue pooyplIyd  €G) PoouNPY  ‘wnuueH ‘yreAloH poo|g 10U) 9/€7 10 oyod payirens Ajje100s [eUO01}93S-SS04D) ‘e 10 ab1089
Saseasip
a|geoIunwwoduou puejal| pue
‘(pooupinpe) ‘elfensny ‘Ajey| ur suoyod
uo1eIa|32e SNJeIS 21LOU0I30100S wnuueH poojq anoadsold juspuadapul Apnis 1Ioyod (2102)
abe onaushidy JUa.1INJ pue aj1|-Alreg pooyynpy pue yrenioH Jesayduad (8%) TTTS ul paj|o4ua NPV annoadsold ‘[e 18 03014
(e1uenjAsuuad)
wyoduipaung Apmis yieaH pjiyo Hoyod
‘vabyouayd (%505 anndadsold ay Jo ued siIsAJeue
pue ‘vyabywio ‘uosiredwod ale oym sJeak yT7-g sabe |BUOI108S-SS040
Uo1JeIa[890e JUETTCENT =TT pooyp|iyd 'V ¥ wnuueH 8y ‘pareanew uaJp|Iyd (Juswiealnfew Joy ‘Apnis 1I0yod (zz02)
abe onaushidy 01 ainsodxa ‘|ING 3IpPIN ‘WVVYlenloH poo|g Gze) €12 payefinsanul 95z8) Msi-ybiH annoadsold ‘19 19233
139uBd pooyp|iyd 1o AI0lsiy
0U YlIM ‘S]0J3Uu0d Ajunwiwo)
(%¥'1S) "SIOAIAINS 132UEI POOYP[IYd
282 {(%8'9%) 40 pasudwod “Apnis uoyod
abvwno ¢0S 23d11rs SWN_YIT 8pNr 1S 3yl
ajl|pIW 0} pue ‘abyousyd {(%L1) u1 pajjosud syuedionued  $]043U09 paydlew (z202)
afe onauabidy 18dued pooyp|iud 80UBJS8I0PY  ‘UFeAIOH ‘winuueH  poojd 8JOYAA 8€1Z -13411(S 23417CS pue T3417CS ‘Apms Hoyoo ‘e 39 Buog
J19pJosIp
Buizijeusaun
U812 INoyUM siaplosip Buizijeusaiul
60T pue Japiosip INOYIM pUB YIM 31nsodxa sisAjeue
Buizifeusaul JuBWIEaLI W JO AIOISIY [eUO011995-S5049
uonjela|aode abe slaplosip Buizijeusaiu pooyp|1yo YrenloH WBLIND YUM yum Apnis reurpnuuo ‘Apn1s 1oyoa (1202) ‘I°
pue abe onauabid3 ‘ainsodxa Juawiyean el A3 pue 3gpad |eaong 6v ‘(z'9v) 8ST ulj4ag ay ui ualpiyd anoadsold 18 Buuswweq
ualpiya
plo-1eak-£7—9 J18Y) pue 8T 40
JUBWISSaSSe (erewsy
awooIN0 sJ0101pa.d 3200 Joaby Mopoiweuebidg  adAlanssil o) azisa|dwes uoire|ndod Apnis ubsap Apnis Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 22

Musci et al.

NVoduipaung

payiodal

10U :SS3YO0dd

“(pooypjiyd
a|ppiw ur 09f
pue pooypjiyo

Aldea ui 0zT

eAIA 103l01d
‘(panodal Jou)
L€9 :SMO44
(6°0G ‘dn
-MO||0} 0Z Jeak)

(enIn 103(0.d)
110409 Paseq-0d1Xa|A auo

(uoreanpa “'&'1) sainsesw pue ‘abywio 9T0T (8'1G *dn pue (SS3YD0™d ‘SMO44
uonela|a29e abe S3s pooyloqybiau pooyp|1yo ‘abyousyd -MO||0} GT JesAk) ‘V1ayVvD) SUoyod paseq Sa1pnIs 0Yod (zz202)
pue abe onauabid3 pue ‘[elualed ‘jeuosiad pue Aouejul  ‘YieAJOH ‘WnuueH pooig 9£0T ‘VIAYVD -SN € wouy syuedidnted anoadsold ‘e 18 8dKor
(vo
‘eJUBIY) UBJIPIIYD Ul 3insodxa sisAJeue
3Se) |NJssans ewneJ} uo Apns jeuipniibuol |euonoas
uoneJa|aode abe 0} asuodsal a)el Leay pue ERITERRET (o]0 ® Jo Jed e Se paunJoal -§5049 ‘Apnis (2102) 'I°
onauabida ‘abe wyNg a9us|olA pooyoqyblaN 0} pooyp|iyd YrenloH BAlleS (2S%S) 10T UaIp|1yd UedLIBWY UedLIY leuipn)ibuo 18 91AOURAOL
(s)uswredwod (199
1 +S@d pue + ¥ao) sulogmau
SJayjJew aunwiwi (pareaiput Jou) UO JUBWIUOIIAUS dULIBINeAUI
pue a1ko0ydwA| 96 :Blep OAOU pue sainsodxa [eyeusaid uonedrdal
‘UoIyela]aade SOIIS1J8)0BIRYD UIOgMBU aa (%1g) €19 Buluiwexa Apnis e ul pajjolua [eUO011995-S5049 (9102)
abe onauasbidy pue o1ydesbowspoldros [e1euoaN YrenloH poojq ploD “19se1ep 21|gqnd SpeAp UIOgMBU-JBYION 79 SISA[eue-e1a|N ‘e 18 paner
Apms
uoIjRI9[32e sS3s leurpnuBuo pjoyasnoH Apnis 110yod (8T02)
afe onausbidy pooypIyd ‘S3S uslnD pooyynpy  wnuueH ‘yleAloH  poojq 8joyMm (%69°25) 660T SN 8y} wody syuedioned feutpnyiBbuo- ‘Ie 39 saybnH
Apnis (Ovv.L0)
1oyoD [edIn0LIBINUY
(Vv v34) uonelajadoe (A1anreq 1U82S8|0pY UMO] ade)
abe onpuabide 18] ea1B0jOYIASdOINBU) 89Uddsa|ope (%SS) v 3y} u1 yinoA (jos3uo2) (98102
2ISULIX? ‘UOITRI8|32e Buiuonouny anubod 0} pooyp|1yd wnuueH :J01u0D (%TS)  PaldauIun-AlH pue (+AlHd) ‘e8T02)
abe onauabidy ‘uondajUl AIH [ereutiad 3IpPPIN pue yreAloH poo|g 02 ‘+AIHd paloajuI-AIH Ajereutiad [eUONnd8s-sS0ID [ 18 YleAIoH
Apnis
(SS3YD0Yd) siossans sisAjeue
[e120S puUe ‘JUBWUOIIAUT [eUO011935-S5040)
‘Ymoin ‘ANsaqo ul :Apms 10y02 (zz02)
uoIjRI9[32e (arewsay yaoJeasay Bulwwelbold anndadsold ‘[e 18 OUBION
/abe onauabidg ainsodxa pes) [ereusid yuig YrenloH poojq pioD %6'77) 205 ayy ui suediorued 7 U0oY0d yuig -eJalloH
poojq Apnis (14N1) [043u02-ased B
8}1] JO sieak SNOU3A pue u1 sajdwes poojq [euipnibuo| Apnmis
21811 19A0 Jeak Jad pooyp|1yo poojq pJod YN UBIP|IYd ulog Wi} 10J)U09-3SeI (0z02)
abueyd abe onauabidy YuIg WUd) 'SA wisleld  AjJes 03 Jueju| Y1enioH leanjiquin (es¥) 09 pue wJslald jo dnosbgns leuipnyibuo ‘[e 19 |942uaH
(ayouseuaw weiboid wsnny 09s1ouel4
1e afe payiodal ues ‘elulojifed 4o AlsIsAluN
JUBWISSaSSe (erewsy
awooIN0 sJ0101pa.d 3200 Joaby Mopoiweuebidg  adAlanssil o) azisa|dwes uoire|ndod Apnis ubsap Apnis Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 23

Musci et al.

Jereuald u1 uoissaidap

Uo SaduaNnjju| [eseq)

uonela[pade abe  pue Alaixue Jo swoydwAs pue (syiuow YrenioH ove ‘odlg S10yo9 [euipniibuo] omy Apnis 1I0yod (zz02)
pue abe onauabidgy ‘poow [eusarelN  8y—€) Aouejul pue 3gpad  S|199 [edangd ut (€'2¥) 99T woJj speAp pliya-1aylo annoadsold ‘[e18 199N
Juswdojanap
$%9019 Y1og Burredwod sisoufeip (%2°9%) 909 10} SLI0Yod
pue Buisn uonessjadoe  (ASY) Japlosip wnadads 689 ‘BIep 1sal elep aAndadso.d
abe onauabids pue wsnne ybramyuiq poousnpe 3gpad (%2S) Z€0T  WWYNQ YHM SLOYod TT Woly 10 sisjeue (0z02)
abe onausbid3y ‘abe [euoneisas  BunoA o1 yuig pue yreAloH  S|199 [edang eyep Buiutel]  (sueak 0z—0 sabe) sjenpiaipul Alepuodas  ‘[e 19 uam3on
pooyynpe
ul (Jeuas ‘o1j0qe1sW
‘Je|nNJSeAoIpIed
‘aunwiwi) peoj 3]qejieAe eyep onauabida
d13e150| [€ pUE pey oym (va-iL) buseby
uo13eIa|39e AKioyoalen aUINgT pue uo Apnis [eutpniifuo Apnis 1I0yod (6102)
abe onauabidgy SSB|9 [e190S 8SIN0J 8417 pooyynpy  ‘wnuueH ‘yreAloH poo|g (z'0S) ¥92 ysuj 8y} Jo ajdwesgns annoadsold  ‘Je 18 AI0IDON
spJeoq |00Yds
Aq papinoad sisi| uo paseq
(waa1s3-4|9s pue ‘Xapul (%t°29) ‘S3S pue ‘Andiuyie ‘xas ‘abe
ssew Apoq ‘ybuans dub /¥ :S]01U0d uo paseq dnoib ybramyuliq
‘|os109 [eseq ‘aunssaid wbiam yuig JewJou e yim paydrew
poo|q ‘elylAylie snuis lewuou ‘(%z'29) ‘OLBIUQ UJBYINOS Ul UIOg s|ou0)
Aioreaidsal Bunsal) pooyynpe S yBramymuiq a1am dnoub ybramyuiig moj payorew ‘1oyod (T202) 'I°
abe onauasbidgy SYSH aAlrRINWND 3IPPIN YleAloH  S]199 [eaang mo| Ajpwanxg  Ajawalixa ay ul siuedidied 9A10adsold 18 UOSMBUIRIN
| abe
$90]9 Yo 18 (OVdSV) YN ut Apnis
Buisn uonessjadoe wnuueH poojq 110yo9d paseg-uone|ndod e Apnis 1I0yod (0z02)
abe onauabidgy Ausianpy pooyp|Iyd pue yreAioH SNOUBA (9%2°0S) €26 woJj UaJp|1yd Jo 18sgns aAadsold ‘e 18 1ULeN
uol1eIa[a2e (gg abe) wnuueH (ajewsay Apnis Juswdojanaq pue Apnis 110yo9 (1202)
/obe onduabId WwbremAayBIaH pooynpy ® YreAIoH - pooiq 8joym %E'CS) 9LE'T PIIYD [euoneN ayi Jo 18sqns aAnoadsold  °[e 38 o0ppeN
puejal ul sjeudsoy
(speAp 0M] WOl Ajjereusiue
PIIYd Jayrey palinJoal 8JaMm saljiwey
abe OET ‘speAp pjiyo ‘Apmis 10YoD uoneISURD Apmis Ajiuey (e202) '|e
onsuabids pajela|adoy $8100S AJe1aIp |eluaied sIeak g6 3gpad BAI[ES  JBYloW $2) /€ -55010) SAeMay1 ay L annoadsold 19 9](1nB10237
(@HSN) €5
10 (OVdSTV) L pue 6¢ sabe
e pa8193]109 elep dnauabida
pue pooypj1ya ut ANsianpe
1e190s0y2Asd uo e1ep yum
(%00T) (ASHN “uswdojansq pue
pooyinpe S|189 [839nq €./ ‘ASHN UesH Jo Asning [euoneN
ul uoijela|adde pooyp|1yd ‘poojq (%00T)  OYIN PuB DVdSTV) Salpms sa1pn]s 10Y09 (8102)
abe onausbidg Ul AlIsIaApe [RI00SOUIASH pooyynpy yrenloH Jedayduad 686 :OVdS1V 110409 OM] Ul UBWOAA annoadsold ‘[e 18 umeT]
ainsodxa (HDO0d3)
snyijjaw salagelp UaJp|IyD Ul S8WoanQ
uoneIg[Rde  |euolrelsab ‘Juswdojansp lereutiad Buiiojdx3 ayy Apnis 110y09 (z202)
abe onauabid3 Jeuagnd “181p Bundsyo 07 9by YrenioH pooig (%/°6V) 61T wouy painded ereq leuipnyibuo ‘Te 18 wry
JUBWISSaSSe (erewsy
awooIN0 sJ0101pa.d 3200 Joaby Mopoiweuebidg  adAlanssil o) azisa|dwes uoire|ndod Apnis ubsap Apnis Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 24

Musci et al.

NH ‘ssaujoip
BIpaW-eWw Ul o130
‘uonela|adoe abe
onjeuabids ‘yuiq

U1jeay Jejnosenolples
pue sseue} UIOGMaU UO
191p [eUISYRW JO suolyedljdwi

1e abe |eai1bojolq aejul JuaLINUOIdBW Buruiwexa Apnis e ul pajjoius (0z02)
paloipaid/efe wyNa pue Aseiaip [eusare|N |e1euoaN Y1enioH BAI[RS (%z'€S) 69T speAp ulogmau-JayIoN 1eUO11085-SS01D) ‘e 10 Bueyd
uaippiyo
lea16ojo1q 418y} pue siaylow
yum Apnis euipnyifuo] e
10 UOI1035-SS04J © aJe
siuedionued Apnis auley
3y} a|Iym ‘ 14V ybnoayy
PaAIaou09 synpe BunoA pue
S1U8IS3|Op. 4O 1L0Y0I B Sl
SHNO *(sY) Apmis aurey
YrenioH a3y} Jo z uonelauab pue
unis pue ‘[sutne] (%T°6v) 88TT (SHN9) Apms AyyesH dn Apmis Loyoo (T202) '|e
abyouayd :'SH (% 1Y) Buimols ay ul eijesISNY |BUOIIBAISSAO 18 JIAOUIBSIA
abe onauabidgy Yuig [ednyeu sA | ¥V 30U8JSAIOPY  ‘WnnueH ‘UYleAlOH  poojq JoyAA TEZ :SHNO UIBISaNA WUy syuedioned pue aAdadsold -eAOUdd
(s195B18P
2) poojq S|0J3U09
abywno |esayduiad Auifeay pue (QSv4) Jepiosip
pooyp|1yo ‘abyyouayd pue wnuoads [oyodle [e1as yum
$390]9 G AQ painseaw Japlosip a|ppiw ‘aby poojguys  (S1es eep z) UaJp|Iyd 40 S18S Blep WyNd sisAjeue (t202)
Buibe onsuabid3 wn.ayoads joyodle |18 0} pooypjlyd  ‘wnuueH ‘yreAloH S|199 [eaang (T'6v) TOV a|qejrene Ajo1ignd ano4 eIep AJepuodas ‘[e 18 DeZRYO
abywo sIeah T ‘6 ‘L sabe
(sreah ¢1 ‘abyousyd P11Yd e dn pamojjoy Apnis
saousladxa  pue ‘g ‘2 sabe)  ‘OISULIIX3 ‘OIsuLiu| (own  SOJVINVHD 8yl ul pajjolus (T202)
uonela|aae pooyp|Iyd asIanpe 90Ua2sa|ope 90]Dpo0|guINS SS0198-056G—1G) alaM OYM UaIp|Iyo pue Apns Uoyod  ‘Je 18 Wasemug
abe onausbidg uondaouodaid feussren 01 pooypjiyd  ‘wnuueH ‘yrenloH pooig uaip|iyd 8z SJ3UI0W URILIBWY URDIX3IA| anoadsold feuem N
JuBWIeaJIeW PJIyYd JO
(%685)  A101S1Y OU YIM UBIPIIYD YuM
TE :5]0J3U02 paydrewW ‘8d1AI8S UOI3I810Id
(6—¢ sobe) UrenioH Aupreay (%8Y) pI1ud Ag syussed [eaibojoiqg
uonela|aae pooyp|1yo pue ‘poojguIys G :UBIPJIYD 18U} WOIJ PAAOLLIAL 8JI9M OUM  S|0AIU0D paydlew (1202)
abe onausbidg JuswWiIeRalfeW PIIYD A3 ‘Jgpad  S]199 [eadng parealie\ p|o sleak g—g pabe ualp|iyd ‘[UOI}08S-SS0JD  ‘|B 18 IUBMYSIN
S|apow uoleIpaw (wsn ‘e1b1099 ul sanunod
Ul passasse Ssalls ayl| leans {A1Y) uonuanaid asn
pue [INg ‘abejuenpesip -|0y09[e pue dJUEBISNS UO
2z abe 1e $3(9019 Y1oq 21WOU0230120S pasnaoy [ell} paziwopues Apnis Loyod
Buisn uonels|aoe pue |01U0D-}]3S wnuueH poojq © Ul pPa]|0Jua Sjuadssjope annoadsold pue (S5T02)
abe onausbidg 10 sauioydafel | pooynpy pue yrenioH |elgnIsIuY (%.°€9) 262 UROLIBWY URDLYY  [ell} paziwopuey ‘e 18 J9 1IN
((e10debuis
‘01SN9) s8woanQ AuyresH
spiemo] aiodebuis ur dn
yijeay [eausw pjiyo (s1eah o1 0l1SNo Buimolo pue (spueiayiaN
‘dn-moj o4 [ereussod pue  ‘9) pooyp[iyd ut (v°'6) ‘0glg) wawdojansa Ageg
JUBWISSaSSe (erewsy
awooIN0 sJ0101pa.d 3200 Joaby Mopoiweuebidg  adAlanssil o) azisa|dwes uoire|ndod Apnis ubsap Apnis Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 25

Musci et al.

uonuINu [essjuased axe| '€ ‘sjo1u0 palIwWpe UaIp[Iyd paIpnis  [els} paziwopuel
uoljeInsp 'SA uonNu [essjuaed Ayyesy ‘sjouod Ayyesy  yatym ‘10d DINed3d 8y o jo dn-mojjo4 (e202)
abe onaushidy Al1ea ‘ssauj|i [eanD ul sieak g'¢ 3gpad  S||99 [eddng 26€=N)0T2'T 1ed atem oym sjuedionied leulpnuBuo ‘[ 18 UapuljdaA
SUOIIPUOI Y}[eay J1UoIyd S]03U0d
uoI1eIa[32e 10 Jaqwinu ‘yBram (zc abe) (arewsay payorewW pue SIOAIAINS Apnis (T202) ‘e 19
/abe onauabid3 yuig moj Ajawianx3 pooyinpy yrenloH S|199 [e2ong %8'6S) 26 1yB1am yuig moj Ajpwiaix3 1013U02-3seD) IN0YSaI] UeA
s3I0V 99U82S3|0PE Ul paJnseaw
|enpiAIpul 0} ainsodxa eyep onauabida yum sISAJeue
pue SOV aAlR|NWND (OWdS1V) N au1 ut Apnis |BUOI108S-SS040
uo1eIa|32e wouy saoualladxa poojq 110yo9d paseg-uone|ndod e ‘Apnis 110Yyod (0z02)
abe onauabidy pPoOoYP|IYd 3SIAPY 30U89S3|0pY yrenloH Jesayduad (%E'19) ¥.6 W0y UaIp[1yd 4o 19sgns annoadsold ‘[e 18 Bue ]
AyredoyoAsd pue ‘uonjeinbai
(pareral Jeuonows ‘ANsIanpe aji|
-uoneatidap pue -1ealyy) ERIVERIE][o]0):) -A14ea Buluiwexa Apnis e (6T02)
abe onausbidy Ajisianpe ajl|-ALre3 0} pooypiyd yrenloH BAI[eS (%8°'LY) L2 Ul pajjoJua speAp ualpjiyd |BUOI108S-SS01D) ‘[e 18 Jauwing
pooyp|1yd Ajes ut Juswdojanap [e1s}
swajqold Buizijeusaixe uoissaidap UO N3IIW dULdINBIIUL pue
/Buizijeusaiul :(vo  ereusiue ‘Aoueubaid-aid sainsodxa [eyeuaid Buiuiwexs
wyNQ) abe pasoubelp uoissaidap (0@3yd) Apnis Lioyod e Apnis 1I0yod (e8702)
Jeuonelsab onauasbidgy 10 AI01S1Y [eulatRN [e1euoaN YrentoH poojq pioD (%2 17)v18 u1 speAp 1uejuI-JayIo N aAadsold ‘e 18 zasens
weibouid uonuanaid INAQD
1luer) ayy ui paredionted
oym (INdD) salegelp
pIyo 0431N Ul SajaqRIp wnuueH |euoirelsab eyeuasd Inoyym Apnis (9T202)
Jo abe onausbid3 Jeuonyelsab 0} ainsodx3 pooypliyd pue Y1leAloH  Poojq 3]OYM (%8°/¥) SPTT  PUB YIIM) USWIOM JO UBIP[IYD an110adsold ‘e 18 nelys
paloaguiun pasodxa
pasodxaun-A|H pue J0U sJaylo pue Ajjereuriad
paloajuIun pasodxa-A\IH AIH 01 pasodxa awos ‘Apnis
uonels|aae ‘pa10ajuI-AIH :Shiels 8'9T abe poojq 10Y09 Yoseasal AIH € Jo Apnis Loyod (eT202)
abe onausbidy uonoauI/aINsodxa AIH pue 6'0T by yrenloH Jedayduad (%.2°8%) 6€ ed a1am oym uaipjiyd annoadsold ‘[e 18 neIys
Junod
¥a? ‘(eydre-4NL paloaguiun Apnis 1oyod yaseasal AIH
‘9-T71) uoleWWElUL pasodxaun-A|H pue (NNH sz ‘N3H © JO Jed a1am oym uaIpjiyd
J1WB)SAS ‘UOMIRIBIRdR  ‘paldajuIuN pasodxa-AlH €€ ‘parosyul  (NNH) pardsulun pasodxaun
abe onauabide ‘PaIBYJUI-AIH SNFels poojq AIH0ZZ)  -AIH pue (N3H) paajuiun (8102)
‘yibua] a1swola) uonoauI/aINsodxa AIH pooyp|yd yrenloH SNoUs/A (%9°'1S) 8T pasodxa-AIH ‘pardsjuI-AlH |BUOI198S-SS01D) ‘[e 18 neIys
wnifleg
ua9 ul [endsoH Binqui
-1Se3 WoJy paynioal sired
(%Z'67)  UIOGMBU-JAUIOW I 100D
yibuaj aiswo|a) 06T :sulogmau anndadsold Burobuo ue
uojela|a2e poo|q piod ‘YN (%00T)  ‘HOY0d YU IDVYNOHIANT Apnis Loyoo (zz02)
abe/abe onsuashidgy ‘uoire|AyIsw [eqo|9 g YrenioH poojq pi0D slaylow 06T 3} WOJy PaJ|0ud SIBUION aAdadsold  [e 18 uuewiIsy
$390]9 yioq S3W02IN0 sa|dwes eAIjeS Ylm HoyoD Apnis
Buisn uonea|aode abe AoueubBaud ‘snyels 3gpad yuig uerjey w34NIN a8y ul 1043U02-35ed (1202)
pue abe onsusbidg 21WIOU0230190S [ejudled Aoueyu| pue yjeAIoH BAIlES (z’ev) 6ET  SluBJUI PUE SIBYIOW JO 18SQNS Jeuipn)ibuo ‘e 18 91n0dod
JUBWISSaSSe (erewsy
awooIN0 sJ0101pa.d 3200 Joaby Mopoiweuebidg  adAlanssil o) azisa|dwes uoire|ndod Apnis ubsap Apnis Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

PMC 2024 March 26.

in

available

Prev Sci. Author manuscript;



Page 26

Musci et al.

ABojorewoldwAs
uoissaidap pue
‘dS.Ld ‘swsna aj|

10y0d (dIdIN) A1re1yohsd
JO 81nnsu| Youe|d XeN syl

pooyynpe |nyssans ‘(Jodal-y|as (5'gg) ul synpe ueiseane) (d.19)
Ul uoljela|adde annoadsolial) ainsodxa poojq ¥2T :dIdN 108l01d ewnel] Apelo ayl sisAJeue (sT02)
abe onausbid3 BWINEIY POOYP|IYD pooynpy Y1enioH lesayduad  (2°02) €6€ :d1O Ul S}jNpe UedLsWY UedLy 1eUO11985-SS01D) ‘e 18 seuuez
syuedioned (swaned uaipiyd Ayieay
noid ut NJId 818 =N payorew pue ‘NJld 8y} o3
JWBWSSasSe (erewny
awooIN0 sJ0101pa.d 3200 Joaby Mopoiweuebidg  adAlanssil o) azisa|dwes uoire|ndod Apnis ubsap Apnis Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Prev Sci. Author manuscript; available in PMC 2024 March 26.



	Abstract
	Introduction
	Method
	Inclusion and Exclusion Criteria
	Literature Search Procedure and Parameters
	Data Extraction
	Quality Assessment

	Results
	Study Design
	Study Sample Characteristics
	Biospecimen Type
	Sample Size
	Summary of Epigenetic Clocks Used
	Summary of Findings

	Discussion
	Methodological Considerations
	Limitations
	Considerations for Future Research

	References
	Fig. 1
	Table 1
	Table 2

