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The PedBE clock accurately estimates DNA methylation
age in pediatric buccal cells
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The development of biological markers of aging has primarily focused on adult samples. Epigenetic clocks are a promising tool for
measuring biological age that show impressive accuracy across
most tissues and age ranges. In adults, deviations from the DNA
methylation (DNAm) age prediction are correlated with several agerelated phenotypes, such as mortality and frailty. In children,
however, fewer such associations have been made, possibly because
DNAm changes are more dynamic in pediatric populations as
compared to adults. To address this gap, we aimed to develop a
highly accurate, noninvasive, biological measure of age specific
to pediatric samples using buccal epithelial cell DNAm. We
gathered 1,721 genome-wide DNAm profiles from 11 different
cohorts of typically developing individuals aged 0 to 20 y old.
Elastic net penalized regression was used to select 94 CpG sites
from a training dataset (n = 1,032), with performance assessed
in a separate test dataset (n = 689). DNAm at these 94 CpG sites
was highly predictive of age in the test cohort (median absolute
error = 0.35 y). The Pediatric-8uccal-Epigenetic (PedBE) clock was
characterized in additional cohorts, showcasing the accuracy in
longitudinal data, the performance in nonbuccal tissues and adult
age ranges, and the association with obstetric outcomes. The PedBE

tool for measuring biological age in children might help in un,
derstanding the environmental and contextual factors that shape
the DNA methylome during child d evelopment, and how it, in
turn, might relate to child health and disease.
ONA met hylation 1 age 1 development 1 epigenet ic clock 1 adolescence

data of over 8,000 samples from 51 healthy tissues (1 ). This epigenetic
clock has becn applied to many independent datasets, each
showing strong correlations wit h chronological age. Deviations
between DNAm age and chronological age, referred to as DNAm
age acceleration, are associated with several age-related health
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pigenetic age, based on CpG methylation and often referred
to as DNA methylation (DNAm) age, has emerged as a
highly accurate estimator of chronological age (1). A widely used
pan-tis.sue age estimator based on 353 CpG sites (hereon referred to
as the pan-tissue Hoivath DNAm clock) was developed on DNAm
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Significance
DNA methylation is the most studied modification in human
population epigenetics. lts information content can be explored in 2 principal ways-i!pigenome-wide association studies
and epigenetic age. The latter likely reflects cellular/biological
age and works with impressive accuracy across most tissues. In
adults, it associates with various environments and health.
However, current epigenetic clodcs are not very accurate in the
pediatric age range perhaps because DNA methylation changes
much faster in children. Addressing this crucial gap, we created a precise tool to estimate DNA methylation age specific to
pediatric buccal epithelial cells. This tool has the potential to
become the standard reference for epigenetic studies broadly
relevant to child development across the spectrum from health
to disease.

variables, with higher epigenetic age associated with an increase in
mortality, cognitive decli ne, and a decrease in ti me unti l death (2).
Although correlations between chronological age and DNAm
age, as measured by the Horvath clock, have been reported in
pediatric samples, a high degree of variability fro m chronological
age has been observed (3). The inaccuracy in predicting age in
pediatric versus ad ult populations is not surprising, as challenges
have been reported when extrapolating several adult-based biomarkers to children (4). Furthermore, the rate ofDNAm change
is greater in the pediatric age range compared to adu lthood (5).
Thus, there is a need for an epigenetic predictor of age, specific
to pediatrics, to accurately detect deviations across populations
that may retlect developmental trajectories, risk for pediatric
disease, or certain environmental conditions that may accelerate
or decelerate biological development in children.
Taking advantage of a !arge collection of pediatric D NAm
profiles from buccal epithelial cells (BECs), we generated a tool
to estimate age using DNAm at 94 CpG sites specific to pediatric buccal ~wab samples, referred to as the Pediatric-BuccalEpigenetic (PedBE) clock. As a predictor of age, we focused on
BECs beca use collection of this tissue is noninvasive, and thus
more feasible in pediatric populations, contains less cell ular heterogencity as comparcd to other accessible tissues, such as blood,
and has a high degree of DNAm stability (6-8). The uti lity of this
highly precise pediatric molecular biomarker has yet to be fully
explored; however, we a nticipate deviatio ns between pediatric
DNAm age and chronological age to be representative of developmental processes and/or other pediatric diseases, as they are
in adults.
Methods
Cohort Demiption$, Training and tert dataset inclusion criteria consirted of
BEC lllumina lnfinium450 (4SOK) o r BEC lllumina lnfiniumEPIC (EPIO microarray DNAm data derived f rom typically developing ind ividuals ranging
from birth to 20 y o ld. For the training and test datasets, samples were excluded if exact age in days (collection dat e - date of birth) was not available
or if pred icted biological sex did not match with reported sex. We obtained
DNAm profiles of 2,778 samples from 16 independent cohorts for o ur
analyses (SI Appendix, Table 51); samples for datasets 1-8, 10-12, 15, and 16
were collected by our group, whereas dataset s 9, 13, and 14 (9-25) were
downloaded from the Gene Expression Omnibus (GEO) online database (26).
All experimental procedures were conducted in accordance with institutional
review board policies at the University of British Columbia and Children's &
Women's Health Centre of British Columbia Research Ethics Board. Written
informed consent was o btained f rom a parent/legal guardian and assent,
where possible, was obtained from each child before study participation.
Further details regarding each cohort's ethics, informed consent. and sample
processing can be found in SI Appendix.
We divided these data into a training dataset (datasets 1 th rough 7, n =
1,032, age range
0.17 to 19.47 y) to generate the PedBE model and an
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inde pendent test dataset (datasets 8 t hrough 11, n 689, age range 0.01
to 19.96 y) in order to report unbiased performance metrics. Dataset 98 was
an autism spectrum disorder (ASO) cohort and was used to evaluate whether
deviations from t he predicted age may associate w ith a pediatric disorder,
and t herefore these data were processed independently. We also included 3
non-BEC datasets, none of which were in the training ortest data, to assess
the predictor accuracy in saliva (dataset 12, n = 65) and b lood (datasets 13
and 14, n = 134 and n = 19, respectively). Finally, 2 datasets, not included in
our t raining or t est analyses, were used to examine: 1) t he accuracy of the
ped BE clock in adults (dataset 15, n = 248, age range = 25.5 to 51.4 y), and 2)
the association between obstetric outcomes and PedBE age acceleration in
infancy (dataset 16, n
510, age range = 2.8 t o 10.3 mo). Further dat aset
specific det ails, including genomic DNA extraction methods, are provided in
SI Appendix.

=

DNA Methytation Dat a Processing. For all datasets, approximately 750 ng of
genomic DNA was bisulf ite converted using the EZ DNA Methylation Kit
(Zymo Research, lrvine, CA). Next, ~1 60 ng of bisulfüe converted DNA was
processed using the 450K or EPIC array, according to manufacturer's instruct ions (11 lumina). Beta values (rang ing from 0 to 1) were background subtracted
and color corrected using GenomeStudio software. Data were subsequently
processed using R statistical software (version 3.2.3). Cross-hybridizing probes,
probes that target polymorphic CpGs, and XY probes were removed (27, 28).
Additionally, we reduced our dataset to only pro bes that are represented on
both the 450K and EPIC array. Probes with a bead count of < 3 in 5% of
samples as well as probes having a detection P value greater than 0.01 in
1 % of samples were removed. Nonvariable probes, defined as those with
an interq uantile range of ;SO.OS, were also removed (29). Missing DNAm
data were imputed for remaining missing beta values (<1 % of probes)
w it h the "impute.knn• function based on nearest neighbor averaging (30).
Data were normalized using a modified bet a-mixture q uantile (BMIQ)
met hod to adjust for t he microarray probe-type design differences (1, 31).
We estimated BEC proportions using a previously described DNAm ·
based method (7). For blood-derived DNAm dat asets (dataset s 13 and 14),
cell pro portions were accounted for by predicting proportions using a com·
monly applied reference-based method (32, 33), where t he top principal
components of these estimates were regressed out from the DNAm data. For
both the training and test data, ethnicity was not controlled for as availability
of this variable was limited; however, for datasets 98 and 16, genotyping
information were available and used to control for genetic differences in the
ASO and obstetric longitudinal analyses, respectively (see SI Appendix for
addit ional information).
Pan-Tissue Horvath DNAm Age. For all test (datasets 8 through 11) and nonBEC datasets (datasets 12 through 14), data were processed using methods
as described above. The previously established pan-tissue Horvath DNAm
clock was performed using R statistical software w ith code supplied from
https://dnamage.genetics.ucla.edu/home.
PedBE Clock. M ethods similar to the development of the Horvath DNAm clock
were used to create the PedBE clock (1). We employed an elastic net approach
w it h 10-fold cross-validation in the training dataset to empirically select
age-informative CpG sites. An independent test dataset was used to evaluat e
and report accuracy metrics of the selected model. R code to generate PedBE
age is available online: https://github.com/kobor-lab/Public-Scripts/.

Results
Cohort Characteristics. We separated the 1,721 samples into 2
datasets: 1) a training dataset (n = 1,032, age range =0.17 to 19.47
y), containing DNA profiles derived from BECs of typically developing individuals, evenly distributed across our selected age
range of 0 10 20 y old; and 2) a test dataset (n = 689, age range =
0.01 to 19.96 y) also including typically developing individuals,
constructed for the purpose of independently validating the predictor (SI Appendix, Table Sl). We had a balanced sample of males
and females in both datasets (training: 48% male, lest: 53.3%
male) but we note that due to a lack of appropriate information,
we were not able to account for possible ethnic differences. The
training and test datasets, along with all subsequently analyzed
datasets, were processed independently during all quality control,
filtering, and normalization steps.
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PedBE clock (dataset 10: PedBE clock error = 0.43 y, Horvath
ONAm clock error = 3.8 y; dataset 11: PedBE clock error = 0.20 y,
Horvath DNAm clock error 0.66 y), highlighting the precision of
the P edBE clock for the pediatric age ra nge tested here (Fig. 2).
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Fig. 1. Pediatric buccal DNA methylation age accurately predicted chronological age. (A) The training data (datasets 1 through 7) was used in an
elastic net regression for selection of 94 age-<elated CpG sites. Estimated age
(PedBE age) (y axis) versus chronological age (K axis). (8) The test data (datasets
8 through 11) was to independently assess the PedBE clock (r = 0.98, test error =
0.35 y). Each data point represents an individual, with the color indicating
the corresponding dataset. Solid black and dashed lines denote the linear
regression and perfect correlation lines, respectively.
A Precise Tool to Measure Pediatric DNAm Age in BECs: The Ped BE
Clock. Using the training dataset, we generated an unbiased
measure of pediatric DNAm age using elastic net regression,
which empirically selected 94 informative age-related CpG sites
(the PedBE clock). To validate this tool, we applied the PedBE
clock to the test dataset, revealing a correlation between chronological a§e and pediatric DNAm age of r = 0.98 (P value ::;
2.2 x 10- 1 ), with a test error (defi ned as median abso lute
difference between DNAm age and chronological age) of0.35 y
(Fig. 1). The difference between PedBE age a nd chro nological
agc in the test datasct was significa ntly corrclatcd with that of
the pan-tissue H orvath DNAm age difference (r
0.54,
P val ue::; 2.2 x 10- 16); however, the PedBE c lock had reduced
variation as compared to the Horvat h c lock (Horvath DNAm
age - age, median absolute difference 1.73 y) (Sl Appendix,
F ig. S I). Ofthe 94 CpGs, DNAm at 50 CpG s ites increased and
44 decreased with chrono logical age. We found that CpGs included in the Ped BE clock were significa ntly dep leted in open
sea regions of the ge nome (Monte Ca rlo simulations, false
d iscovery rate [FDRJ ::; 0.01), trended no nsigni ficantly toward
enrichment in CpG islands (Monte Carlo simulations, FDR
0.17), and showed no significant enrichment in other annotated
gene features (SI Appendix, Fig. S2).
Notably, it was possible to obtai n a n eq ua lly performing pred ictor based an an entirely different set of CpGs in these data;
for example, by using the same elastic-net feature selectio n
approach as above, we found that a set of 392 CpG sites (none
o f which overlapped with the 94 CpGs of the PedBE clock) to
have comparable accuracy in the test dataset (test error 0.36,
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Ped BE Age Deviation Associated with Obstetric Outcomes. The
PedBE clock was trained and tested an typically developing
children to best represent general developme ntal patterns. As
such, we expected that deviations from this estimate might serve
as a biomarker for altered developmental trajectories. Similar to
how the Horvath epigenetic clock has been investigated in adu lt
samples, we extracted the residuals from a linear model of PedBE
age regressed an chronological age to obtain the "age acceleration
residual" (referred to here as "PedBE age deviation"). In dataset
16 (n
339, a longitudinal cohort with sampling a t 3 mo and
9 mo ), which was not included in either the training or test
datasets, we assessed whether PedBE age deviation was associated
with obstetric outcomes, including gestational age and birthweight adjusted for gestational age. We had a similar observation to longitudinal test dataset 10, where the PedBE clock was
more accurate than the Horvat h clock in reflecting differences in
chronological time between the sampling intervals (SI Appendix,
F ig. S5). We found a significant positive association between
length of gestation and age deviation at 3 mo (Pearson's r 0.29,
P val ue 4.0 x 10- 5 ), which was relatively unchanged following
adjustment for es timated BEC proportions, biological sex, a nd
a compos ite score for genetic background represented by the
top 2 principal components of the same samples run on the
Omn iExpress genotyping array (P value 3.6 x 10-5) (Fig. 3 A,
Left). Furthermore, this effect was also observed at 9 mo, al though to a lesser extent and only statistically significant when
conlrolling for the covariates (P value 0.006, r 0.04) (Fig. 3 B,
Right). A similar, yet much weaker trend was observed using the
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r = 0.98; SI Appendix, Fig. S3A ). Furthermore, the 392 CpG
sites were not found to be signifi cantly enriched in any genomic features tested; however, there was a trend toward depletion in open sea regions (FDR = 0.12), s imilar to what we
observed for the PedBE model, as weil as a slight trend toward
en richment for intragenic regions (FDR O. 18) (SI Appendix,
Fig. S3B).
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Fig. Z. Longitudinal data demonstrated higher accuracy of the PedBE clock

PedBE Clock Age Prediction Was Highly Accurate across longitudinal
Sampling. To further investigate the accuracy of the PedBE clock,
we took advantage of the longitudinal nature of test datasets 10
and 11 , which had repeated measures separated by 6 mo to 2 y,
depending an the individual and study. As expected, after pred icting PedBE age at each time point, all samples at time point 2
were estimated as being older than a t time point 1. Additionally,
when estimating H orvath DNAm age in these sa mples, a larger

as compared to the pan-tissue Horvath DNAm clock. (A, Left) Dataset 10
PedBE clock versus chronological age across 2 time points (follow-up ranged
from 6 mo to 2 y, depending on the individual). Each point color represents an
individual separated by a line indicating the time between sampling. (Right)
Dataset 1O pan-ti.ssue Horvath DNAm clock versus chronological age. (8, Left)
Dataset 11 PedBE clock versus age across 2 times points separated by 1 y between sampling. (Right) Dataset 11 pan·tissue Horvath DNAm clock versus
chronological age. Each colored line represents an individual and the time between sampling is denoted by the beginning and end of each line. Time gaps
between sample collection varied across individuals ranging from 6 mo to 2 y.
Additionally, for dataset 10, individuals at time point one varied in age between

error was obseived across both time points compared to the

4 and 12 y. PedBE age was calculated for each individual at both time points.
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Fig. 3. PedBE deviation was associated with gestational age at 3 and 9 mo
and individuals diagnosed with ASO in independent cohorts. (A) Oataset 16
is a longitudinal cohort with sampling at 3 mo (Left) and 9 mo (Right) of age
in the same individuals. (8) In dataset 98 (n = 81), PedBE age deviation equals
PedBE regressed onto ch ronolog ical age, while controlling for sex, batch,
predicted buccal proportion, and ethnicity. A nonparametric propensity
score-matching method was applied to ensure the groups were balanced
regarding covariate measures.

pan-tissue Hoivath DNAm clock at 3 mo (Pearson's r = 0.14,
P value = 0.05) but not 9 mo (Pearson's r = 0.08, P val ue = 0.10).
We also tested whether birthweight (adjusted for gestational
age) was associated with PedBE age deviation but did not find
any significant associations at either 3 mo (Pearson's r = 0.05,
P value = 0.50) or 9 mo (Pearson's r = 0.11, P value = 0.07), and
ncithcr association was significant following adjustment for
covariates.
Positive PedBE Age Deviation Was Associated with Autism Spectrum
Disorder. While the focus of this work was on developing a tool to
carefully assess BEC DNAm age in children, we also wanted to
begin exploring whether childhood disorders might associate
with deviations in pediatric DNAm age. Unfortunately, public
availability of BEC ONAm data for these valuable cohorts is
rare. However, dataset 9 is one such cohort that has publicly
available l:H::C DNArn from children affected with ASD. This
cohort incl uded individuals with ASO and their non-ASO affected siblings as controls (9). ASO has been characterized as a
pediatric disorder with an altered development trajectory and
has also been shown to have differential DNAm pattems as
compared to the typically developing group (TD) individuals.
We tested whether PedBE age differed in ASO-affected children
as compared to TO children in dataset 98 (subset of GSE50759,
age range: 1.2 to 20 y) (26). We assessed PedBE age deviation in
a cohort of 47 ASO cases and 34 TD individuals (dataset 9B)
while controlling for self-reported eth nicity, experimental batch,
and estimated cell proportions (7). We obseived a significant
difference in PedBE age between ASD and controls (P value =
0.01), with ASO cases having a mean deviation of 0.37 y higher
than the TO group (Fig. 3B). We performed a sensitivity analysis
by retesting this association after removing the outlier in the TD
group and obseived a stronger association in the same direction
(P val ue = 0.005, mean deviation = 0.38 y; SI Appendix, Fig. S5).
To further verify this association, we employed a nonparametric
propensity score-matching method (34) to a ttempt to reduce
any bias by ensuri ng the groups were balanced in terms of
covariate measures; specifically, estimated buccal cell proportion,
23332

experimental batch, biological sex, and percent HapMap Central
European ancestry (see original paper for details) (26). Using this
approach, a sample of 17 ASO cases and 22 TD cases was
obtained and the difference remained significant (P value = 0.02,
mean deviation = 0.56 y). Furthermore, to address any co ncern
th at familial status was influencing th is resu lt, we ra ndomly removed 1 individ ual from each sibling pair from our analyses.
Tue ASO and TO groups remained significantly different in terms
of age deviation (P val ue = 0.03, ASO = 47, TD = 21, median
deviation = 0.40 y). To account for unbalanced sample sizes between ASO and TD, we again performed propensity score
matching on this subset and observed a moderate difference between ASO and TO age deviation (P value = 0.04, ASO = 12,
TD = 16, median deviation = 0.56 y). Given the small group sizes
of t hese analyses, we emphasize c-<1utionary interpretation of this
result and present these findings as strictly exploratory requ iring independent validation in additional samples.
PecilBE Clock Age Prediction in Saliva. Blood, and Adult BECs. Although we trained the PedBE clock in samples obtained exclusively
from BECs, we explored the performance in saliva and blood, both
of which are minimally invasive, commonly used tissues for epigenetic interrogations in human populations.
Saliva is a heterogeneous mixture of varying proportions of
BECs, white blood cells, amongst other cell types (7). We
assessed PedBE age in saliva samples from dataset 12 (n = 65,
age range = 6 to 13 y), which resulted in a moderate associatio n
between predicted age using the PedBE clock and chronologica] age (r = 0.50, error = 1.31 y, P va lue = 2.0 x 10- 5 ; SI
Appendix, F ig. S6). Howcver, it should bc notcd that thesc data
reported age in years rather than days, therefore reported
predictor performance was not as precise, potentially deviati.ng
by up to 1 y.
In 2 (datasets 13 and 14) publicly available blood DNAm
datasets we assessed the performance of the PedBE clock with
and without correcting for blood cell type heterogeneity. In
dataset 13 (11 = 134, age range = 1 to 17 y restrictcd to data from
control TD individuals 20 y and younger), PedBE age without
correcting for blood cell type variance led to a correlation of r =
0.79 and a median absolute error of 3.26 y, which was much
!arger than the test BEC datasets. After statistically regressing
out the variance associated with blood cell type heterogeneity,
the correlation between predicted age and chronological age
was lower with a comparable degree of error (r = 0.60, error =
3.02) (SI Appendix, Fig. S7 A and C). Jn dataset 14 (n = 19, age
range = 2.3 to 10.8 y), the PedBE clock correlated strongly with
age on uncorrected data (r = 0.88, error = 1.89 y), but when
applied to cell type corrected ONAm data the correlation was
considerably lower (r = -0.27, error = 2.82 y; SI Appendix, Fig.
SB A and C). Collectively, these findings suggested that DNAm
variance associated with blood cell type proportions improved
the accuracy of the PedBE clock when LL~ed in blood. For both
blood datasets 13 and 14, the pan-tissue Horvath ONArn clock
performed well (r = 0.96, error = 0.57 y; r = 0.95, error = 1.66 y,
rcspectively) on data prior to cell composition adjustment (SI
Appendix, Figs. S7B and S8B); however, similar to the PedBE
clooek, a reduction in accuracy was observed when the pan-tissue
Hoivath ONArn clock was applied after cell type correction
(dataset 13: r = 0.82, error = 1.29 y; dataset 14: r = - 0.23, error =
5.69 y; SI Appendix, Figs. S7D and S8D). These observations
highlighted the effect of blood cellular heterogeneity o n age
prediction in both the pan-tissue Horvath DNAm clock and
PedBE clock.
We also assessed the performance of the PedBE clock in adult
buccal samples. In dataset 15 (adult females, age range: 25.5 to
51.4 y), we observed a significant correlation between PedBE age
and chronological age (r = 0.72, P va lue < 2.0 x 10- 16) with a
median absolute error of 1.40 y (Si Appendix, Fig. S9A). In

contrast, the pan-tissue H orvath clock consistently underestimated
DNAm age, as compared to chronological age, but had a similar
correlation val ue with chronological age (r = 0.66, P va lue < 2.0 x
10- 16) with a higher median absolute error (3.10 y) (SI Appendix,
Fig. S9B). Finally, the estimated PedBE ages and Horvath
DNAm fl}es were significa ntly correlated (r = 0.44, P value =
2 x 10- 1 ; SI Appendix, Fig. S9C).
A Pediatric BEC DNAm Predictor Generated from All Available
Samples. Following a recently suggested approach to increase

the rigor of epigenetic clocks (35), we also investigated a model
based on the entirety of our samples (n = 1,721) (SI Appendix,
Fig. SlOA). The correlation between the "all data model" and
the PedBE clock model was very high (r > 0.99; SI Appendix, Fig.
SIOB). With this approach, we cannot report test accuracy but
aimed to compare the PedBE clock to a model established on aJI
samples to ensure our predictor was not compromised by the
reduced training dataset sample size. We e mployed the same
parameters as the initial predictor from the n = 1,032 training
data, but with all 1,721 samples included, and the number of
probes in this model was also 94 CpGs (SI Appendix, Table S2);
however, the overlap with this predictor and the PedBE clock
was only 64 CpGs (SI Appendix, Table S3 and Fig. SlOC). The
genomic enrichment of the 94 CpG sites based Oll au data did
not perfectly reflect the enrichment of the PedBE sites: the 94
CpGs (all) were not significantly enriched or depleted for most
annotated gene features except for a nonsignificant trend toward
enrichment in north shores (SIAppendix, Fig. SlOD).
Lastly, we examined whet her the association between gestational agc and PedBE agc deviation was robust in the "all-samplc"
94-CpG model. We observed nearly identical results as the
training model, where we found a significant association between
gestational age and PedBE age deviation a t 3 mo (r = 0.27, P
value of correlation test: 1.0 x 10-4 , P value obtai ned from linear
model while adjusting for covariates = 1.4 x 10-4) a nd a moderate
association at 9 mo (r = 0.08, P value of correlatio n test: 0.2, P
value obtained from linear model while adjusting for covariates =
6.2 x 10-4). Additionally, no significant association was observed
with birthweight adjusted for gestational age.

Discussion
Birth to late adolescence is a tremendously dynamic period of
dcvelopment and growth, and an accurate molccular marker of
development or age, specific to this age, range has yet to be
established. We assessed DNAm profiles in BECs from 1,721
healthy individuals, ranging in age from 0 to 20 y o ld, a nd generated a predictor of age, specific to pediatric populations, using
we ighted DNAm values at 94 CpG sites (the PedBE clock). We
characterized the PedBE clock in longitudinal data, different tissues, an adult cohort, and importantly, in the context of obstetric
o utcomes, finding that infants with a higher gestational age had
an older PedBE age. We also assessed PedBE age in children with
a neurodevelopmental disorder, ASD, which showed a hig her
PedBE age than those considered to be typically developing.
Although in adults, positive DNAm age acceleration from the
Horvath pan-tissue clock has been associated with increased risk
for certain diseases, mortality, frai lty, and other negative outcomes (2, 36, 37), DNAm age acceleration in c hildren may not
follow a similar pattem, in that accelerated age deviation could
potentially retlect positive outcomes. While definite evaluation
of these relationships awaits larger surveys, it is tempting to
speculate that age acceleration in pediatric samples may be an
indicator of progressive development through mi lesto nes, wherea~
deceleration might be a n indicator of delays in maturation.
The previously established pan-tissue Horvath DNAm clock
was created from prenatal samples to supercentenarians (1).
However, the variation in age esti mates makes its application to
pediatric populations somewhat challenging. More accurate age

estimators can be constru cted by focusing on a more limited
age irange. For example, more accurate epigenetic age estimators
have been developed for gestational age based on cord blood
samples (38, 39). Our study similarly demonstrated that the
PedBE clock easily outperforms the pan-tissue estimator in BEC
samples from a pediatric population. lt is not surprising that
previous predictors of age do not perform exceptio nally weil in
children, as this is a unique period of rapid change in DNAm
that is unlikely to mimic adult methylome dynamics (5). Given
the d ifferences in the pace of developmenta l a nd age-related
changes across the life course, applying adult-based markers to
pediatric populations may not be an appropriate approach.
In add ition, the Horvath DNAm clock is agnostic to tissue
type , which inevitably sacrifices some precision whe n estimating
age within any single tissue. Part of the reason for the increased
accuracy of the PedBE clock stems from building the predictor in
a single target tissue within a focused age range of 0 to 20 y old.
The specificity of the sample target may be viewed as a limitation, as wc havc shown, making thc prcdictor lcss robust to o ther
tissues. However, the loss of applicabi lity to other tissues was
necessary as it allowed o ur predictor to reach the highest accu racy of any epigenetic clock to date. We believe that since agerelated DNAm has differential rates across tissues, the focus of a
single tissue type is needed for obtaining the highest estimate
accuracy possible. Additionally, BECs are very commonly used in
pediatric biomarker research, as well as populations from remote
communities, due to the fact that they can be obtained by a
norunvasive collection protocol (40, 41). Furthermore, BECswabs
are less heterogeneous in terms of cell type population as comparcd to saliva (6), further illustrating their uti lity as a tissue of
choice for pediatric DNAm studies.
Heterogeneous tissues, such as blood, can change in cell proportion with age (42) and focusing on a more homogeneous
tissue, such as BECs, would reduce this source of co nfoundi ng
when constructing a DNAm-based age predictor. The association between PedBE age and chronological age was co nside rably
lower in the blood test datasets, understandably so, as this epigenetic clock was trained specifically on BEC samples. lnterestingly, when blood cell type composition was adjusted for in th e
DNAm data prior to calcul ati ng PedBE age, the accuracy was
considerably lower than estimated age on cell type uncorrected
data. for both the PedBE clock and the pan-tissue Horvath DNAm
clock. This is most likely because cell type proportions change over
time and therefore this variance is captured by the DNAm-based
age clocks, underscoring the intended purposes of the present tool
to be primarily applied in BEC samples.
Having established an epigenetic clock with great accuracy for
the pediatric age range from a single tissue, it wi ll be interesting
to compare its associations with chronological age, e nviro nmental
variables, and developmenta l outcomes to that of epigenetic
clocks derived for the same age range from other single tissues.
We note that it is not only feasible that differe nt tissues age at
different rates in children, but also that unaccounted factors likely
unrelated to the developmental process might contribute noise to
such predictors.
We also investigated the PedBE clock in ad ult BEC samples
and found that the PedBE ctock a nd pan-tissue clock had similar
correlation values with age; however, the PedBE clock had a
lower median absolute error. Perhaps not unexpectedly, this
finding suggests that tissue-specific epigenetic clocks might have
a higher overall accuracy for the tissue they were trained in than
clocks trained on a tissue compendium, even if the training was
done for a d ifferent stage of the huma n life course. In our case,
even though the PedBE model was only trained on pediatric BEC
samples, it was still able to predict age in adult BEC samples with
a lower error than the pan-tissue Horvath DNAm clock.
As DNAm is strongly associated wit h age a nd tissue type, it
is not surprising that we note the overlap of only 1 CpG site
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(cg06144905) when comparing the Horvath pan-tissue clock sites
and the CpG sites used in the PedBE clock. This CpG site is
within the promoter region of the PIPOX gene whic h encodes an
enzyme that metabolizes sarcosine, L-pipecolic acid, and L-proline;
interestingly, circulating sarcosine decreases with age and is increased with dietary restriction (43).
Sincc this epigenetic clock is unique to children, and the pantissue Horvath clock has been extensively correlated to later life
age-related measures, we expect the PedBE clock may be capturing developmental phenotypes related to growth. Furthem1ore,
we note that the performance of both the pan-tissue Horvath and
PedBE clock was more accurate closer to birth than in adolesccncc. While it is possiblc that this fcature was due to slight imbalances in the adolescent age ra nge in our datasets, it is tempting
to speculate that in part, it might be due to the dynaniic nature of
the developing ONA methylome during adolescent stages, emphasizing the unique relationship between DNAm and development
over childhood.
The post hoc investigation into whether the PedBE CpGs
were of unique importance as compared to th e rema ining CpG
sites measured, was particularly interesting as we were able to
generate an equally accurate clock using 392 CpGs of which
none overlapped with the PedBE 94 sites. With this distinct 392CpG model, we also observed less accurate estimates in the adolescent age range, perhaps suggesting that interindividual differences in ONAm age may become more pronounced as children
get older; however, the smaller sample size in this age range is an
important limitation to note and additional cohorts are required to
further explore this. Nonetheless, the lack of the overlap in CpG
sites bctween the 392 model and the PedBE clock was insightful,
highlighting that the age-associated nature of the DNA methylome
across sets of CpGs is sufficient to accurately predict age. We note
that both models had significant or close-to significant depletion
in open sea genomic areas but no strong significant enrichment
in any particular CpG-island features. Future work comparing the
specific nature of these CpGs and other epigenetic clocks would
be important for gaini ng a comprehensive undcrstanding of the
methylome landscape in the context of the human life course.
Our results investigating the ASO cohort suggested that deviations between PedBE age and chronological age might be
associated with altered developmental trajectories and potentially pediatric disorders. ASO is associated with altered developmentally related phenotypes, such as increased body
growth, head growth, and body weight, as weil as accelerated
postnatal cortical development (44). We showed that individuals
with ASO had increased PedBE age deviation compared to controls, consistent with advanced biological deve lopment. While the
exact mechanisms underlying this "acceleration" remain to be
determined, previous research indicates ONArn differences in
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individ uals affected by ASO (26, 45, 46), thus further emphasizing
the potential utility for ONAm as a biomarker in ASD. We note
that while we would have preferred to add additional independently ascertained datasets and conditions to our analysis,
the vast majority of published BEC association studies are not
publicly accessible, which constitutes a major Limitation in the
ficld (47).
T he assoc iation between PedBE age deviation with gestational
age was of interest, as it might intersect wit h other long-term
measures of child development. Length of gestation is a wellest:ablished predictor of a range of child health outcomes, including structural variation in the neonatal brain (48). Gestational
age was positively associated with PedBE agc acceleratio n making
it tempting to speculate that this is related to positive association
between gestational age and brain maturation previously reported
for this cohort (dataset 16), that was independent of neonatal
birt hweight. Tims, our study further supported the role of the length
of gestation in shaping variation in the neonatal DNA methylome
(39). ln contrast, perhaps somewhat unexpectedly, birthweight
was not consistently associated with PedBE age deviation. Our
findings thus strongly hinted at a specificity of the PedBE clock,
which may retlect the distinct genetic and environmental factors
that influence gestational age and birthweight (49).
In conclusion, this study described a highly accurate molecular
measure of chronological age usi ng DNAm obtained from BECs
in pediatric samples. To maximize the rigor, accuracy, and
objectivity of this tool we followed recent recommendations (35)
and compared a model based on all available data with the
PedBE clock. Overall, we found significant correlations between
the estimates, and demonstrated that both predictors had an
asoociation with gestational age in a completely separate cohort
not contained in our lest sample. While the utility of this tool as a
developmental metric remains to be explored, we envision that
by t esting additional pediatric datasets, as they become avai lable,
this tool will become important for evaluating the environmental
and contextual fäctors shaping child development, chiefly through
the ONA methylome, and how this in turn associates with health
and disease.
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