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Abstract

Background: Gestational age is often used as a proxy for developmental maturity by clinicians and researchers
alike. DNA methylation has previously been shown to be associated with age and has been used to accurately
estimate chronological age in children and adults. In the current study, we examine whether DNA methylation in
cord blood can be used to estimate gestational age at birth.
Results: We find that gestational age can be accurately estimated from DNA methylation of neonatal cord blood
and blood spot samples. We calculate a DNA methylation gestational age using 148 CpG sites selected through
elastic net regression in six training datasets. We evaluate predictive accuracy in nine testing datasets and find that
the accuracy of the DNA methylation gestational age is consistent with that of gestational age estimates based on
established methods, such as ultrasound. We also find that an increased DNA methylation gestational age relative
to clinical gestational age is associated with birthweight independent of gestational age, sex, and ancestry.
Conclusions: DNA methylation can be used to accurately estimate gestational age at or near birth and may provide
additional information relevant to developmental stage. Further studies of this predictor are warranted to determine its
utility in clinical settings and for research purposes. When clinical estimates are available this measure may increase
accuracy in the testing of hypotheses related to developmental age and other early life circumstances.
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Background
Differences in gestational age (GA) as small as one week
have been shown to have significant impacts on neonatal
morbidity and mortality, as well as long-term out-
comes [1–6]. In light of this, the American College of
Obstetricians and Gynecologists (ACOG) recently rec-
ommended revising the categorization of births from term
(>37 weeks gestation) and preterm (�37 weeks gestation)
into several subcategories (early preterm, preterm, early
term, full term, late term, and post term) that better reflect
the developmental differences associated with GA at each
of these time points [7, 8]. Accurate classification systems
that reflect both developmental time and maturity may
improve our ability to predict neonatal risk.

Traditionally, GA is estimated using one or more of
the following methods: early obstetric ultrasound, last
menstrual period (LMP), or neonatal estimation [9].
Ultrasound-based methods are considered to be the gold
standard and have proven to be a better predictor of
delivery date [10] as LMP estimates may be influenced by
uncertainty regarding LMP dates, normal variations in ovu-
lation timing, atypical bleeding, and contraceptive use [9].
Neonatal estimation, which is based on a combination of
physical appearance, muscular tone, flexibility, and reflexes,
is the only available method for determining GA after birth
but is less precise than LMP and ultrasound [9, 11, 12].
In circumstances where LMP date is uncertain and
ultrasounds are not available, a more accurate method
for estimating GA may be beneficial.

Recently, DNA methylation (DNAm) has been used to
accurately predict chronological age in children and adults
[13–16]. Later work revealed that a methylation-based
prediction of age may also associate with physiological

consequences in adults when a study reported that an in-
creased methylation age relative to chronological age was
associated with an increase in mortality risk [17–22].
However, the predictors optimized in these studies were
not designed to estimate GA and did not attempt to differ-
entiate between different GA, as samples taken at birth
were either assigned an age of zero or were excluded from
the model [13, 14]. Because the accuracy and precision of
a prediction model is, in general, weakest at the extremes
of the distribution, a predictor developed from primarily
adult samples would, by nature, be less accurate in neo-
nates than one that is optimized for that purpose.

DNAm differences in specific CpG sites have been as-
sociated with GA at birth in multiple studies [23–26].
We hypothesize that a predictor designed specifically for
use with umbilical cord blood or blood spots already
routinely collected for newborn screening could allow
for accurate neonatal estimation of GA that may also be
informative of developmental stage. The objective of this
study was to develop such a predictor to estimate GA
from DNAm data using umbilical cord blood or blood
spot samples and to assess its ability to predict other
indicators of developmental maturity.

Results and Discussion
DNAm data from 1434 neonates, representing 15 inde-
pendent cohorts, were used for this study. For each sam-
ple, HumanMethylation27 or HumanMethylation450
BeadChips (Table 1; Additional file 1: Table S1) were
used to generate data from DNA extracted from umbil-
ical cord blood or blood spots. Of the 16,676 CpG sites
that passed quality control in the testing and training
datasets referenced in Table 1, 3155 (19 %) were at least

Table 1 Description of cohorts
Dataset N GA range (weeks) GA mean ± SD Male (%) Race Nationality Source Array

Training datasets

GSE36642 51 32–38 36.3 ± 1.7 56.9 White Australian Cord 27 k

WMHP1 40 31–41 37.9 ± 2.3 47.5 98 % white American Cord 450 k

GSE62924 38 34–41 39.1 ± 1.4 42.1 White Mexican Cord 450 k

NBC 36 24–41 36.0 ± 5.4 47.2 Black American Cord 450 k

GSE51180 23 25–42 32.7 ± 6.6 69.6 White Australian Spot 450 k

GSE30870 19 34–41 38.9 ± 2.1 NA White Spanish Cord 450 k

Test datasets

DNSBtrios 264 28–44 40.3 ± 1.9 64.9 White Danish Spot 450 k

WMHP2 251 33–43 38.7 ± 1.4 51.0 80 % white American Cord 27 k

CANDLE 198 32–41 39 ± 1.3 52.0 51 % black, 40.4 % white American Cord 27 k

VICS 183 24–35 28.0 ± 2.1 42.1 89 % white Australian Spot 450 k

PROGRESS 148 30–43 38.6 ± 1.7 52.0 White Mexican Cord 450 k

PREDO 91 31–42 39.6 ± 1.5 54.9 White Finnish Cord 450 k

Training datasets and test datasets were chosen to represent a similar range of gestational ages
NA not available, SD standard deviation
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