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Abstract
Background

Biological maturity at birth does not always align with gestational age, and this discordance can be
quantified as gestational age acceleration (GAA) using DNA methylation-based epigenetic clocks.
Monochorionic diamniotic (MCDA) and dichorionic diamniotic (DCDA) twin pregnancies differ in
placental sharing and hemodynamic environment, but whether these differences influence GAA remains
unknown. We analyzed cord blood DNA methylation data from 49 monozygotic twin pairs (26 DCDA, 23
MCDA), estimating GAA using two DNA methylation-based gestational age clocks, to compare GAA
between chorionicity groups among full-term neonates.

Results

Both clocks showed good within-pair GAA concordance, and GAA was consistently higher in MCDA than
in DCDA pairs. Among full-term neonates, MCDA twins had significantly higher GAA according to one
clock than DCDA twins (0.34 £ 0.96 vs. -0.27 + 0.80 weeks; p = 0.010), while the other clock showed a
similar directional trend without reaching statistical significance (p = 0.11). Regression analysis
confirmed that MCDA chorionicity among full-term twins was associated with higher GAA relative to full-
term DCDA twins (B = 0.64 weeks; 95% Cl 0.02-1.26; p = 0.044), and this association remained robust in
most sensitivity analyses adjusting for clinical and obstetric covariates. Preterm birth was not
significantly associated with GAA by either clock.

Conclusions

Among full-term twins, chorionicity was independently associated with GAA, with MCDA twins exhibiting
higher epigenetic maturity than DCDA twins, despite having the same gestational age at birth. These
findings suggest that the hemodynamic environment associated with placental sharing — rather than
gestational age at birth alone — may contribute to epigenetic maturation in twin pregnancies, raising the
possibility that chorionicity should be further investigated as a biological variable relevant to neonatal
risk stratification.

Background

Gestational age (GA) at birth is a major determinant of neonatal health and long-term developmental
outcomes (1, 2). However, infants born at the same gestational age may differ substantially in their
biological maturity. DNA methylation patterns change systematically throughout fetal development,
enabling the development of epigenetic clocks that estimate biological maturity at birth (3, 4). Based on
this concept, two epigenetic clocks have been developed to estimate gestational age from cord blood
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DNA methylation: Knight's clock, based on 148 CpG sites from 27K and 450K array data, and Bohlin's
clock, based on 96 CpG sites from 450K array data (3, 4).

The discrepancy between DNA methylation-based gestational age (DNAm GA) and clinically recorded
gestational age is defined as gestational age acceleration (GAA), with positive values indicating greater
epigenetic maturity than expected for a given gestational age and negative values reflecting relative
immaturity (3). By capturing individual-level deviations, GAA provides a quantitative measure of neonatal
maturation beyond standard clinical assessment (5). Nevertheless, the clinical and environmental
factors that determine GAA remain poorly understood, particularly with respect to the intrauterine
environment.

In twin pregnancies, chorionicity —the number of chorions and a key determinant of placental
architecture—provides a biologically informative model for examining how the intrauterine environment
influences fetal epigenetic programming. DCDA twins develop with separate placental circulations,
whereas MCDA twins share a single placenta containing vascular anastomoses between the fetal
circulations (6). These anastomoses can lead to imbalanced inter-twin blood flow, resulting in divergent
hemodynamic conditions between the two fetuses.

Previous studies have shown that chorionicity and intrauterine environmental factors contribute to
within-pair variation in DNA methylation (7). In severely growth-discordant monochorionic twins,
differences in placental perfusion and fetal growth have been associated with differential placental DNA
methylation (8). These prior studies support the biological plausibility that the shared monochorionic
placental environment may influence fetal epigenetic maturation.

Despite this biological plausibility, the association between chorionicity and GAA has not been directly
examined. Previous studies of GAA have been conducted predominantly in singleton birth cohorts (5, 9).
Moreover, twin methylation studies have focused mainly on within-pair methylation variation or inter-twin
differentiation rather than chorionicity-related differences in epigenetic gestational aging (7, 10).

In the current study, we aimed to determine whether chorionicity is independently associated with GAA in
twin pregnancies and whether this association differs between full-term and preterm twin pregnancies.

Methods
Data description

Cord blood DNA methylation data from a previous cohort of Korean monozygotic twins (10) were
obtained from the original authors upon request. The dataset included 26 DCDA and 23 MCDA twin
pairs. DNA methylation profiling was performed using the Infinium MethylationEPIC v2 BeadChip array.
Raw IDAT files were preprocessed in R using the minfi package (11) with NOOB normalization. Probes
with a detection P value > 0.05 in > 25% of samples or with any missing beta values were excluded, and
beta values were extracted for subsequent analyses. EPIC v2 probe identifiers were mapped to the
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HumanMethylation450 (450K) and HumanMethylation27 (27K) nomenclature using the
[lluminaHumanMethylationEPICv2manifest R package to ensure compatibility with published clock
coefficients. Gestational age recorded in weeks and days was converted to decimal weeks for all
subsequent analyses.

Estimation of DNA Methylation-Based Gestational Age and GAA

DNA methylation—derived gestational age (DNAm GA) was calculated using two previously published
epigenetic clocks. Knight's clock was developed using 148 CpG sites from cord blood samples profiled
on the 27K and 450K arrays (3), and Bohlin's clock was developed using 96 CpG sites from cord blood
samples profiled on the 450K array (4). All calculations were implemented in R using the methylclock
package (v1.8.0) (12). Missing CpG values were imputed using the reference median values provided in
the package, and clock estimates were calculated only when at least 80% of required CpGs were
available. All samples satisfied this criterion and were included in subsequent analyses.

Gestational age acceleration (GAA) was defined as the residual from a linear regression of DNAm GA on
clinically recorded gestational age at birth (3, 13). Separate regression models were fitted for each
epigenetic clock using the entire study cohort. The resulting residuals represented individual-level
deviations between observed and expected DNAm GA for a given gestational age. Positive residuals
indicate accelerated epigenetic gestational aging, whereas negative residuals indicate decelerated
epigenetic gestational aging.

Within-pair concordance and variability of GAA

Because monozygotic twins share an identical genetic background and much of the prenatal
environment, we evaluated the degree of within-pair similarity in GAA. To quantify within-pair
concordance, we calculated the intraclass correlation coefficient (ICC), which quantifies the similarity of
GAA within twin pairs. Higher ICC values indicate greater similarity within twin pairs. Based on
established guidelines, ICC values < 0.50 were interpreted as poor, 0.50-0.75 as moderate, 0.75-0.90 as
good, and = 0.90 as excellent concordance (14). ICC was estimated using a one-way random-effects
model, treating twin pairs as random effects. Analyses were performed separately for Knight's and
Bohlin's epigenetic clocks.

To further characterize within-pair variability, we calculated the absolute within-pair difference in GAA (|
AGAA\) for each twin pair and summarized these values using the median and interquartile range.
Because twin order was assigned arbitrarily, signed within-pair differences were tested against zero
using a one-sample t-test to confirm the absence of systematic directional bias. All calculations were
implemented in Python using NumPy (15) and SciPy (16, 17) packages.

Statistical analysis

Page 5/22



Between-group comparisons of GAA were performed at the individual level using Welch’s t-test or the
Mann—-Whitney U test, as appropriate. These comparisons are reported as exploratory, given the non-
independence of twin pairs; formal inference regarding the association between chorionicity and GAA
was based on the cluster-robust regression analyses described below.

Two analytical strategies were employed. First, GAA was compared between preterm (gestational age <
37 weeks) and full-term infants across the entire cohort, irrespective of chorionicity; because gestational
age at birth is shared within twin pairs by design, co-twins were always classified into the same group.
Second, to examine the potential influence of placental sharing on epigenetic gestational aging, full-term
infants were divided into DCDA and MCDA groups, and GAA was compared between the two groups.

Association of GAA with clinical and twin-related characteristics

To evaluate associations of GAA with preterm birth and chorionicity, ordinary least squares (OLS)
regression models were fitted using full-term DCDA twins as the reference group. Given the non-
independence of observations within twin pairs, cluster-robust standard errors were estimated at the
twin-pair level using the Huber—White sandwich estimator (18). All models were adjusted for sex.

To evaluate the robustness of the findings, sensitivity analyses were performed by additionally including
six covariates—birth weight, small for gestational age (SGA), maternal diabetes mellitus, maternal
hypertension, maternal age, and mode of delivery—in all possible combinations, yielding 64 model
specifications.

All statistical analyses were conducted in Python. Regression analyses were performed using the
Statsmodels package (19), and group comparisons were performed using the SciPy package (16, 17).
Statistical significance was defined as a two-sided p value < 0.05.

Results

Sample Characteristics and Gestational Age Distribution

A total of 49 monozygotic twin pairs were included in this analysis: 26 DCDA and 23 MCDA. Using a
gestational age threshold of 37 weeks, 17 pairs were classified as preterm and 32 pairs as full-term.
Among full-term pairs, 19 were DCDA and 13 were MCDA. Gestational age at birth ranged from 28.3 to
38.0 weeks (mean, 36.31 + 2.11 weeks). Preterm infants had a mean gestational age of 34.34 +2.60
weeks (range, 28.3-36.9 weeks), and full-term infants had a mean of 37.36 + 0.28 weeks (range, 37.0—
38.0 weeks).

Baseline clinical characteristics were broadly similar between full-term DCDA and MCDA twins (Table 1).
No significant between-group differences were observed in gestational age, birth weight, sex, or mode of
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delivery. Groupwise comparisons between preterm and full-term infants are presented in Supplementary
Table 1.

Table 1
Clinical characteristics of full-term twin pairs stratified by chorionicity

N samples Full-term DCDA Full-term MCDA P

38 26
N twin pairs 19 13
Gestational age (weeks), mean + SD 37.34+0.26 37.39+0.31 0.603
Gestational age (weeks), range 37.0-37.9 37.0-38.0
Male sex, n (%) 14 (36.8%) 14 (53.8%) 0.276
Vaginal delivery, n (%) 26 (68.4%) 22 (84.6%) 0.240
Maternal diabetes, n (%) 2 (5.3%) 6 (23.1%) 0.054
Maternal hypertension, n (%) 0 (0.0%) 0 (0.0%)
SGA, n (%) 0 (0.0%) 3(11.5%) 0.062
Birth weight (g), mean + SD 2608.55+190.28 2599.23 +308.97 0.989
DCDA, dichorionic—diamniotic; MCDA, monochorionic—diamniotic; SGA, small for gestational age;
SD, standard deviation. Continuous variables are presented as mean + SD; categorical variables as
count (%). Between-group comparisons were performed using Welch's t-test for continuous variables
and Fisher's exact test or chi-squared test for categorical variables, as appropriate.

Performance of DNA Methylation-Based Gestational Age Clocks

Following DNA methylation profiling and preprocessing, probes were excluded based on detection p-
value and missingness criteria as described in Methods, after which 719,253 CpG sites that could be
mapped to legacy probe identifiers were retained for clock-based analyses. Beta-values extracted from
the preprocessed data were used to estimate DNAmM GA using Knight's and Bohlin’s clocks. Missing CpG
sites (Knight: 9/148, 6.1%; Bohlin: 17/96, 17.7%), consistently absent across all samples, were imputed
by median substitution, and clock-derived gestational age was successfully calculated for all 98
samples.

Both epigenetic clocks showed strong correlations with clinically recorded gestational age. Knight's
clock showed a Pearson correlation coefficient of R = 0.85, with a MAE of 1.64 weeks and an RMSE of
1.87 weeks, whereas Bohlin's clock showed stronger agreement with clinically recorded gestational age,
with R =0.94, a MAE of 1.25 weeks, and an RMSE of 1.58 weeks (Fig. 1). Both clocks showed good
performance despite incomplete coverage of the CpG sites required for each clock. Among full-term
twins, the mean DNAm GA estimated by Knight's clock was significantly higher in MCDA than in DCDA
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twins (35.94 +0.87 vs. 35.29 + 0.79 weeks, p = 0.010), whereas no significant difference was observed
using Bohlin's clock (38.31 £ 0.38 vs. 38.08 + 0.53 weeks, p =0.178).

Within-pair concordance of gestational age acceleration

Within-pair concordance of GAA was evaluated using the intraclass correlation coefficient (ICC).
Substantial within-pair concordance was observed for both epigenetic clocks. The ICC for Knight GAA
was 0.760 (95% Cl, 0.612-0.857), while Bohlin GAA showed even higher concordance, with an ICC of
0.879 (95% Cl, 0.796-0.930). According to established interpretive guidelines (14), both clocks

demonstrated good within-pair concordance.

When stratified by chorionicity, within-pair concordance was higher in MCDA than in DCDA pairs for both
clocks, with a more pronounced difference for Knight GAA (ICC, 0.817 vs. 0.666) than for Bohlin GAA
(ICC, 0.898 vs. 0.860) (Table 2). Signed within-pair GAA differences showed no systematic directional

bias for either clock (Supplementary Fig. 1).

Table 2

Intraclass correlation and within-pair variability of gestational age acceleration by chorionicity

Clock

Knight
GAA

Bohlin
GAA

Group

All
pairs

DCDA
MCDA
All
pairs

DCDA

MCDA

N
pairs

49

26

23

49

26

23

ICC

0.760

0.666

0.817

0.879

0.860

0.898

95% ClI

0.612-
0.857

0.387-
0.834

0.620-
0.918

0.796-
0.930

0.715-
0.934

0.778-
0.955

Interpretation?

Good

Moderate

Good

Good

Good

Good

Median |
AGAA|

(weeks)

0.478
0.432
0.478
0.179
0.224

0.165

IQR (Q1-
Q3)

0.214-
0.821

0.191-
0.807

0.297-
0.807

0.079-
0.311

0.073-
0.320

0.092-
0.257

4 |CC interpretation based on Koo & Li (2016): < 0.50, poor; 0.50-0.75, moderate; 0.75-0.90, good; >
0.90, excellent.

GAA, gestational age acceleration; ICC, intraclass correlation coefficient; |JAGAA|, absolute within-pair
difference in gestational age acceleration; IQR, interquartile range; Cl, confidence interval; DCDA,
dichorionic—diamniotic; MCDA, monochorionic—diamniotic. ICC was estimated using a one-way
random-effects model, treating twin pairs as random effects. ICC values = 0.75 are shown in bold.

Comparisons of Gestational Age Acceleration
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Neither epigenetic clock showed a statistically significant difference in GAA between preterm and full-
term infants (Fig. 2A). Using Knight's clock, mean GAA was 0.04 + 1.06 weeks in preterm infants (n = 34)
and - 0.02 + 0.91 weeks in full-term infants (n = 64) (p = 0.80). Bohlin's clock yielded a mean GAA of 0.01
+0.43 weeks in preterm infants and - 0.00 + 0.49 weeks in full-term infants (p =0.91).

Among full-term infants, however, GAA was higher in MCDA than in DCDA twins for both epigenetic
clocks (Fig. 2B). This difference was statistically significant for Knight GAA (DCDA: -0.27 + 0.80 weeks,
n=38; MCDA: 0.34 + 0.96 weeks, n = 26; p = 0.010), while Bohlin GAA showed the same directional
pattern but did not reach statistical significance (DCDA: -0.09 + 0.48 weeks; MCDA: 0.12  0.49 weeks; p
=0.11).

Regression analyses of gestational age acceleration

The association between chorionicity and GAA was further evaluated using OLS regression models with
full-term DCDA twins as the reference group. All models were adjusted for sex, and cluster-robust
standard errors were estimated at the twin-pair level.

Because of the limited number of preterm twin pairs, preterm MCDA and DCDA twins were analyzed as a
single group. Preterm birth was not significantly associated with GAA compared with full-term DCDA
twins (Knight: B = 0.34 weeks, 95% Cl - 0.25 t0 0.93, p = 0.25; Bohlin: B =0.10 weeks, 95% Cl - 0.19 to
0.38, p =0.50). In contrast, full-term MCDA twins showed significantly higher Knight GAA than full-term
DCDA twins (B = 0.64 weeks; 95% Cl, 0.02 to 1.26; p = 0.044). A similar positive association was
observed for Bohlin GAA (B = 0.20 weeks), although it did not reach statistical significance (p = 0.23)

(Fig. 3).

Sensitivity analyses across 64 covariate combinations confirmed the robustness of the primary findings
(Fig. 4). The association between full-term MCDA status and Knight GAA remained significant in 52 of 64
models (B range, 0.60-0.73 weeks). All 12 non-significant models included mode of delivery as a
covariate (p range, 0.052-0.060). Preterm birth remained positively but not significantly associated with
GAA across all sensitivity analyses for both epigenetic clocks (Table 3).
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Table 3
Summary of sensitivity analyses across 64 covariate model specifications

Outcome Contrast N significant B range P value Note
range
(p<0.05)/ (weeks)
64

Knight Preterm vs 0/64 0.34- 0.166- Consistently positive,

GAA Full-term 0.45 0.271 non-significant
DCDA
Full-term 52 / 64 0.60— 0.027- 12 non-sig models all
MCDA vs Full- 0.73 0.060 included vaginal
term DCDA delivery (p =0.052-

0.060)

Bohlin GAA  Preterm vs 0/64 0.08- 0.259- Consistently positive,
Full-term 0.16 0.603 non-significant
DCDA
Full-term 0/64 0.15- 0.198- Consistently positive,
MCDA vs Full- 0.23 0.428 non-significant
term DCDA

GAA, gestational age acceleration; DCDA, dichorionic—diamniotic; MCDA, monochorionic—diamniotic;
B, ordinary least squares regression coefficient. Sex was included in all models; cluster-robust
standard errors were applied at the twin-pair level. The reference group was full-term DCDA twins.
Sensitivity models sequentially and combinatorially added the following covariates to the base
model: birth weight, small for gestational age, maternal diabetes mellitus, maternal hypertension,
maternal age, and mode of delivery. No correction for multiple comparisons was applied, as
sensitivity analyses were intended to assess robustness rather than to test independent hypotheses.

Discussion

Summary of findings

In this study, we evaluated cord blood—based GAA in a Korean monozygotic twin cohort using two
established epigenetic clocks. Both clocks showed substantial within-pair concordance, with higher
concordance in MCDA than in DCDA pairs. Among full-term twins, MCDA twins had higher GAA than
DCDA twins for both clocks. The difference was statistically significant for Knight GAA and remained
significant in sex-adjusted regression analysis with cluster-robust standard errors at the twin-pair level

(B =0.64 weeks; 95% Cl, 0.02-1.26; p = 0.044). Bohlin GAA showed the same direction of association but
did not reach statistical significance. Preterm birth was not significantly associated with GAA for either
clock. These findings suggest a chorionicity-associated difference in epigenetic gestational aging
among full-term monozygotic twins.

Epigenetic clocks as measures of fetal biological maturity

DNA methylation-based epigenetic clocks were originally developed to estimate gestational age from
cord blood, capitalizing on the systematic changes in CpG methylation that occur throughout fetal
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development (3, 4). While their initial application was largely technical — providing a DNA methylation—
based estimate of gestational age — subsequent research has reframed GAA as a biologically
meaningful measure of fetal maturation. Knight et al. originally proposed that GAA may reflect
differences in physiological development, such that neonates with higher GAA show a level of epigenetic
maturity that exceeds what would be expected for their chronological gestational age (3). Associations
between GAA and perinatal variables have been reported in subsequent cohort studies, though the
direction and magnitude of these associations have varied, suggesting that GAA may capture aspects of
fetal programming that are sensitive to the specific characteristics of the intrauterine environment (5, 9).

In twin pregnancies, epigenetic clocks provide a useful framework for examining variation in fetal
epigenetic maturation while minimizing differences in genetic background. Comparison of monozygotic
twins according to chorionicity may therefore help clarify whether placental characteristics are
associated with GAA. In the present study, GAA differed between MCDA and DCDA twins at term, with a
significant association observed for Knight GAA and a similar direction of association for Bohlin GAA.
These findings suggest that chorionicity may contribute to variation in epigenetic gestational maturation
at birth.

Hemodynamic differences between MCDA and DCDA twins
as a basis for epigenetic divergence

The structural basis for the chorionicity-associated difference in GAA may be related to the fundamental
hemodynamic differences between monochorionic and dichorionic placentation. In dichorionic
pregnancies, placental vascular anastomoses between co-twins are virtually absent, and each twin
develops with an independent placental circulation (6). In contrast, monochorionic placentas are
characterized by inter-twin vascular anastomoses, including arterio-arterial, veno-venous, and
arteriovenous connections, which provide pathways for blood flow between the placental circulations of
the two fetuses (6). The hemodynamic consequences of these connections depend on their number,
type, and balance. In clinically significant forms of unbalanced inter-twin transfusion, such as TTTS,
altered volume loading can lead to marked fetal cardiovascular adaptation and dysfunction and may also
affect perfusion of other fetal organs, including the brain (20). These observations demonstrate that the
monochorionic placental circulation has the capacity to influence fetal cardiovascular and end-organ
physiology, although they do not establish that comparable disturbances are present in all
uncomplicated MCDA pregnancies.

Placental epigenetic studies provide indirect evidence that variation in the monochorionic placental
environment may also be accompanied by altered DNA methylation. In severely growth-discordant
monochorionic twins, differential placental methylation has been identified at genes involved in fetal
growth and development (8). Although the relevance of these findings to uncomplicated MCDA
pregnancies and cord-blood—based GAA remains uncertain, they support the possibility that sustained
differences in placental perfusion and fetal hemodynamics may influence fetal epigenetic programming.
The higher GAA observed in full-term MCDA twins in the present study may therefore reflect an
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epigenetic correlate of the distinct circulatory conditions associated with monochorionic placentation.
This interpretation is indirect and requires confirmation using concurrent measurements of placental
vascular architecture, fetal cardiovascular function, and DNA methylation.

Clock-specific differences in the association with
chorionicity

The association between chorionicity and GAA was significant for Knight GAA but not for Bohlin GAA.
This clock-specific difference warrants consideration.

The two clocks differ substantially in their development. Knight's clock was trained on 148 CpGs
selected from six independent cohorts comprising approximately 1,434 neonates of diverse genetic
ancestries, using both cord blood and blood spot samples across a wide range of gestational ages (3).
In contrast, Bohlin's clock was derived from 96 CpGs within a single, homogeneous cohort of 1,753
Norwegian newborns (4). It was optimized primarily for gestational age prediction accuracy rather than
biological breadth.

These differences in training population, CpG selection, and modeling strategy may partly account for
the differing effect estimates. Differences in CpG coverage, probe imputation, and statistical power may
also have contributed.

Importantly, across all 64 sensitivity models, the estimated association remained positive for both
clocks (Knight GAA B range, 0.60-0.73 weeks; Bohlin GAA B range, 0.15-0.23 weeks). The estimates
were directionally consistent across both clocks, although the magnitude and statistical strength of the
association differed. This consistency supports the possibility of a shared underlying association,
although a clock-specific effect or methodological influence cannot be excluded.

Clinical interpretation of GAA in twin pregnancies

Previous studies have examined GAA in relation to preterm birth and other perinatal characteristics,
although the reported associations have varied across study populations and epigenetic clock models
(5,9, 21). In the present study, GAA did not differ significantly between preterm and full-term twins for
either clock, whereas full-term MCDA twins showed higher GAA than full-term DCDA twins. This pattern
suggests that the observed difference in GAA was not attributable to gestational age at delivery alone.
However, because preterm and full-term infants differed in other clinical characteristics, residual
confounding cannot be excluded.

Chorionicity defines distinct placental and circulatory conditions in twin pregnancies. Unlike DCDA twins,
MCDA co-twins share a single placenta containing inter-twin vascular anastomoses that connect the two
placental circulations (6). These anatomical and hemodynamic differences are also reflected clinically in
the differing patterns of fetal and neonatal risk reported between otherwise uncomplicated
monochorionic and dichorionic twin pregnancies (22). In this context, the higher GAA observed in full-
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term MCDA twins represents an additional epigenetic difference between monochorionic and dichorionic
twin pregnancies. The biological and clinical relevance of this difference remains to be determined.

Strengths and limitations

This study has several strengths. The use of a monozygotic twin cohort stratified by chorionicity
provides a biologically informative framework for examining chorionicity-associated differences in
epigenetic gestational aging. Zygosity was confirmed for all twin pairs in the original study from which
this cohort was derived, thereby reducing variation attributable to genetic background (10). The
application of two independently developed epigenetic clocks with distinct CpG sets enabled
comparison of the direction and magnitude of the observed associations across different clock models.
In addition, sensitivity analyses across multiple covariate combinations, together with cluster-robust
standard errors at the twin-pair level, allowed assessment of the stability of the findings under alternative
model specifications.

Several limitations should also be considered. First, the sample size was limited, particularly after
stratification by chorionicity and gestational age, which reduced statistical power and may partly explain
why the association was significant for Knight GAA but not for Bohlin GAA. Second, although information
on twin-to-twin transfusion syndrome and selective fetal growth restriction was available, the number of
affected pregnancies was insufficient to examine whether the severity of monochorionic placental
complications was associated with GAA. The proposed role of placental hemodynamics therefore
remains inferential because placental vascular architecture and fetal cardiovascular function were not
directly evaluated. Third, a subset of CpG sites required for both clocks was unavailable and was
imputed, with a greater proportion of missing probes for the Bohlin clock; this may have affected clock
performance and between-clock comparisons. Fourth, the cohort was derived from a single tertiary
center in Korea, which may limit generalizability to other populations and clinical settings. Finally, the
cross-sectional assessment at birth does not establish whether the observed GAA differences persist
after the neonatal period or are associated with subsequent developmental outcomes.

Conclusions

This study identified a chorionicity-associated difference in cord blood—based epigenetic gestational
aging among full-term monozygotic twins. Our findings suggest that monochorionic and dichorionic twin
pregnancies may differ epigenetically even at similar clinically recorded gestational ages.

Future research should move beyond replication to determine the source and significance of this
difference. Studies designed to link GAA with quantitative features of monochorionic placentation—
including the relative distribution of placental territory, vascular anastomotic patterns, and fetal growth
discordance—may help identify which components of the shared placental circulation are most closely
associated with epigenetic gestational aging. Longitudinal assessment from birth through infancy would
further clarify whether the observed difference is transient, reflects fetal adaptation at delivery, or is
associated with subsequent growth and developmental trajectories. Such work will be essential to

Page 13/22



establish whether GAA serves primarily as a marker of chorionicity-related placental conditions or has
broader relevance to neonatal and developmental outcomes.

Abbreviations

GAA

gestational age acceleration
DNAmM GA

DNA methylation-based gestational age
MCDA
monochorionic-diamniotic
DCDA

dichorionic-diamniotic

CpG
cytosine-phosphate-guanine
ICC

intraclass correlation coefficient
IQR

interquartile range

OLS

ordinary least squares

SGA

small-for-gestational-age

TTTS

twin-to-twin transfusion syndrome
MAE

mean absolute error

RMSE

root mean square error

NOOB

normal-exponential out-of-band
IDAT

intensity data file
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Figure 1

Correlation between epigenetic clock estimates and clinically recorded gestational age.

Scatter plots display DNA methylation-based gestational age (DNAmM GA) estimated by Knight's clock
(left, blue) and Bohlin's clock (right, red) against clinically recorded gestational age at birth across all 98
cord blood samples. The solid colored line represents the ordinary least squares linear fit; the dashed
gray line represents the line of identity (y = x); the vertical gray line marks 37 weeks, the threshold
distinguishing preterm from full-term birth. Performance metrics are shown within each panel. R,
Pearson correlation coefficient; MAE, mean absolute error; RMSE, root mean square error; DNAm GA,
DNA methylation-based gestational age.
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Figure 2

Gestational age acceleration by preterm status and chorionicity.

Horizontal bar plots show mean gestational age acceleration (GAA) with 95% confidence intervals
estimated using Knight's clock (left panels) and Bohlin's clock (right panels). (A) GAA compared between
preterm (n = 34) and full-term (n = 64) infants across the entire cohort, irrespective of chorionicity.
Neither clock showed a statistically significant difference (Knight GAA: p = 0.80; Bohlin GAA: p = 0.91).
(B) GAA compared among three groups — preterm (n = 34; DCDA and MCDA combined given the limited
number of preterm pairs), full-term DCDA (n = 38), and full-term MCDA (n = 26). Full-term MCDA twins
exhibited significantly higher GAA than full-term DCDA twins by Knight GAA (p = 0.010); Bohlin GAA
showed the same directional trend without reaching significance (p = 0.11). Between-group comparisons
were performed using Welch's t-test or the Mann-Whitney U test according to normality (Shapiro-Wilk
test). GAA, gestational age acceleration; DCDA, dichorionic—diamniotic; MCDA, monochorionic-
diamniotic.
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Figure 3

Regression estimates for gestational age acceleration by preterm status and chorionicity.

Forest plots display ordinary least squares B coefficients and 95% confidence intervals for two contrasts
— preterm vs. full-term DCDA, and full-term MCDA vs. full-term DCDA — with GAA estimated separately
using Knight's clock (top) and Bohlin's clock (bottom). Preterm infants (DCDA and MCDA combined,
given the limited number of preterm pairs) were compared with full-term DCDA twins as the reference
group. All models were adjusted for sex, with cluster-robust standard errors applied at the twin-pair level
(n = 98; 49 twin pairs). For Knight GAA, full-term MCDA twins showed significantly higher GAA than full-
term DCDA twins (B = 0.64; 95% Cl 0.02-1.26; p = 0.044); the preterm contrast was not significant (B =
0.34; 95% Cl -0.25 to0 0.93; p = 0.25). For Bohlin GAA, neither contrast reached significance (MCDA: B =
0.20; p = 0.23; preterm: B = 0.10; p = 0.50). Asterisk (*) denotes p < 0.05. B, ordinary least squares
regression coefficient; Cl, confidence interval; GAA, gestational age acceleration; DCDA, dichorionic—
diamniotic; MCDA, monochorionic—diamniotic.
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Figure 4

Sensitivity analyses of gestational age acceleration across 64 covariate model specifications.

Each row represents one of 64 covariate combinations derived from birth weight, SGA status, maternal
diabetes mellitus, maternal hypertension, maternal age, and mode of delivery, with sex fixed in all
models. Forest plots display B coefficients and 95% confidence intervals for two contrasts — preterm vs.
full-term DCDA (purple) and full-term MCDA vs. full-term DCDA (pink) — with GAA estimated separately
using Knight's clock (left) and Bohlin's clock (right). Preterm infants (DCDA and MCDA combined, given
the limited number of preterm pairs) were compared with full-term DCDA twins as the reference group.
Cluster-robust standard errors were applied at the twin-pair level. The full-term MCDA vs. full-term DCDA
contrast for Knight GAA remained statistically significant in 52 of 64 models; the 12 non-significant
models all included vaginal delivery as a covariate. All other contrasts were consistently positive but
non-significant across all 64 specifications. Asterisk (*) denotes p < 0.05. B, ordinary least squares
regression coefficient; Cl, confidence interval; GAA, gestational age acceleration; DCDA, dichorionic—
diamniotic; MCDA, monochorionic—diamniotic; BW, birth weight; SGA, small for gestational age; DM,
diabetes mellitus; HTN, hypertension; Mat. age, maternal age; Vaginal del., vaginal delivery.
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