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Abstract

Children born less than 30 weeks gestational age (GA) are at high risk for neurodevelopmental 

delay compared to term peers. Prenatal risk factors and neonatal epigenetics could help identify 

preterm children at highest risk for poor cognitive outcomes. We aimed to understand the 

associations among cumulative prenatal risk, neonatal DNA methylation, and child cognitive 

ability at age 3 years, including whether DNA methylation mediates the association between 
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prenatal risk and cognitive ability. We studied 379 neonates (54% male) born less than 30 weeks 

GA who had DNA methylation measured at NICU discharge along with 3-year follow up data. 

Cumulative prenatal risk was calculated from 24 risk factors obtained from maternal report and 

medical record and epigenome-wide neonatal DNA methylation was assayed from buccal swabs. 

At 3 year follow up, child cognitive ability was assessed using the Bayley Scales of Infant 

and Toddler Development (3rd edition). Cumulative prenatal risk and DNA methylation at two 

CpGs were uniquely associated with child cognitive ability. Using high-dimensional mediation 

analysis, we also identified differential methylation of 309 CpGs that mediated the association 

between cumulative prenatal risk and child cognitive ability. Many of the associated CpGs were 

located in genes (TNS3, TRAPPC4, MAD1L1, APBB2, DIP2C, TRAPPC9, DRD2) that have 

previously been associated with prenatal exposures and/or neurodevelopmental phenotypes. Our 

findings suggest a role for both prenatal risk factors and DNA methylation in explaining outcomes 

for children born preterm and suggest we should further study DNA methylation as a potential 

mechanism underlying the association between prenatal risk and child neurodevelopment.
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Children born preterm are at increased risk of poor cognitive and behavioral outcomes 

compared to peers born at term. Children born < 30 weeks gestational age (GA) are 

at especially high risk for delays or deficits in neuromotor, cognitive, and behavioral 

development (Aarnoudse-Moens et al., 2009; Allen, 2008; Aylward, 2014; Doyle et al., 

2010; Hack et al., 2004, 2009; Hille et al., 2008; Stephens & Vohr, 2009; Vohr et al., 2012). 

Despite this overall trend, there is considerable heterogeneity in outcomes for this high-risk 

group. Longitudinal studies following contemporary cohorts of very preterm children into 

toddlerhood and beyond have shown that upwards of two-thirds of children score within 

normal limits on standardized assessments of cognitive, language, and/or motor development 

(Camerota et al., 2022). However, this means there are still a sizeable number of children 

with moderate to severe delays in one or more developmental domains. Understanding what 

factors predict long-term developmental outcomes in children born < 30 weeks GA is an 

important research priority, as it could aid in the early identification of infants who require 

more intensive follow-up, resources, and/or intervention. In the current study, we examined 

prenatal risk factors and neonatal epigenetics as two complementary influences on cognitive 

development among children born < 30 weeks GA. Epigenetic modifications, specifically 

studied via patterns of DNA methylation, have received increasing attention as a potential 

biological process that may explain the enduring impact of early life experiences on child 

developmental outcomes. Thus, in addition to examining the unique roles of prenatal risk 

factors and neonatal epigenetics in predicting long-term cognitive outcomes for preterm 

children, we also explore whether associations between prenatal risk and cognitive outcomes 

are mediated by neonatal epigenetic patterns.
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Prenatal Risk in Children Born Very Preterm

Child characteristics (e.g., male sex) and neonatal medical morbidities (e.g., brain injury, 

bronchopulmonary dysplasia) are known contributors to cognitive outcomes among children 

born very preterm (Helderman et al., 2012; McGowan et al., 2022; O’Shea et al., 2008). 

More recently, inspired by the increasing popularity of prenatal programming frameworks 

(e.g., Developmental Origins of Health and Disease [DOHAD], fetal programming, and First 

1000 Days; (Camerota & Willoughby, 2021), research has begun to investigate risk factors 

in the prenatal environment that increase the risk of poor cognitive outcome for children 

born preterm. Beyond contributing to the risk of preterm birth, risk factors in the prenatal 

environment may exacerbate the impact of preterm birth and associated illness/immaturity 

in this already vulnerable population. Recent studies have uncovered associations between 

prenatal maternal mental health conditions (e.g., depression and anxiety), socioeconomic 

factors (e.g., income, education), substance use (e.g., tobacco, alcohol), and other prenatal 

medical conditions (e.g., obesity, diabetes) and the health and developmental outcomes of 

children born preterm (Fung et al., 2014; Helderman et al., 2012; Hofheimer et al., 2020; 

Nosavan et al., 2022), resulting in a better understanding of the cumulative adversities 

preterm infants may face (adverse prenatal conditions combined with preterm birth and 

associated stressors during NICU stay). However, most research in preterm samples has 

investigated the impact of prenatal risk factors on health and/or neurodevelopment measured 

in the neonatal period, rather than investigating long-term associations. The lack of studies 

on prenatal risk factors and long-term neurodevelopmental outcomes in this population is 

a known gap in the literature, especially given evidence from term-born populations that 

prenatal programming has long-reaching associations with neurodevelopmental outcomes 

measured in infancy, childhood, and beyond (for a review, see Sandman et al., 2011). To 

the extent that infants born preterm are more susceptible to environmental conditions and 

at heightened risk for adverse neurodevelopmental outcomes, clarifying the magnitude and 

persistence of prenatal programming associations in this population is an important next 

step.

Prior studies investigating prenatal risk factors in relation to child cognitive development 

have also tended to investigate single risk factors in isolation, rather than assessing prenatal 

risk holistically. This approach has been useful so far in helping to identify specific 

risk factors (e.g., maternal depression, psychosocial stress, nutritional factors) that are 

independently associated with cognitive outcomes. However, to the extent that prenatal risk 

factors co-occur and/or have compounding impacts on development, an individual variable 

approach may not capture the full extent of prenatal programming effects. Cumulative risk 

approaches account for multiple risk factors simultaneously and may have greater power 

to detect associations with child outcomes as opposed to individual variable approaches 

(Burchinal et al., 2000; Evans et al., 2013). Cumulative risk approaches are also consistent 

with an allostatic load perspective that emphasizes additive effects of environmental risk 

factors on functioning of biological stress systems (McEwen, 1998). We have used a 

cumulative risk approach in our prior work to show associations between prenatal risk 

factors and age 3 executive function (Camerota & Willoughby, 2020) in a sample of children 

primarily born at term. We have also shown how high-risk prenatal phenotypes are related 
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to worse neurodevelopmental and behavioral outcomes for toddlers born < 30 weeks GA 

(Camerota et al., 2023). However, the associations between cumulative prenatal risk and 

cognitive outcomes past age 2 have not yet been studied in children born very preterm.

The Role of Epigenetics

Given the well-documented associations between prenatal risk factors and outcomes for 

children born both preterm and term, an important next step is to better understand the 

potential mechanisms underlying these associations. One potential mechanism involves 

epigenetic modifications, or changes to gene expression that do not alter the genetic 

sequence itself. Detailed descriptions of epigenetic mechanisms and their application to 

child development have now been published (e.g., Lester et al., 2016). Here, we will 

specifically consider the role of DNA methylation, one of the most well-studied epigenetic 

mechanisms in human (and especially developmental) research. Briefly, DNA methylation 

involves the addition of a methyl group to a cytosine molecule that is typically followed 

by a guanine molecule at a so-called cytosine-phosphate-guanine (or CpG) site. The methyl 

group is an epigenetic mark added on top of DNA, so it does not change the sequence 

of DNA itself, but it can alter the expression of genes. DNA methylation is typically 

concentrated in the promoter regions of genes, and increased DNA methylation in this region 

is typically associated with decreased gene transcription. By increasing or decreasing DNA 

methylation, it is possible to change the expression of a gene, and subsequently alter cellular 

functioning. DNA methylation is a key mechanism involved in embryogenesis, explaining 

how undifferentiated (largely unmethylated) stem cells differentiate into specific cell types, 

via activation or silencing of specific genes.

Critically, DNA methylation is dynamic and is known to be influenced by environmental 

factors such as prenatal stress (Cao-Lei et al., 2020) and chemical exposures (Martin & 

Fry, 2018). Differential methylation of genes involved in the stress response system are 

the most well-studied in relation to prenatal stress and child outcomes. For example, a 

body of literature has investigated links between early life stress and DNA methylation 

of NR3C1, a gene that encodes for glucocorticoid receptors (GR) that bind with cortisol. 

First studied in animal models (Turecki & Meaney, 2016; Weaver et al., 2004) and then 

replicated in humans (Sosnowski et al., 2018), it has been shown that higher levels of 

early life stress are associated with increased methylation of NR3C1 and higher stress 

reactivity in offspring. Epigenome-wide association studies (assessing associations between 

exposures and DNA methylation across the genome) have largely confirmed the results of 

candidate gene studies, showing associations among prenatal risk factors (e.g., stress, mood 

disorders, obesity) and DNA methylation of specific CpG sites in children (Non et al., 

2014; Sharp et al., 2017). In turn, individual differences in DNA methylation have been 

linked to differences in neurodevelopment including associations with neurodevelopmental 

disorders such as attention-deficit hyperactivity disorder (Neumann et al., 2020; Walton et 

al., 2017) and autism spectrum disorders (Mordaunt et al., 2020). However, few studies 

have explicitly tested mediated pathways from prenatal risk to child neurodevelopmental 

outcomes, possibly because until recently, there were no methods for testing indirect 

effects in the context of high-throughput (epi)genomics studies. With the development 

of high-dimensional mediation methods in recent years (for a review, see Zeng et al., 
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2021), such studies are emerging. Two recent studies conducted in a South African birth 

cohort found that prenatal tobacco and alcohol exposure (Abrishamcar et al., 2022) and 

prenatal exposure to indoor air pollution (Feil et al., 2023) were related to infant and 

toddler cognitive development via their association with newborn DNA methylation at 

multiple CpGs sites, including methylation of genes and pathways implicated in fetal 

brain development, cognitive development, and neurodevelopmental delay. Thus, though 

this remains an emerging area of research, preliminary findings are promising and suggest 

the plausibility of DNA methylation as a potential molecular mediator linking prenatal risk 

factors to children’s cognitive development.

Epigenetics and Preterm Birth

Studies examining epigenetic processes in the context of preterm birth have generally 

supported the results arising from primarily term samples, with some differences. Preterm 

birth has been shown to leave an epigenetic signature that persists into adolescence and 

adulthood (Cruickshank et al., 2013; Tan et al., 2018). Prenatal risk, measured cumulatively 

and as distinct phenotypes, has been shown to predict DNA methylation at birth at multiple 

specific CpG sites across the epigenome in children born < 30 weeks (Camerota et al., 

2021). In this study, prenatal risk was primarily associated with lower DNA methylation, and 

many of the identified CpGs were located in genes previously shown to be associated with 

physical and mental health outcomes as well as neurodevelopmental markers (Camerota et 

al., 2021). Further candidate gene and epigenome-wide findings in preterm children show 

associations between DNA methylation and bacterial sepsis (Tendl et al., 2013), pain-related 

stress (Chau et al., 2014; Provenzi et al., 2015), medical morbidities (Everson et al., 2020) 

and neonatal neurobehavior (Everson et al., 2019; Lester et al., 2015). Thus, while there 

is preliminary data to suggest that DNA methylation is related to both prenatal risk and 

neurobehavior in preterm samples, epigenetics has not yet been shown to predict longer-

reaching outcomes, nor has it been tested as a mediator linking prenatal risk to cognitive 

outcomes.

The Current Study

Given the gaps in the literature, the current study had three main aims. First, we aimed 

to conduct an epigenome-wide association study (EWAS) to understand whether DNA 

methylation during the neonatal period predicted the cognitive outcome of preschoolers born 

very preterm. We hypothesized that we would find associations between DNA methylation 

of specific CpGs and child cognitive ability, based on prior evidence showing associations 

between neonatal DNA methylation and neonatal neurodevelopment in preterm samples 

(Everson et al., 2019). Second, using CpGs identified as significant predictors in the EWAS, 

we aimed to test the unique and joint contributions of cumulative prenatal risk and DNA 

methylation to child cognitive ability. Given research from primarily term samples, and 

preliminary evidence showing similar patterns in preterm samples, we hypothesized that 

higher levels of cumulative prenatal risk would be associated with worse cognitive outcomes 

at age 3 years. We also expected that cumulative prenatal risk and DNA methylation 

would uniquely predict cognitive outcomes. Finally, we aimed to test whether DNA 

methylation mediated the pathway between prenatal risk and cognitive ability, using a 
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combination of high-dimensional and causal mediation analyses. In line with emerging 

evidence (Abrishamcar et al., 2022; Feil et al., 2023) we hypothesized that we would find 

significant mediated pathways through one or more CpG site(s).

Methods

Population and Procedures

Participants included mothers and infants from the Neonatal Neurobehavioral Outcomes in 

Very Preterm Infants (NOVI) study, a multisite, longitudinal study of infants born < 30 

weeks GA. The NOVI study recruited infants from April 2014 through June 2016 at nine 

university affiliated NICUs across the United States. Inclusion criteria included: (1) infant 

birth at less than 30 weeks GA; (2) parental ability to read and speak English or Spanish; 

and (3) residence within 3 hours of the NICU and follow up clinic. Exclusion criteria 

included: (1) maternal age < 18 years; (2) maternal cognitive impairment (precluding ability 

to obtain informed consent); (3) maternal or infant death; and (4) infant major congenital 

anomalies. Enrollment and consent procedures were approved by local institutional review 

boards and all mothers provided written informed consent for themselves and their infants’ 

participation.

At the time of enrollment, NOVI-trained staff collected maternal and infant demographic 

and medical information via maternal interview and medical record abstraction. Neonatal 

medical information was collected using a standardized data collection procedure using the 

Vermont-Oxford Network protocols (Vermont Oxford Network, 2018). Infant buccal cells 

were collected for epigenetic analyses during the week of NICU discharge. Pertinent to 

this analysis, children returned to the clinic for a 3 year follow up visit. Trained research 

staff administered standardized neurodevelopmental assessments and parents completed 

questionnaires.

Of the 704 infants enrolled in the NOVI Study, 494 were seen at the 3 year follow up 

visit. There were no differences in demographic or medical characteristics for children seen 

versus not seen at age 3 follow up. Of the 494 seen at age 3, 379 had both neonatal DNA 

methylation and age 3 cognitive assessment data and were included in the current analysis. 

Figure 1 shows participant flow and Table 1 shows demographic and medical characteristics 

of included participants. This study follows STROBE guidelines for observational studies.

Measures

Prenatal Risk Factors—We assessed 24 pre- and perinatal risk factors using a 

combination of parent self-report and medical record abstraction (Table 2). These variables 

included demographic (maternal age > 35 years, low SES, < high school degree, minority 

race/ethnicity, no relationship partner), physical health (underweight, obese, high gestational 

weight gain, hypertension, pre-eclampsia, diabetes, STI/HIV, infection), mental health 

(depression, anxiety, pregnancy moods and feelings), and substance use (tobacco, alcohol, 

marijuana, illicit drugs) factors. We created a cumulative prenatal risk index by summing 

each of the risk factors and dividing by the total number of non-missing items. The majority 
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of women (>95%) had data for all items. Additional information regarding this approach has 

been published previously (Camerota et al., 2021).

Neonatal DNA Methylation—Study staff collected buccal swabs within three days of 

NICU discharge. Neonatal DNA methylation data were generated following a processing 

pipeline detailed elsewhere (Everson et al., 2020). Briefly, DNA was extracted from 

buccal swab samples, underwent bisulfite modification, and was assayed for genome-wide 

DNA methylation using the Illumina MethylationEPIC Beadchip array. Array data were 

normalized (Aryee et al., 2014; Liu & Siegmund, 2016), standardized across Type-I and 

Type-II probe designs (Pidsley et al., 2013; Teschendorff et al., 2013), and underwent 

quality control measures such as the exclusion of samples with poor detection p-values or 

sex-mismatch and exclusion of probes with low detection p-values, those on the X or Y 

chromosome, those with single nucleotide polymorphisms within the binding region, and 

those that could cross-hybridize to other regions of the genome. To reduce multiple testing 

burden and increase our power to detect meaningful associations, we collapsed data from 

highly correlated, proximal CpG sites into co-methylated regions (CMRs) using a procedure 

described previously (Gatev et al., 2020). Also consistent with our prior work, we excluded 

CpGs or CMRs with low variability (SD < 0.02) and we recoded outliers (defined as values 

falling 3 interquartile ranges [IQR] below the 25th percentile or 3 IQR above the 75th 

percentile) to missing.

Following these pre-processing steps, 452,453 methylation loci were available from 542 

samples (83% of 651 with buccal swab consent; 77% of entire NOVI cohort; see Figure 1).

Child cognitive ability—Child cognitive ability was assessed at the 3 year follow up visit 

using the Bayley Scales of Infant and Toddler Development – 3rd edition (BSID-III; Bayley, 

2006). The Bayley Scales are a widely used measure of cognitive ability for children up 

to age 42 months and assesses skills such as exploration and manipulation, memory, object 

relatedness, habituation, visual preference, and pretend play. Our primary outcome variable 

was the cognitive composite score, an age-normed standardized score with population mean 

of 100 and standard deviation of 15.

Analysis Plan

Independent effects of prenatal risk and DNA methylation on child cognitive 
ability—We conducted an epigenome-wide association study (EWAS) to test associations 

between DNA methylation at birth and 3-year cognitive ability. We used generalized 

estimating equation (GEE) models to test associations between DNA methylation at 

~450,000 CpG sites (independent variables) and child cognitive ability (dependent variable), 

accounting for nesting of children within families (i.e., multiple births) and controlling for 

child sex, study site, neonatal morbidities, GA at birth, and age at buccal collection as 

well as biological and technical covariates (i.e., cellular heterogeneity and sample plate). 

We adjusted for cellular heterogeneity by controlling for the proportion of epithelial cells, 

determined using previously developed reference methylomes (Zheng et al., 2018). P-values 

were adjusted for multiple testing using the Benjamini-Hochberg false discovery rate 
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(FDR; Benjamini & Hochberg, 1995). We used an FDR threshold of 10% for interpreting 

epigenome-wide significant findings.

Using the CpGs significantly associated with child cognitive ability in the EWAS, we 

conducted secondary analyses to determine the unique contributions of DNA methylation 

and cumulative prenatal risk to child cognitive ability. We did this by estimating three 

models testing (1) DNA methylation alone, (2) cumulative prenatal risk alone, and (3) DNA 

methylation and cumulative prenatal risk together as predictors of child cognitive ability. 

This set of analyses helped us understand whether the association between DNA methylation 

and cognitive ability is confounded by prenatal risk, whether the association between 

prenatal risk and cognitive ability is explained by DNA methylation, or whether the two are 

independently associated. We ran these analyses as GEE models accounting for nesting of 

children within families and controlling for child sex, study site, neonatal morbidities, GA at 

birth, and maternal postnatal psychological distress, measured by the Global Severity Index 

of the Brief Symptom Inventory (Derogatis & Melisaratos, 1983) and averaged across the 

time period from birth to 3 years. Models that included DNA methylation as an independent 

variable additionally controlled for important technical and biological factors including age 

at buccal collection, proportion of epithelial cells, and sample plate.

DNA methylation as a mediator linking prenatal risk to child cognitive ability
—Analyses described so far have aimed to (1) identify CpGs that are strongly associated 

with child cognitive ability, and (2) assess the unique contributions of DNA methylation 

and cumulative prenatal risk to child cognitive ability. Next, our goal was to formally 

test whether DNA methylation mediates the association between prenatal risk and child 

cognitive ability. To address this goal, we considered several methods.

First, we tested for mediation using the CpGs that were significantly associated with child 

cognitive ability in the EWAS described above. We implemented causal mediation analysis 

(CMA) using the mediation R package to obtain estimates of average causal mediated effect 

(ACME), average direct effect (ADE), total effect (TE), and the proportion mediated (PM) in 

the population (Tingley et al., 2014).

Next, we conducted high-dimensional mediation analyses (HDMA) to test whether DNA 

methylation across the epigenome mediated the association between cumulative prenatal risk 

and child cognitive ability. HDMA was preferred over traditional mediation frameworks for 

several reasons. A traditional mediation approach takes the results of an EWAS conducted 

on either the exposure (i.e., prenatal risk) or the outcome (i.e., child cognitive ability) 

and tests whether any significantly associated CpGs identified in the EWAS mediates the 

association between exposure and outcome. However, each EWAS can only account for one 

side of the exposure (E)-mediator (M)-outcome (O) pathway (i.e., only the E-M or the M-O 

path). HDMA methods have specifically been developed to address the large number of 

composite null hypotheses (i.e., E-M and M-O paths tested simultaneously) that must be 

tested when investigating epigenome-wide DNA methylation data.

Thus, to supplement the CMA described above, we conducted HDMA using two methods, 

implemented using the HIMA2 and DACT R packages. HIMA2 uses a penalized regression 
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approach and involves three steps (Perera et al., 2022). First, dimension reduction is 

handled using a sure independence screening (SIS) method (Fan & Lv, 2008). Then, 

regression parameters are estimated on this reduced set of mediators using a de-biased Lasso 

procedure. Finally, the results are adjusted for multiple testing using an FDR correction.

The divide-aggregate-composite null test (DACT) method is an alternative HDMA approach 

that has been shown to be more highly powered than the HIMA method (Liu et al., 2022). 

It utilizes the Efron empirical null framework to estimate proportions of the three sub-null 

hypotheses that make up the composite hypothesis (i.e., E-M path = 0 but M-O path ≠ 0; 

E-M path ≠ 0 but M-O path = 0; both E-M path and M-O path = 0) across all epigenetic 

mediators. Then it conducts the DACT for the composite null hypothesis of no mediation 

effect in the three sub-null cases. Finally, it calculates a DACT p-value that is a weighted 

sum of all three p values under the three sub-null hypotheses. In order to implement the 

DACT, we first conducted an EWAS to obtain coefficients and p values for the E-M path. 

That is, we conducted a series of GEE models testing the association between cumulative 

prenatal risk and DNA methylation at each CpG site. We already obtained coefficients 

and p values for the M-O path (association between DNA methylation and child cognitive 

ability) in the first step of this analysis plan. Consistent with methods described elsewhere 

(Abrishamcar et al., 2022; Feil et al., 2023), we then filtered CpG sites from both the E-M 

and M-O paths using a p value threshold of 0.05. We additionally filtered coefficients based 

on their direction (i.e., positive or negative) to ensure an overall negative total effect, given 

our hypothesis that increased prenatal risk would be associated with poorer child cognitive 

ability. We conducted DACT on this reduced set of CpGs and adjusted the resulting DACT p 
values using FDR correction.

To formally test the magnitude and significance of the indirect pathway between cumulative 

prenatal risk, DNA methylation, and child cognitive ability, we conducted CMA using 

significant CpGs identified from HDMA. As described previously, we obtained estimates of 

the ACME, ADE, TE, and PM in the population along with their 95% confidence intervals.

All HDMA and CMA models controlled for the same covariates described previously 

(child sex, study site, neonatal morbidities, GA at birth, GA at buccal collection, cellular 

heterogeneity, sample plate, and maternal postnatal psychological distress [for M-O paths]). 

All CMA models were run using cluster-robust standard errors to account for nesting of 

children in families.

Data for these analyses are accessible through NCBI Gene Expression Omnibus (GEO) via 

accession series GSE128821. This study was not preregistered.

Results

Descriptive Statistics

There were 379 children (54% male) born to 335 mothers in the current analyses (Table 1). 

The mean GA at birth was 27.0 weeks (SD = 1.88 weeks) and 72% of the sample were 

singleton births. Of the families with multiple births (n = 39 families), the majority (n = 36 

families) were twin births with a smaller number of triplets (n = 1 family) and quadruplets (n 
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= 2 families). The sample was demographically diverse: 55% identified as a minoritized race 

or ethnicity (< 1% American Indian/Alaska Native, 3.9% Asian, 1.5% Black, 20% Native 

Hawaiian or Other Pacific Islander, 47% White, 19% multiracial, 8.4% unknown race, 22% 

Hispanic and/or Latino/a). The majority of mothers in the sample had a high school degree 

or higher (86%) and had a relationship partner (74%). Overall, there were few demographic 

and medical characteristics that differed between children included versus excluded from the 

current analyses (Supplemental Table 1). Notably, children included in the current analysis 

were more likely to be White (47% versus 37%, p = .02) and to have shorter NICU stays 

(89.7 versus 99.4 days, p = .005).

The mean cumulative prenatal risk score in this sample was 0.15 (SD = .10), corresponding 

to approximately 3.5 individual risk factors (SD = 2.3). The most common prenatal risk 

factors (Table 2) were minoritized race or ethnicity (55%), obesity (38%) and hypertension 

(27%). Approximately 13% of mothers had depression and 13% had anxiety. The mean 

BSID-III cognitive composite score was 93.6 (SD = 13.5) with 17% meeting the cutoff for 

mild delay (composite score < 85) and 5.8% meeting the cutoff for severe delay (composite 

score < 70). There were no differences in prenatal risk scores or BSID-III cognitive scores 

for participants included versus excluded in the current analyses (all p > .05).

Neonatal DNA methylation and child cognitive ability

After correction for multiple testing, there were two CpGs with significant associations with 

child cognitive ability within a 10% FDR (Table 3). These two CpGs were cg20276927 

and cg22358121, annotating to the TNS3 and TRAPPC4 gene, respectively. Both CpGs 

were negatively associated with child cognitive ability. The magnitude of the coefficients 

indicated that an increase of DNA methylation from the 25th to the 75th percentile 

was associated with an expected decrease in Bayley cognitive composite scores of 4.24 

(cg20276927) and 3.52 (cg22358121) points, equivalent to approximately 0.31 and 0.26 SD, 

respectively.

Contributions of DNA methylation and cumulative prenatal risk to child cognitive ability

To examine whether associations identified in the EWAS could be explained by prenatal 

risk, or if DNA methylation and prenatal risk were independently associated with child 

cognitive ability, we performed a series of secondary analyses. We estimated three models to 

test the associations of (1) cumulative prenatal risk alone, (2) DNA methylation (of the two 

CpGs identified in the EWAS) alone, and (3) cumulative prenatal risk and DNA methylation 

together on child cognitive ability and compared coefficients and confidence intervals across 

these three models. Standardized model coefficients are summarized in Figure 2. A full 

table of regression coefficients appear in Supplemental Table 2. DNA methylation and 

cumulative prenatal risk were each independently associated with child cognitive ability 

and the magnitude of the associations were similar when they were modeled together in a 

single model (Figure 2; red lines) versus in separate models (Figure 2; blue and green lines). 

In the joint model, a 1-SD increase in cumulative prenatal risk was associated with a 2.9 

point (0.21 SD) decrease in BSID-III cognitive scores, whereas a 1-SD increase in DNA 

methylation of cg20276927 and cg22358121 was associated with a 3.2 point (0.23 SD) and 

2.7 point (0.20 SD) decrease in BSID-III cognitive scores, respectively (all p < .001).
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DNA methylation as a mediator

We first applied CMA to the two CpGs identified in our EWAS, to test whether DNA 

methylation of these two CpGs were considered significant mediators between cumulative 

prenatal risk and BSID-III cognitive scores. The ADE and TE for the impact of cumulative 

prenatal risk on cognitive ability were significant in both models and ranged from −3.61 

to −3.82 (all p < .001). For cg20276927, the ACME was 0.12 (95% CI = −0.38 to 0.66; 

p = 0.62). For cg22358121, the ACME was −0.13 (95% CI = −0.61 to 0.30; p = 0.54). 

Thus, results of the CMA did not support a mediated pathway from cumulative prenatal 

risk to child cognitive ability via either of these two CpGs, which aligns with our above 

findings that DNA methylation of these CpGs and cumulative prenatal risk have independent 

associations with cognitive ability.

Given the advantages of HDMA described above, we next used HIMA2 and DACT to test 

whether DNA methylation of other CpGs may be mediators of the association between 

cumulative prenatal risk and child cognitive ability. Using HIMA2, we did not identify 

any CpG sites as significant mediators. However, using DACT, we identified 362 potential 

mediators. Following CMA, this list was reduced to 309 CpGs with significant indirect 

effects. Acknowledging that the results from HIMA2 may be an underestimate of the true 

mediation effect, whereas the results from DACT may be an overestimate, we chose to 

interpret the top 25 CpG sites with the smallest p-values following CMA (all p ≤ .002). The 

results for all 309 CpGs are listed in Supplemental Table 3.

As shown in Table 4, the ACME for the top 25 CpGs ranged from −0.38 to −0.68, whereas 

the ADE and TE ranged from −3.05 to −3.55 and −3.62 to −4.14, respectively (all p ≤ .002). 

The proportion of the total effect mediated through DNA methylation ranged from .10 to 

.18.

To better understand the possible biological mechanisms explaining the DNA methylation 

mediation results, we annotated the significant CpGs from the HDMA to their associated 

genes and then conducted gene enrichment analyses using two databases (Gene Ontology 

[GO] and Kyoto Encyclopedia of Genes and Genomes [KEGG]). This analysis helps us 

understand whether the genes identified in our analysis are disproportionately representative 

of certain cellular functions or biological processes. However, after adjustment for multiple 

testing, there were no significantly enriched pathways found in either the GO or KEGG 

databases.

Post-Hoc Analysis

To better understand the clinical relevance of our findings, we conducted post-hoc analyses 

to understand whether cumulative prenatal risk and DNA methylation of the two CpGs 

identified in the EWAS predicted whether a child scored in the clinical range on the Bayley 

(cognitive composite score < 85, indicative of mild delay). We found that cumulative 

prenatal risk and DNA methylation of both CpGs significantly predicted odds of scoring 

in the mild delay range. A 1-SD increase in cumulative prenatal risk was associated with 

a 1.47 increase in odds of mild delay, whereas a 1-SD increase in DNA methylation of 
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cg20276927 and cg22358121 was associated with 1.50 and 1.53 increase in odds of mild 

delay, respectively (all p ≤ .01). Full model results are shown in Supplementary Table 4.

Discussion

The aim of this study was to test whether prenatal risk factors and DNA methylation 

predict cognitive outcomes for children born less than 30 weeks GA. A second goal 

was to understand whether DNA methylation mediates the association between cumulative 

prenatal risk and child cognitive ability. Results from our EWAS pointed to two CpG sites 

that were associated with child cognitive ability at age 3. Further analysis showed that 

DNA methylation of these two CpG sites and cumulative prenatal risk were independently 

associated with child cognitive ability, though these specific CpG sites did not mediate 

the relationship between cumulative prenatal risk and child cognitive ability. Results from 

HDMA suggested that DNA methylation of other CpG sites may mediate the relationship 

between prenatal risk and child cognitive ability, with DNA methylation of over 300 

CpG sites potentially playing a role. However, differences in the results of two HDMA 

approaches suggest a need for further study and replication. Together these results lend 

support for neonatal DNA methylation as an early indicator of cognitive development 

for children born preterm, and suggest it should be further explored as a possible 

biological mechanism that may explain the long-lasting impact of prenatal risk factors on 

developmental outcomes in this population.

The two CpGs that were associated with child cognitive ability in our EWAS annotated 

to the TNS3 and TRAPPC4 genes. The TNS3 gene is thought to be involved in 

dephosphorylation and intracellular signal transduction. We have previously found that DNA 

methylation of the TNS3 gene (albeit at different CpG sites) is related to the number of 

neonatal morbidities experienced by infants in the NOVI study (Everson et al., 2020). In the 

prior study, more morbidities were associated with greater methylation of TNS3, whereas in 

the current study, greater methylation of TNS3 was associated with poorer cognitive ability 

at age 3 years. Whereas the current study controlled for neonatal medical morbidities, a 

known contributor to developmental delay, a future study might assess the role of TNS3 
(and related cellular signaling mechanisms) in explaining some of the relationship between 

neonatal medical problems and downstream developmental outcomes in preterm children. 

Alternatively, it would be interesting to investigate whether neonatal medical problems 

are part of the mediated pathway from prenatal risk to child cognitive development. Prior 

GWAS studies have also found that genetic variation in the TNS3 gene is linked to cognitive 

phenotypes, including adults’ general cognitive functioning (Davies et al., 2018).

The TRAPPC4 gene encodes for a trafficking protein particle complex that regulates 

vesicle-mediated transport (i.e., transport of substances within membrane-bound vesicles). 

Unlike the TNS3 gene, prior studies have not implicated epigenetic or genetic variation 

in TRAPPC3 in any cognitive phenotypes. However, a splicing variant of TRAPPC4 
that results in decreased expression has recently been associated with early-infantile-onset 

neurodegenerative syndrome in a small number of patients (Ghosh et al., 2021). Further 

investigation of this specific gene and/or related biological pathways is therefore warranted 

to understand its implication for infant and child cognitive development.
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Cumulative prenatal risk and DNA methylation of the two CpG sites identified in the EWAS 

were both independently associated with child cognitive scores at age 3. These results imply 

that the impact of prenatal risk on cognitive outcomes is not totally due to DNA methylation 

of these CpGs, nor is the relationship between DNA methylation and cognitive outcomes 

confounded by prenatal risk. Our finding that cumulative prenatal risk is a unique predictor 

of cognitive ability in this high-risk group is novel, as most studies with preterm infants 

have not investigated multiple prenatal risk factors simultaneously, nor have they followed 

children into the preschool period. Our findings suggest that it could be important for 

clinicians to consider prenatal risk factors as an indicator of which neonates may require 

more extensive follow-up or early intervention following very preterm birth. Moreover, this 

studyadds to existing work examining either prenatal risk factors (e.g., Nosavan et al., 2022) 

or DNA methylation (e.g., Everson et al., 2019) as predictors of outcomes in the context 

of preterm birth and suggests the utility of better understanding both domains in tandem in 

order to enhance risk stratification.

Our results showed that a one standard deviation change in either prenatal risk or DNA 

methylation of each CpG site was associated with approximately a 3 point change in 

BSID-III cognitive composite scores, equivalent to about 0.2 SD. Although each individual 

association might be of small magnitude, it is notable that experiencing higher levels of 

prenatal risk in tandem with increased DNA methylation of one or both CpGs could be 

associated with larger, compounded associations of 0.5 SD or more. Additionally, given that 

children born < 30 weeks GA are already at risk for poorer cognitive outcomes, these small 

to moderate effect sizes could have enhanced clinical importance, as these risk factors may 

be more likely to push children’s scores into the range of ‘mild’ (composite score < 85) or 

‘moderate’ (composite score < 70) delay. Our post-hoc analyses showed just this: children 

with elevated prenatal risk and/or greater DNA methylation of one or both CpGs were more 

likely to score in range of mild cognitive delay. Thus, what may be considered a small shift 

in the absolute value of scores could constitute a meaningful shift in the number of preterm 

children classified as having a developmental delay or disability (Carey et al., 2023) and 

who therefore would qualify for additional services or interventions. Thus, small but additive 

effects are especially important to understand in the context of this high-risk group.

While the results from our EWAS suggest that prenatal risk and DNA methylation of 

two neurocognitive-associated genes may uniquely contribute to risk for poor cognitive 

outcomes, we also aimed to investigate whether DNA methylation operated as a biological 

intermediary linking prenatal risk to cognitive outcomes in preterm children. We did not 

find evidence that either of the two CpGs linked to cognitive ability in our EWAS were 

significant mediators. However, when utilizing HDMA methods, particularly the DACT 

approach, we found over 300 potential epigenetic mediators underlying the association 

between cumulative prenatal risk and child cognitive outcomes. This discrepancy in results 

illustrates the difficulty of studying putative mechanistic pathways in development with 

high-dimensional mediator data. Although our EWAS was conducted to identify CpG sites 

that were strongly associated with child cognitive ability, with stringent adjustment for 

multiple testing, it only considered one side of the mediated pathway (the M-O relationship). 

It is therefore not surprising that these same CpGs were not identified as being significantly 

related to the exposure variable (i.e., cumulative prenatal risk). HDMA methods have been 

Camerota et al. Page 13

Dev Psychol. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



developed to account for the fact that individual EWAS approaches are not sufficient for 

identifying statistical mediators. Rather, approaches are needed that incorporate preliminary 

screening or dimension reduction techniques, with less stringent multiple testing correction 

at preliminary analysis stages.

To date there have been few studies using HDMA methods in the context of child 

development studies. The majority of studies examining epigenetics as a mediator of 

environmental risk have used candidate gene approaches (for a review, see Barker et al., 

2018). Two recent studies used HDMA to test whether DNA methylation mediated the 

associations between prenatal tobacco and alcohol exposure (Abrishamcar et al., 2022) 

and indoor air pollution (Feil et al., 2023) and child neurodevelopmental outcomes in a 

South African birth cohort. Similar to our findings, both prior studies identified significant 

epigenetic mediators, but only with the DACT (as opposed to HIMA) approaches. 

Additionally, we found several epigenetic mediators in common with these prior studies 

when considering our full list of 309 CpGs and their associated genes. Differential 

methylation within the MAD1L1 and ABCB4 genes were previously been shown to mediate 

the association between prenatal tobacco exposure and child cognitive ability at 6 months 

of age (Abrishamcar et al., 2022). The MAD1L1 (mitotic arrest deficient 1 like 1) gene 

plays a key role in cell division. Multiple studies now show it is differentially methylated 

as a function of prenatal smoking (Abrishamcar et al., 2022; Joubert et al., 2016). In turn, 

differential methylation of MAD1L1 in cortical tissue has been linked to autism spectrum 

disorder (Nardone et al., 2014). Thus, evidence is growing that differential methylation of 

MAD1L1 may be a mechanism linking prenatal risk factors to child neurodevelopment.

We also found overlap in methylation of genes (though not specific CpGs) previously 

shown to mediate the association between indoor air pollution and child neurodevelopmental 

outcomes (Feil et al., 2023). These overlapping genes include APBB2, DIP2C, NFATC1, 

PTPRN2, and TRAPPC9. DNA methylation of some of these genes has previously been 

associated with disorders such as schizophrenia (APBB2, DIP2C, TRAPPC9) and attention-

deficit hyperactivity disorder (TRAPPC9) in child and adult samples (Hannon et al., 2016; 

Li et al., 2021; Montano et al., 2016; Neumann et al., 2020). Thus, these genes and their 

associated functions may also play a role in explaining associations between prenatal risk 

factors and/or exposures and downstream neurodevelopmental outcomes. Also of note, one 

of the CpGs identified as a significant mediator in our analysis annotated to DRD2, a 

dopamine receptor gene that is part of a family of genes thought to be important in reward 

processing and the development of psychopathology, particularly substance use disorders 

(Noble, 2003). On the whole, we found evidence that epigenetic mechanisms, including 

methylation of neurodevelopmental-associated genes, may mediate the association between 

cumulative prenatal risk and child cognitive outcomes. It is noteworthy that some of our 

results were consistent with prior studies, especially since prior studies have not specifically 

tested epigenetic mechanisms in children born preterm.

Strengths and Limitations

The examination of epigenetic mediation in a diverse sample of children born < 30 weeks 

GA and followed prospectively since birth is a key strength of our study. Many of our key 
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variables were measured objectively, including medical record reports of maternal prenatal 

medical variables and assessment of child cognitive outcomes. However, our findings 

should be considered in light of several study limitations. There were some differences 

in the characteristics of children included in this analysis versus those lost to follow-up. 

Children included were more likely to be White and to have shorter NICU stays compared 

to those excluded, though there were not differences in cumulative prenatal risk based 

on attrition. Our use of a cumulative risk index could be considered too crude of a 

marker of prenatal risk, as it equates the severity of each individual risk factor and lacks 

specificity about the types of risk factors different children were exposed to. On the other 

hand, cumulative prenatal risk indices have been used before to examine associations with 

DNA methylation (Rijlaarsdam et al., 2016) and child cognitive outcomes (Camerota & 

Willoughby, 2020), and have the benefit of stronger prediction of outcomes compared to 

individual variable approaches (Burchinal et al., 2000). Alternative statistical techniques, 

such as person-centered approaches, could be considered in future studies to improve the 

precision of measurement of prenatal risk, though the application of HDMA approaches to 

multinomial data and the clinical utility of such models (i.e., ability to use person-centered 

approaches in clinical settings) are pertinent considerations.

We measured DNA methylation in buccal cells, a peripheral tissue that is easily accessible 

and arises from the same germ layer as the brain. While studies have shown specific 

advantages of buccal swabs over other peripheral tissues in epigenetic research (Lowe et 

al., 2013), we cannot assume that our findings are indicative of processes occurring in 

the brain; rather, they may be more likely to represent systemic biological processes. We 

specifically used an EWAS approach because there have been no prior studies investigating 

DNA methylation and age 3 cognitive outcomes for children born very preterm. A downside 

to this approach is that we did not have specific a priori hypotheses about genes or biological 

processes that are mechanistically linked to prenatal risk or cognitive development. Thus 

our findings should be confirmed via replication. Additionally, we chose to remove outliers 

in DNA methylation data prior to conducting our EWAS as a way reduce the likelihood 

of identifying false positive associations (Mansell et al., 2019). We acknowledge that this 

may have led to increased likelihood of Type II error, but we considered this preferable 

to increased risk of Type I error. Like several prior studies, we only found significant 

mediation using one of two HDMA approaches. As others have pointed out, DACT may 

be better powered to detect significant mediators compared to HIMA (Abrishamcar et al., 

2022; Feil et al., 2023). Alternatively, the increased power of the DACT method may be 

accompanied by a greater likelihood of false positive findings. Thus, our results should be 

interpreted cautiously until we learn more about the robustness of different HDMA methods 

(particularly in behavioral epigenetic studies). Finally, DNA methylation is influenced both 

by environmental factors, such as the prenatal risk factors that we studied here, and by 

genetics. Since we do not have genetic data in this cohort, we cannot disentangle whether 

some of the associations we report are driven by genetic variants (or genetic by epigenetic 

interactions), though this is an important future direction.
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Conclusion

In sum, we report independent and mediated associations of cumulative prenatal risk, 

neonatal DNA methylation, and child cognitive ability at age 3 years, in a sample of children 

born < 30 weeks GA. Understanding the pre- and perinatal factors that are associated with 

better or worse outcomes in this high-risk group, as well as the mechanisms underlying the 

transmission of these risk factors, could be useful in both identifying and mitigating risk. 

Clinicians could use information about children’s prenatal risk factors in combination with 

their DNA methylation profiles to identify children at highest risk for cognitive delay and 

provide additional supports to disrupt the negative developmental sequelae. Future research 

might investigate whether there are factors in the postnatal environment that buffer preterm 

children from poor outcomes, especially those who have experienced a multitude of prenatal 

risk factors.
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Public significance statement:

Understanding what factors predict long-term developmental outcomes in children born 

less than 30 weeks gestation could help inform prevention and intervention efforts for 

this high-risk group. This study shows that prenatal risk factors and neonatal DNA 

methylation could help identify preterm children at high risk for poor cognitive outcomes 

at age 3 years. DNA methylation may also help explain some of the long-term effects of 

prenatal risk on child outcomes.
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Figure 1. 
Study flowchart.
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Figure 2. 
Comparison of model coefficients and 95% confidence intervals from GEE models testing 

cumulative prenatal risk (blue), DNA methylation of two CpG sites (green), and both 

cumulative prenatal risk and DNA methylation together (red). Coefficient represents the 

expected change in Bayley cognitive composite scores associated with a 1-SD increase 

in the independent variable. All models accounted for nesting of children in families and 

controlled for child sex, study site, neonatal morbidities, GA at birth, and maternal postnatal 

psychological distress from birth to age 3 years. Models including DNA methylation as a 

predictor additionally controlled for age at buccal swab, proportion of epithelial cells, and 

sample plate. DNAm = DNA methylation; GEE = generalized estimating equations.
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Table 1

Maternal and infant characteristics

Maternal characteristics (N = 335) M (SD) or % (n)

Minoritized race or ethnicity 55% (183/333)

 American Indian / Alaska Native race 0.3% (1/335)

 Asian race 3.9% (13/335)

 Black or African American race 20% (68/335)

 Native Hawaiian or Other Pacific Islander race 1.5% (5/335)

 White race 47% (156/335)

 More than one race 19% (64/335)

 Unknown/not reported race 8.4% (28/335)

Hispanic/Latino/a ethnicity 22% (74/335)

Low SES: Hollingshead level 5 8.4% (28/333)

Maternal education: < HS/GED 14% (45/332)

No partner 26% (86/333)

Infant characteristics (N = 379) M (SD) or % (n)

Sex = Male 54% (203/379)

Multiple gestation 28% (104/378)

Vaginal delivery 29% (109/378)

Severe retinopathy of prematurity (ROP) 5.6% (21/378)

Necrotizing enterocolitis/sepsis 20% (76/378)

Bronchopulmonary dysplasia (BPD) 49% (184/378)

Serious brain injury 11% (41/377)

GA at birth (weeks) 27.04 (1.88)

Head circumference (cm) 24.45 (2.41)

GA at NICU discharge (weeks) 39.93 (4.56)

Length of NICU stay (days) 89.72 (37.8)

Birth weight (g) 949.4 (272)

Weight at discharge (g) 2945 (812)

Note. There were 379 infants born to 335 mothers included in the current analyses. The number of infants and mothers are different due to 
multiple births. Minority race or ethnicity was defined as any non-White race (e.g., Black, Asian) or ethnicity (e.g., Hispanic and/or Latino/a). 
Serious brain injury included parenchymal echodensity, periventricular leukomalacia, or ventricular dilation diagnosed via cranial ultrasound. SES, 
socioeconomic status; HS, high school; GED, General Equivalency Diploma; GA, gestational age; NICU, neonatal intensive care unit.
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Table 2

Prevalence of individual prenatal risk factors

Prenatal risk factors % (n)

Maternal age > 35 ^ 20% (65/328)

Low SES: Hollingshead level 5 ^ 8.4% (28/333)

Maternal education: < HS/GED ^ 14% (45/332)

Minoritized race or ethnicity ^ 55% (183/333)

No partner ^ 26% (86/333)

No prenatal care + 0.9% (3/333)

Underweight ^ 3.4% (11/327)

Obese ^ 38% (124/327)

Too much weight gained ^ 18% (60/327)

Hypertension + 27% (89/332)

Pre-eclampsia + 21% (69/334)

Diabetes + 6.3% (21/334)

STI/HIV + 6.6% (22/334)

Infection + 11% (38/334)

Tobacco + 14% (46/333)

Alcohol + 3.0% (10/334)

Marijuana + 8.4% (28/334)

Illegal substances + 5.4% (18/334)

Depression ^+ 13% (44/335)

Anxiety ^+ 13% (45/335)

Pregnancy "Hard Time" ^ 11% (35/324)

Pregnancy "Felt Down" ^ 8.6% (28/327)

Pregnancy "Felt Hopeless" ^ 2.5% (8/327)

Pregnancy "Felt Slow" ^ 21% (67/327)

Note. Minority race or ethnicity was defined as any non-White race (e.g., Black, Asian) or ethnicity (e.g., Hispanic and/or Latino/a). SES, 
socioeconomic status; HS, high school; GED, General Equivalency Diploma; STI, sexually transmitted infection; HIV, Human immunodeficiency 
virus. +denotes variable obtained from medical record; ^denotes variable obtained from maternal report.
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Table 3

Epigenome-wide association study results for CpG sites significantly associated with child cognitive ability 

(FDR < 10%)

CpG Location Gene annotation Coefficient p value
(raw)

p value
(FDR)

cg20276927 chr7: 47497808 TNS3 (5’UTR) –4.24 3.76E-07 0.085

cg22358121 chr11: 118890977 TRAPPC4 (Body) –3.52 2.66E-07 0.085

Note. The coefficient represents the expected change in Bayley-III cognitive composite scores associated with an increase of DNAm from the 25th 

to 75th percentile.
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