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Abstract

Nutrients that regulate methylation processes may modify susceptibility to the effects of air 

pollutants. Data from the National Birth Defects Prevention Study (United States, 1997–2006) 

were used to estimate associations between maternal exposure to nitrogen dioxide (NO2), dietary 

intake of methyl nutrients, and the odds of congenital heart defects in offspring. NO2 

concentrations, a marker of traffic-related air pollution, averaged across postconception weeks 2–

8, were assigned to 6,160 nondiabetic mothers of cases and controls using inverse distance-

squared weighting of air monitors within 50 km of maternal residences. Intakes of choline, folate, 

methionine, and vitamins B6 and B12 were assessed using a food frequency questionnaire. 

Hierarchical regression models, which accounted for similarities across defects, were constructed, 

and relative excess risks due to interaction were calculated. Relative to women with the lowest 

NO2 exposure and high methionine intake, women with the highest NO2 exposure and lowest 

methionine intake had the greatest odds of offspring with a perimembranous ventricular septal 

defect (odds ratio = 3.23, 95% confidence interval: 1.74, 6.01; relative excess risk due to 

interaction = 2.15, 95% confidence interval: 0.39, 3.92). Considerable departure from additivity 

was not observed for other defects. These results provide modest evidence of interaction between 

nutrition and NO2 exposure during pregnancy.

Keywords

air pollution; birth defects; cardiovascular malformation; methionine; methyl donor; prenatal 
nutrition; ventricular septal defect

Research on the relationship between exposure to traffic-related air pollution (TRAP) during 

pregnancy and congenital heart defects (CHDs) in offspring has been inconsistent (1–10). 

Two recent meta-analyses observed significant associations between nitrogen dioxide (NO2) 

levels, a marker of TRAP, and coarctation of the aorta (COA) (11, 12). Subsequent studies 

have reported associations between NO2 exposure and COA as well as pulmonary valve 

stenosis (9) and an association between nitrogen oxides and ventricular septal defects (10). 

One of the potential biological pathways through which maternal TRAP exposure could 
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affect cardiogenesis is by the induction of epigenetic changes, including alterations in DNA 

methylation (13, 14).

Epigenetic factors may be important in the regulation of gene expression during the complex 

process of cardiogenesis (15). Epidemiologic studies report associations between measures 

of maternal and fetal DNA hypomethylation and several CHD phenotypes (16–19). 

Exposure to TRAP such as particulate matter can contribute to lower levels of DNA 

methylation in adults (20, 21) and to decreased methylation in the placenta of pregnant 

women exposed in early pregnancy (22). Because TRAP exposure is associated with 

decreased DNA methylation and maternal DNA methylation status is associated with CHDs, 

it is plausible that mechanisms related to altered DNA methylation may underlie 

hypothesized associations between NO2 and CHDs.

Dietary nutrients such as choline, methionine, folate/folic acid, and vitamins B6 and B12 act 

as methyl donors and are necessary to initiate and regulate DNA methylation processes. 

These methyl nutrients are important for normal fetal development (23). Periconceptional 

maternal folate/folic-acid consumption reduces the risk of neural tube defects (24) and may 

also reduce the risk of CHDs (25). The mechanisms underlying these lower risks are not 

completely understood, but experimental research suggests that deficiencies in methyl 

nutrients can lead to changes in DNA methylation status (26).

Studies demonstrate that other aspects of the maternal diet may modify associations between 

air pollution, adverse birth outcomes, and neurodevelopment (27, 28). Additionally, research 

has found that intake of dietary methyl nutrients can modify the association between air 

pollutant exposure and cardiac outcomes in older adult populations (29). This raises the 

possibility that low dietary intake of methyl nutrients may modify maternal/fetal 

susceptibility to air pollutants, such as NO2 (13).

The goal of this analysis was to build upon a previous analysis of the National Birth Defects 

Prevention Study (NBDPS) (9) and estimate the joint association of exposure to NO2 and 

dietary intake of methyl nutrients with the odds of CHDs.

METHODS

The NBDPS is a population-based case-control study of over 30 structural defects. Cases 

were live births, stillbirths greater than 20 weeks’ gestation, and elective terminations with 

major structural birth defects, recruited from birth defects monitoring programs of 9 sites 

within the United States (Arkansas, California, Iowa, Massachusetts, Metropolitan Atlanta, 

New York, North Carolina, Texas, and Utah). Cases with recognized single-gene disorders 

or chromosomal abnormalities were not included in the study. Controls were live births 

without major birth defects that were randomly selected from birth certificates or hospital 

records, depending upon the site. Cases and controls were not matched. CHD cases were 

classified by the presence (or absence) of extracardiac defects and by the number of CHDs 

present within the infant/fetus, according to standardized NBDPS criteria (30). More 

detailed descriptions of the NBDPS design have been published previously (9, 31).
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CHD phenotype homogeneity is an important component in understanding the heterogeneity 

in risk-factor profiles for different types of cardiovascular malformations. Therefore, cases 

were restricted to those with a single CHD and no extracardiac defects. As part of NBDPS 

protocol, CHD phenotypes were also classified into broader defect groupings that shared 

anatomic and developmental characteristics (30). The CHD phenotypes examined in this 

study, listed by their defect groupings, were the following: septals (atrial septal defect, 

perimembranous ventricular septal defect (VSDpm)), left-ventricular outflow-tract 

obstructions (COA, hypoplastic left heart syndrome, aortic stenosis), right-ventricular 

outflow-tract obstructions (pulmonary valve stenosis, pulmonary/tricuspid atresia), 

conotruncal defects (dextro-transposition of the great arteries, tetralogy of Fallot, other 

conotruncal defects (common truncus, interrupted aortic arch of type B and not otherwise 

specified, double outlet right ventricle, and conoventricular septal defects)), atrioventricular 

septal defect, and total anomalous pulmonary venous return.

Controls and cases had an estimated date of delivery from October 1, 1997, when the study 

began, through December 31, 2006. Mothers had a recorded residential history during 

pregnancy, lived within 50 km of a NO2 stationary air monitor, and responded to the 

interview questions regarding dietary intake before pregnancy. Women with pregestational 

diabetes were excluded from this analysis due to the strong association between maternal 

diabetes and CHDs in offspring (32).

NO2 was selected as the exposure of interest because it is often used as a marker of TRAP 

(33), and prior research showed the most consistent associations with CHDs and NO2 (11). 

Exposure to NO2 was assigned using inverse distance-squared weighting (34). Daily 

maximum hourly concentrations of NO2 from up to 4 stationary air monitors within 50 km 

of the maternal residence were weighted by the inverse of the squared distance to the 

monitor and were then averaged to obtain a single daily estimate. If a monitor had more than 

50% missing data, it was excluded, and the next closest monitor within 50 km was used in 

the exposure calculation. Exposure for women who lived within 5 km of at least 1 monitor 

(18.8%) was calculated by averaging over monitors only within the 5-km buffer, under the 

assumption that monitors within this short distance were more representative. If a woman 

had more than 1 residential address, exposures were assigned using the monitors closest to 

the residence that corresponded to the relevant day of pregnancy. Weighted daily estimates 

were averaged across weeks 2–8 of pregnancy to construct a single measure of exposure 

within the critical window of cardiac development (35). Exposure was categorized using the 

distribution of NO2 concentration among the controls into the following categories: less than 

the 10th percentile (referent), 10th percentile to the median, median to the 90th percentile, 

and greater than or equal to the 90th percentile. These categories captured the departure 

from linearity observed in initial analyses (9).

Dietary intake of methyl nutrients was assessed using a 58-item version of the Willett food 

frequency questionnaire with additional questions on fortified foods such as cereals and 

certain beverages (36). Women were asked about their dietary intake in the year before 

pregnancy and that was used as a proxy for dietary intake at the time of conception through 

the time cardiac structures develop (weeks 3–8 after conception) (35). Asking about diet in 

the year prior to pregnancy can avoid the potential bias that could occur if characteristics of 
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the pregnancy (e.g., morning sickness) caused changes in a woman’s diet, as well as 

capturing dietary intake at the very early stages of pregnancy, including the time prior to 

becoming aware of the pregnancy. Intake of the following nutrients was dichotomized at the 

25th centile among controls to indicate relatively low intake: choline, methionine, dietary 

folate equivalents, vitamin B6, and vitamin B12. Dietary folate equivalents are a calculated 

combination of naturally occurring folate in foods and folic-acid supplementation of foods, 

such as grains (37).

Potential confounders were identified through review of the literature and directed acyclic 

graph analysis (38). The following variables obtained from the maternal interview were 

included in the final adjustment set: maternal age, race/ethnicity, educational attainment, 

household income, any maternal cigarette smoking in the first 3 months of pregnancy, any 

alcohol consumption during the first 3 months of pregnancy, and use of folic acid–

containing supplements in the month prior to conception. Final models adjusted for the 

center-specific ratio of septal defects to total CHDs, because identification of septal defects 

is more vulnerable to differences in case ascertainment methods than other CHDs (39).

Two-stage hierarchical regression models were constructed to obtain adjusted odds ratios 

and 95% confidence intervals for the joint association of NO2 and dietary intake of methyl 

nutrients with CHD occurrence (40, 41). Separate models were created for each methyl 

nutrient. Hierarchical regression allows for the incorporation of prior knowledge about 

similarities between CHDs and adjusts coefficients from conventional regression models 

using information shared across those estimated associations. Estimates resulting from the 

second-stage model may be less sensitive to sampling error and model misspecification than 

those from a single-stage logistic regression model (41).

The first stage was a multinomial logistic regression model, adjusting for the confounders 

listed previously and containing 7 indicator variables corresponding to the combinations 

between the 4 levels of NO2 exposure and 2 levels of nutrient intake. The second stage 

model regressed the coefficients from the first-stage model on an 84 × 21 matrix composed 

of an intercept term and indicator variables for the level of NO2 exposure, high/low nutrient 

intake, type of defect, and the broader defect grouping. Additional details on the hierarchical 

regression model are provided in Web Appendix 1 (available at http://

aje.oxfordjournals.org/). We fixed the second-stage model variance at 0.5, corresponding to 

a prior belief with 95% certainty that the residual odds ratio will fall within a 16-fold span. 

This relatively larger variance was used due to the crude nature of information contained in 

the second-stage design matrix. We assessed how changes in model specification would 

influence our results by setting the value of the second-stage model variance to 0.25 (a 7-

fold span in the residual odds ratio (OR)) and then setting it to a value of 0.83 (26-fold 

span).

Interactions on the additive scale between NO2 exposure and low intake of methyl nutrients 

were formally assessed using the relative excess risk due to interaction (RERI). 

Corresponding 95% confidence intervals were calculated based on Wald-type statistics using 

approximate variance estimators (42, 43). The RERIs compared women who had the highest 

levels of NO2 exposure and low dietary intake of each nutrient with women who had the 
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lowest level of NO2 exposure and high dietary intake of each nutrient. Previous research 

suggests that deficiencies in one methyl nutrient can be compensated for by intake of the 

other methyl nutrients (44). A summary variable, constructed to indicate whether a woman 

had dietary intake less than the 25th centile for at least 1 of the 5 nutrients assessed, was 

used in a multinomial logistic regression model to assess the association between CHDs and 

having low intake of at least 1 nutrient in the context of higher intake of the other nutrients. 

To examine whether other maternal diet factors confounded our results, maternal obesity and 

total energy intake (in kilocalories) were assessed as potential confounders in subsequent 

models. All analyses were performed using SAS, version 9.3 (SAS Institute, Inc., Cary, 

North Carolina) (45). The NBDPS was approved by the institutional review boards of all 

participating centers, and all participants provided informed consent prior to participation.

RESULTS

Of the nondiabetic NBDPS eligible cases and controls (4,844 cases and 7,056 controls), over 

90% provided at least 1 geocoded residential address, and 63% of those participants (2,727 

cases and 4,069 controls) lived within 50 km of at least 1 NO2 monitor. These women had 

complete data on diet during pregnancy. Women who had missing data on at least 1 

confounder were excluded from the final models (9%; 223 cases and 413 controls). The 

demographic characteristics of the final analytical population (n = 2,504 cases, 3,656 

controls) are similar to the full NBDPS population, although participants from the Arkansas 

and Iowa study sites were less likely to live near an NO2 monitor than were participants 

from other sites. A majority of the analytical population was white, had at least a high 

school education, and did not use tobacco or alcohol during early pregnancy, but the 

percentages varied by CHD phenotype (Table 1). For most case groups and controls, 

approximately one-third of women reported taking folic-acid supplements in the month prior 

to conception. Cases had similar or higher percentages of women with lower intakes of 

methyl nutrients than controls (Table 2). Spearman correlation coefficients between 

continuous nutrient intakes ranged from moderate (dietary folate equivalents and 

methionine: 0.48) to very strong (methionine and choline: 0.91).

Three CHD phenotypes were found to be associated with greater exposure to NO2 and lower 

intake of methyl nutrients: VSDpm, PVS, and COA. Figure 1 shows the adjusted odds ratios 

and 95% confidence intervals from the 2-stage hierarchical regression to estimate the joint 

association of NO2 and methionine for these 3 phenotypes. Complete results for all CHDs 

and nutrients can be found in Web Figure 1 and Web Table 1 for corresponding numerical 

data. Crude odds ratios showed similar patterns, although slightly smaller in magnitude than 

fully adjusted estimates. Incorporating the second-stage model brought estimates closer to 

the null and slightly reduced the width of the confidence intervals but did not alter 

interpretations (data not shown). Women exposed to the highest levels of NO2 with low 

dietary intake of methionine had considerably elevated odds of offspring with VSDpm when 

compared with those who had low NO2 exposure and high methionine intake (OR = 3.23 

95% confidence interval (CI): 1.74, 6.01; Figure 1A). Similar results were observed for 

choline (OR = 2.86, 95% CI: 1.50, 5.45). A pattern of elevated odds for PVS in offspring 

among women exposed to high NO2 and low methionine intake was also observed (Figure 

1B). For analyses of both VSDpm and PVS, the largest odds ratios were observed when 
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examining high NO2 and low methionine, with smaller effect estimates observed when 

examining other nutrients. Results for COA were different (Figure 1C); for all nutrients 

examined, women with all combinations of NO2 exposure and dietary intake consistently 

had greater odds of having offspring with COA when compared with women at the lowest 

level of NO2 exposure and high nutrient intake. Adjustment for total energy intake and 

maternal obesity did not considerably change estimates (i.e., less than a 10% change in 

estimate) and were not included in final models.

RERIs and corresponding 95% confidence intervals comparing the joint effect estimates of 

the highest level of NO2 exposure and low nutrient intake with low NO2 exposure and high 

nutrient intake for each CHD are plotted in Figure 2. The quantitative estimates, formatted 

into a heat map for identification of patterns, are available in Web Figure 2. Because many 

of the CHDs are not associated with greater exposure to NCB, the majority of results do not 

demonstrate evidence of departures from additivity. Greater than additive interaction was 

observed between NO2 exposure and methionine, choline, and vitamin B6 for VSDpm 

(Figure 2A, 2B, and 2D). Moderate evidence of greater than additive interaction was also 

observed for the category of other conotmncal defects. However, the RERI calculations were 

based on estimates with wide confidence intervals and do not clearly show elevated odds of 

“other conotruncals” among women exposed to greater levels of NO2 exposure and low 

dietary intake of dietary folate equivalents or vitamin B6 (Figure 2C and 2D). The largest 

negative RERIs were calculated for dextro-transposition of the great arteries, indicating the 

joint association was less than expected from summing individual associations. Large 

negative RERIs were also observed for COA, atrioventricular septal defects, and total 

anomalous pulmonary venous return, but the confidence intervals were wide and results 

were not consistent across nutrients.

For analyses stratified by folic-acid supplement use, small sample size contributed to wide 

confidence intervals and unstable estimates (Web Table 2). Similar patterns to the main 

analysis were observed, including evidence of greater than additive interaction between 

methionine intake and NO2 exposure on the odds of VSDpm. The magnitude of these effect 

estimates was greater within the strata without folic-acid supplement use. Evidence of less 

than additive interaction was also observed between nutrient intake and NO2 exposure on the 

odds of dextro-transposition of the great arteries. Analysis of the summary measure of 

nutrient intake also provided evidence of greater than additive interaction for VSDpm and 

less than additive interaction for dextro-transposition of the great arteries, although effect 

estimates were smaller in magnitude than when examining the nutrients individually (Web 

Table 3). Our results were robust to varying the second-stage variance parameter (Web Table 

4), with slight changes in magnitude and precision of individual estimates but no change in 

overall study conclusions.

DISCUSSION

The goal of this study was to investigate a biologically plausible hypothesis: that nutrients 

that help regulate methylation processes may affect matemal/fetal susceptibility to air 

pollutants. Support for this hypothesis was provided by results that showed greater than 

additive interaction of methionine, choline, and to a lesser extent vitamin B6 with NO2 
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exposure in increasing the odds of VSDpm. Analysis of dextro-transposition of the great 

arteries showed evidence of less than additive interaction. The majority of nutrient-pollutant-

CHD combinations did not provide evidence of interaction, likely due to the lack of an 

overall association with greater NO2 exposure. In conjunction with the broader literature 

observing interactions between diet and TRAP in different populations (27, 28), these 

findings provide support for additional research investigating interactions between nutrient 

intake and environmental exposures during pregnancy.

The present study does not have measures of DNA methylation to directly investigate the 

role it plays, if any, within the observed associations between NO2, methyl nutrients, and 

VSDpm. Previous work exploring methylation patterns in cardiac tissue from fetuses with 

VSD (vs. controls) showed hypomethylation of 2 apoptosis-related genes (SIVA1 and 

MDM2) among only the VSD samples (46). However, there were also genes that were 

hypermethylated in case samples. Methionine and choline have common dietary sources, 

and it is possible that other nutrients within these dietary sources are confounding these 

associations. For example, fish also contain n-3 fatty acids, which could counteract the 

inflammation and oxidative stress caused by TRAP, such as NO2 (27).

Given the large number of comparisons made, in conjunction with the majority of analyses 

failing to provide evidence of departures from additive interaction, random variation cannot 

be ruled out as an explanation for the study findings. The analytical approach of hierarchical 

regression partially addresses multiple comparisons and improved estimation by accounting 

for similarities between the estimated associations (41). We also observed a greater 

magnitude of the association for the relationship between NO2 and low methionine within 

the stratum of women with no folic-acid supplement use in the month prior to conception. 

These preliminary results support further investigation of these relationships. However, there 

are potential sources of error and misclassification in exposure assessment for both NO2 and 

maternal intake of methyl nutrients that warrant consideration when interpreting the results 

of this study.

Use of central-site monitoring data within a 50-km radius for an exposure surrogate in lieu 

of personal exposure data is likely to lead to exposure error. Land covering a 50-km radius 

can vary substantially with respect to land use (e.g., urban vs. rural) and source mixtures. 

Differences in land use, climate, and other factors across the different study sites have the 

potential to influence the representativeness of the central site monitors over the 50-km 

radius. Time spent away from the residential location was also not captured. Exposure error 

is expected to be nondifferential with respect to case/control status, potentially attenuating 

the reported estimates towards the null. Additionally, the use of daily maxima, having 

complete residential history during pregnancy, and categorization of the NO2 concentrations 

used for exposure surrogates may have also reduced the probability and/or magnitude of 

exposure error.

It is difficult to disentangle the associations between NO2 and health outcomes from 

associations with other air pollutants through an epidemiologic study design. NO2 

concentrations have been correlated with concentrations of other TRAP pollutants, such as 

particulate matter and carbon monoxide (47–50). Hence, it is possible that the measured 
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NO2 concentration at a central site monitor is serving as a surrogate for the TRAP mixture 

rather than acting as an individual agent.

There are well-established limitations of dietary assessment through food frequency 

questionnaires (51). The food frequency questionnaire upon which the NBDPS is based has 

been validated previously in other populations (36). However, there is still the possibility of 

measurement error from using a food frequency questionnaire to assign relative intake of the 

methyl nutrients. Additionally, the dietary assessment focused on the year prior to pregnancy 

as a proxy for diet in the very early stages of conception and pregnancy. Previous research 

suggests that general dietary patterns in women of childbearing age are relatively stable prior 

to pregnancy and in early pregnancy (52), but differences could exist for specific foods that 

affect methyl nutrient intake. The inability to adjust for supplements and/or herbal products 

containing methyl nutrients but not folic acid could contribute to residual confounding. 

Additionally, this work does not account for genetic differences in individual ability to 

metabolize methyl nutrients. There could be genetically defined subsets of the population 

with varying levels of susceptibility to the interaction between air pollutant exposure and 

intake of methyl nutrients.

The NBDPS has a systematic classification scheme for CHDs (30), ensuring relatively 

homogeneous case groups and reducing the potential for outcome misclassification. Only 

women living within 50 km of an air monitor were included in the analysis. The lack of a 

strong association between demographics that contribute to residential location and CHDs in 

offspring minimizes the risk of selection bias due to excluding populations living more than 

50 km from a monitor. However, our results may not be generalizable to women living in 

rural areas, farther from an air monitor.

In summary, this analysis of the NBDPS provides modest evidence of interaction between 

NO2 exposure and dietary intake of methyl nutrients, particularly methionine and choline, 

and VSDpm in offspring. Future research should address the methodological limitations of 

this initial study, including using more detailed dietary assessments and/or biomarkers of 

methyl nutrients as well as accounting for time spent at other locations when determining 

ambient air pollution exposure. Investigating the potential interactions between maternal 

nutrition and environmental exposures during pregnancy increases our understanding of the 

complex causes of CHDs and can potentially lead to interventions aimed at prevention. 

There is also a need for research that directly explores the hypothesis that disruptions to 

DNA methylation underlie the association between air pollutant exposure and CHDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Estimated adjusted odds ratios (ORs) and 95% confidence intervals (CIs) between selected 

congenital heart defects and categories of nitrogen dioxide (NO2) exposure and dietary 

intake of methionine, National Birth Defects Prevention Study, United States, 1997–2006. 

For perimembranous ventricular septal defect (A), pulmonary valve stenosis (B), and 

coarctation of the aorta (C). Reference group for all comparisons is NO2 exposure less than 

the 10th centile and methionine intake at or greater than the 25th centile (high nutrient). The 

models adjusted for maternal race/ethnicity, age, education, household income, tobacco and 

alcohol use during pregnancy, use of folic-acid supplements 1 month prior to conception, 

and site-specific ratio of septal cases to total congenital heart defect cases. Filled circles 

correspond to ORs calculated for populations with methionine intake greater than the 25th 

centile, and filled squares correspond to ORs calculated for populations with methionine 

intake less than the 25th centile. “//” indicates truncation of the confidence interval.
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Figure 2. 
Relative excess risk due to interaction (RERI) between maternal nitrogen dioxide (NO2) 

exposure and methyl nutrient intake, National Birth Defects Prevention Study, United States, 

1997–2006. For choline (A), methionine (B), dietary folate equivalents (C), vitamin B6 (D), 

and vitamin B12 (E). RERIs were calculated by comparing odds ratios of women with NO2 

exposure greater than or equal to the 90th centile and nutrient intake less than the 25th 

centile, women with NO2 exposure greater than or equal to the 90th centile and nutrient 

intake greater than or equal to the 25th centile, and women with NO2 exposure less than the 

10th centile and nutrient intake greater than or equal to the 25th centile (referent: women 

with NO2 exposure less than the 10th centile and nutrient intake greater than or equal to the 

25th centile of nutrient intake). Confidence intervals (CIs) were calculated based on Wald-
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type statistics, as proposed by Hosmer and Lemeshow (42). ASD, atrial septal defect; 

AVSD, atrioventricular septal defect; CHD, congenital heart defect; COA, coarctation of the 

aorta; dTGA, dextro-transposition of the great arteries; HLHS, hypoplastic left heart 

syndrome; other cono, other conotruncal defects; PVS, pulmonary valve stenosis; TAPVR, 

total anomalous pulmonary venous return; TOF, tetralogy of Fallot; VSDpm, 

perimembranous ventricular septal defect. “//” indicates truncation of the confidence 

interval.
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