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Abstract

BACKGROUND—Recognized risk factors for neural tube defects (NTDs) poorly predict 

population-level NTD risk. However, the proportion of NTDs that can be attributed to these risk 

factors is uncertain.

METHODS—To determine the proportion of NTD cases that is attributable to known or 

suspected risk factors (i.e., female infant sex, family history of NTDs, and maternal Hispanic 

ethnicity, obesity, pregestational diabetes, gestational diabetes, low dietary folate intake, lack of 

folic acid supplementation, anticonvulsant use, and hot tub or sauna use), we estimated the 

adjusted population attributable fraction (aAF) for each factor, using the method of Eide and 

Geffler and data from the National Birth Defects Prevention Study.

RESULTS—Our analyses of these data indicate that the proportion of cases of spina bifida and 

anencephaly that can be attributed to known risk factors is 28% and 44%, respectively. For spina 

bifida, the factor with the greatest attributable fraction was maternal obesity (aAF, 10%), whereas 

for anencephaly it was Hispanic ethnicity (aAF, 15%).

CONCLUSION—Our analyses indicate that known risk factors account for <50% of NTD cases. 

Hence, the majority of NTD cases are attributable to, as yet, unidentified factors. These findings 

highlight the need for continued research to identify genetic and additional nongenetic risk factors 

for NTDs. Further, these findings suggest that strategies that aim to reduce the risk of NTDs 

associated with maternal Hispanic ethnicity and obesity may have the greatest impact on the 

population prevalence of these conditions.
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INTRODUCTION

There are several factors that are known or highly suspected to increase the risk for neural 

tube defects (NTDs), including female infant sex and family history of NTDs, as well as 

maternal Hispanic ethnicity, obesity, folate status, pregestational diabetes, gestational 

diabetes, anticonvulsant use, and hot tub or sauna use (reviewed in Mitchell, 2005). Our 

previous work demonstrated that these factors poorly predict NTD risk at the population 

level (Agopian et al., 2012). However, the extent to which these factors account for the 

population burden of NTDs is unknown.

Population attributable fraction (AF), also known as etiologic fraction or attributable risk, is 

a measure that estimates the proportion of disease due to specific risk factors. Estimates of 

AFs can be used to prioritize public health interventions (e.g., by targeting the exposures 

responsible for the greatest burden of disease) and research efforts (e.g., by determining the 

proportion of disease risk that is unaccounted for). However, the assumptions that all risk 

factors act independently and are not influenced by confounders must be met for crude 

estimates of AF to be valid and these assumptions are not valid for complex diseases such as 

birth defects. Although methods for estimating AF that are adjusted for other variables (Eide 

and Gefeller, 1995; Eide, 2008; Rückinger et al., 2009) are available, they have not been 

widely used in birth defects research. An advantage of estimating adjusted AFs (aAFs) over 

crude AFs is that the sum of the aAFs for individual risk factors equals the estimated aAF 

for the combination of those risk factors. Further, because the total aAF (for all known and 

unknown risk factors) will equal 100%, the combined aAF of known risk factors can also be 

used to estimate the proportion of disease attributable to as yet unknown factors.

METHODS

Study Subjects

We used data from the National Birth Defects Prevention Study (NBDPS) to estimate aAFs 

for known NTD risk factors. The details of NBDPS subject recruitment and data collection 

methods have been previously described (Yoon et al., 2001). Briefly, data were collected 

from population-based surveillance systems located in 10 states: Arkansas, California, 

Georgia, Iowa, Massachusetts, New Jersey, New York, North Carolina, Texas, and Utah. 

For the majority of surveillance sites (i.e., eight of the sites), cases included live births, fetal 

deaths, and elective pregnancy terminations. Abstracted medical records of cases were 

reviewed by NBDPS clinical geneticists to confirm diagnoses, evaluate the presence of 

additional birth defects, and exclude potential cases with single-gene disorders or 

chromosome abnormalities (Rasmussen et al., 2003). Live born controls without major birth 

defects were ascertained through birth certificate data or hospital birth logs. Controls were 

selected at random among infants delivered in the study regions. The institutional review 

boards for each study site approved the methods. Our analyses included NBDPS cases with 

spina bifida or anencephaly and control infants with due dates between October 1, 1997, and 

December 31, 2007. For these analyses, cases with additional major birth defects that were 

unlikely to be secondary to the NTD were excluded.
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Risk Factors

Each participating mother completed a computer assisted telephone interview on exposures 

before and during pregnancy, including 10 known/highly suspected NTD risk factors: pre-

pregnancy obesity (body mass index _30.0), pre-pregnancy (type I or II) diabetes, 

gestational diabetes, lack of any folic acid supplementation (folic acid, multivitamin, or 

prenatal supplement) during the month before pregnancy and the first month of pregnancy 

(B1_P1), low dietary folate intake (Agopian et al., 2012), anticonvulsant medication use 

during B1_P1, and any hot tub or sauna use during B1_P1. We also included established 

nonmodifiable risk factors (female infant sex, family history of NTDs in a first or second-

degree relative, and maternal Hispanic ethnicity) to fully estimate the proportion of NTD 

cases attributable to all established risk factors.

Statistical Methods

Analyses were conducted separately for cases with spina bifida and anencephaly. Further, 

because spina bifida and anencephaly have some etiologic similarities (Lupo et al., 2010; 

Mitchell, 2005), analyses were also repeated among all NTD cases (i.e., cases with spina 

bifida or anencephaly).

Crude AFs were calculated using the following formula:

(1)

where OR is the crude odds ratio for the disease-exposure association. This equation is 

equivalent to:

(2)

where Nobserved is the observed number of cases and Nexpected is the expected number of 

cases in the absence of exposure.

The aAFs were calculated using the method proposed by Eide and Geffler (1995), as 

implemented in the aflogit option of STATA (Brady, 1998). First, a multivariable logistic 

regression model, including all 10 risk factors, was fitted to the data. Any risk factor with an 

odds ratio OR) <1.00 in this model was removed because it is not meaningful to assess the 

proportion of risk attributable to the absence of an established risk factor. The resulting 

model, including only variables with OR _1.00, is referred to as the final model. Next, the 

aAF for the combination of all risk factors in the model was determined by recoding the 

values of all factors to zero (i.e., ‘‘removing’’ all exposures) and predicting the probability 

of disease for each individual with the new values using the final logistic regression model. 

The sum of these predicted probabilities provides an estimate of the number of cases that 

would be expected in the absence of all exposures, which was used in Equation 2 to estimate 

the aAF for the full combination of risk factors. The aAFs were then calculated for each 

variable. Briefly, variables were sequentially removed (i.e., re-coded to zero) from the final 

model and individual AF estimates were calculated as the difference between each 

subsequent reduced model and the previous model. These estimates were calculated using a 

generalization of Equation 1, which allows for multiple exposure strata. This process was 
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repeated for all possible orders of variable removal and, for each variable, AF estimates 

from all models were averaged to provide an estimate of its aAF.

The main analyses were repeated using data only from subjects delivered in 1999 through 

2007, who would have fully benefited from folic acid fortification of the food supply. 

Analyses were conducted using SAS (version 9.2 copyright 2002_2008, SAS, Cary, NC) 

and STATA version 10 (StatCorp, College Station, TX).

RESULTS

During the study period, there were 1239 cases with an NTD and no additional, 

nonsecondary malformations (spina bifida N 5 836, 67.5%; anencephaly N 5 403, 32.5%) 

and 8494 controls. The distribution of risk factors among cases is presented in Table 1, and 

the crude AF for each of these factors is presented in Table 2. In the initial regression 

models, maternal pregestational diabetes, gestational diabetes, and hot tub or sauna use had 

ORs <1.00, each of which were nonsignificant for spina bifida and were excluded from the 

final models used in the analyses of spina bifida and all NTDs. Similarly, gestational 

diabetes had an OR <1.00 for anencephaly (also nonsignificant) and was excluded from the 

final model for this condition. The aAFs for the full combination of exposures in the final 

models were 27.6% for spina bifida, 44.4% for anencephaly, and 31.1% for all NTD cases.

The aAF for each exposure was also estimated (Table 2). For spina bifida, the exposures 

with the greatest aAFs were: maternal Hispanic ethnicity (aAF, 8.1%), obesity (aAF, 9.9%), 

and low dietary folate intake (4.2%). Each of the other exposures was individually 

responsible for an aAF <2%. For anencephaly, the exposures with the greatest aAFs were: 

maternal Hispanic ethnicity (aAF, 15.2%), low dietary folate intake (10.0%), female infant 

sex (8.7%), and lack of folic acid supplementation (4.5%). Each of the other exposures was 

individually responsible for an aAF <3%. When analyses were repeated for all NTD cases 

(i.e., cases with spina bifida or anencephaly), the aAFs were intermediate to the estimates 

for spina bifida and anencephaly.

As mandatory folic acid fortification of the U.S. food supply was implemented in 1998, it is 

possible that the risk profile of NTDs has changed over time. Consequently, because some 

of the subjects in this study would not have fully benefited from mandatory folic acid 

fortification, analyses were repeated for subjects delivered in 1999 through 2007. Results in 

this subgroup were similar to the main results (data not shown).

As expected, the crude AFs overestimated the combined AF as compared to the aAFs (spina 

bifida, 37.4% vs. 27.6%; anencephaly, 46.8% vs. 44.4%, respectively). Further, for most of 

the individual risk factors, the crude AF was higher than the aAF (e.g., for spina bifida, 

crude and adjusted AFs for Hispanic ethnicity were 11.8 and 8.1, respectively).

DISCUSSION

This study highlights the use of methods that estimate aAF, which have been underutilized 

in birth defects research. As expected, crude estimates of AF seemed to be inflated 

compared to estimates of aAF. We found that, in combination, known NTD risk factors 
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account for approximately 28% of spina bifida risk and 44% of anencephaly risk. Effects 

were generally consistent with previous estimates reported from NBDPS studies (Waller et 

al., 2007; Correa et al., 2008; Canfield et al., 2009; Mosley et al., 2009; Lupo et al., 2010; 

Duong et al., 2011; Werler et al., 2011), and any minor differences are likely because of 

differences in the covariates included in models or the addition of more subjects.

Attributable risks are strongly influenced by both the magnitude of association as well as the 

prevalence of the exposure in the population. In this study, the factors responsible for the 

greatest proportion of cases were common: maternal Hispanic ethnicity, obesity, low dietary 

folate intake, female infant sex, and lack of folic acid supplementation. By definition, 

eliminating risk because of exposures associated with the highest aAFs will have the greatest 

effect in reducing the population prevalence of NTDs. Hence, NTD prevention efforts 

should focus on reducing obesity rates among reproductive age women and increasing 

dietary folic acid intake and folic acid supplementation. Furthermore, efforts to better 

understand the mechanisms involved in risk due to these exposures, as well as maternal 

Hispanic ethnicity and female infant sex, are worthwhile, as they may lead to the 

identification of novel modifiable risk factors. For example, understanding why offspring of 

Hispanic mothers have increased risk for NTDs could help to identify underlying risk factors 

that could be eliminated (e.g., dietary factors). Our results suggest that eliminating the risk 

related to these five risk factors (maternal Hispanic ethnicity, obesity, low dietary folate 

intake, female infant sex, and lack of folic acid supplementation) would reduce the 

prevalence of NTDs by approximately 30%.

Our results indicate that, in combination, known risk factors for NTDs account for a 

minority of cases, as nearly 70% of disease is due to factors that remain unaccounted for. 

Based on the high heritability of NTDs and the high recurrence risk to siblings of affected 

individuals relative to the general population (Jorde et al., 1983), it is likely that a substantial 

proportion of NTDs are attributable to genetic factors. However, to date, no major NTD 

genes have been established in humans. To further elucidate the proportion of disease that 

cannot be accounted for by known risk factors, efforts to identify novel genetic risk factors 

will be critical. Such efforts should include large studies using hypothesis-generating 

approaches, such as genome-wide association studies and high-throughput sequencing. To 

account for the remaining proportion of NTD risk, novel approaches, methods, and 

paradigms should be developed and used to identify new nongenetic risk factors and gene-

environment interactions, including novel hypothesis-generating approaches such as 

‘‘environment-wide association studies’’ (Patel et al., 2010), better exposure assessment 

methods to reduce information bias (e.g., the use of biomarkers), and improving study 

designs to reduce bias and confounding (e.g., considering more homogeneous case 

definitions, such as clinical subtypes).

There were limitations to these analyses. The sample size for anencephaly was relatively 

small (N=403 cases), leading to imprecise estimates of ORs for some variables. Further, 

because our findings reflect the risk profile of NTDs in a population with mandatory folic 

acid fortification of the food supply, they may have limited generalizability to populations 

that have not mandated such fortification. The strengths of these analyses include use of a 

large, population-based dataset; separate and combined evaluation of spina bifida and 
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anencephaly; and adjustment of AFs. In summary, this study provides a thorough 

examination of the proportion of NTDs attributable to recognized risk factors. Our findings 

may help to identify research priorities that would maximize population-level efforts for 

NTD prevention.
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