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Abstract 
 
Association between maternal periconceptional alcohol use and neural tube defects: 

Findings from the National Birth Defects Prevention Study, 1997-2011 

 

By Adia R. Louden 
 
 

BACKGROUND: Neural tube defects (NTDs) are major birth defects that occur early in 

pregnancy. NTDs contribute substantially to fetal and infant mortality and varying 

degrees of disability worldwide. Risk factors for NTDs include genes and environmental 

(non-inherited) exposures. Prenatal alcohol exposure has been shown to induce NTDs in 

animal studies, but results from human studies are mixed. Using data from the National 

Birth Defects Prevention Study, associations between reports of maternal 

periconceptional (one month prior and one month following conception) alcohol 

consumption and NTDs were examined. 

 

METHODS: NTD cases and unaffected live born singleton controls, delivered from 

1997 through 2011, were included. Interview reports of alcohol consumption (quantity, 

frequency, variability, type) were obtained from 2,167 case mothers and 11,728 control 

mothers. Adjusted odds ratios (aORs) and 95% confidence intervals (CIs) for any and 

monthly average and maximum average periconceptional consumption were estimated 

using multivariable logistic regression analysis, controlling for relevant covariables. 

Similary, aORs were estimated for binge episodes and type of alcohol consumed. 

 

RESULTS: For all NTDs combined, any alcohol consumption, one or more binge 

episodes, and different types of alcohol consumed were not associated with increased risk 

for NTDs. Findings were similar for anencephaly and spina bifida subtypes. Modestly 

increased associations were observed for rare NTD subtypes (1.1< aOR <1.8). The 

maximum and periconceptional average monthly drinks were each associated with 

increased risk for anencephaly cases, when mothers consumed alcohol daily. 

CONCLUSIONS: There is no new evidence to suggest an association between any 

periconceptional alcohol consumption and NTDs; however, there is a possibility that 

daily drinking during pregnancy might increase the risk of a NTD-affected pregnancy. 

Underreporting of alcohol consumption in NBDPS interviews may have affected the 

estimates in this study, due to the negative stigma associated with alcohol consumption 

during pregnancy. While this study contained rarer NTD subtypes than prior studies, 

future work should aim to continue to increase sample sizes for these rare subtypes, 

reduce exposure misclassification, and improve ascertainment of fetal deaths and elective 

terminations.   
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THESIS STATEMENT 

 

The aim of the current project was to expand on the work previously published by 

Makelarski et al. (2013). This study included pregnancies from the National Birth Defects 

Prevention Study (NBDPS) with estimated dates of delivery (EDD)s from 1997-2005 and 

examined the association between maternal periconceptional alcohol consumption and 

neural tube defects (NTDs). The current project expanded on this work by including data 

from NBDPS NTD cases and control with EDDs from 2006-2011 to the previous study 

years, with a focus on maternal alcohol consumption during the period one month before 

conception through the first month following conception and NTD subtypes.  
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CHAPTER I 

 

PUBLIC HEALTH OVERVIEW 

 

Neural Tube Defects and their Public Health Significance 

 

Neural tube defects (NTDs) are among the most common major structural birth 

defects worldwide (Blencowe et al., 2019). NTDs form by the fourth week of gestation, 

and are associated with substantial morbidity, mortality and life-long disability with 

varying degrees of paralysis (Botto et al., 1999). The most common NTDs include spina 

bifida, anencephaly, and encephalocele. Spina bifida occurs when the spinal cord does 

not develop properly due to incomplete closure of the neural tube. Anencephaly occurs 

due to failure of complete closure of the neuropore. Encephalocele, occurs when the 

neural tube does not close along the center of the skull from the nose to the back of the 

neck. Infants born with spina bifida usually have life-long disabilities accompanied by 

varying degrees of paralysis, whereas those with anencephaly usually die within a few 

days following birth (Botto, 1999).  

In the United States (US), approximately 3,000 pregnancies are affected by NTDs 

annually, the majority of which are spina bifida and anencephaly (Williams et al., 2015; 

Parker et al., 2010). The associated costs of care for these defects are high due to frequent 

health complications; the most recent estimates of average direct lifetime medical care 

costs are approximately US$ 800,000 for spina bifida (Grosse et al. 2016) and US$ 6000 

for anencephaly (Grosse et al., 2005). 

In the early 1990’s, randomized trials demonstrated that folic acid has the ability 

to prevent the development of some NTDs (Czeizel & Dudas, 1992; MRC Vitamin Study 

Research Group, 1991). These findings led the US Preventive Services Task Force to 
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recommend that all women planning or capable of pregnancy take a daily multivitamin 

containing 400 µg to 800 µg of folic acid to prevent NTDs (U.S. Preventive Services 

Task Force, 2009). Additionally, mandatory folic acid fortification of enriched cereal 

grain products in the US began in 1998 and continues to be implemented (Williams et al., 

2015). Although the prevalence of NTDs decreased in the US following fortification 

(Williams et al., 2015), other risk factors may explain their persisting prevalence.  

Both genetic and non-genetic factors are known to play a role in the development 

of NTDs. A study by Agopian et al. (2013) reported that the proportion of cases of spina 

bifida and anencephaly that can be attributed to known risk factors is 28% and 44%, 

respectively, leaving considerable opportunity for exploration of additional risk factors. 

To this end, this study sought to comprehensively examine the risk of NTDs associated 

with maternal consumption of alcohol, a known teratogen, during early pregnancy. 

Goal and Significance 

The goal of this study was to comprehensively examine the association between 

periconceptional (one month prior and one month following conception) maternal alcohol 

consumption and NTDs. The hypothesis was that there is a positive association between 

maternal periconceptional alcohol consumption and NTDs in their offspring. This study 

expands on previous work published using the National Birth Defects Prevention Study 

(NBDPS) data for NTD cases and controls with an estimated date of delivery (EDD) 

from 1997-2005 (Makelarski et al., 2013), by including data for cases and controls with 

EDDs from 2006-2011. Pooling data from 1997-2011 provided increased statistical 

power to test associations and an increased sample size to examine rare subtypes of 
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NTDs that could not be examined using data from 1997-2005 only (Makelarski et al., 

2013). 

This study aimed to examine the association between maternal periconceptional 

(one month prior and one month following conception) maternal alcohol exposure and 

NTDs in offspring born during 2006-2011, using a multi-state population-based case-

control study design.  
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CHAPTER II 

BACKGROUND AND LITERATURE REVIEW 

Prevalence of Neural Tube Defects in the United States 

Spina bifida and anencephaly, the two most common neural tube defects (NTDs), 

affect approximately 2,850 pregnancies each year in the United States (US), with a 

prevalence of 3.7 per 10,000 live births for spina bifida and 2.2 per 10,000 live births for 

anencephaly (US) (Williams et al., 2015; Parker et al., 2010). The third most common 

NTD in the US, encephalocele, occurs less frequently, and has a prevalence rate of 0.84 

per 10,000 live births (Parker et al., 2010). A previous study that examined the impact of 

the 1996 US folic acid fortification mandate on NTD prevalence reported significant 

reductions in the prevalence of spina bifida and anencephaly immediately after 

fortification (1999-2000); the prevalence rate following fortification has remained 

relatively stable (Williams et al. 2015). Even though the reductions in the prevalence of 

spina bifida and anencephaly were observed across all major race/ethnic groups (i.e., 

non-Hispanic Whites, non-Hispanic Blacks and Hispanics) during early post-fortification 

years, the prevalence has remained disproportionally higher among Hispanics (Williams 

et al., 2015), a finding further substantiated by lower folate blood folate concentrations 

among women of reproductive age in this group compared to non-Hispanic Whites 

(Tinker et al., 2015).  

Screening and Diagnosis of NTDs 

In the 1980s, maternal serum screening programs became available to identify 

pregnancies at risk for NTDs (Wald et al., 1977). The optimal time for NTD screening is 

between 16-18 weeks of gestation, but screening can also be completed as early as 15 
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weeks and up to 20 weeks (Bradley et al. 2005). Diagnosis of NTDs is based on 

biochemical testing and screening of the mother’s blood for alpha-fetoprotein (AFP) or 

through traditional 2-dimensional (2D) ultrasound (Salih, Murshid, and Seidahmed 

2014). Fetal serum concentrations of AFP are 150- to 200-times that of amniotic fluid 

(Habib 1977). This protein represents 90% of total serum globulins in the fetus and leaks 

into the amniotic fluid for those with an open neural tube (Salih, Murshid, and Seidahmed 

2014). In the early 1970s, detection of elevated AFP levels was shown to be associated 

with open NTDs (Brock, Bolton, and Scrimgeour 1974). Wald et al. (1977) found that 

maternal serum AFP ≥ 2.5 multiples of the median (MoM) occurred in 88% cases of 

anencephaly, 79% of cases of open spina bifida, and 3% of unaffected singleton 

pregnancies when tested at 16-18 gestational weeks (Chen 2008). Further, prenatal 

maternal serum AFP can detect 75% of NTDs during the second trimester of gestation 

(Wang et al. 2009). 

Neural Development 

Determining the causes of NTDs is best achieved after understanding the 

mechanisms underlying neural tube closure (Greene and Copp, 2013). Neurulation begins 

at approximately 18 days after fertilization, and completion of closure at the posterior 

neuropore occurs by 26-28 days post-fertilization. Neurulation starts with the flattening 

of the neuroepithelium that ascends at lateral edges to frame the neural cylinder. The 

dorsal tips of the neural tube extend and fuse through a process that includes epithelial 

cell remodeling (Copp, Greene, and Murdoch 2003). The failure of neural plate elevation, 

neural fold connection, or fusion results in NTDs. Another crucial step of neural tube 
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development that can cause NTDs when disrupted is specification and separation of cells 

in the neural tube (Patterson, Waller, and Kroll 2014).  

Pathogenetic mechanisms of NTDs 

According to Von Recklinghausen (1886), NTDs occur due to an incomplete 

closure of the cranial and/or caudal neural tube. Morgagni (1769), however, attributed 

NTDs to increased intraventricular pressure, resulting from excessive cerebrospinal fluid. 

Morgagni believed this potential mechanism might lead to the reopening of an already 

closed neural tube, resulting in a NTD. Although most NTDs are reported to result from a 

primary failure of the closure of the embryonic neural tube, clinical and experimental 

evidence exists that supports the possibility of a closed neural tube reopening, producing 

an NTD (O’Rahilly and Muller 2002; Ikenouchi et al. 2002). Experimental and human 

embryo studies have demonstrated that post-closure defects have a relatively late onset 

and might occur during an extended time period in development (Padmanabhan 1990; 

Ikenouchi et al. 2002). Embryology textbooks and review papers describe NTDs as single 

developmental defects being the direct result of neural tube closure failure rather than 

being a part of a spectrum maldevelopment affecting the neural tube, meninges, and axial 

skeletal structures (Van Allen et al. 1993; Van Allen 1996; Copp et al. 2003; Cabrera et 

al. 2004).  

The timing of NTD onset affects not only different regions of the neural tube but 

also several non-neural organs (Gardner 1980; Seller and Kalousek 1986). 

Myelomeneningoceles are almost always associated with Chiari II malformations, where 

parts of the brain bulge through the foramen magnum (McLone and Dias 2003). Seller 

and Kalousek (1986) compared the frequency and pattern of isolated NTDs with those for 
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NTDs presenting with other defects. Results showed significant clustering of 

developmental defects associated with total craniorachischisis and upper thoracic spina 

bifida. Clustering was less frequent with anencephaly and lumbosacral spina bifida, and 

did not present with sacral spina bifida. This implies a possible connection between the 

pathogenetic mechanisms by which NTDs and other defects develop (Seller and 

Kalousek 1986).  

Etiology of NTDs 

The etiology of NTDs is thought to be multi-factorial, including genetic and non-

genetic factors.  

Genetic Factors 

Several animal studies suggest that genetic factors are involved in NTD 

formation. Animal models have shown as many as 100 mutant genes affect neuralation, 

and almost all of these genes have homologs in humans (Juriloff and Harris, 2000; 

Klootwijk et al. 2004). Currently, more than 200 genes have been reported to be 

associated with NTDs in mouse models (Harris and Juriloff, 2010). The substantial 

number of hereditary defects that contribute to NTDs is due to the number of steps that 

can possibly be disturbed during the neurulation processes.  

Studying the genetics of NTDs in humans poses challenges, due to the lack of 

available multiplex families, attributed to the high perinatal mortality and morbidity of 

NTD-affected individuals (Petrini et al., 2002; Pinar, 2004). Nonetheless, several single-

gene and chromosomal disorders have been reported to be associated with NTDs (for 

example, spina bifida occurs regularly in autosomal trisomies). NTDs are also associated 

with single gene disorders, such as cerebrocostomandibular syndrome, Fraser syndrome, 
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Meckel-Gruber syndrome, and Waardenburg syndrome. To date, however, no major gene 

for NTDs has been identified in humans.  

Because of the role of folate in NTD prevention, extensive research has been 

conducted for genes involved in the folate metabolic pathway (Boyles et al. 2006; 

Morrison et al. 1998; De Marco et al., 2006; Botto and Yang, 2000). More than 25 

proteins involved in this pathway have been identified in humans; however, only a few of 

the corresponding genes to these proteins have been associated with an increased risk of 

NTDs. To date, detecting moderate effects of multiple folate genes has been difficult due 

to their potential interaction effects with environmental factors (Boyles et al., 2006).  

Family history of NTDs plays an important role in the development of NTDs. In 

an Alabama study, the overall prevalence of family history of neural tube defects in 

children with neural tube defect was 16.9%, of which 3.1% were in first-degree relatives 

(Dupepe et al., 2017). Sex differences have also been observed in the prevalence of 

NTDs (Liu et al., 2018; Jurilofff and Harris, 2012; Tennant et al., 2011). Liu et al. (2018) 

found overall NTDs are less prevalent among men than among women (rate ratio (RR) = 

0.92, 95% confidence interval (CI) = 0.90, 0.94). Both anencephaly (RR = 0.77, 95% CI 

= 0.73, 0.81) and encephalocele (RR = 0.75, 95% CI = 0.61, 0.92) were less common 

among men, while spina bifida (RR = 1.10, 95% CI = 1.05, 1.15) showed a male 

predominance. 

Non-Genetic Factors 

Several demographic and non-genetic factors have been associated with NTD 

prevalence (Agopian et al., 2013). A meta-analysis found an increased risk of having a 

child with NTDs for mothers over 40 years old as well as mothers less than 19 years old 
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(Vieira and Castillo, 2005). Hispanic women in the United States have a higher 

prevalence of NTDs compared to other race/ethnic groups (Williams et al., 2015). Studies 

have also reported low maternal education to be associated with NTDs in offspring(Little 

and Elwood, 1992; Canfield, 1996; Wasserman et al., 1998)(Farley et al., 2002). 

Addtionally, low household SES has been reported to increasethe risk of having NTD-

affected offspring (Yang et al., 2008).  

Maternal obesity and diabetes have been associated with NTDs (Shaw et al., 

1996; Huang et al., 2017). In a recent study, obese women (body mass index (BMI) ≥ 30) 

had twice the odds of having an NTD-affected pregnancy than normal weight women 

(BMI: 18.0-24.9) (McMahon et al., 2013). Ray et al. (2004) evaluated the risk of 

congenital anomalies in women participating in an antenatal maternal screening program 

and reported an increased adjusted odds ratio for NTDs among women with diabetes, 

although the confidence interval included the null value.  Correa et al. (2008) reported 

that pregestational diabetes mellitus was associated significantly with NTDs, while 

gestational diabetes mellitus presented weaker associations.   

 In addition to aforementioned factors, it has been suggested for almost 50 years 

that maternal folate status is associated with the risk of NTDs (Hibbard, Hibbard, and 

Jeffcoate, 1965). In a review by Imbard et al. (2013), it was suggested that not only folate 

status, but complete methylation metabolism could be involved in the etiology of NTDs. 

Maternal lifestyle factors, such as smoking and stress, are reported to be 

associated with epigenetic molecular pathways, leading to abnormal neurological 

syndrome during childhood. To compare the effects of active smoking and passive 

smoking during pregnancy on the risk of NTDs, Meng et al. (2018) conducted a meta-
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analysis on case-control and cohort studies from 1996 to 2017. The pooled odds ratio 

(OR) and 95% CI for the risk of NTDs was 1.05 (0.91-1.22) for active smoking and 1.90 

(1.56-2.31) for passive smoking (Meng et al., 2018). In a case-control study, mothers 

who experienced one or more stressful life events during the year before conception had 

increased risks for NTDs (OR = 2.9; 95% CI = 1.80, 4.70) compared with mothers 

experiencing no events. Mothers who scored low on emotional support (measured using 

social integration and perceived emotional support scales) had an elevated risk compared 

with those who scored high (OR = 4.6; 95% CI = 2.20, 9.70) (Suarez, Cardarelli, and 

Hendricks 2003).  

Certain medications during pregnancy have been reported to be associated with 

NTDs. Yadzy et al. (2013) reported positive associations between opioid medication use 

during pregnancy and any NTD and spina bifida, specifically. In another study, 

therapeutic opioid use was associated with a two-fold increased odds for spina bifida 

(Broussard et al., 2011). A recent meta-analysis including 28 studies, the pooled risk 

estimate for the association between maternal exposure to valproic acid and NTDs was 

reported to be 2.08 (95% CI = 1.55, 2.79) (Tanoshima M et al., 2015).  

Association between Maternal Pregnancy-related Alcohol Consumption and NTDs 

Alcohol is a known teratogen (Yanaguita et al., 2008). For example, studies of 

mouse embryos have demonstrated that maternal exposure to alcohol may produce open 

neural tissue in live and stillborn animals (Randall and Taylor, 1979; Padmanabhan et al., 

1994; Becker et al., 1996; Aronne et al., 2008). Alcohol has also been shown to 

contribute to a wide range of minor neural tube defects following mild doses (Zhou et al., 

2003). To date, several mechanisms by which alcohol may influence the development of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tanoshima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26044279
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NTDs have been proposed. One proposed mechanism is related to excessive cell death of 

neural crest cells (Bannigan and Burke, 1982). Specifically, exposure to ethanol in 

pregnant mice beginning at eight-hours post-conception (which corresponds to the third 

and fourth weeks of human embryonic period during pregnancy), led to excessive cell 

death of premigratory neural crest cells (Kotch and Sulik, 1992). A subsequent study 

demonstrated that excessive loss of premigratory neural crest cells inhibits fusion of 

neural folds (Copp, Greene, and Murdoch, 2003). Another proposed mechanism is that 

alcohol exposure contributes to folic acid deficiency, thereby playing an indirect role in 

NTD development (Yanaguita et al., 2008). Alcohol administration in mice resulted in an 

increase in folic acid excretion in the kidneys followed by a decrease in plasma folate 

levels (McMartin, 1984; Muldoon and McMartin, 1994). More recent studies have 

reported mouse embryos exposed to alcohol also showed alterations in DNA methylation, 

producing NTDs (Liu et al., 2009). Despite all of the aforementioned evidence, the 

pathogenic mechanism of alcohol remains unclear. 

Although animal studies have suggested that alcohol may induce NTDs in 

offspring, the results of human studies examining the effects of maternal alcohol 

exposure and NTDs have produced inconsistent results (Table 1). A recent meta-analysis 

examined epidemiological studies of maternal alcohol exposure and NTDs in offspring 

conducted from 1982 through 2014 (Leng et al., 2016). The meta-analysis included both 

case-control (n=7) and cohort studies (n=1) and reported a pooled ORs of 1.01 (95% CI = 

0.71, 1.45) for all NTDs and 1.03 (95% CI = 0.65, 1.64) for spina bifida. Results 

examining maternal alcohol consumption the first trimester and binge drinking were 

similar to those for any alcohol consumption (first trimester alcohol consumption pooled 
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OR = 1.01 (95% CI = 0.71, 1.43); binge drinking pooled OR = 1.07 (95% CI = 0.81, 

1.41). Overall, results were inconclusive for the association between maternal alcohol 

exposure during pregnancy and NTDs. 

There are important limitations in several previous epidemiologic studies of 

maternal alcohol consumption during pregnancy and NTDs in offspring included in the 

meta-analysis. Among these limitations were the lack of analyses by NTD subtype (De 

Marco et al., 2011; Shaw et al., 1996; McDonald et al., 1992; Suarez, 2008), 

comprehensive analyses of important covariables (McDonald et al., 1992), and 

investigation of associations by type of alcohol consumed (De Marco et al 2011, Shaw et 

al., 1996; McDonald et al., 1992; Suarez, 2008). Only one previous study has examined 

associations by type of alcohol consumed –Makelarski et al., (2013) examined mothers 

by types of alcohol consumed including: beer only, beer plus other alcohol types (wine 

and/or distilled spirits), or other alcohol type only. Only a few studies have been able to 

evaluate relevant covariables due to limited data and/or small sample sizes, including 

those known to be associated with NTDs such as diabetes and exposure to folate 

antagonists (Lammer et al., 1987; Becerra et al., 1990). Two studies have examined the 

association between alcohol consumption and NTD subtypes (Mills and Graubard, 1987; 

Makelarski et al., 2013). This is important because of potential developmental and 

etiologic heterogeneity in NTD development (Mitchell, 2005). The inability to stratify by 

NTD subtype could dilute reported associations due to this underlying heterogeneity 

(Makelarksi et al., 2013).  

Makelarski et al., (2013) sought to address the previously mentioned limitations 

using data from the National Birth Defects Prevention Study (NBDPS). Associations 
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between maternal reports of periconceptional (1 month prior through 2 months 

postconception) alcohol consumption and NTDs were examined. This included 

examinations of: binge drinking episodes, types of alcohol consumed for all NTDs 

combined and NTD subtypes. For all NTDs combined, adjusted ORs (aORs) for any 

alcohol consumption, one or more binge episodes, and different types of alcohol 

consumed were near unity or modestly reduced ( 0.7< aOR 1.1) and were not 

statistically significant. Findings were similar for individual NTD subtypes (anencephaly, 

spina bifida, and other rare subtypes such as encephalocele, cranial meningocele, and 

encephalomyelocele).  

Following the study by Makelarski et al., (2013), another multi-center, case-

control study examined associations between spina bifida and cigarette, alcohol, and 

caffeine consumption by women during the first month of pregnancy (Benedum et al., 

2013). To measure alcohol consumption, mothers were asked about the average number 

of drinking days per week (frequency) and the average number of drinks per drinking day 

(intensity) two months prior to and during pregnancy, including changes in patterns of 

intake and the date of any such change. Considered separately, neither frequency nor 

intensity of alcohol use were associated with an increased risk of spina bifida (Benedum 

et al., 2013). Most aORs for alcohol frequency and intensity in this study were also near 

unity or modestly reduced ( 0.5< aOR 1.2) No other recent, large, population-based 

studies on the association between alcohol exposure during pregnancy and NTDs were 

identified.  

Building on the previous study by Makelarski et al., (2013), the current study used 

data from the National Birth Defects Prevention Study (NBDPS) for deliveries from 
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1997–2011, which included those (1997-2005) examined by Makelarski et al., (2013). 

Pooling data from 1997–2011 provided a larger sample of cases and allow for the 

examination of risk of more rare NTD subtypes that could not be examined in the 

analysis by Makelarski et al., (2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

16 

CHAPTER III 

 

DESIGN AND METHODS 

National Birth Defects Prevention Study 

The National Birth Defects Prevention Study (NBDPS) was a multistate case-

control study conducted in the United States (US) to examine genetic and environmental 

factors for major structural birth defects among deliveries from October 1, 1997-

December 31, 2011. The NBDPS covered an annual birth population of 482,000 and 

included case and control deliveries identified by 10 birth defect surveillance programs 

(Arkansas, California, Iowa, Massachusetts, New Jersey, New York, North Carolina, 

Texas, Utah, and metropolitan Atlanta [Georgia]) (Reefhuis et al., 2015). Cases were 

infants with at least one NBDPS-eligible birth defect diagnosed within the first year of 

life. Live born control infants were randomly selected from vital records or birth hospital 

records within the same time period and study region as cases (Reefhuis et al., 2015). 

Case and control mothers were excluded from the NBDPS if they met one or more of the 

following criteria: already participated with a previous pregnancy, could not complete the 

interview, was incarcerated, or did not have legal custody of their infant at the time of the 

interview (Reefhuis et al., 2015). Eligible mothers were mailed an introductory packet no 

earlier than six weeks after the infant’s estimated date of delivery (EDD). The EDD was 

used instead of the actual date of delivery to ensure a similar time period between 

conception and contact of mothers of live births and those of fetal deaths or elective 

terminations. A standard follow-up protocol that included telephone and mailed 

reminders was used to answer questions a mother may have had and conduct the NBDPS 

computer-assisted telephone interview (CATI). NBDPS interviewers used a standardized 
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script for the CATI to collect data on maternal exposures, including infectious, chemical, 

physical, nutritional, and behavioral exposures. Interviews were conducted within 24 

months following the EDD of an infant. Following the interview, the mother, father, and 

child (if living) were asked to provide buccal cell specimens by mail using a cytobrush 

collection kit.  

Design and Methods 

Study Subjects 

Neural tube defect (NTD) cases (British Pediatric Association diagnostic code) 

included in the NBDPS were anencephaly, including craniorachischisis (740.020, 

740.100); spina bifida (741.000-741.990); and encephalocele, including cranial 

meningocele and encephalomyelocele (742.000-742.090) (Rasmussen et al., 2003). 

Diagnosis of an NTD was confirmed using standardized criteria and clinical geneticist 

review of clinical data abstracted from medical records (Rasmussen et al., 2003). If two 

or more major defects were diagnosed and the defects were developmentally related to 

one another, then the pattern of defects was classified as isolated. If two or more major 

defects occurred in different organ systems and the defects did not represent a sequence 

or complex case, the case was classified as multiple. A complex case was defined as a 

pattern of major defects that are embryologically related and likely to represent an early 

problem in morphogenesis. Cases with a chromosomal defect or single gene disorder 

with known etiology were excluded (Reefhuis et al., 2015). 

Exposure 

Quantity, frequency, and variability of alcohol consumption was collected during 

the NBDPS interview. If mothers reported alcohol consumption during the three months 
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before through the nine months (or fewer for stillbirths or elective terminations) of 

pregnancy, they were asked about the: month(s) during which they drank (yes/no); 

average number of drinking days per month (frequency); average number of drinks on 

one occasion per drinking month (variability); and types of alcohol consumed (beer, 

wine, and/or distilled spirits). To carry out analyses, a previously developed approach 

(Romitti et al., 2007) was used to assess maternal periconceptional alcohol consumption 

during the one-month before (B1) through one-month following conception (P1). 

Specifically, the average number of drinks per each drinking month was calculated by 

multiplying the reported average number of drinking days per month by the reported 

average number of drinks per drinking day for the specified month. During the 

periconceptional period, the average number of drinks per month was calculated using 

the average number of drinks per month (B1, P1, both), divided by the number of months 

a mother drank during the periconceptional period (B1, P1, both). The maximum average 

number of drinks per month was calculated using the highest reported average number of 

drinks per month (B1 or P1) divided by the number of months a mother drank during the 

periconceptional period (B1, P1, both). Four categories of alcohol consumption were 

used to classify reported periconceptional alcohol consumption using a 30-day month: 

monthly to weekly (1-4 drinks per month); weekly to every other day (5-15 drinks per 

month); every other day to daily (16-30 drinks per month); and daily with more than one 

drink per day (>30 drinks per month).  

Binge drinking and binge episodes were estimated using sex-specific (Wechslet et 

al., 1995) norms. Sex-specific norms for females specify binge drinking as four or more 

drinks per day on average, on one occasion, or both. To categorize binge drinking, case 
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and control mothers were classified as: no consumption, consumption without any binge 

episodes, or one or more binge episodes. Mothers were also classified by types of alcohol 

consumed, beer, wine, or distilled spirits. The type of alcohol consumed was categorized 

as: beer only, wine only, distilled spirits, or multiple alcohol types.  

Covariables 

Covariables evaluated in this analysis included: child sex (male / female), birth 

weight (<2500 / ≥2500 g), maternal age at delivery (<20 / 20-34 / ≥35 years), 

race/ethnicity (non-Hispanic white / non-Hispanic black / Hispanic / other), education at 

delivery (less than high school / high school graduate / college or higher), gravidity (0 / 

1-2 / 3+), pre-pregnancy body-mass index (BMI) (underweight: <18.5 / normal: 18.5-

24.9 / overweight: 25-29.9 / obese: ≥30 kg/m2), periconceptional cigarette smoke 

exposure (active only / passive only / active and passive / none), periconceptional 

caffeine intake (0-9 / 10-99 / 100-199 / 200-299 / ≥300 mg/day), pre-pregnancy dietary 

folate intake (<600 / ≥600 g/day), daily periconceptional folic acid supplement intake 

(yes / no / unknown), pregnancy intendedness (planned / unplanned), family history of 

NTDs (yes / no), and history of pre-gestational hypertension (yes / no). To assess dietary 

folate intake, the Willet Food Frequency questionnaire (Willett et al.,., 1985, 1987) was 

adapted for the NBDPS interview and measured food intake during the one-year before 

conception, along with reports of breakfast cereals consumed during P1. To estimate 

dietary folate equivalents (DFEs), reported food frequencies, the standardized serving 

size, and the United States Department of Agriculture National Standard Reference 16-1 

(United States Department of Agriculture 2004) were used. 
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Vitamin and supplement intake three months before conception through delivery 

was collected in the NBDPS interview. For each vitamin or supplement reported, mothers 

were asked to provide start and stop dates (or duration of use if dates were unknown) and 

frequency of intake. Each reported supplement was assessed to determine whether it 

contained folic acid. Mothers were classified into two groups: those who took folic-acid-

containing supplements during the periconceptional period and those who did not. 

Statistical Analysis 

Because the exposure period (B1-P1) to be examined in this analysis differs from 

that (B1–M2) examined in Makerlarski et al., (2013), this analytic dataset includes data 

from 1997–2011. For the current study, cases classified as isolated or multiple were 

included in analyses; complex cases were excluded. Mothers with missing responses or 

who responded unknown for any alcohol use or h more than 150 drinks estimated for 

average drinking for any month were excluded from analyses. Also excluded were case 

and control mothers with reported pre-gestational diabetes and/or use of folate antagonist 

medication (aminopterin sodium, carbamazepine, cholestyramine resin, methotrexate, 

oxcarbazepine, pyrimethamine, sulfasalazine, triamterene, trimethoprim, phenytoin, 

primidone, phenobarbital, valproate sodium), as well as case and control mothers with 

missing or unknown responses for pre-gestational diabetes. Using variables identified as 

being associated with either NTDs or alcohol exposure in the previous literature, 

descriptive analyses were conducted comparing NTD cases and controls on relevant child 

and maternal covariables using the chi-square test of independence. Unadjusted logistic 

regression models were used to estimate crude odds ratios (cORs) and 95% confidence 

intervals (CIs) between different categories of maternal alcohol consumption (any, 
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average drinks per month, maximum drinks per month, binge drinking, type of alcohol) 

and all NTDs and NTD subtypes. Adjusted odds ratios (aORs) for each category of 

maternal alcohol consumption were estimated using multivariable logistic regression. 

Variables were selected using a change-in-estimate approach. For each outcome-alcohol 

exposure pairing, individual covariables were entered into a model containing the alcohol 

exposure variable of interest. Covariables which altered the main effect by >20% were 

retained in the final model. Adjusted odds ratios and 95% CIs were estimated based on 

the final model between all NTD cases and any maternal alcohol consumption. All 

analyses were conducted using the Statistical Analysis System (SAS) version 9.4 

statistical software (SAS Institute, Cary, NC).  

The NBDPS study protocol was approved by the institutional review board at the 

University of Iowa, Centers for Disease Control and Prevention, and at each participating 

NBDPS site.  
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CHAPTER IV 

RESULTS 

We identified 2,191 NTD cases and 11,829 control infants during the study period 

1997–2011. Complete interview data on alcohol consumption were available from 

mothers of 2,167 NTD cases and 11,728 control infants. We excluded 82 case and 285 

control mother interviews due to: complex NTD cases (cases=3); maternal diagnosis of 

type 1 or type 2 diabetes before or during pregnancy (cases = 50; controls = 81); and 

reported or unknown maternal periconceptional exposure to folic acid antagonists (cases 

= 29; controls =204). A total of 2,085 cases were included in our final analysis, including 

624 with anencephaly or craniorachischisis, 1,243 with spina bifida, and 218 with 

encephalocele, including cranial meningocele and encephalomyelocele cases. Our 

analytic sample included 11,443 controls. 

Among all NTD cases, 87.5% were isolated and 12.5% were multiple (Table 1). 

We observed that all NTD-affected infants were significantly different from controls by 

sex, gestational age, NBDPS site from where they were recruited, maternal race/ethnicity, 

age at delivery, education at delivery, pre-pregnancy BMI, parity, and cigarette smoking 

(p < 0.01) (Table 2).  Comparisons between all NTD-affected infants and controls did not 

show differences by family history of NTDs, daily folate intake, pregnancy intendedness, 

periconceptional caffeine intake, and folic acid supplement use (p > 0.05) (Table 1). 

Descriptive analysis for reported patterns of alcohol consumption showed that a 

similar proportion of all NTD case and control mothers (31%) reported periconceptional 

(B1-P1) alcohol consumption (Table 3); reported patterns of alcohol consumption were 

also similar for individual NTD subtypes. The pattern of alcohol use based on the specific 
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period of periconception (B1 only / B1+P1 / P1 only) was similar between all NTD cases 

and control mothers (~13%); however, mothers of spina bifida and encephelocele cases 

reported consumption of alcoholone month before conception (B1 only) more frequently 

compared to mothers of cases with anencephaly and craniorachischisis. We examined the 

distribution of type of alcohol consumed, and found that control mothers were more 

likely to report consumption of beer only, whereas mothers of all NTD cases combined 

were more likely to report consumption of distilled spirits only. Anencephaly and spina 

bifida case mothers were more likely to drink beer only and distilled spirits only. 

Compared to controls, encephalocele case mothers were also more likely to consume 

distilled spirits (Table 3).  

No variable met the criteria for inclusion in an adjusted model. In unadjusted 

analysis, any periconceptional alcohol consumption was not associated with all NTD 

cases combined (cOR = 1.01; 95% CI = 0.91, 1.11) (Table 4). The finding did not change 

when we examined the association by individual or isolated individual subtypes of NTD, 

with all cORs near unity; no variables met the criteria for inclusion in a multivariable 

model for all NTDs combined or any NTD subtype, therefore only cORs are presented. 

Associations between maternal drinking with no binge episodes and maternal drinking 

with one or more binge episodes (sex-specific standard for females: ≥4 drinks in one 

sitting) during periconceptional period and all NTD combined were near unity, with 

similar associations observed for NTD anencephaly and spina bifida subtypes (Table 5). 

Because no variables met the criteria for inclusion in multivariable models, only cORs 

are presented for all NTDs combined, anencephaly, and spina bifida. Pregnancy 

intendedness met the criteria for inclusion in adjusted models for encephalocele cases. 
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Adjusted analyses for encephalocele, controlling for pregnancy intendedness, also 

showed no association with one or more binge episodes (aOR = 1.36; 95% CI =  0.82, 

2.25) .  

Table 6 presents the distribution of drinks per month during the periconceptional 

period, and the association between frequency of alcohol consumption and NTD 

outcomes. The proportion of control mothers and all NTD combined case mothers 

reporting on frequency of average alcohol drinks per month, i.e., 1-4 (14% vs. 14%, 

respectively), 5-15 (10% vs. 10%, respectively), 16-30 (4% vs. 4%, respectively), >30 

(2% vs. 3%, respectively) were similar. An increased frequency of periconceptional 

average drinks consumed per month measuring >30 drinks per month was associated with 

all NTD cases combined (cOR = 1.39, 95% CI = 1.05, 1.84) (Table 6). This association 

was not significant for lower categories of consumption. Further, the positive association 

between drinking >30 alcoholic drinks per month on average during periconception was 

positively association with all isolated NTDs (cOR = 1.46; 95% CI = 1.09, 1.95), all and 

isolated anencephaly and cranioraschisis (cOR = 1.96; 95% CI = 1.30, 2.95 and cOR = 

2.04 = 1.33, 3.11, respectively), but no other subtypes of NTD including spina bifida and 

encephalocele (Table 6).   

Maximum average monthly drinks exceeding 30 drinks per month were 

associated with the risk for all NTD cases combined (cOR = 1.48; 95% CI = 1.14, 1.91), 

and for all isolated NTD cases (cOR = 1.53; 95% CI = 1.16, 2.00). A positive association 

was also observed for consumption of more than 30 maximum average alcoholic drinks 

per month and all anencephaly and cranioraschisis (cOR = 2.04; 95% CI = 1.39, 3.00) 
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and isolated anencephaly and cranioraschisis cases (cOR = 2.15; 95% CI = 1.45, 3.19) 

(Table 7). 

Associations between reported types of alcohol consumed during periconception 

(i.e., beer only, wine only, distilled drinks only, multiple alcohol types) and all NTDs or 

sub-types of NTDs were mostly near the null; however, ORs were elevated indicating 

12%-25% increased odds for selected sub-types of NTDs with maternal consumption of 

distilled or multiple alcohol types (Table 8).  
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CHAPTER V 

DISCUSSION 

 

Our study is one of the largest studies conducted to date, including over 2,000 

NTD cases and 11,000 controls identified from the National Birth Defects Prevention 

Study (NBDPS), a US population-based, case-control study. Findings are based on cases 

that were confirmed by medical geneticists and have a high diagnostic specificity, and 

classification by specific phenotypes and isolated case sub-types. Exposure assessment 

was comprehensive, allowing for analysis by quantity, frequency, variability, and alcohol 

type. However, we did not find a significant elevated risk of NTDs due to maternal 

periconceptional exposure to alcohol overall, nor did we observe positive associations 

between periconceptional average or maximum average monthly drinks and all NTD 

cases combined. For anencephaly cases, statistically significant, positive associations 

were observed for mothers who consumed alcohol daily. No significant associations were 

observed for the spina bifida subtype. Modest, positive associations were observed 

among isolated cases of the rare NTD subtype, encephalocele (including cranial 

meningocele and encephalomyelocele cases), across all alcohol analyses. Some elevated 

odds were observed for specific sub-types of NTDs and type of alcohol consumed. 

Results examining all isolated cases were generally similar to all NTD cases combined 

and individual NTD subtypes.  

Our study results were similar to those reported in the meta-analysis by Leng et 

al., (2016), with pooled ORs of 1.01 (95% CI = 0.71, 1.45) for all NTDs and 1.03 (95% 

CI = 0.65, 1.64) for spina bifida. Additionally, results from our study were similar to 
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individual studies included in the aforementioned meta-analysis (Mills and Graubard 

1987; McDonald et al., 1992; Shaw et al., 1996; Suarez et al., 2008).  

While our study observed elevated associations between daily alcohol 

consumption and NTDs, there was still a lack of association across all other analyses. 

This lack of association between alcohol consumption and NTDs are inconsistent with 

previous animal studies (Bannigan and Burke, 1982; Hunter et al., 1994; Zhou et al., 

2003; Chen et al., 2005; Yanaguita et al., 2008). As stated previously, the biological 

mechanisms and pathways by which alcohol affects NTD development are not fully 

understood. Mouse models suggest that prenatal exposure to alcohol in early 

development leads to excessive cell death (Bannigan and Burke, 1982; Kotch and Sulik, 

1992). This may result in an inadequate number of cells to enable fusion of neural folds 

(Copp, Greene, and Murdoch, 2003). Mouse models also suggest that prenatal alcohol 

exposure may play a key role in NTD development by contributing to folic acid 

deficiency (Yanaguita et al., 2008).  

There were no previous studies, not including a study from NBDPS (Makelarski 

et al., 2013), that examined the association between type of alcohol consumed during 

pregnancy and NTDs in the offspring. However, exposure to beer was reported to 

increase red cell folate and plasma 5-MTHFA (Larroque et al., 1992; Stark et al. 2005).  

The primary strength of this analysis was the large, diverse sample provided by 

NBDPS. The comparison of selected maternal characteristics of controls to all live births 

at each site has shown that NBDPS participants are similar to all live births (Cogswell et 

al., 2009). Furthermore, all NTD cases were reviewed and verified by clinical geneticists, 

decreasing the potential for case misclassification. The exposure data was obtained from 
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detailed maternal interview reports using the NBDPS questionnaire. In addition to its 

relatively large sample size, another major strength of the NBDPS is the successful 

collaboration with multi-disciplinary teams across 10 centers in the US (Reefhuis et al., 

2015). There is also consistency of study methods across the sites. Specifically, the use of 

the same case inclusion criteria and interview instrument allows for the creation of a 

pooled dataset for analysis that is both large and internally consistent. The combination of 

methodology, sample size, and geographically and racially diverse sample minimizes 

selection bias. Furthermore, ascertainment bias is reduced by collection of live births (all 

centers), fetal deaths of 20 weeks or greater gestation (six centers), and elective 

terminations (five centers) (Yoon et al., 2001).  

The overall lack of association between any NTD and maternal periconceptional 

alcohol consumption in this study may possibly be attributed to methodological 

limitations, such as the misclassification of timing and dose of alcohol. The exact volume 

of drinks was not queried on the NBDPS. Instead, general volumes (one can of beer, one 

glass of wine, and one shot of liquor) were assumed. The varying associations by alcohol 

type in our study may be due to the differing alcohol concentrations between types of 

alcohol. Furthermore, alcohol consumption and dose amount were self-reported 

retrospectively, leading to possible underreporting due to the stigma associated with 

alcohol consumption during pregnancy. Differential recall of alcohol intake can be an 

issue between case and control mothers; however, a study by Verkerk et al. (1994) did 

not find any significant differences in prospective and retrospective reports of alcohol 

between case and control mothers. The frequency of reported periconceptional alcohol 

consumption for case and control mothers in the current study, stratified by 6-month 
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intervals, were found to be similar as the time to interview increased. Another limitation 

is possibly due to a large proportion of pregnancies affected by NTDs resulting in early 

fetal deaths (e.g., <20 weeks). This is also possibly another explanation for the lack of 

association and inconsistent findings between human and animal studies, due to selective 

early pregnancy loss of fetuses with NTDs, thus causing survival bias (Centers for 

Disease Control and Prevention, 2004). Cases like these are difficult to include in 

retrospective case-control studies, because the pregnancy or defect may not be known at 

the time of loss. Maternal alcohol consumption has also been associated with early 

pregnancy loss and could also cause this type of bias (Sokol, 1980; Harlap and Shiono, 

1980; Rasch, 2003). Nonetheless, the NBDPS includes information on live births, fetal 

deaths of 20 weeks or greater gestation, and elective terminations, reducing the potential 

for the aforementioned biases related to case ascertainment.  

In conclusion, our study, with a larger sample than that was examined previously 

using NBDPS, examined associations between maternal periconceptional alcohol 

consumption and NTDs in their offspring. There was no association between any 

exposure to periconceptional alcohol and all NTD combined; however, some significant 

positive associations were observed by increased frequency of consumption and specific 

types of alcohol, for sub-types of NTDs. These associations should be further studied. 

Our findings are consistent with the null findings reported in a recent meta-analysis. Our 

results should be interpreted cautiously, considering reported limitations. Future studies 

also should aim to improve exposure assessment and increase sample sizes for the rarer 

sub-types of NTDs, while improving surveillance of NTD-associated fetal deaths and 

elective terminations for completeness.  
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Table 1. Study characteristics from studies addressing maternal alcohol consumption and neural tube defects 

 
AUTHOR 

(YEAR) 

TYPE OF STUDY COUNTRY STUDY DESIGN MAIN EXPOSURE MAIN OUTCOME RESULTS ADJUSTED 

FACTORS 

DESROSIERS 

(2018) 

Multi-Center, 

Population Based 
NBDPS 

 USA Case Control Carbohydrate Intake NTDs Women with restricted carbohydrate 

intake were more likely to have 
consumed alcohol in early pregnancy.  

Maternal race/ethnicity, 

education, alcohol use, 
folic acid supplement 

use, study center, and 

caloric intake 

SCHMIDT 

(2018) 

Multi-Center, 

Population Based 
NBDPS 

USA Case Control Maternal Caffeine 

Consumption 

NTDs The association between caffeine 

consumption and spina bifida was 
stronger among women who did not 

consume alcohol (aOR=1.7, 

CI=1.2,2.4). 

Child sex, race/ethnicity, 

maternal age, smoking, 
alcohol consumption, 

and folic acid vitamin 

intake 

ZAHERI 

(2017) 

Prospective Case 

Control 

Iran Case Control Risk factors affecting 

NTDs 

NTDs The history of previous infant with 

NTDs (OR=10.94; 95% CI=1.75–
68.94) and alcohol consumption in the 

month before and after pregnancy, 

(OR=14.13; 95% CI=1.15–173.03), are 

associated (p<0.001) with the incidence 

of NTDs in infants. 

Information not 

available. 

BENEDUM 

(2013) 

Hospital & Birth 

Defect Registry 

Based  

USA Case Control Maternal Cigarette, 

Alcohol, and Coffee 

consumption during 

the first 28 days after 

last menstrual period 
(LMP) 

SB SB does not appear to be associated 

with cigarette smoking, alcohol, or 

coffee consumption. 

 

aOR (95% CI) for highest versus 
lowest alcohol intake: 1.2 (0.8–2.0) 

 

Study center, maternal 

education, non-steroidal 

anti-inflammatory drug 

use, and use of folic acid 

antagonist medication 

MAKELARS

KI (2013) 

Multi-Center 

Population Based 

NBDPS 

USA Case Control Maternal reports of 

periconceptional (1 

month prior through 2 
months 

postconception) 

alcohol consumption 

NTDs Any maternal periconceptional alcohol 

consumption was not associated with 

all NTD cases combined.  
 

Odds were significantly elevated in 

mothers of spina bifida cases who 

reported no folic acid consumption and 
beer consumption only compared to no 

alcohol consumption (aOR= 1.8, CI = 

1.1– 2.9) 

Maternal race/ethnicity, 

education, pre-

pregnancy body mass 
index, periconceptional 

smoking, and NBDPS 

site 

 

DE MARCO 

(2011) 

Hospital Based, 

Interview/ 
Questionnaire 

Italy Case Control Maternal 

periconceptional 
factors 

SB-affected 

pregnancies 

High caffeine intake (OR = 10.82; 95% 

CI=3.78–31), low calorie diet 
(OR = 5.15; 95% CI=1.79–14), 

occasional consumption of fruit and 

vegetables (OR = 3.38; 95% CI=1.67–

6.82), alcohol consumption (OR = 3.05; 

95% CI=1.24–7.50) and lack of folate 
supplementation at any time of 

pregnancy (OR = 20.54; 95% CI=5.41–

77) mainly determined spina bifida 

risk. 

Information not 

available.  
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GREWAL 

(2008) 

Hospital Records 

Based 

USA Case Control Periconceptional 

Maternal Smoking and 
Alcohol consumption 

NTDs, conotruncal 

heart defects, or 
orofacial clefts 

All NTDs OR (95% CI) for highest 

versus lowest alcohol intake: 0.6 (0.3–
1.4) 

Maternal age at the time 

of conception, body 
mass index, 

race/ethnicity, gravidity, 

employment, and intake 

of folic acid-containing 

supplements  
SUAREZ 

(2008) 

Multisource Active 

Surveillance  

USA Case Control Periconceptional 

Maternal Cigarette 

Smoking, Secondhand 

Smoke, consumption 

of Alcohol, or use of 
Street Drugs 

NTDs  For women who drank more than one 

drink daily compared to those who 

drank none, odds ratios were modestly 

elevated and overlapped with the null 

(aOR = 1.5; 95% CI = 0.6, 4.0) for 
preconception use and 1.3, 95% CI = 

0.3, 5.2 for the first trimester). Women 

who had a binge drinking episode had 

an aOR of 1.6 (95% CI = 0.8, 3.3) 

Maternal age, education, 

body mass index, dietary 

intake, and folic acid 

supplementation 

GROENEN 

(2004) 
Multi-Center 
Population Based 

Information 
not available 

Case Control Role of myo-inositol 
and zinc, 

environmental factors 

and related genes 

SB aOR (95% CI) for highest versus 
lowest alcohol intake: 0.6 (0.4–1.0) 

Information not 
available.  

SHAW (1996) Hospital & Birth 

Defect Registry 
Based 

USA Case Control Maternal or Paternal 

Periconceptional use 
of Recreational Drugs 

Neural Tube Defects 

(NTDs) 

Preconceptional use of alcohol as < 1 

drink/day (aOR = 0.80, 95% CI=0.62-
1.0) or > or = 1 drink/day (aOR = 0.69, 

95% CI=0.42-1.2) did not increase the 

risk for delivering NTD-affected 

offspring. 

Maternal age, 

race/ethnicity, vitamin 
use, education, and 

household income 

MCDONALD 

(1992) 
Cohort Montreal, 

Quebec, 

Canada 

Retrospective 
cohort 

Cigarette, Alcohol, and 
Coffee consumption 

Congenital defects 
(chromosomal, neural 

tube, cleft of lip or 

palate, 

cardiovascular, 

digestive or 
respiratory, renal or 

urinary, clubfoot, and 

musculoskeletal) 

The aOR for NTDs was 0.63 in women 
who took seven or more drinks per 

week (CI: 0.2-1.7) 

Education, ethnicity, 
maternal age, and 

cigarette and coffee 

consumption 

CI=Confidence Interval; NBDPS=National Birth Defects Prevention Study; OR=Odds Ratio; SB=Spina Bifida; USA=United States of America
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Table 2. Characteristics of infants and birth mothers by control and case subtype, National 

Birth Defects Prevention Study, 1997-2011  

Characteristic 

Controls 

(n= 11443) 

 

All NTD Cases 

Combined 

(n=2085) 

 

Anencephaly 

and 

Cranioarchischi

sis 

(n=624) 

 

Spina Bifida  

(n=1243) 

Encephalocele 

(n=218) 

 N  (%) N (%) N (%) N (%) N (%) 

Child            

Phenotype           

Isolated NA NA 1824 87.48 559 89.58 1102 88.66 163 74.77 
Multiple NA NA 261 12.52 65 10.42 141 11.34 55 25.23 

Sexa,c           

Male 5839 51.03 965 46.28 248 39.74 617 49.64 100 45.87 

Female 5592 48.87 1006 48.25 294 47.12 600 48.27 112 51.38 

First Degree Family History 

of NTDs           

No 11419 99.79 2062 98.90 621 99.52 1228 98.79 213 97.71 

Yes 24 0.21 23 1.10 3 0.48 15 1.21 5 2.29 

Gestational Age (weeks)a,b,c           

Preterm: <37 weeks 1046 9.14 894 42.88 457 73.24 341 27.43 96 44.04 
Term: ≥37 weeks 10397 90.86 1191 57.12 167 26.76 902 72.57 122 55.96 

NBDPS Sitea,b,c           

Arkansas 1426 12.46 248 11.89 75 12.02 145 11.67 28 12.84 

California 1224 10.70 390 18.71 133 21.31 224 18.02 33 15.14 

Iowa 1266 11.06 237 11.37 69 11.06 146 11.75 22 10.09 
Massachusetts 1361 11.89 109 5.23 23 3.69 74 5.95 12 5.50 

New Jersey 567 4.95 69 3.31 10 1.60 51 4.10 8 3.67 

New York 957 8.36 103 4.94 17 2.72 72 5.79 14 6.42 

Texas 1362 11.90 249 11.94 82 13.14 143 11.50 24 11.01 

CDC/Atlanta 1202 10.50 264 12.66 82 13.14 154 12.39 28 12.84 
North Carolina 989 8.64 207 9.93 74 11.86 105 8.45 28 12.84 

Utah 1089 9.52 209 10.02 59 9.46 129 10.38 21 9.63 

Maternal           

Race/Ethnicitya,b,c           
Non-Hispanic White 6622 57.87 1067 51.18 308 49.36 669 53.82 90 41.28 

Non-Hispanic Black 1261 11.02 187 8.97 52 8.33 97 7.80 38 17.43 

Hispanic 2817 24.62 695 33.33 220 35.26 406 32.66 69 31.65 

Other 737 6.44 136 6.52 44 7.05     

Age at Delivery (years)a,c           
<20 1142 9.98 223 10.70 70 11.22 123 9.90 30 13.76 

20-34 8701 76.04 1591 76.31 474 75.96 959 77.15 158 72.48 

≥35 1600 13.98 271 13.00 80 12.82 161 12.95 30 13.76 

Education at Delivery 

(years)a,c           
Less than high school 1843 16.11 408 19.57 136 21.79 220 17.70 52 23.85 

High school graduate 2630 22.98 547 26.24 159 25.48 327 26.31 61 27.98 

College or higher 6639 58.02 1071 51.37 312 50.00 661 53.18 98 44.95 

 

Pre-pregnancy BMI 

(kg/m2)a,c           

Underweight (<18.5) 580 5.07 79 3.79 30 4.81 42 3.38 7 3.21 

Normal Weight (18.5-

24.9) 5847 51.10 930 44.60 291 46.63 527 42.40 112 51.38 

Overweight (25- <30.0) 2489 21.75 465 22.30 142 22.76 290 23.33 33 15.14 

Obese (≥30.0) 1992 17.41 470 22.54 126 20.19 296 23.81 48 22.02 
Paritya,c           

0 3520 30.76 653 31.32 200 32.05 394 31.70 59 27.06 

1-2 5440 47.54 978 46.91 299 47.92 569 45.78 110 50.46 

≥3 2479 21.66 453 21.73 125 20.03 279 22.45 49 22.48 

Daily Folate Intake (µg/day)           
<600 8031 70.18 1456 69.83 432 69.23 876 70.47 148 67.89 

≥600 3407 29.77 629 30.17 192 30.77 367 29.53 70 32.11 

Pregnancy Intendedness           
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Yes 4984 43.56 886 42.49 250 40.06 546 43.93 90 41.28 

No 3207 28.03 576 27.63 182 29.17 336 27.03 58 26.61 
Periconceptional Caffeine 

Intake (mg/day)           

0-9 1482 12.95 269 12.90 81 12.98 158 12.71 30 13.76 

10-99 4197 36.68 740 35.49 220 35.26 443 35.64 77 35.32 

100-199 2841 24.83 536 25.71 162 25.96 327 26.31 47 21.56 
200-299 1445 12.63 293 14.05 81 12.98 177 14.24 35 16.06 

≥300 1427 12.47 235 11.27 77 12.34 131 10.54 27 12.39 

Cigarette Smokinga,b,c           

No Active or Passive 

Smoking 7821 68.35 1366 65.52 421 67.47 812 65.33 133 61.01 
Active Smoking Only 852 7.45 120 5.76 21 3.37 83 6.68 16 7.34 

Passive Smoking Only 1309 11.44 319 15.30 100 16.03 179 14.40 40 18.35 

Active and Passive 

Smoking 1125 9.83 171 8.20 32 5.13 118 9.49 21 9.63 

Use of Folic Acid-

Containing Supplements           

Yes 1366 11.94 284 13.62 81 12.98 169 13.60 34 15.60 

No 9789 85.55 1732 83.07 521 83.49 1037 83.43 174 79.82 

BMI, body mass index; CDC, Centers for Disease Control and Prevention; NA, not applicable; NTD, neural tube defect 
a
Numbers may vary due to incomplete or missing data.  

b
Because of rounding, percentages may not total 100. 

c
p < 0.01 for all NTD cases combined compared to controls.  

d
p < 0.05 for all NTD cases combined compared to controls.  
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Table 3. Reported Patterns of Maternal Periconceptional Alcohol Consumption and Type of Alcohol Consumed, National 

Birth Defects Prevention Study, 1997–2011 

 

NTD, neural tube defect. 
aExcluded mothers with incomplete or missing alcohol consumption data for any month and mothers who reported > 150 drinks for any month 
bBecause of rounding, percentages may not total 100. 
cMissing incomplete or questionable data on alcohol consumption were distributed as follows: controls (N = 186 ), all NTD cases combined (N=27), anencephaly and craniorachischisis 
(N=5), spina bifida (N=13), and encephalocele (N=1). 
dMissing, incomplete or questionable data on alcohol type were distributed as follows: controls (N=353), all NTD cases combined (N=64), anencephaly (N=20 ), spina bifida (N=40), and 

encephalocele (N=4). 
eEncephalocele cases include: cranial meningocele and encephalomyelocele. 

 

 

Periconceptional Alcohol 

Consumptiona 

Control infants 

(N=11443) 

 N                             %b 

ALL NTD cases combined 

(N=2085) 

       N                             %b 

Anencephaly and 

Craniorachischisis (N=64) 

      N                            %b 

Spina Bifida 

(N=1243) 

  N                   %b 

Encephalocelee 

(N=218) 

N                            %b 
 

Any consumptionc  
Yes 

No 

 

3495                         30.54 

7762                         67.83 

           

     641                          30.74 

   1417                          67.96 

      

    199                          31.89 

    418                          66.99 

 

370                 29.77 

856                 68.87 

       

       72                        33.03 

     143                        65.60 

 

Period of Periconceptional 

Consumptionc 
B1 only 

B1+P1 

P1 only 

       

 

                                       

  

1574                         13.76 

1420                         12.41 

501                           4.38 

 

 

                                                                  

       

     268                          12.85 

     285                          13.67 

       88                             4.22 

 

                                           

       

     68                           10.90 

     96                           15.38 

      35                             5.61 

 

                                                

 

168                 13.52 

159                 12.79 

  43                   3.46 

 

                                                          

        

       32                        14.68 

       30                        13.76 

       10                          4.59 

Type of alcohold 

     Beer Only 

     Wine Only 

     Distill Only 

     Beer + wine 

     Beer + distill 

     Wine + distill 

     Beer+wine+distill 

 

 

916                            8.00 

658                            5.75 

874                            7.64 

268                            2.34 

383                            3.35 

227                            1.98 

156                            1.36  

            

 

     154                            7.39 

     118                            5.66 

     171                            8.20 

       65                            3.12 

       67                            3.21 

       39                            1.87 

       25                            1.20 

       

 

     50                                   8.01 

     31                                   4.97 

     50                                   8.01 

     17                                   2.72 

     20                                   3.21 
     19                                   3.04 

     12                                   1.92 

      

 

  89                       7.16 

  75                        6.03 

  98                       7.88 

  41                       3.30 

  40                       3.22 
  15                       1.21 

  11                       0.88 

  

 

       15                          6.88 

       12                          5.50 

       23                        10.55 

         7                          3.21 

         7                          3.21 

         5                          2.29 

         2                          0.92 
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Table 4. Association of Maternal Reports of Any Periconceptional Alcohol Consumption with Risk of Neural Tube Defect 

Subtypes and Phenotype, National Birth Defects Prevention Study, 1997–2011 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

 

 
 

 

 

NTD, neural tube defect 
aExcluded mothers with incomplete or missing alcohol consumption data for any month and mothers who reported > 150 drinks for any month 
bMissing incomplete or questionable data on alcohol consumption were distributed as follows: controls (N =186), all NTD cases combined (N=27), anencephaly and craniorachischisis (N=7), 

spina bifida (N=17), and encephalocele (N=3). 
cEncephalocele cases include: cranial meningocele and encephalomyelocele. 

 

 

 

 

  

None 

 

N 

 

Any Consumption 

      

     N       Odds       95% Confidence 

               Ratio            Interval 

 

Controls 7762    3495         Ref  

All NTD cases 

combined 

1417       641  1.01                0.91, 1.11 

    Isolated 1227        257  1.04 0.93, 1.15                 

Anencephaly and 

Craniorachichisis 

  418                         199  1.06 0.89, 1.26                 

   Isolated  372        370  1.08 0.90, 1.30                  

Spina Bifida  856       370  0.96 0.85, 1.09             

   Isolated  756       160  0.97 0.85, 1.11          

Encephalocelec  143      72           1.12 0.84, 1.49 
  Isolated   99      24  1.37                  0.99, 1.89 
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Table 5. Association of Maternal Reports of Alcohol Binge Episodes with Risk of Neural Tube Defect Subtypes and 

Phenotype, National Birth Defects Prevention Study, 1997–2011                                        

 

 

 

 

 

 

 

 

 

 

 

 

NC, not calculated; NTD, neural tube defect; Ref, reference. 
aMissing, incomplete, or questionable data for consumption were distributed as follows controls (N=242), all NTD cases combined (N=42), anencephaly and 

craniorachichisis (N=12), spina bifida (N=27), encephalocele (N=3). 
bBinge episode defined by sex-specific standards, ≥ 4 drinks in one sitting. 
cEncephalocele cases include: cranial meningocele and encephalomyelocele. 
dEncephalocele cases adjusted for pregnancy intendedness.  

 

 

 

 

 

  

 0 drinks/month  

 

N 

No binge episodes 

 

    N      Odds     95% Confidence 

                ratio             interval 

One or more binge episodes 

      

     N       Odds     95% Confidence 

                ratio            interval 

Controls             7762      2080        Ref     1359        Ref 

All NTD cases 

combined             

            1417      379        1.00                   0.88, 1.13         247        1.00  0.86, 1.15 

     Isolated              1227      338        1.03                   0. 90, 1.17      223         1.04 0.89, 1.21 
Anencephaly and 

Craniorachichisis 

             418       112        1.00                   0.81, 1.24       82         1.12 0.88, 1.43 

     Isolated              372      102        1.02                   0.82, 1.28       76         1.17 0.91, 1.50 
Spina Bifida               856      226        0.99                   0.84, 1.15        134             0.89 0.74, 1.08 
    Isolated              756      204        1.01                   0.86, 1.18      118         0.89 0.73, 1.09 

Encephalocelec,d                                                       143       41        0.93                   0.62, 1.40           31            0.98 0.61, 1.58 

   Isolated               99       32        1.03                   0.64, 1.66           29  1.36                 0.82, 2.25 
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Table 6. Association of Maternal Reports of Periconceptional Average Alcoholic Drinks Consumed Per Month with Risk of 

Neural Tube Defect Subtypes and Phenotype, National Birth Defects Prevention Study, 1997–2011 

 

Drinks per month 

  0 1-4 

  

5-15 

  

16-30 

  

>30 

  

  N N Odds 

Ratio 

95% 

Confidence 

Interval 

N Odds 

Ratio 

95% 

Confidence 

Interval 

N Odds 

Ratio 

95% 

Confidence 

Interval 

N Odds 

Ratio 

95% 

Confidence 

Interval 

Controls 7762 1601 Ref 
 

1126 Ref 
 

451 Ref 
 

256 Ref 
 

All NTD cases 

combined 

1417 285 0.98 0.85, 1.12 199 0.97 0.82, 1.14 77 0.94 0.73, 1.20 65 1.39 1.05, 1.84 

    Isolated 1227 259 1.02 0.89, 1.18 178 1.00 0.84, 1.18 65 0.91 0.70, 1.19 59 1.46 1.09, 1.95 

Anencephaly and 

Craniorachichisis 

418 80 0.93 0.73, 1.19 61 1.01 0.76, 1.33 26 1.07 0.71, 1.61 27 1.96 1.30, 2.95 

   Isolated 372 73 0.95 0.74, 1.23 55 1.02 0.76, 1.36 25 1.16 0.76, 1.75 25 2.04 1.33, 3.11 

Spina Bifida 856 176 1.00 0.84, 1.18 114 0.92 0.75, 1.13 37 0.74 0.53, 1.05 33 1.17 0.81, 1.69 

   Isolated 756 162 1.04 0.87, 1.24 101 0.92 0.74, 1.14 29 0.66 0.45, 0.97 30 1.20 0.82, 1.77 

Encephaloceleb,c 143 29 0.84 0.52, 1.35 24 0.89 0.52, 1.52 14 1.66 0.88, 3.10 5 0.75 0.24, 2.38 

  Isolated 99 24 0.98 0.57, 1.68 22 1.21 0.68, 2.13 11 1.75 0.84, 3.64 4 1.10 0.34, 3.50 
 

 

 

NC, not calculated; NTD, neural tube defect; Ref, reference. 
aMissing, incomplete, or questionable data for consumption were distributed as follows controls (N=242), all NTD cases combined (N=42), anencephaly and 

craniorachichisis (N=12), spina bifida (N=27), and encephalocele (N=3). 
bEncephalocele cases include: cranial meningocele and encephalomyelocele. 
cEncephalocele cases adjusted for pregnancy intendedness.  
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Table 7. Association of Maternal Reports of Maximum Average Alcoholic Drinks Consumed Per Month with Risk of Neural 

Tube Defect Subtypes and Phenotype, National Birth Defects Prevention Study, 1997–2011 

 

 

 

NC, not calculated; NTD, neural tube defect; Ref, reference. 
aMissing, incomplete, or questionable data for consumption were distributed as follows controls (N=247), all NTD cases combined (N=42), anencephaly and 

craniorachichisis (N=12), spina bifida (N=27), and encephalocele (N=3). 
bEncephalocele cases include: cranial meningocele and encephalomyelocele. 
cEncephalocele cases adjusted for pregnancy intendedness.  

 

 

 

 

Drinks per month 

 0 

N 

1-4 

   N       Odds     95% Confidence 

                ratio            interval 

5-15 

N     Odds     95% Confidence 

             ratio            interval 

16-30 

N     Odds     95% Confidence 

            ratio             interval 

>30 

N     Odds    95% Confidence 

              ratio            interval 

Controls 7762    1579         Ref    1104     Ref       469      Ref      282        Ref 

All NTD cases 

combined 

1417      281           0.98                0.85, 1.12    193  0.96 0.81, 1.13     76 0.89 0.69, 1.14     76         1.48 1.14, 1.91 

    Isolated 1227       257          1.03                 0.89, 1.19    170        0.97 0.82, 1.16     66 0.89 0.68, 1.16     68         1.53 1.16, 2.00 

Anencephaly and 

Craniorachichisis 

418                        79           0.93                 0.73, 1.19     59        0.99 0.75, 1.31     25 0.99 0.65, 1.50     31         2.04 1.39, 3.00 

   Isolated 372        73           0.97                 0.75, 1.25     52        0.98 0.73, 1.32  24 1.07 0.70, 1.63     29         2.15 1.45, 3.19 

Spina Bifida 856      173          0.99                 0.84, 1.18     111      0.91 0.74, 1.12  38  0.74 0.52, 1.03     38         1.22 0.87, 1.73 

Isolated 756      160          1.04                 0.87, 1.24       97  0.90 0.72, 1.12                  32 0.70 0.49, 1.01     33         1.20 0.83, 1.74 

Encephaloceleb,c 143     29           0.85                 0.52, 1.36     23        0.85 0.49, 1.48 
      13 1.45 0.76, 2.80       7          1.12 0.45, 2.77 

  Isolated 99     24           0.99                 0.58, 1.70     21  1.15                0.64, 2.07   10 1.48                 0.68, 3.22      6  1.63                0.66, 4.07 
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Table 8. Association of Maternal Reports of Alcohol Type with Risk of Neural Tube Defect Subtypes and Phenotype, National 

Birth Defects Prevention Study, 1997–2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NC, not calculated; NTD, neural tube defect. 
aNumbers may vary due to incomplete or missing data. 
bMissing, incomplete, or questionable data for consumption were distributed as follows controls (N=), all NTD cases combined (N=), anencephaly and craniorachichisis 

(N=), spina bifida (N=), and encephalocele (N=). 
cEncephalocele cases include: cranial meningocele and encephalomyelocele. 
dEncephalocele cases adjusted for pregnancy intendedness.  

 

 0 

drinks 

per 

month 

N 

Beer only 

N     OR    95%CI 

Wine Only 

   N        OR     95% CI 

Distill Only 

   N        OR     95%CI 

Other Mixed Drinks 

N        OR     95% CI 

Controls 7762  916     Ref  658         Ref    874       Ref 1034      Ref 

All NTD cases 

combined 

1417 154   0.92 0.77, 1.10  118      0.98 0.80, 1.20    171     1.07         0.90, 1.27 196        1.04 0.88, 1.22 

   Isolated 1227 134    0.93 0.76, 1.12  107      1.03 0.83, 1.27    155     1.12         0.94, 1.34 175 1.07 0.90, 1.27 

Anencephaly and 

Craniorachichisis 

418 50     1.01 0.75, 1.37    31        0.88 0.60, 1.27      50     1.06        0.79, 1.44   68         1.22 0.94, 1.59 

   Isolated 372 46     1.05 0.77, 1.43    27         0.86 0.58, 1.28      47     1.12         0.82, 1.53   61        1.23 0.93, 1.63 

Spina Bifida 856  89     0.88        0.70, 1.11    75        1.03 0.81, 1.33      98     1.02         0.82, 1.27 107       0.94 0.76, 1.16 

  Isolated 756  76     0.85        0.67, 1.09    71        1.11 0.86, 1.43      88     1.03        0.82, 1.30   95        0.94 0.75, 1.18 

Encephalocelec,d 143  15     0.92       0.51, 1.63    12       0.72 0.33, 1.55      23     0.99        0.56, 1.77   21        0.99 0.57, 1.70 

  Isolated 99  12     1.13  0.60, 2.13      9  0.75          0.30, 1.86      20     1.24       0.66, 2.34  19  1.25      0.69, 2.25 



 

 

40 

REFERENCES 

 

Abramsky, L., Botting, B., Chapple, J., et al.,. 1999. Has advice on periconceptional 

folate supplementation reduced neural-tube defects? Lancet. 354:998-999. 

 

Adzick, NS., Sutton, LN., Crombleholme, TM., et al.,. 1998. Successful fetal surgery for 

spina bifida. Lancet. 352:1675-1676. 

 

Adzick, NS., Thom, EA., Spong, C., et al.,. 2011. A randomized trial of prenatal versus 

postnatal repair of myelomeningocele. N Engl J Med. 364:993-1004. 

 

Agopian, AJ., Tinker, SC., Lupo, PJ., et al.,. 2013. Proportion of neural tube defects 

attributable 

to known risk factors. Birth Defects Res A Clin Mol Teratol. 97:42-46. 

 

Aronne, MP., Ervard, SG., Mirochnic, S., et al.,. 2008. Prenatal ethanol exposure reduces 

the expression of the transcriptional factor Pax6 in the developing rat brain. Ann N Y 

Acad Sci. 1139:478-498. 

 

Atta, CA., Fiest, KM., Frolkis, AD., et al.,. 2016. Global birth prevalence of spina bifida 

by folic acid fortification status: a systematic review and meta-analysis. Am J Public 

Health. 106:24-34. 

 

Au, KS., Ashley-Koch, A., Northrup, H. 2010. Epidemiologic and genetic aspects of 

spina bifida and other neural tube defects. Dev Disabil Res Rev. 16:6-15. 

 

Banik, A., Kandilya, D., Ramya, S., et al.,. 2017. Maternal factors that induce epigenetic 

changes contribute to neurological disorders in offspring. Genes. 8:1-25. 

 

Bannigan, J., Burke, P. 1982. Ethanol teratogenicity in mice: a light microscopic study. 

Teratology. 26:247-254. 

 

Becerra, JE., Khoury, MJ., Cordero, JF., et al.,. 1990. Diabetes mellitus during pregnancy 

and the risks for specific birth defects: a population-based case-control study. Pediatrics. 

85:1-9. 

 

Becker, HC., Diaz-Granados, JL., Randall, CL. 1996. Teratogenic actions of ethanol in 

the mouse: a minireview. Pharmacol Biochem Behav. 55:501-513.  

 

Benedum, C., Yazdy, M., Mitchell, A., et al.,. 2013. Risk of spina bifida and maternal 

cigarette, alcohol, and coffee use during the first month of pregnancy. Int J Environ Res 

Public Health. 10: 3263-3281.  

 

Berihu, BA., Welderufael, A., Berhe, Y., et al.,. 2018. Maternal risk factors associated 

with neural tube defects in Tigray regional state of Ethiopia. Brain Dev. 41:11-18. 

 



 

 

41 

Berry, RJ., Li, Z., Erickson, JD., et al.,. 1999. Prevention of neural-tube defects with folic 

acid in China. China-U.S. Collaborative Project for Neural Tube Defect Prevention. N 

Engl J Med. 341:1485-1490. 

 

Bestwick, J., Huttly, WJ., Morris, JK., et al.,. 2014. Prevention of neural tube defects: a 

cross-sectional study of the uptake of floc acid supplementation in nearly half a million 

women. PLoS One. 9:1-6. 

 

Bjerkedal, T., Czeizel, A., Goujard, J., et al.,. 1982. Valproic acid and spina bifida. 

Lancet. 2:1096. 

 

Blanco, J., Lacasana, M., Borja, VH., et al.,. 2005. Socioeconomic factors and the risk of 

anencephaly in a Mexican population: A case‐control study. Public Health Rep. 120: 39-

45. 

 

Blencowe, H., Kancherla, V., Moorthie, S. et al.,. 2018. Estimates of global and regional 

prevalence of neural tube defecs for 2015: a systematic analysis. Ann N Y Acad Sci. 

14:31-46.  

 

Botto, L., Moore, C., Khoury, M., et al.,. 1999. Neural-Tube Defects. N Engl J Med. 

341:1509-1519. 

 

Botto, LD., Yang, Q. 2000. 5, 10-Methylenetetrahydrofolate reductase gene variants and 

congenital anamolies: a HuGE review. Am J Epidemiol. 151:862-877.  

 

Bourouba, R., Houcher, B., Akar, N. 2017. Risk factors of neural tube defects: A reality 

of Batna region in Algeria. The Egyptian Journal of Medical Human Genetics. 19:225-

229. 

 

Bradley, LA., Palomaki, GE., McDowell, GA., et al.,. 2005. Technical standards and 

guidelines: prenatal screening for open neural tube defects. Genet Med. 7:355-369. 

 

Boyles, A., Billups, A., Deak, K., et al.,. 2006. Neural tube defects and folate pathway 

genes: family-based association tests of gene-gene and gene-environment interactions. 

Environ Health Perspect. 114:1547-1552. 

 

Brender, JD., Suarez, L. 1990. Paternal occupation and anencephaly. Am J Epidemiol. 

131:517-521. 

 

Broussard, CS., Rasmussen, SA., Reefhuis, J., et al.,. 2011. Maternal treatment with 

opioid analgesics and risk for birth defects. Am J Obstet Gynecol. 204:1-11. 

 

British Paediatric Association. 1979. British Paediatric Association Classification of 

Diseases. London. 

 



 

 

42 

Brock, DJ., Bolton, AE., Scrimgeour, JB. 1974. Prenatal diagnosis of spina bifida and 

anencephaly through maternal plasma-alpha-fetoprotein measurement. Lancet.1:767-769. 

Centers for Disease Control and Prevention. 2015.  Updated Estimates of Neural Tube 

Defects Prevented by Mandatory Folic Acid Fortification — United States, 1995–2011. 

https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6401a2.htm. Accessed on October 

4, 2018. 

 

Cabrera, RM., Hill, DS., Etheredge, AJ., et al.,. 2004. Investigations into the etiology of 

neural tube defects. Birth Defects Res Part C Embryo Today. 72:330-344.  

 

Cameron, M., Moran, P. 2009. Prenatal screening and diagnosis of neural tube defects. 

Prenat Diagn. 29:402-411. 

 

Canfield, MA., et al.,. 1996. Hispanic origin and neural defects in Houston/Harris 

County, Texas II: Risk factors. Am J Epidemiol. 143:12-24. 

 

Canick, JA., Kellner, LH., Bombard, AT. 2003. Prenatal screening for open neural tube 

defects. Clin Lab Med. 23:385-394. 

 

Castillo-Lancellotti, C., Tur, JA., Uauy, R. 2013. Impact of folic acid fortification of flour 

on neural tube defects: a systematic review. Public Health Nutrition. 16:901-911 

 

Cavalli, P., Copp, AJ. 2002. Inositol and folate resistant neural tube defects. J Med Genet. 

39:1-5. 

 

Centers for Disease Control and Prevention. 2004. Spina bifida and anencephaly before 

and after folic acid mandate–United States, 1995–1996 and 1999–2000. MMWR Morb 

Mortal Wkly Rep. 53:362-365. 

 

Chen, SY., Charness, ME., Wilkemeyer, MF., et al.,. 2005. Peptide-mediated protection 

from ethanol-induced neural tube defects. Dev Neurosci. 27:13–19. 

 

Chen, CP. 2007. Chromosomal abnormalities associated with neural tube defects (I): full 

aneuploidy. Taiwan J Obstet Gynecol. 46:325-335. 

 

Chen, CP. 2008. Prental diagnosis, fetal surgery, recurrence risk and differential 

diagnosis of neural tube defects. Taiwan J Obstet Gynecol. 47:283-290. 

 

Cogswell, ME., Bitsko, RH., Anderka, M., et al.,. 2009. Control selection and 

participation in an ongoing, population-based, case-control study of birth defects: the 

National Birth Defects Prevention Study. Am J Epidemiol. 170:975–985. 

 

Collier, SA., Rasmussen, SA., Feldkamp, ML., et al.,. 2009. Prevalence of self-reported 

infection during pregnancy among control mothers in the National Birth Defects 

Prevention Study. Birth Defects Res A Clin Mol Teratol. 85:193-201.  

 

https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6401a2.htm


 

 

43 

Cone-Wesson, B. 2005. Prenatal alcohol and cocaine exposure: influences on cognition, 

speech, language, and hearing. J Commun Disord. 38:279-302. 

 

Copp, AJ., Greene, ND., Murdoch, JN. 2003. The genetic basis of mammalian 

neurulation. Nat Rev Genet. 4:784-793. 

 

Copp, AJ., Greene, NG. 2013. Neural tube defects-disclosure of neurulation and related 

embryonic processes. Wiley Interdiscp Rev Dev Biol. 2:213-227. 

 

Copp, A., Stanier, P., Greene, N. 2013. Neural tube defects: recent advances, unsolved 

questions, 

and controversies. Lancet Neurol. 12:799-810. 

 

Correa, A., Gilboa, SM., Besser, LM., et al.,. 2008. Diabetes mellitus and birth defects. 

American journal of obstetrics and gynecology. 199:237.e1–237.e2379.  

 

Czeizel, AE., Dudás, I. 1992. Prevention of the first occurrence of neural-tube defects by 

periconceptional vitamin supplementation. N Engl J Med. 327:1832-1835. 

 

Czeizel, AE., Fritz, G. 1989. Letter to the editor. JAMA. 262:1634. 

 

De Marco, P., Merello, E., Calevo, MG., et al.,. 2011. Maternal periconceptional factors 

affect the risk of spina bifida-affected pregnancies: an Italian case-control study. Child 

Nerv Syst. 27:1073-1081. 

 

De Marco, P., Merello, E., Mascelli, S., et al.,. 2006. Current perspectives on the 

genetic causes of neural tube defects. Neurogenetics. 7:201-221. 

 

Desrosiers, TA., Siega-Riz, AM., Mosley, BS., et al.,. 2018. Low carbohydrate diets may 

increase risk of neural tube defects. Birth Defects Res. 110:901-909. 

 

Dupépé, EB., Patel, DM., Rocque, BG., et al.,. 2017. Surveillance survey of family 

history in children with neural tube defects. Journal of neurosurgery. 19:690–695.  

 

EUROCAT Central Registry. 2009. Special Report: Prevention of neural tube defects by 

periconceptional folic acid supplementation in Europe. Accessed on March 29, 2019. 

 

Feuchtbaum, LB., Currier, RJ., Riggle, S., et al.,. 1999. Neural tube defect prevalence in 

California (1990-1994): eliciting patterns by type of defect and maternal race/ethnicity. 

Genet Test. 3:265-272. 

 

Flores, AL., Vellozzi, C., Valencia, D., et al.,. 2014. Global Burden of Neural Tube 

Defects, Risk Factors, and Prevention. Indian J Community Health. 26:3-5. 

 

Fried, S., Kozer, E., Nulman, I., et al.,. 2004. Malformation rates in children of women 

with untreated epilepsy. Drug Saf. 27:197-202. 



 

 

44 

 

Friedman, JM. 1982. Can maternal alcohol ingestion cause neural tube defects? J Pediatr. 

101:232-234. 

 

Gardner, WJ. 1980. Hypothesis; overdistention of the neural tube may cause anomalies of 

non-neural organs. Teratology. 22:229-238. 

 

Ghi, T., Dall’asta, A., Pilu, G., et al.,. 2018. 41-Neural Tube Defects. Obstetric Imaging: 

Fetal Diagnosis and Care. 2:213-226. 

 

Glover, DD., Amonkar, M., Rybeck, BF., et al.,. 2003. Prescription, over-the-counter, 

and herbal medicine use in a rural, obstetric population. Am J Obstet Gynecol. 188:1039-

1045. 

 

Greene, ND., Stanier, P., Copp, AJ. 2009. Genetics of human neural tube defects. Hum 

Mol Genet. 18:113-129. 

 

Geschwind, SA., Stolwijk, JAJ., Bracken, M., et al.,. 1992. Risk of congenital 

malformations associated with proximity to hazardous waste sites. Am J Epidemiol. 

135:1197-1207. 

 

Grewal, J., Carmichael, SL., Ma, C., et al.,. 2008. Maternal periconceptional smoking 

and alcohol consumption and risk for select congenital anomalies. Birth Defects Res A 

Clin Mol Teratol. 82:519-526. 

 

Grosse, SD., Waitzman, NJ., Romano, PS., et al.,. 2005. Reevaluating the benefits of 

folic acid fortification in the United States: economic analysis, regulation, and public 

health. Am J Public Health. 95:1917-1922. 

 

Habib, ZA. 1977. Maternal serum alpha-feto-protein: its value in antenatal diagnosis of 

genetic disease and in obstetrical-gynaecological care. Acta Obstet Gynecol Scand Suppl. 

61:1-92. 

 

Harlap, S., Shiono, PH. 1980. Alcohol, smoking, and incidence of spontaneous abortions 

in the first and second trimester. Lancet. 2:173-176.  

 

Harris, MJ., Juriloff, DM. 2010. An update to the list of mouse mutants with neural tube 

closure defects and advances toward a complete genetic perspective of neural tube 

closure. Birth Defects Res A Clin Mol Teratol. 88:653-669. 

 

Hibbard, BM., Hibbard, ED., Jeffcoate, TN. 1965. Folic acid and reproduction. Acta 

Obstet Gynecol Scand. 44:375-400. 

 

Huang, HY., Chen, HL.,Feng, LP. 2017. Maternal obesity and the risk of neural tube 

defects in offspring: a meta-analysis. Obes Res Clin Pract. 11:188-197. 

 



 

 

45 

Hunter, ES., Tugman, JA., Sulik, KK., et al.,. 1994. Effects of short-term exposure to 

ethanol on mouse embryos in vitro. Toxicol In Vitro. 8:413-421. 

 

Ikenouchi, J. Uwabe, C. Nakatsu, T., et al.,. 2002. Embryonic hydromyelia: Cystic 

dilatation of the lumbrosacral neural tube in human embryos. Acta Neuropathol (Berl). 

103:248-254. 

 

Imbard, A., Benoist, J., Blom, H. 2013. Neural Tube Defects, Folic Acid and 

Methylation. International Journal of Environmental Research and Public Health. 

10:4352-4389.  

 

Institute of Medicine. 1998. Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, 

Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline. 

https://www.nap.edu/read/6015/chapter/10. Accessed on March 27, 2019.  

 

Johnson, C., Honein, M., Flanders, W., et al.,. 2015. Pregnancy termination following 

prenatal diagnosis of anencephaly or spina bifida: a systematic review of the literature. 

Birth Defects Res A Clin Mol Teratol. 94:857-863. 

 

Juriloff, DM., Harris, MJ. 2012. Hypothesis: the female excess in cranial neural tube 

defects reflects an epigenetic drag of the inactivating X chromosome on the molecular 

mechanisms of neural fold elevation. Birth Defects Res A Clin Mol Teratol. 94:849–855. 

 

Juriloff, DM., Harris, MJ. 2000. Mouse models for neural tube closure defects. Hum Mol 

Genet. 9:993-1000. 

 

Kancherla, V. 2018. Counties with an immediate potential for primary prevention of 

spina bifida and anencephaly: Mandatory fortification of wheat flour with folic acid. 

Birth Defects Res. 110:956-965. 

 

Kancherla, V., Wagh, K., Johnson, Q., et al.,. 2018. A 2017 global update on folic acid-

preventable spina bifida and anencephaly. Birth Defects Res. 110:1139-1147. 

 

Kennedy, D., Chitayat, D., Winsor, EJ., et al.,. 1998. Prenatally diagnosed neural tube 

defects: ultrasound, chromosome, and autopsy or postnatal findings in 212 cases. Am J 

Med Genet. 77:317-321. 

 

Kennedy, D., Koren, G. 2012. Identifying women who might benefit from higher doses 

of folic acid in pregnancy. Can Fam Physician. 58:394-397. 

 

Klootwijk, R., Schijvenaars, MM., Mariman, EC., et al.,. 2004. Further characterization 

of the genetic defect of the Bent tail mouse, a mouse model for human neural tube 

defects. Birth Defects Res Part A Clin Mol Teratol. 70:880-884. 

 

Kotch, LE., Sulik, KK. 1992. Experimental fetal alcohol syndrome: proposed pathogenic 

basis for a variety of associated facial and rain anomalies. Am J Med Genet. 44:168-176. 

https://www.nap.edu/read/6015/chapter/10


 

 

46 

 

Lammer, EJ., Sever, LE., Oakley, GP Jr. 1987. Teratogen update: valproic acid. 

Teratology. 35:465-473. 

 

Larroque, B., Kaminski, M., Lelong, N., et al.,. 1992. Folate status during pregnancy: 

relationship with alcohol consumption, other maternal risk factors and pregnancy 

outcome. Eur J Obstet Gynecol Reprod Biol. 43:19-27. 

 

Leng, LY., Wang, JW., Cao, SS., et al.,. 2016. Maternal periconceptional alcohol 

consumption and the risk of neural tube defects in offspring: a meta-analysis. J Matern 

Fetal Neonatal Med. 29:1673-1679. 

 

Li, Z., Ren, A., Liu, J., et al.,. 2007, Maternal flu or fever, medication use, and neural 

tube defects: a population-based case–control study in Northern China. Birth Defects Res 

A Clin Mol Teratol. 79:295-300 

 

Little, J. Elwood, M. 1992. Ethnic origin and migration. Epidemiology and Control of 

Neural Tube Defects, Vol 20 of Monographs in Epidemiology and Biostatistics. Oxford 

University Press: Oxford, UK, 1992, pp 146-167. 

 

Liu, Y., Balaraman, Y., Wang, G., et al.,. 2010. Alcohol Exposure Alters DNA 

Methylation Profiles in Mouse Embryos at Early Neurulation. Epigenetics. 4:500-511. 

 

Lynberg, MC., Khoury, MJ., Lu, X., et al.,. 1994. Maternal flu, fever, and the risk of 

neural tube defects: a population-based case–control study. Am J Epidemiol. 140:244-

255. 

 

Lynch, SA. 2015. Non-multifactorial neural tube defects. Am J Med Genet C Semin Med 

Genet. 135:69-76. 

 

Matte, TD., Mulinare, J., Erickson, JD. 1993. Case‐control study of congenital defects 

and parental employment in health care. Am J Ind Med. 24:11-23. 

 

McDonald, A., Armstrong, B., Sloan, M. 1992. Cigarette, alcohol, and coffee 

consumptions and congenital defects. Am J Public Health. 82:91–93. 

 

McLone, DG., Dias, MS. 2003. The Chiari malformation: Cause and impact. Childs Nerv 

Syst. 19:540-550.  

 

McMahon, DM., Liu, J., Zhang, H., et al.,. 2013. Maternal obesity, folate intake, and 

neural tube defects in offspring. Birth Defects Res A Clin Mol Teratol. 97:115-122. 

 

McMartin, K. 1984. Increased urinary folate excretion and decreased plasma folate levels 

in the rat after acute ethanol treatment. Alcohol Clin Exp Res. 8:172-178. 

 



 

 

47 

Meng, X., Sun, Y. Duan, W., et al.,. 2018. Meta-analysis of the association of maternal 

smoking and passive smoking during pregnancy with neural tube defects. Int J Gynecol 

Obstet. 140:18-25. 

 

Mills, JL., Graubard, BI. 1987. Is moderate drinking during pregnancy associated with an 

increased risk for malformations? Pediatrics. 80:309-314. 

 

Milunsky, A., Jick, SS., Bruell, CL., et al.,. 1989. Predictive values, relative risks, and 

overall benefits of high and low maternal serum α-fetoprotein screening in singleton 

pregnancies: new epidemiologic data. Am J Obstet Gynecol. 161:291–297. 

 

Mitchell, LE. 2005. Epidemiology of neural tube defects. Am J Med Genet C Semin Med 

Genet. 135:88-94. 

 

Morgagni, JB. 1769. The Seats and Causes of Diseases as Investigated by Anatomy. 3 

volumes, Translated by Benjamin Alexander. Miller & T Candell Publishers, London.  

 

Morris, SE., Thomson, AO., Jarup, L., et al.,. 2003. No excess risk of adverse birth 

outcomes in populations living near special waste landfill sites in Scotland. Scott Med J. 

48:105-107.  

 

Morrison, K., Papapetrou, C., Hol, FA., et al.,. Susceptibility to spina bifida; an 

association study of five candidate genes. Ann Hum Genet. 62:379-396.  

 

MRC Vitamin Study Research Group. 1991. Prevention of neural tube defects: results of 

the Medical Research Council Vitamin Study. Lancet. 338:131-137. 

 

Muldoon, RT., McMartin, K. 1994. Ethanol acutely impairs the renal conservation of 5-

methyltetrahydrofolate in the isolated perfused rat kidney. Alcohol Clin Exp Res. 18:333-

339. 

 

Naimi, TS., Brewer, RD., Mokdad, A., et al.,. 2003. Binge drinking among US adults. 

JAMA. 289:70-75. 

 

National Birth Defects Prevention Study. 2018. Research. 

http://www.nbdps.org/research/index.html. Accessed on October 8, 2018.  

 

O’Rahilly, R. Muller, F. 2002. The two sites of fusion of the neural folds and the two 

neuropores in the human embryo. Teratology. 65:162-170.  

 

Padmanabhan, R. 1990. Electron microscopic studies on the pathogenesis of exencephaly 

and cranioschisis induced in the rat after neural tube closure: Role of the neuroepithelium 

and chloroid plexus. Acta Anat. 137:5-18.  

 

http://www.nbdps.org/research/index.html


 

 

48 

Padmanabhan, R. 1990. Scanning electron microscopic studies on the pathogenesis of 

exencephaly and cranioschisis induced in the rat after neural tube closure. Acta Anat. 

138:97-110.  

 

Padmanabhan, R. 2006. Etiology, pathogenesis and prevention of neural tube defects. 

Congenit Anom. 46:55-67.  

 

Padmanabhan, R., Wasfi, IA., Craigmyle, MBL. 1994. Effect of pre-treatment with 

aspirin on alcohol-induced neural tube defects in the TO mouse fetuses. Drug Alcohol 

and Dependence. 36:175-186. 

 

Parker, SE., Mai, CT., Canfield, MA., et al.,. 2010. Updated national birth prevalence 

estimates for selected birth defects in the United States, 2004–2006. Birth Defects Res A 

Clin Mol Teratol. 88:1008-1016. 

 

Patterson, E., Waller, L., Kroll, K. 2014. Geminin loss causes neural tube defects through 

disrupted progenitor specification and neuronal differentiation. Developmental Biology.  

393:44-56. 

 

Petrini, J., Damus, K. Russell, R., et al.,. 2002. Contribution of birth defects to infant 

mortality in the United States. Teratology. 66:S3-S6. 

 

Pinar, H. 2004. Postmortem findings in term neonates. Semin Neonatol. 9:289-302. 

 

Randall, CL. Taylor, WJ. 1979. Prenatal ethanol exposure in mice: teratogenic effects. 

Teratology. 19:305-311. 

 

Rasch, V. 2003. Cigarette, alcohol, and caffeine consumption: risk factors for 

spontaneous abortion. Acta Obstet Gynecol Scand. 82:182-188. 

 

Rasmussen, S., Olney, R., Holmes, L., et al.,. 2003. Guidelines for Case Classification for 

the National Birth Defects Prevention Study. Birth Defects Research. 67:193-201. 

 

Ray, JG., Vermeulen, MJ., Meier, C., et al.,. 2004. Risk of congenital anomalies detected 

during antenatal serum screening in women with pregestational diabetes. QJM. 97:651-

653. 

 

Reefhuis, J., Gilboa, S., Anderka, M., et al.,. 2015. The National Birth Defects Prevention 

Study: a review of the methods. Birth Defects Res A Clin Mol Teratol. 103:656-669. 

 

Romitti, P., Su,n L., Honein, MA., et al.,. 2007. Maternal periconceptional alcohol 

consumption and risk of orofacial clefts. Am J Epidemiol. 166:775-785. 

 

Rosenman, KD., Rizzo, JE., Conomos, MG., et al.,. 1989. Central nervous system 

malformations in relation to two polyvinyl chloride production facilities. Arch Environ 

Health. 44:279-282. 



 

 

49 

 

Sable, P., Kale, A., Joshi, A., et al.,. 2014. Maternal micronutrient imbalance alters gene 

expression of BDNF, NGF, TrkB and CREB in the offspring brain at an adult age. 

International Journal of Developmental Neuroscience. 34:24-32. 

 

Salih, M., Murshid, W., Seidahmed, M. 2014. Epidemiology, prenatal management, and 

prevention of neural tube defects. Saudi Med J. 35:S15-S28. 

 

Seller, MJ. Kalousek, DK. 1986. Neural tube defects: Heterogeneity and homogeneity. 

Am J Med Genet Suppl. 2:77-87. 

 

Sever, LE. 1995. Looking for causes of neural tube defects: Where does the environment 

fit in? Environ Health Perspect. 103:165-171.  

 

Schmidt, R. Romitti, P., Burns, T., et al.,. 2009. Maternal caffeine consumption and risk 

of neural tube defects. Birth Defects Res A Clin Mol Teratol. 85:879-89. 

 

Schoenwolf, GC., Smith, JL. 1990. Mechanisms of neuralation: Traditional viewpoint 

and recent advances. Development. 109:243-270. 

 

Shaw, GM., Nelson, V., Olshan, AF. 2002. Paternal occupational group and risk of 

offspring with neural tube defects. Paediatr Perinat Epidemiol. 16: 328-333. 

 

Shaw, GM., Velie, EM., Morland, KB. 1996. Parental recreational drug use and risk of 

neural tube defects. Am J Epidemiol. 144:1155-1160. 

 

Shaw, GM., Velie, EM., Schaffer, D. 1996. Risk of neural tube defect-affected 

pregnancies among obese women. JAMA. 275:1093-1096.  

 

Shenefelt, RE. 1972. Morphogenesis of malformations in hamsters caused by retinoic 

acid: Relation to dose and stage at treatment. Teratology. 5:103-118. 

 

Shepard, TH., Brent, RL., Friedman, JM., et al.,. 2002. Update on new developments in 

the study of human teratogens. Teratology. 65:153-161. 

 

Smithells, RW., Sheppard, S., Schorah, CJ. 1976. Vitamin deficiencies and neural tube 

defects. Arch Dis Child. 51:944-950. 

 

Smithells, RW., Sheppard, S., Schorah, CJ., et al.,. 1981. Apparent prevention of neural 

tube defects by periconceptional vitamin supplementation. Arch Dis Child. 56:911-918. 

 

Sokol, RJ. 1980. Alcohol and spontaneous abortion. Lancet. 2:1079. 

 

Stark, KD., Pawlosky, RJ., Beblo, S., et al.,. 2005. Status of plasma folate after folic acid 

fortification of the food supply in pregnant African American women and the influences 

of diet, smoking, and alcohol consumption. Am J Clin Nutr. 81:669-677. 



 

 

50 

 

Stiefel, D., Shibata, T., Meuli, M., et al.,. 2003. Tethering of the spinal cord in mouse 

fetuses and neonates with spina bifida. J Neurosurg. 99:206-213. 

 

Suarez, L., Cardarelli, K., Hendricks, K. 2003. Maternal stress, social support, and risk of 

neural tube defects among Mexican Americans. Epidemiology. 14:612-616. 

 

Suarez, L., Felkner, M., Hendricks, K. 2004. The effect of fever, febrile illnesses, and 

heat exposures on the risk of neural tube defects in a Texas-Mexico border population. 

Birth Defects Res A Clin Mol Teratol. 70:815-819. 

 

Suarez, L., Ramadhani, T., Felker, M., et al.,. 2011. Maternal smoking, passive tobacco 

smoke, and neural tube defects. Birth Defects Res A Clin Mol Teratol. 91:29-33. 

 

Suarez, L., Felkner, M., Brender, J., et al.,. 2008. Maternal Exposures to Cigarette 

Smoke, Alcohol, and Street Drugs and Neural Tube Defect Occurrence in Offspring. 

Maternal Health J. 12:394-401. 

 

Tanoshima, M., Kobayashi, T., Tanoshima, R., et al.,. 2015. Risks of congenital 

malformations in offspring exposed to valproic acid in utero: A systematic review and 

cumulative meta-analysis. Clin Pharmacol Ther. 98:417-441. 

 

Tennant, PW., Samarasekera, SD., Pless-Mulloli, T., et al.,. 2011. Sex differences in the 

prevalence of congenital anomalies: a population-based study. Birth Defects Res A Clin 

Mol Teratol. 91:894–901. 

 

Tinker, S., Hamner, H., Qi, Y., et al.,. 2015. U.S. women of childbearing age who are at 

possible increased risk of a neural tube defect-affected pregnancy due to suboptimal red 

blood cell folate concentrations, National Health and Nutrition Examination Survey 2007 

to 2012. Birth Defects Res A Clin Mol Teratol. 103:517-526. 

 

US Department of Agriculture ARS, USDA Nutrient Data, & Laboratory. 2004. USDA 

National Nutrient Database for Standard Reference, Release 16. 

 

U.S. Preventive Services Task Force. Folic Acid for the Prevention of Neural Tube 

Defects: U.S. Preventive Services Task Force Recommendation Statement. Ann Intern 

Med. 150:626-631. 

 

Van Allen, MI. 1996. Multisite neural tube closure in humans. Birth Defects Orig Arctic 

Ser. 30:203-225. 

 

Van Allen, MI., Kalousek, DK., Chernoff, GF., et al.,. 1993. Evidence for multisite 

closure of the neural tube in humans. Am J Med Genet. 47:723-743.  

 



 

 

51 

Verkerk, PH., Buitendijk, SE., Verloove-Vanhorick, SP. 1994. Differential 

misclassification of alcohol and cigarette consumption by pregnancy outcome. Int J 

Epidemiol. 23:1218-1225. 

 

Vieira, AR., Castillo, Taucher S. 2005. Influence of maternal age on the risk for neural 

tube defects, a meta analysis. Rev Médica Chile. 133:62-70.  

 

Von Recklinghausen, F. 1886. Untersuchungen uber die spina binifida. Virchows Arch 

(Path Anat). 105:243-373. 

 

Vrijheid, M., Dolk, H., Armstrong, B., et al.,. 2002. Hazard potential ranking of 

hazardous waste landfill sites and risk of congenital anomalies. Occup Environ Med. 

59:768-776. 

 

Wald, NJ., Cuckle, H., Brock, JH., et al.,. 1977. Maternal serum-alpha-fetoprotein 

measurement in antenatal screening for anencephaly and spina bifida in early pregnancy. 

Report of U.K. collaborative study on alpha-fetoprotein in relation to neural-tube defects. 

Lancet. 1:1323-1332. 

 

Wang, ZP., Li, H., Hao, LZ., et al.,. 2009. The effectiveness of prenatal serum biomarker 

screening for neural tube defects in second trimester pregnant women: a meta-analysis. 

Prenat Diagn. 29:960-965. 

 

Wasserman, CR. Shaw, GM., Selvin, S., et al.,. 1998. Socioeconomic status, 

neighborhood social conditions, and neural tube defects. Am J Public Health. 88:1674-

1680. 

 

Wechsler, H., Dowdall, GW., Davenport, A., et al.,. 1995. A gender-specific measure of 

binge drinking among college students. Am J Public Health. 85:982-985. 

 

Werler, MM., Mitchell, AA., Hernandez-Diaz, S., et al.,. 2005. Use of over-the-counter 

medications during pregnancy. Am J Obstet Gynecol. 193:771-777. 

 

Willett, WC., Reynolds, RD., Cottrell-Hoehner, S, et al.,. 1987. Validation of a semi-

quantitative food frequency questionnaire: comparison with a 1- year diet record. J Am 

Diet Assoc. 87:43-47. 

 

Willett, WC., Sampson, L., Stampfer, MJ., et al.,. 1985. Reproducibility and validity of a 

semiquantitative food frequency questionnaire. Am J Epidemiol. 122:51-65. 

 

Williams, J., Mai, C.T., Mulinaire, J., et al.,. 2015. Updated estimates of neural tube 

defects prevented by mandatory folic Acid fortification - United States, 1995-2011. 

MMWR. Morbidity and Mortality Weekly Report. 64:1-5. 

 

Wood, LR., Smith, MT. 1984. Generation of anencephaly: 1. Aberrant neurulation and 2. 

Conversion of exencephaly to anencephaly. J Neuropathol Exp Neurol. 43:620-633. 



 

 

52 

World Health Organization. 2019. Daily iron and folic acid supplementation during 

pregnancy. https://www.who.int/elena/titles/daily_iron_pregnancy/en/. Accessed on 

March 27, 2019. 

 

Yanaguita, MY., Gutierrez, CM., Ribeiro, C., et al.,. 2008. Pregnancy outcome in 

ethanol-treated mice with folic acid supplementation in saccharose. Child’s Nervous 

System. 24:99-104. 

 

Yang, J., Carmichael, SL., Canfield, M., et al.,. 2008. Socioeconomic Status in Relation 

to Selected Birth Defects in a Large Multicentered US Case-Control Study. American 

Journal of Epidemiology. 167:145-154. 

 

Yazdy, M., Mitchell, A., Tinker, S., et al.,. 2013. Periconceptional use of opioids and the 

risk of neural tube defects. Obstet Gynecol. 122:838-844. 

 

Yoon, PW., Rasmussen, SA., Lynberg, MC., et al.,. 2001. The National Birth Defects 

Prevention Study. Public Health Reports. 116:32-40.  

 

Zaheri, F., Ranaie, F., Shahoei, R., et al.,. 2017. Risk factors associated with neural tube 

defects in infants referred to western Iranian obstetrical centers; 2013-2014. Electronic 

Physician. 9:4636-4642. 

 

Zhou, F., Sari, Y., Powrozek, T., et al.,. 2003. Moderate alcohol exposure compromises 

neural tube midline development in prenatal brain. Developmental Brain Research. 

144:43-55. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.who.int/elena/titles/daily_iron_pregnancy/en/


 

 

53 

 


