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Abstract

BACKGROUND: Diabetes is associated with an increased risk for many birth defects and is 

likely to have an increasing impact on birth defect prevalence because of the rise in diabetes in the 

United States in recent decades. One of the first analyses in which specific birth defects were 

assessed for their relationship with both pregestational and gestational diabetes used data from the 

initial 6 years of the National Birth Defects Prevention Study. That analysis reported strong 

associations for pregestational diabetes with several birth defects, but few exposures among some 

of the less common birth defects led to unstable estimates with wide confidence intervals. Since 

that analysis, the study continued to collect data for another 8 years, including information on 

approximately 19,000 additional cases and 6900 additional controls.

OBJECTIVE: Our objective was to use data from the National Birth Defects Prevention Study, 

the largest population-based birth defects case-control study in the United States, to provide 

updated and more precise estimates of the association between diabetes and birth defects, 

including some defects not previously assessed.

STUDY DESIGN: We analyzed data on deliveries from October 1997 through December 2011. 

Mothers of case and control infants were interviewed about their health conditions and exposures 

during pregnancy, including diagnosis of pregestational (type 1 or type 2) diabetes before the 

index pregnancy or gestational diabetes during the index pregnancy. Using logistic regression, we 

separately assessed the association between pregestational and gestational diabetes with specific 

categories of structural birth defects for which there were at least 3 exposed case infants. For birth 

defect categories for which there were at least 5 exposed case infants, we calculated odds ratios 

adjusted for maternal body mass index, age, education, race/ethnicity, and study site; for defect 

categories with 3 or 4 exposed cases, we calculated crude odds ratios.
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RESULTS: Pregestational diabetes was reported by 0.6% of mothers of control infants (71 of 

11,447) and 2.5% of mothers of case infants (775 of 31,007). Gestational diabetes during the index 

pregnancy was reported by 4.7% of mothers of control infants (536 of 11,447) and 5.3% of 

mothers of case infants (1,653 of 31,007). Pregestational diabetes was associated with strong, 

statistically significant odds ratios (range, 2.5–80.2) for 46 of 50 birth defects considered. The 

largest odds ratio was observed for sacral agenesis (adjusted odds ratio, 80.2; 95% confidence 

interval, 46.1–139.3). A greater than 10-fold increased risk was also observed for 

holoprosencephaly (adjusted odds ratio, 13.1; 95% confidence interval, 7.0–24.5), longitudinal 

limb deficiency (adjusted odds ratio, 10.1; 95% confidence interval, 6.2–16.5), heterotaxy 

(adjusted odds ratio, 12.3; 95% confidence interval, 7.3–20.5), truncus arteriosus (adjusted odds 

ratio, 14.9; 95% confidence interval, 7.6–29.3), atrioventricular septal defect (adjusted odds ratio, 

10.5; 95% confidence interval, 6.2–17.9), and single ventricle complex (adjusted odds ratio, 14.7; 

95% confidence interval, 8.9–24.3). For gestational diabetes, statistically significant odds ratios 

were fewer (12 of 56) and of smaller magnitude (range, 1.3– 2.1; 0.5 for gastroschisis).

CONCLUSION: Pregestational diabetes is associated with a markedly increased risk for many 

specific births defects. Because glycemic control before pregnancy is associated with a reduced 

risk for birth defects, ongoing quality care for persons with diabetes is an important opportunity 

for prevention.
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In recent decades, the prevalence of diabetes has increased in the United States, including 

among women of reproductive age.1 Almost 3% of US women aged 15–44 years have 

diagnosed type 1 or type 2 diabetes. Women with pregestational diabetes (type 1 or type 2 

diabetes diagnosed before pregnancy) have an increased risk for adverse pregnancy 

outcomes, including a markedly increased risk for birth defects.2 Gestational diabetes occurs 

in almost 6% of US pregnancies.3 The risk for birth defects associated with gestational 

diabetes is less clear.

Although maternal pregestational diabetes is a well-recognized risk factor for many birth 

defects, for rarer birth defects, the association is not well established. One of the first 

analyses in which specific birth defects were assessed for their relationship with both 

pregestational and gestational diabetes used data from the National Birth Defects Prevention 

Study (NBDPS) on approximately 18,000 deliveries from October 1997 through December 

2003.4 That analysis reported strong associations with many specific birth defects, primarily 

with pregestational diabetes, but also some with gestational diabetes. However, several 

associations were based on only a few exposed cases, leading to unstable estimates. The 

NBDPS continued data collection through December 2011 births, providing data on over 

25,000 additional pregnancies.
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The current analysis, which uses the final NBDPS data set, includes a much larger study 

sample, allowing us to update previous findings with more precise estimates on the risk for 

specific birth defects associated with maternal diabetes.

Materials and Methods

NBDPS is a multisite, population-based, case-control study of selected major structural birth 

defects.5 NBDPS began collecting data on pregnancies that ended on Oct. 1, 1997; the last 

pregnancies included in the study had estimated dates of delivery of Dec. 31, 2011. Over the 

years of the study, centers in 10 different US states contributed data to NBDPS.

The catchment area for 6 centers included only selected counties within the state: California 

(1997–2011), Georgia (1997–2011), Massachusetts (1997–2011), New York (1997–2002, 

2004–2011), North Carolina (2003–2011), and Texas (1997–2011); the other 4 centers 

contributed data from the entire state: Arkansas (1998–2011), Iowa (1997–2011), New 

Jersey (1998–2002), and Utah (2003–2011). All participating centers obtained institutional 

review board approval for the study.

NBDPS cases include live births, fetal deaths, and terminations, although not all pregnancy 

outcomes were ascertained by all centers throughout the study period. Birth defect cases 

attributable to known chromosomal or single-gene disorders were not eligible for the study. 

All birth defects included in NBDPS are first reviewed by a clinical geneticist for eligibility 

in the study. They are reviewed a second time to confirm classification into specific birth 

defect categories and assigned isolated or multiple defects status.6,7

Isolated defects are those that occur in the absence of any other major defects in a different 

organ system, except those that are a direct result of the primary defect. Multiple defects are 

those that occur in the presence of other major birth defects in a different organ system. 

Control infants are live births to women during the same time period and from the same 

catchment area as case infants.

Mothers of case and control infants were administered a computer-assisted telephone 

interview asking about demographics, medical conditions and medication use, and other 

exposures before and during pregnancy. All participating mothers provided informed 

consent.

During the interview, women were asked, “Were you ever told by a doctor that you had 

diabetes (including gestational diabetes), sometimes called sugar diabetes or diabetes 

mellitus?” Mothers who responded yes were asked what type of diabetes they had (ie, type 

1, type 2, or gestational) and the month and year of their diagnosis. We used this information 

to create 3 mutually exclusive categories: pregestational diabetes, gestational diabetes, and 

an unexposed referent group.

We defined pregestational diabetes as reporting type 1 or type 2 diabetes diagnosed before 

the index pregnancy and gestational diabetes as having been diagnosed with gestational 

diabetes during the index pregnancy. Our unexposed group was mothers who reported never 

having had a diagnosis of diabetes before, during, or after the index pregnancy. We excluded 

Tinker et al. Page 3

Am J Obstet Gynecol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from the analysis mothers who reported gestational diabetes in a previous pregnancy, those 

who reported diabetes diagnosed after the index pregnancy, or those with missing 

information on the type of diabetes or timing of diagnosis.

We made separate assessments of the association of pregestational and gestational diabetes 

with all specific birth defects in NBDPS for which there were at least 3 cases with the 

diabetes exposure of interest. For pregestational diabetes we assessed 26 noncardiac and 24 

cardiac defects. Because gestational diabetes is more common than pregestational diabetes, 

for gestational diabetes we were able to assess 30 noncardiac and 26 cardiac defects.

We assessed the distribution of select covariates in each exposure group among control 

mothers, who are more representative of the general population of pregnant women than 

case mothers. The covariates we assessed were body mass index (kilograms per square 

meter; underweight, <18.5 kg/m2; normal weight, 18.5–24.9 kg/m2; overweight, 25–29.9 

kg/m2; obese, ≥30 kg/m2); maternal age in years (<20, 20–24, 25–29, 30–34, ≥35); maternal 

education (less than high school degree, high school degree or equivalent; more than a high 

school degree); race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other 

race/ethnicity); and study site.

We used logistic regression to estimate odds ratios (ORs) for the association between 

pregestational or gestational diabetes and each birth defect. For defect categories for which 

there were at least 5 exposed case infants, we adjusted for the covariates listed in the 

previous text (selected a priori and based on covariates used in the previous NBDPS 

analysis4); for defect categories with 3 or 4 exposed case infants, we calculated crude odds 

ratios.

In a secondary analysis, we considered the association between pregestational and 

gestational diabetes and specific birth defects with separate analyses for isolated and 

multiple defects. This secondary analysis was conducted because the etiology of a birth 

defect that occurs in isolation may differ from that of the same birth defect that occurs in the 

presence of other defects.6 All analyses were run separately for pregestational and 

gestational diabetes using SAS version 9.3 (SAS Inc, Cary, NC).

Results

Pregestational diabetes was reported by 0.6% of mothers of control infants (71 of 11,447) 

and 2.5% of mothers of case infants (775 of 31,007). Gestational diabetes during the index 

pregnancy was reported by 4.7% of mothers of control infants (536 of 11,447) and 5.3% of 

mothers of case infants (1653 of 31,007).

Among mothers of control infants, the prevalence of obesity was almost 50% among those 

who reported pregestational diabetes, approximately one third among those who reported 

gestational diabetes, and 17% among those who reported no diabetes (Table 1). Mothers of 

control infants who had pregestational or gestational diabetes were more likely to be 35 

years or older and to have Hispanic ethnicity and less likely to have a post–high school 

education or to be non-Hispanic white compared with mothers of control infants who did not 

have diabetes.
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Most associations between noncardiac defects and pregestational diabetes (22 of 26 

assessed) were strong and statistically significant (Table 2). The largest odds ratio was 

observed for sacral agenesis (adjusted OR [aOR], 80.2; 95% confidence interval [CI], 46.1–

139.3). A greater than 10-fold increased risk was also observed for holoprosencephaly (aOR, 

13.1; 95% CI, 7.0–24.5) and longitudinal limb deficiency (aOR, 10.1; 95% CI, 6.2–16.5). 

Within the category of longitudinal limb deficiency, we assessed preaxial, postaxial, and 

split hand–split foot separately and observed similar associations (data not shown). Of 30 

associations between noncardiac defects and gestational diabetes, 5 were statistically 

significant, including an inverse association for gastroschisis.

For cardiac defects, a similar pattern of associations was observed for pregestational and 

gestational diabetes (Table 3). All 24 associations assessed showed statistically significant 

increased risk for infants born to mothers with pregestational diabetes. There were 4 odds 

ratios for pregestational diabetes that were greater than 10: heterotaxy (aOR, 12.3; 95% CI, 

7.3–20.5), truncus arteriosus (aOR, 14.9; 95% CI, 7.6–29.3), atrioventricular septal defect 

(aOR, 10.5; 95% CI, 6.2–17.9), and single ventricle complex (aOR, 14.7; 95% CI, 8.9–

24.3). Of the 26 associations between cardiac defects and gestational diabetes, 7 were 

statistically significant.

For almost all of the birth defects with sufficient sample size to include in the analysis, odds 

ratios for the association with pregestational diabetes were larger for cases with multiple 

defects than for isolated cases. All 17 noncardiac birth defects with at least 3 exposed 

multiple cases had strong and statistically significant ORs (Table 4). Many strong 

associations were also observed for isolated noncardiac birth defects.

The strongest associations were observed for sacral agenesis, for which 8 of 12 isolated 

cases and 24 of 89 cases of multiple birth defects had maternal pregestational diabetes (aOR, 

807.1; 95% CI, 110.7–5884.0; aOR, 67.8; 95% CI, 37.0–124.2, respectively). For spina 

bifida, anotia/microtia, esophageal atresia/stenosis, biliary atresia/stenosis, craniosynostosis, 

and diaphragmatic hernia, statistically significant increased ORs were observed only for 

cases with multiple defects. Very few associations with gestational diabetes were observed 

for isolated or multiple defect categories. Almost all isolated and multiple cardiac birth 

defect categories for which there were at least 3 exposed case infants were statistically 

significantly associated with pregestational diabetes, with stronger associations for multiple 

defects except for single ventricle complex (Table 5).

Comment

Principal findings

We observed strong associations between maternal pregestational diabetes and most specific 

defects assessed in this study. Of 50 defect categories, we observed 46 statistically 

significant increased ORs, with point estimates ranging from 2.5 to 80.2. For gestational 

diabetes fewer associations were observed (12 of 56), and these associations were weaker 

than for pregestational diabetes, ranging from 1.3 to 2.1, with the exception of gastroschisis, 

for which a significant inverse association was observed.
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Although the increased risks for birth defects with pregestational diabetes are well 

established, the magnitude of such risks, particularly for rarer birth defects, is not well 

known. For example, one of the strongest associations we observed was for 

holoprosencephaly, which is a rare defect; if it were analyzed together with other defect 

categories (eg, brain malformations) rather than individually, the magnitude of the 

association would be underestimated. The fact that the majority of defects we were able to 

assess showed associations with pregestational diabetes demonstrates the substantial impact 

that type 2 diabetes prevention and diabetes control before pregnancy could have on 

improving pregnancy outcomes.

Because most birth defects develop in the first trimester and gestational diabetes typically 

develops later in pregnancy, it is not surprising that gestational diabetes was associated with 

fewer birth defects and yielded far weaker associations. This risk profile for gestational 

diabetes could be due to the heterogeneity of women included in our gestational diabetes 

exposure category, which likely included a mix of true cases of gestational diabetes (eg, 

diabetes that develops because of pregnancy) with cases of pregestational diabetes that were 

first detected during pregnancy.

We conducted a sensitivity analysis in which we reassigned mothers who reported 

gestational diabetes in the first 3 months of pregnancy to the pregestational diabetes 

exposure group. While there were more case than control mothers who reported gestational 

diabetes diagnosed in the first trimester, ORs for specific defects in this sensitivity analysis 

were generally biased slightly toward the null (data not shown), suggesting nondifferential 

and independent misclassification of exposure, which does not support the hypothesis that 

mothers who reported gestational diabetes diagnosed early in pregnancy were more likely to 

have had pregestational diabetes.

Implications

The finding that diabetes is associated with substantially increased risk for many major birth 

defect categories has important implications for prevention and care. Results from prior 

studies suggest that good glycemic control before pregnancy (eg, indicated by reduction or 

normalization of levels of hemoglobin A1c [HbA1c]) is associated with a reduced risk for 

birth defects.

In a meta-analysis of 5 studies, preconception care for women with diabetes was associated 

with a greater than 20% decrease in HbA1c.8 In a metaanalysis of 13 studies, preconception 

care for women with diabetes was associated with a 75% decrease in the risk for birth 

defects.8

It has been estimated that if all US women with diabetes had appropriate preconception care, 

birth defects in more than 4,700 infants could be prevented each year, resulting in an 

estimated $2 billion in cost savings.9 Because pregestational diabetes is a risk factor for 

other adverse birth outcomes, including preterm delivery, the total savings associated with 

preconception care for US women with diabetes is estimated to be even higher, at $5.5 

billion.9
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Despite these benefits, achieving glycemic control prior to pregnancy can be challenging. 

The American College of Obstetricians and Gynecologists recommends that women with 

pregestational diabetes maintain glucose control near physiological levels before and during 

pregnancy through diet, exercise, medication, and routine monitoring.10 However, even with 

these methods, achieving recommended glucose levels can be challenging for women with 

diabetes. Furthermore, pregnancy is often recognized after most birth defects have already 

occurred11 and almost half (45%) of pregnancies in the United States in 2011 were 

unintended.12 Because achieving good glycemic control takes time, this underscores the 

need to appropriately manage the health of women with diabetes, regardless of pregnancy 

intentions.

Another challenge is that not all women who have diabetes have been diagnosed. Data from 

the National Health and Nutrition Examination Survey suggest that approximately 300,000 

nonpregnant US women of reproductive age (15–44 years) have undiagnosed diabetes.13

In addition to improving glycemic control prior to pregnancy, folic acid provides an 

opportunity for birth defect prevention for women with diabetes. It is recommended that all 

women capable of becoming pregnant consume 400–800 μg of folic acid daily to prevent 

neural tube defects, such as spina bifida and anencephaly.14-16

Results from a previous NBDPS analysis and an analysis of data from the Slone Birth 

Defects Study suggest that folic acid may further attenuate the diabetes-associated risk for 

certain birth defects.17,18 Unfortunately, women with diabetes are less likely to take folic 

acid supplements or to achieve recommended folic acid intake for neural tube defect 

prevention.19

Public policies can also promote birth defects prevention by lowering the barriers to 

accessible preconception and prenatal care. Data from the Pregnancy Risk Assessment 

Monitoring System indicate that in 2009 30% of US pregnant women changed health 

insurance coverage between the month before pregnancy and delivery.20 Much of this 

change was attributable to women without coverage being covered by the time of delivery; 

almost 25% of pregnant women had no insurance prior to pregnancy, but by the time of 

delivery only 1.5% were uninsured. This decrease in the uninsured percentage was largely 

attributable to a dramatic increase in the percentage of women with Medicaid coverage, 

from 16.1% just before pregnancy to 43.9% at the time of delivery.

Pregnancy is often a qualifying event for Medicaid, but unfortunately, gaining access to 

medical care after pregnancy has already started severely limits the ability of women with 

diabetes to achieve good glycemic control prior to pregnancy. More recent data suggest that 

the Affordable Care Act’s dependent coverage provision has increased insurance coverage 

before and during pregnancy.21

Strengths and limitations

Strengths of this analysis include the large sample size, which enabled us to assess 

associations with specific defect categories without the dilution of risk estimates that can 

occur when heterogeneous birth defects are grouped. Also, all cases were confirmed with 

Tinker et al. Page 7

Am J Obstet Gynecol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data from medical records, rather than relying only on diagnostic codes, and were classified 

by the study’s clinical geneticists using standardized methods.5,6

Our analysis had several limitations. Diabetes exposure was based on maternal self-report 

during a computer-assisted telephone interview. However, a validation study of self-reported 

diabetes status in the Pregnancy Risk Assessment Monitoring System found high sensitivity 

and specificity for self-reported diabetes compared with medical record review (~91% and 

~95%, respectively).22 In addition, we were not able to analyze birth defect risk by the 

severity of diabetes because we did not have information on HbA1c levels or other 

indicators of glycemic control measured before or during early pregnancy. Therefore, our 

findings reflect an average risk among women with a mixture of different levels of glycemic 

control. For some defect categories, and particularly for pregestational diabetes, there were 

few exposed cases, leading to imprecise estimates.

To improve precision, we combined type 1 and type 2 diabetes into a single pregestational 

diabetes category. Although type 1 and type 2 diabetes are defined by different biological 

processes, the end result for each is alteration of glucose metabolism; however, the 

teratogenic mechanism behind the increase risk for birth defects is still unknown.23 Analyses 

stratified by type of pregestational diabetes showed similar patterns of results for type 1 and 

type 2 diabetes (data not shown).

We tested many associations and some spurious statistically significant ORs would be 

expected by chance. However, for pregestational diabetes we observed statistically 

significant ORs for 46 of the 50 associations assessed (92%), which is unlikely to be 

explained by statistical fluctuation. In addition, all associations that were assessed are 

presented, regardless of their statistical significance. Residual confounding may explain 

some associations, such as the inverse association observed for gestational diabetes and 

gastroschisis.

Conclusions

Maternal diabetes is a well-recognized risk factor for birth defects. Our study adds to the 

evidence of risk for many types of birth defects, both common and rare, and supports the 

urgency of improving preconception diabetes detection and care so that the considerable 

burden of maternal diabetes on women, their children, families, and society can be reduced.
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AJOG at a Glance

Why was this study conducted?

Diabetes is associated with an increased risk for birth defects and is likely to have an 

increasing impact on birth defect prevalence because of the rise in diabetes in the United 

States in recent decades. We used data from the largest population-based birth defect 

case-control study in the United States to provide updated and more precise estimates of 

the association between diabetes and specific birth defects, including some defects not 

previously assessed.

Key findings

Pregestational diabetes was associated with strong, statistically significant odds ratios 

(range, 2.5–80.2) for 46 of 50 birth defects considered; for gestational diabetes, 

statistically significant odds ratios were fewer (12 of 56) and of smaller magnitude 

(range, 1.3–2.1; 0.5 for gastroschisis).

What does this add to what is known?

Pregestational diabetes is associated with a markedly increased risk for many specific 

births defects.
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