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Abstract

Background: Previous studies found consistent associations between pregestational diabetes and
birth defects. Given the different biological mechanisms for type 1 (PGD1) and type 2 (PGD2)
diabetes, we used National Birth Defects Prevention Study (NBDPS) data to estimate associations
by diabetes type.

Methods: The NBDPS was a study of major birth defects that included pregnancies with
estimated delivery dates from October 1997 to December 2011. We compared self-reported PGD1
and PGD2 for 29,024 birth defect cases and 10,898 live-born controls. For case groups with =5
exposed cases, we estimated adjusted odds ratios (aORs) and 95% confidence intervals (Cls) for
the association between specific defects and each diabetes type. We calculated crude ORs (cORs)
and 95% Cls with Firth's penalized likelihood for case groups with 3—-4 exposed cases.

Results: Overall, 252 (0.9%) cases and 24 (0.2%) control mothers reported PGD1, and 357
(1.2%) cases and 34 (0.3%) control mothers reported PGD2. PGD1 was associated with 22/26
defects examined and PGD2 was associated with 29/39 defects examined. Adjusted ORs ranged
from 1.6 to 70.4 for PGD1 and from 1.6 to 59.9 for PGD2. We observed the strongest aORs for
sacral agenesis (PGD1: 70.4, 32.3-147; PGD2: 59.9, 25.4-135). For both PGD1 and PGD2, we
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observed elevated aORs in every body system we evaluated, including central nervous system,
orofacial, eye, genitourinary, gastrointestinal, musculoskeletal, and cardiac defects.

Conclusions: We observed positive associations between both PGD1 and PGD2 and birth
defects across multiple body systems. Future studies should focus on the role of glycemic control
in birth defect risk to inform prevention efforts.
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11 INTRODUCTION

In the United States, the prevalence of pregestational diabetes has increased in recent
decades. From 2000 to 2010, the age-standardized prevalence of pregestational diabetes
among deliveries increased from 0.65 per 100 births to 0.89 per 100 births, a relative change
of 37% (Bardenheier et al., 2015). This increase is concerning given that diabetes is a
known teratogen (Mills, 2010). Increased risks for defects of the cardiovascular, central
nervous, genitourinary, and musculoskeletal systems have been observed in pregnancies of
women with pregestational diabetes in National Birth Defects Prevention Study (NBDPS)
analyses which combined pregestational type 1 and type 2 diabetes, including a recent
analysis which used the same years as the current analysis (Correa et al., 2008; Tinker et

al., 2020). Findings from the NBDPS are supported by studies in other populations (Arendt
et al., 2021; Mowla, Gissler, Rédisénen, & Kancherla, 2020; Yang, Cummings, O'Connell, &
Jangaard, 2006). However, these analyses either analyzed pregestational type 1 and type 2
diabetes as one group or did not evaluate specific birth defects. Less is known about whether
pregestational type 1 and type 2 diabetes confer different risks for specific defects.

Type 1 and type 2 diabetes both involve blood glucose regulation but have different
underlying biological mechanisms. Type 1 diabetes is an autoimmune disorder resulting

in the destruction of the beta cells in the pancreas which produce insulin, while type 2
diabetes is a metabolic disorder resulting in lowered insulin production or insulin resistance.
Additionally, there are differences in the characteristics associated with type 1 and type 2
diabetes. Type 1 diabetes is more commonly diagnosed at a younger age, comprising greater
than 85% of all diabetes diagnosed in children (Maahs, West, Lawrence, & Mayer-Davis,
2010). Type 2 diabetes, more commonly diagnosed in adulthood, has become increasingly
diagnosed in children, with the incidence of both types of diabetes increasing (Mayer-Davis
etal., 2017).

Existing studies that have evaluated birth defects associated with pregestational type 1 and
type 2 diabetes separately have inconsistent results. Some report higher rates of birth defects
among pregestational type 1 diabetes than pregestational type 2 diabetes (Lapolla et al.,
2008; Murphy et al., 20170029; Peticca, Keely, Walker, Yang, & Bottomley, 2009), others
report higher rates among type 2 diabetics (Clausen et al., 2005), and still others report that
the two types are similarly associated with birth defects (Gonzalez-Gonzalez et al., 2008;
Macintosh et al., 2006). Those who have studied associations with more specific defects
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have found both pregestational type 1 and type 2 diabetes to be associated with several, but
not necessarily the same, birth defects (Arendt et al., 2021; Jovanovic et al., 2015).

In this study, we separately evaluated the association of pregestational type 1 and type 2
diabetes with 52 specific birth defects using data from the NBDPS. Given the large size of
NBDPS, we assessed associations between each type of pregestational diabetes and specific
birth defects.

21 METHODS

The NBDPS was a population-based case—control study of major structural birth defects,
which included pregnancies ending on or after October 1, 1997 and with an estimated date
of delivery on or before December 31, 2011. Birth defects surveillance systems in Arkansas,
California, Georgia, lowa, Massachusetts, North Carolina, New Jersey, New York, Texas,
and Utah ascertained pregnancies affected by one or more eligible defect (cases) that were
liveborn, stillborn, or induced terminations. Control infants were liveborn infants without
major structural birth defects randomly selected from hospital records or birth certificates

in the same geographic area and time-period as the cases (Reefhuis et al., 2015). Trained
interviewers conducted a computer-assisted telephone interview to collect information from
mothers of case and control infants on demographics, pregnancy history, medical conditions,
medication use, and other exposures before and during pregnancy. All participating centers
obtained institutional review board approval for the study and women provided informed
consent.

A clinical geneticist reviewed clinical information for each case to ensure study eligibility.
A second reviewer classified each case as having isolated, multiple, or complex defects. A
case had an isolated status if there was one or more major defects in the same organ system
(Rasmussen et al., 2003). A case had a multiple status if two or more apparently unrelated
defects were diagnosed in different organ systems. A case had a complex status if a pattern
of embryologically related major defects was present (Rasmussen et al., 2003; Reefhuis

et al., 2015). Excluded from the study were cases with a known chromosomal or single-
gene abnormality. Cardiac birth defects cases were further classified by cardiac phenotype,
complexity, and presence of noncardiac defects (Botto et al., 2007). Oral clefts, glaucoma,
cataracts, ventricular septal defects, and pulmonary valve stenosis were not ascertained by
all sites for all years; we excluded controls when analyzing these case groups for sites and
years with incomplete data (Reefhuis et al., 2015). Cases classified as unspecified atrial
septal defects (ASD) were likely ASD secundum type and were counted as such in the
analysis (Botto et al., 2007). For hypospadias, we restricted to male controls.

Mothers were asked whether they had ever been told by a doctor that they had diabetes.
For those that reported diabetes, information on type, date of diagnosis, and medication use
were collected (specific questions are shown in Figure 1). We defined pregestational type

1 diabetes and pregestational type 2 diabetes as a reported diagnosis prior to the estimated
date of conception for the index pregnancy. We excluded any mothers who first reported
atype 1 or type 2 diagnosis during the index pregnancy or during a previous pregnancy,

as a diagnosis during pregnancy may suggest gestational diabetes. Mothers who reported
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pregestational type 1 diabetes but did not report using insulin continuously during pregnancy
were excluded (74 cases; six controls), and women who reported an unknown diabetes type,
or an unknown diagnosis date (407 cases; 102 controls). Women who reported gestational
diabetes at any time were also excluded (2,512 cases; 823 controls). The reference group
included mothers who did not report any type of diabetes (Figure 2).

We analyzed associations between type 1 and type 2 diabetes and defects that had at least
50 cases. For defects with five or more exposed cases, we calculated adjusted odds ratios
(aORs) and profile likelihood 95% confidence intervals (Cls) using unconditional logistic
regression with Firth's penalized likelihood, while controlling for covariates identified a
priori based on a review of the literature: maternal age at delivery (<24, 25-29, =30 years),
race/ethnicity (non-Hispanic White, other), education (high school or less, more than high
school), pre-pregnancy body mass index (BMI) (kilograms/height in meters (Mills, 2010;
<25, 225), and state of residence at birth (Firth, 1993; Karabon, 2020). Firth's penalized
likelihood addresses issues of quasi-complete separation of data due to small sample size,
reducing bias in the maximum likelihood estimation (Firth, 1993). For defects with three
or four exposed cases, we calculated crude odds ratios (CORS) and exact 95% Cls. We did
not calculate OR estimates for defects with fewer than three exposed cases. Our primary
analysis included isolated and multiple birth defects together. Because isolated birth defects
may differ etiologically from those associated with other major birth defects, we also
calculated estimates for each birth defect among the subset of isolated cases (Rasmussen et
al., 2003).

We conducted a sensitivity analysis to explore potential misclassification of diabetes type.
Type 1 diabetes is more commonly diagnosed at a younger age, comprising greater than
85% of all diabetes diagnosed in children (Maahs et al., 2010). Given this, we restricted the
sensitivity analysis to mothers who reported an age of diagnosis of type 1 diabetes at 20
years of age or younger. We conducted all analyses in SAS (9.4; SAS Corporation, Cary,
NC).

31 RESULTS

Of the 39,922 infants in the analysis, 10,898 were controls and 29,024 were cases. Twenty-
four (0.2%) mothers of control infants, and 252 (0.9%) mothers of case infants reported
pregestational type 1 diabetes. Thirty-four (0.3%) mothers of control infants, and 357
(1.2%) mothers of case infants reported pregestational type 2 diabetes. The distribution

of characteristics among controls by maternal diabetes status is presented in Table 1.

We estimated ORs for pregestational type 1 diabetes and 26 birth defects, 19 of which
were adjusted estimates and seven were crude estimates (Tables 2 and 3). Adjusted ORs

for pregestational type 1 diabetes ranged from 1.6 to 70.4, with the strongest association
observed for sacral agenesis (aOR: 70.4; 95% ClI: 32.3-147.2). Additionally, pregestational
type 1 diabetes was associated with all but one of the reported cardiac defects; the strongest
association among cardiac defects was observed for heterotaxy (aOR: 13.5; 95% CI: 5.7—
29.3). Additionally, we observed high aORs (OR = 10) for intercalary and longitudinal
limb deficiency (aOR: 13.6; 95% CI: 6.8-26.1) and double outlet right ventricle with
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transposition of the great arteries (aOR: 10.8; 95% CI: 3.4-27.6). Additionally, we observed
high cORs for pregestational type 1 diabetes and holoprosencephaly (aOR: 10.0; 95% ClI:
1.9-33.4) and truncus arteriosus (aOR: 11.9; 95% CI: 2.3-39.9).

We estimated ORs for pregestational type 2 diabetes and 39 birth defect groups (Tables

2 and 3), of which 28 were adjusted and 11 were crude estimates. Adjusted ORs for
pregestational type 2 diabetes ranged from 1.6 to 59.9. As with type 1 diabetes, we observed
the strongest association for type 2 diabetes and sacral agenesis (aOR: 59.9; 95% CI:
25.4-135.2). All but two included cardiac birth defects (d-transposition of the great arteries
and total anomalous pulmonary venous return) were associated with pregestational type 2
diabetes and the strongest association among cardiac defects was for single ventricle defect
(aOR: 29.6; 95% CI: 13.5-61.7). We also observed aORs =10 for pregestational type 2
diabetes and holoprosencephaly (aOR: 14.4; 95% CI: 5.7-32.4), heterotaxy (aOR: 11.8;
95% CI: 5.4-24.1), truncus arteriosus (aOR: 20.3; 95% CI: 8.7-44.0), conoventricular septal
defects (aOR: 22.6; 95% CI: 7.7-60.5), and atrioventricular septal defects (aOR: 12.5; 95%
Cl: 5.7-25.2).

For isolated cases, pregestational type 1 diabetes was significantly associated with 15 of the
19 assessed defects with aORs ranging from 3.2 to 328.0 (Tables S1 and S2). Pregestational
type 2 diabetes was significantly associated with 17 of 27 isolated birth defects assessed
with aORs ranging from 2.5 to 18.8. For both type 1 and type 2 diabetes, these estimates
were generally similar to those from the main analysis in which both isolated and multiple
cases were analyzed together.

Of the 276 mothers with pregestational type 1 diabetes in our main analysis, 76.1% (191
cases; 19 controls) were diagnosed at age 20 or younger. We saw no meaningful differences
in OR estimates when we limited the analysis to mothers who were diagnosed at a younger
age (data not shown).

41 DISCUSSION

We observed strong associations between pregestational diabetes of either type and most
birth defects assessed. Pregestational type 1 diabetes had strong, statistically significant ORs
for 22 defects. We observed strong, statistically significant ORs for pregestational type 2
diabetes and 29 defects. Most defects for which we observed increased risk were associated
with both types of diabetes. For the defects with five or more exposed cases, adjusted
estimates were similar regardless of diabetes type.

Pregestational diabetes is an established risk factor for birth defects. While pregestational
diabetes and risk of birth defects has been studied previously, we were able to calculate
estimates for specific major birth defects rather than overall groupings based on body
system. Some studies have found higher rates of a combined birth defect outcome among
women with pregestational type 1 diabetes compared with women with pregestational type
2 diabetes but did not explore specific birth defects (Lapolla et al., 2008; Murphy et al.,
2017; Peticca et al., 2009). Gonzalez-Gonzalez et al. (2008) found similar associations

for pregestational type 1 and type 2 diabetes and the risk of birth defects, but did not
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evaluate specific defects. In contrast, Clausen et al. (2005) observed that pregestational
type 2 diabetes was more strongly associated with birth defects than pregestational type 1
diabetes.

Several studies have explored associations between each type of pregestational diabetes and
specific defects (Arendt et al., 2021; Banhidy, Acs, Puho, & Czeizel, 2010; Jovanovic et

al., 2015). Using data from the Hungarian Case—Control Surveillance System of Congenital
Abnormalities, Banhidy et al. (2010) observed that pregestational type 1 diabetes was
associated with renal agenesis/dysgenesis, obstructive urinary tract defects, cardiovascular
malformations, and caudal dysplasia sequence and that pregestational type 2 diabetes was
associated with diaphragmatic defects. While we did not explore larger groupings of defects,
we did observe a similar elevated association for type 1 diabetes and bilateral renal agenesis
and associations between type 1 diabetes and 11 specific cardiac defects. However, we

also observed elevated associations for type 2 diabetes and cardiac birth defects, which
Banhidy et al. (2010) did not. Lastly, Banhidy et al. (2010) observed a significantly elevated
association between pregestational type 2 diabetes and diaphragmatic hernia. We observed
an aOR of 2.4, but the CI included the null value of 1.0.

Among women with pregestational type 2 diabetes, Jovanovic et al. (2015) found
significantly elevated circulatory, cleft, digestive, facial, heart, integument, and nervous
system defects compared with nondiabetics, and significantly elevated risk for pregestational
type 1 diabetics and circulatory and heart defects, which we also observed. Among women
with pregestational type 1 diabetes, Arendt et al. (2021) observed major heart defects, and
major malformations of the eye, respiratory system, and digestive system. For mothers
with pregestational type 2 diabetes, the highest prevalence of birth defects observed were
for major congenital heart diseases, similar to our observations. Lastly, our findings are
consistent with previously published findings using the same years of NBDPS data that
combined type 1 and type 2 diabetes (Correa et al., 2008). For most defects, we found an
elevated association for both type 1 and type 2 diabetes. However, we observed potential
differences by type of diabetes and hypospadias.

Other studies have reported associations that we did not observe in our data. For example,

a population-based national registry study found a positive association between spina bifida
and pregestational diabetes (Mowla et al., 2020). We did not observe an increased risk of
spina bifida in the present study nor did a previous study using NBDPS data that combined
all pregestational diabetics (Tinker et al., 2020). Tinker et al. (2020) suggested that the lack
of an effect observed in NBDPS may be at least partially explained by effect modification by
folic acid. We did not explore this hypothesis in our study. Parker, Yazdy, Tinker, Mitchell,
and Werler (2013) explored the relationship between spina bifida, pregestational diabetes,
and folic acid use, finding that folic acid attenuates, but does not eliminate, the association
between diabetes and spina bifida.

Our study had several strengths. NBDPS has a large sample size allowing us to analyze
specific defects and control for potential confounders. While pregestational diabetes and risk
of birth defects has been studied previously, our study included rare defects that smaller
studies were unable to analyze. Our study utilized strict case classification by clinical
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geneticists' criteria using medical records, so we expect little outcome misclassification. We
were also able to separately evaluate isolated cases of specific defects.

A limitation of this analysis is that we relied on maternal self-reported diabetes and timing
of diagnosis. Although several studies have found high concordance between administrative
data or medical records and self-reported chronic conditions, including diabetes (Fortin,
Haggerty, Sanche, & Almirall, 2017; Jackson et al., 2014; Tisnado et al., 2006), some
evidence suggests that self-reported diabetes status has high specificity but lower sensitivity
(Day & Parker, 2013). There may have been underreporting of diabetes in NBDPS,

only 0.2% of controls reported pregestational type 1 diabetes and 0.3% reported type 2
diabetes, which is lower than the 0.89% prevalence estimate from another national study
(Bardenheier et al., 2015). Misclassification of diabetes type is likely (Seidu, Davies,
Mostafa, de Lusignan, & Khunti, 2014; Shields et al., 2015). To reduce bias due to
exposure misclassification, we excluded women who reported diabetes of unknown type.
Additionally, since type 1 diabetes generally necessitates insulin replacement therapy
(Shields et al., 2015), we excluded women who reported pregestational type 1 diabetes

but did not report continuous insulin use from the time of diagnosis. To further assess
potential bias associated with exposure misclassification, we conducted a sensitivity analysis
restricted to mothers with pregestational type 1 diabetes diagnosis at 20 or younger. We
found that a stricter exposure definition did not meaningfully change our results.

Given that pregestational type 1 and type 2 diabetes are rare exposures within NBDPS,
we used Firth's penalized regression to estimate adjusted ORs. Even using this method,
we observed imprecise estimates with wide 95% Cls. Given the number of statistical tests
performed, some of the observed associations may be due to chance. The main analysis
included 65 statistical tests; at a = 0.05, approximately three significant associations
would be expected by chance alone (65 statistical tests * 0.05 = 3.25). We observed 53
such associations. Given that these associations were robust in sensitivity analyses, are
biologically plausible, and are consistent with previous studies that did not use NBDPS
data, it is unlikely that all results were due to statistical chance. In addition, previous
studies, including a systematic review, found that poor glycemic control was associated
with a greater than threefold risk for birth defects compared to optimal glycemic control
among pregnant women with pregestational diabetes (Inkster et al., 2006). We did not
have clinical information on diabetes control, such as fasting glucose measurement or
glycated hemoglobin (HbAlc) and were therefore not able to explore effect modification
by disease severity or glucose control. Additionally, while we controlled for some potential
confounders, there may be residual confounding by measured or unmeasured factors.

Although the exact teratogenic mechanism is unknown, altered glucose metabolism is a
potential mechanism through which both pregestational type 1 and type 2 diabetes may
impact the risk of birth defects (Bardenheier et al., 2015). Dude, Badreldin, Schieler,

and Yee (2021) found that higher periconception glycosylated hemoglobin in women with
pregestational diabetes was significantly associated with major and minor congenital fetal
anomalies. In our analysis, similar estimates for specific defects for both pregestational
type 1 and type 2 diabetes support this potential mechanism. Therefore, it is important

to emphasize control of diabetes before pregnancy for women with either pregestational
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type 1 or type 2 diabetes. A meta-analysis of 25 studies demonstrated that preconception
care, including glucose monitoring, among women with diabetes reduced their risk of birth
defects by 71% (Wahabi et al., 2020). Given that most birth defects occur early in the

first trimester and a substantial proportion of pregnancies are unintended (61% of control
mothers with pregestational type 1 diabetes and 32% of control mothers with pregestational
type 2 diabetes in our analysis), post-pregnancy recognition may be too late to address birth
defect risk factors. Thus, proper glycemic control should be emphasized for all diabetic
women of reproductive age, regardless of pregnancy planning status.

Mothers with pregestational type 1 or type 2 diabetes are at high risk for having a pregnancy
affected by a birth defect. Relatively similar associations with pregestational type 1 and
pregestational type 2 diabetes and many different birth defects suggest that controlling high
blood glucose provides an opportunity for prevention. Since pregestational diabetes of either
type are relatively rare occurrences, more studies evaluating both types of pregestational
diabetes and the role of their respective monitoring and glycemic control methods could help
inform birth defect prevention interventions.
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Questions About Maternal Diabetes and Treatment Included in the Computer-assisted

Telephone Interview for the National Birth Defects Prevention Study, 1997-2011.%

Were you ever told by a doctor that you had diabetes (including gestational diabetes), sometimes called
sugar diabetes or diabetes mellitus?

What type of diabetes did you have? Was it: Gestational, that is during pregnancy only; Insulin-
dependent diabetes, also called Type | or Juvenile; or Non-insulin dependent diabetes, also called Type Il
or Adult onset?

What month and year were you first diagnosed?

Did you ever take insulin?

At what age did you start taking insulin?

Have you been taking insulin continuously since that time?

tFigure only includes CATI questions specific to insulin use, not the complete list

FIGURE 1.
Questions about maternal diabetes and treatment included in the computer-assisted

telephone interview for the National Birth Defects Prevention Study, 1997-2011
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3,924 women (2,993 cases/931 controls) excluded from the analysis:
e 509 women with missing or unknown (type and/or timing)
diabetes status (407 cases/102 controls)
e 3,335 women with gestational diabetes (2,512 cases/823

controls)

e 80 women with type 1 diabetes without continuous insulin

(74 cases/6 controls)

43,846
women completed the
NBDPS interview
(32,017 cases/11,829 controls)

39,922 women in analysis
(29,024 cases/10,898 controls)

39,255 (98.33%) women without
pregestational diabetes
(28,415 cases/10,840 controls)

276 (0.69%) women with
pregestational type 1 diabetes
(252 cases/24 controls)

391 (0.98%) women with
pregestational type 2 diabetes

(357 cases/34 controls)

FIGURE 2.

Study population, exclusions, and pregestational type 1 and type 2 diabetes status among

mothers in the National Birth Defects Prevention Study, 1997-2011
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