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iabetes mellitus and birth defects
dolfo Correa, MD, PhD; Suzanne M. Gilboa, PhD; Lilah M. Besser, MPH; Lorenzo D. Botto, MD;
ynthia A. Moore, MD, PhD; Charlotte A. Hobbs, MD, PhD; Mario A. Cleves, PhD;
iffany J. Riehle-Colarusso, MD; D. Kim Waller, PhD; E. Albert Reece, MD, PhD, MBA;
nd the National Birth Defects Prevention Study
BJECTIVE: The purpose of this study was to examine associations
etween diabetes mellitus and 39 birth defects.

TUDY DESIGN: This was a multicenter case-control study of mothers
f infants who were born with (n � 13,030) and without (n � 4895)
irth defects in the National Birth Defects Prevention Study
1997-2003).

ESULTS: Pregestational diabetes mellitus (PGDM) was associated
ignificantly with noncardiac defects (isolated, 7/23 defects; multiples,
3/23 defects) and cardiac defects (isolated, 11/16 defects; multiples,
/16 defects). Adjusted odds ratios for PGDM and all isolated and
002-9378/$34.00 • © 2008 Mosby, Inc. All rights reserved. • doi: 10.1016
.27-14.10), respectively. Gestational diabetes mellitus (GDM) was as-
ociated with fewer noncardiac defects (isolated, 3/23 defects; multi-
les, 3/23 defects) and cardiac defects (isolated, 3/16 defects; multi-
les, 2/16 defects). Odds ratios between GDM and all isolated and
ultiple defects were 1.42 (95% CI, 1.17-1.73) and 1.50 (95% CI,

.13-2.00), respectively. These associations were limited generally to
ffspring of women with prepregnancy body mass index �25 kg/m2.

ONCLUSION: PGDM was associated with a wide range of birth de-
ects; GDM was associated with a limited group of birth defects.

ey words: birth defect, gestational diabetes mellitus, obesity,

ultiple defects were 3.17 (95% CI, 2.20-4.99) and 8.62 (95% CI, pregestational diabetes mellitus

ite this article as: Correa A, Gilboa SM, Besser LM, et al. Diabetes mellitus and birth defects. Am J Obstet Gynecol 2008;200:XXXX.

irth defects affect 1 in 33 babies
and are a leading cause of infant

eath in the United States.1,2 The
auses of most birth defects remain un-
nown.3,4 Although pregestational di-
betes (PGDM; ie, type 1 or type 2) is a
nown risk factor for defects of the car-
iovascular, central nervous, and mus-
uloskeletal systems,5-9 information

on the specific phenotypes within each
1 of these organ systems that are asso-
ciated with diabetes mellitus remains
unclear because most published stud-
ies have examined broad categories of
birth defects. Moreover, the effect of
diabetes mellitus on other organ sys-
tems (eg, gastrointestinal and genito-
urinary) remains poorly understood.

Although the mechanisms underlying
the associations of diabetes mellitus with
birth defects are not understood com-
pletely, it is clear that hyperglycemia
plays a critical role. There is a positive
correlation between hyperglycemia dur-
ing embryogenesis and a risk for congen-
ital malformations among infants of di-
abetic mothers10,11 and in animal
models.12 In addition, among diabetic
women with good glycemic control, the
prevalence of birth defects is similar to
that in the general population.13 Accord-
ingly, 1 of the proposed strategies to pre-
vent birth defects that are associated with
PGDM has been glycemic control during
pregnancy.14 However, the increasing
prevalence of diabetes mellitus15 and the
challenges in achieving adequate glyce-
mic control periconceptionally among
women with diabetes mellitus16 raise
concerns about the extent to which
PGDM contributes to the burden of
birth defects in the United States today.

Gestational diabetes mellitus (GDM)
has also been reported as being associ-
ated with birth defects.5,17 Because some
women diagnosed with GDM for the

rom the Division of Birth Defects and Developmental Disabilities, Centers for Disease
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f Medicine, Baltimore, MD (Dr Reece).
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1

ype 2 diabetes mellitus, the association
f birth defects with GDM could well re-
ect an association with type 2 diabetes
ellitus.5,9 This possibility and the ob-

ervation that prepregnancy obesity,
hich is a risk factor for type 2 diabetes
ellitus,18 has been found to be associ-

ted with birth defects19 raise the ques-
ion about whether the association of
DM with birth defects is more likely to
e evident among offspring of women
ith prepregnancy obesity.20,21

We used data from the National Birth
efects Prevention Study (NBDPS)22 to

xamine the associations of PGDM (ie,
ypes 1 or 2) and GDM with risk for a
roader range of birth defect categories
han has been examined before and to
valuate the extent to which maternal
repregnancy body mass index might
odify such associations.

ATERIALS AND METHODS
BDPS
etailed methods of the NBDPS have
een published previously.22 Briefly, the
BDPS is a population-based case con-

rol study that incorporates data from 10
irth defect surveillance systems in the
nited States (Arkansas, California,
eorgia/Centers for Disease Control and
revention, Iowa, Massachusetts, New
ersey, New York, North Carolina,
exas, and Utah). Cases (live births, still-
irths, or terminations) had �1 of 30 el-

gible major birth defect groups. Cases
ith defects that are recognized to have a
nown cause (single-gene disorders and
hromosome abnormalities) were ex-
luded. Control subjects were liveborn
nfants without birth defects who were
elected randomly either from birth cer-
ificates or from birth hospitals. Mater-
al interviews were conducted with a
tandardized questionnaire, in English
r Spanish, between 6 weeks and 24
onths after the estimated date of deliv-

ry. Interview participation rates were
1% among case mothers and 68%
mong control mothers. The NBDPS has
een approved by the Institutional Re-
iew Boards of the CDC and the partici-
ating study centers.
Case infants were classified as having
solated or multiple defects by clinical (

.e2 American Journal of Obstetrics & Gynecology
eneticists based on reviews of clinical
nformation that were abstracted from

edical records. Infants who were clas-
ified as having an isolated birth defect
ad (a) 1 major defect, (b) 1 major defect
nd �1 minor defects, (c) major defects
hat affect 1 organ system only, or (d) a

ajor defect with a well-described se-
uence of related defects without any
ther unrelated major defects. Infants
ith multiple birth defects had either �2
ajor unrelated defects in different or-

an systems or multiple associated major
efects.23 All cases with heart defects
ere confirmed by echocardiography,

ardiac catheterization, surgery, or au-
opsy and were classified further about
hether the heart defect was simple (ie, 1
ell-recognized entity such as atrial sep-

al defect [ASD] or tetralogy of Fallot
ith no other cardiac defects), complex

ie, heterotaxy and single ventricle mal-
ormations), or an association of �2
eart defects neither of which could be
onsidered the primary defect for analy-
is (eg, ASD with ventricular septal de-
ect [VSD]).24

nclusions and exclusions
or this analysis, the study population
as restricted to mothers with known di-

betes mellitus status and an estimated
ate of delivery between October 1,
997, and December 31, 2003. Our final
tudy population consisted of 4895 con-
rol subjects and 13,030 total cases. We
nalyzed case groups of �50 eligible in-
ants. The exception was sacral agenesis
n � 32 infants), which remained in the
nalysis because of the previously re-
orted strong association with PGDM.25

ur analysis of heart defects was re-
tricted to infants with simple heart de-
ects, unless the infant had either a heart
efect and heterotaxia or a heart defect
ssociation. We analyzed 3 categories of
eart defect associations: (1) left ventric-
lar outflow tract obstruction associa-

ions (coarctation of the aorta with aortic
tenosis, coarctation of the aorta with
SD, and coarctation of the aorta with
SD and ASD), (2) right ventricular out-
ow tract obstruction associations (pul-
onary valve stenosis with VSD and pul-
onary valve stenosis with ASD), and
3) VSD with ASD. California cases with l

MONTH 2008
ulmonary valve stenosis were excluded
ecause the site did not ascertain these
efects according to NBDPS protocol. A
nal restriction limited the control
roup for the hypospadias analysis to
ale infants.

xposure and covariate definitions
n the interview, mothers reported
hether a physician had diagnosed

hem previously with PGDM or GDM
Appendix). As in other case-control
tudies,26,27 we divided mothers into 1
f the following mutually exclusive
ategories: (1) PGDM, if the mother
eported having been diagnosed with
ype 1 or type 2 diabetes mellitus be-
ore the birth of the index infant; (2)
DM, if the mother reported having
een diagnosed with GDM during the

ndex pregnancy; (3) nondiabetic, if
he mother reported having never been
iagnosed with either PGDM or GDM;
nd (4) unknown, if the response was
issing, uncodable, or inconsistent

eg, maternal report of GDM diag-
osed after delivery of index child).
Other covariates of interest, which
ere all self-reported, were maternal
ody mass index (BMI), age at delivery,
ducation, race/ethnicity, household in-
ome, entry into prenatal care, history of
etal loss, periconceptional (from 1

onth before pregnancy through the
rst trimester) maternal smoking, intake
f folate antagonist medications and fo-

ic acid supplement intake, family his-
ory of a birth defect, and study center.
nterview data on prepregnancy weight
nd height were used to calculate BMI,
hich was classified according to the Na-

ional Heart, Lung and Blood Institute
utoff points: �18.5 kg/m2 (under-
eight), �18.5-�25.0 kg/m2 (average-

eferent), �25.0-�30.0 kg/m2 (over-
eight), and �30.0 kg/m2 (obese).28

tatistical analysis
rude and adjusted odds ratios (ORs)
nd 95% CIs were calculated with lo-
istic regression. Multivariable analy-
es estimated effects from a “full”

odel that contained the diabetes mel-
itus variable (pregestational or gesta-
ional) and the covariates that are

isted in Table 1. Backwards elimina-
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ion removed other covariates that did
ot change the full model OR for the
ffect of diabetes mellitus by �10%.
he most common confounders in

hese analyses (maternal BMI, age,
ace/ethnicity, entry into prenatal care,
tudy center, and household income)

TABLE 1
Frequency distributions of materna
birth defects, and multiple birth de

Characteristic

Diabetes type
..........................................................................................................

No diabetes
..........................................................................................................

Pregestational
..........................................................................................................

Gestational
...................................................................................................................

Body mass index (kg/m2)
..........................................................................................................

�18.5
..........................................................................................................

18.5-�25.0
..........................................................................................................

25.0-�30.0
..........................................................................................................

�30.0
...................................................................................................................

Maternal age (years)
..........................................................................................................

�20
..........................................................................................................

20-24
..........................................................................................................

25-29
..........................................................................................................

30-34
..........................................................................................................

�35
...................................................................................................................

Maternal education
..........................................................................................................

�High school
..........................................................................................................

High school
..........................................................................................................

�High school
...................................................................................................................

Race/ethnicity
..........................................................................................................

Non-Hispanic white
..........................................................................................................

Non-Hispanic black
..........................................................................................................

Hispanic
..........................................................................................................

Other
...................................................................................................................

Household income �40,000/year
...................................................................................................................

Prenatal care in first trimester
...................................................................................................................

History of fetal lossa

...................................................................................................................

Maternal smokingb

...................................................................................................................

Use of folate antagonist medicationsb,c

...................................................................................................................

Folic acid supplement intakeb

...................................................................................................................

Family history of birth defect
ere used as the final set of covariates. 9
e assessed effect modification by ma-
ernal BMI among all cases, all isolated
ases, and all multiple cases using fully
djusted models with interaction
erms between diabetes mellitus status
nd levels of BMI. All analyses were
onducted with SAS software (version

haracteristics among controls, cases
ts, National Birth Defects Prevention

Controls
(n�4895)
%

All birth
defects
(n�13030)
%

.........................................................................................................................

95.8 92.8
.........................................................................................................................

0.5 2.2
.........................................................................................................................

3.7 5.1
.........................................................................................................................

.........................................................................................................................

5.7 5.8
.........................................................................................................................

54.6 51.7
.........................................................................................................................

21.1 21.5
.........................................................................................................................

14.6 17.3
.........................................................................................................................

.........................................................................................................................

11.4 11.7
.........................................................................................................................

22.1 23.2
.........................................................................................................................

26.1 24.9
.........................................................................................................................

26.8 24.8
.........................................................................................................................

13.7 15.4
.........................................................................................................................

.........................................................................................................................

16.8 18.1
.........................................................................................................................

24.7 26.6
.........................................................................................................................

58.5 55.4
.........................................................................................................................

.........................................................................................................................

60.4 60.8
.........................................................................................................................

11.9 10.8
.........................................................................................................................

22.3 22.8
.........................................................................................................................

5.4 5.6
.........................................................................................................................

44.0 41.6
.........................................................................................................................

88.1 87.1
.........................................................................................................................

23.5 24.8
.........................................................................................................................

19.2 21.8
.........................................................................................................................

1.2 1.6
.........................................................................................................................

87.5 86.7
.........................................................................................................................

2.5 3.3
.1; SAS Institute Inc, Cary, NC). 1

MONTH 2008 Ame
ESULTS

rom the original study population of
008 control subjects and 13,586 cases,
e excluded 113 control subjects and
01 cases with unknown or inconsistent
iabetes mellitus status. An additional

f all birth defects, isolated
udy, 1997-2003.

All isolated
birth defects
(n�10379)
%

All multiple
birth defects
(n�1679)
%

..................................................................................................................

93.3 89.8
..................................................................................................................

1.6 4.8
..................................................................................................................

5.1 5.4
..................................................................................................................

..................................................................................................................

5.7 5.4
..................................................................................................................

52.4 48.4
..................................................................................................................

21.6 22.0
..................................................................................................................

16.7 19.3
..................................................................................................................

..................................................................................................................

11.5 12.4
..................................................................................................................

22.7 25.7
..................................................................................................................

24.9 24.5
..................................................................................................................

25.1 23.7
..................................................................................................................

15.8 13.8
..................................................................................................................

..................................................................................................................

17.3 21.0
..................................................................................................................

26.3 28.0
..................................................................................................................

56.4 51.0
..................................................................................................................

..................................................................................................................

62.1 55.0
..................................................................................................................

10.4 11.3
..................................................................................................................

22.0 27.9
..................................................................................................................

5.5 5.8
..................................................................................................................

43.0 34.6
..................................................................................................................

87.4 85.1
..................................................................................................................

24.7 25.4
..................................................................................................................

21.7 23.0
..................................................................................................................

1.5 1.9
..................................................................................................................

87.1 85.5
..................................................................................................................

3.1 2.8
Continued on page xxx.
l c o
fec St

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........
55 cases were excluded during case clas-
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ification because all of the reported
irth defects were determined to be inel-

gible for the study. The final analysis in-
luded 4895 control subjects and 13,030
ases. The prevalence of PGDM among
ontrol subjects was 0.5% (24/4895): 10
omen had type 1 diabetes mellitus, and
4 women had type 2 diabetes mellitus.
mong all cases combined, the preva-

ence was 2.2% (283/13,030): 138
omen had type 1 diabetes mellitus, and
45 women had type 2 diabetes mellitus.
he prevalence of GDM was 3.7% (182/
895) among control subjects and 5.1%
660/13,030) among cases (Table 1). The
requencies of both PGDM and GDM
ere higher in case mothers than in con-

rol mothers. The prevalence of each
ype of diabetes mellitus was highest
mong mothers of children with multi-
le defects. Compared with control
others, case mothers were more likely

o be obese; to have less education, lower
amily income, a history of fetal loss, and
family history of birth defects; and to

TABLE 1
Frequency distributions of materna
birth defects, and multiple birth de
Continued from page xxx.

Characteristic

Center
..........................................................................................................

Arkansas
..........................................................................................................

California
..........................................................................................................

CDC
..........................................................................................................

Iowa
..........................................................................................................

Massachusetts
..........................................................................................................

New Jersey
..........................................................................................................

New York
..........................................................................................................

North Carolina
..........................................................................................................

Texas
..........................................................................................................

Utah
...................................................................................................................

Totals may not add up to 100% because of missing data. Al
among controls, 9% among cases), prenatal care (2% amon
a Fetal loss includes stillbirth and miscarriage
b Exposure window is defined as month before conception th
c Folate antagonist medications include: aminopterin sodiu

cholestyramine resin.

Correa. Diabetes mellitus and birth defects. Am J Obstet G
ave smoked (Table 1). c

.e4 American Journal of Obstetrics & Gynecology
Significant positive associations were
bserved between PGDM and isolated
ases of 7 noncardiac defects (Table 2):
nencephaly and craniorachischisis, hy-
rocephaly, anotia/microtia, cleft lip with
r without cleft palate, anorectal atresia,
ilateral renal agenesis/hypoplasia, and

ongitudinal limb deficiencies. For each of
hese defects, with the exception of anen-
ephaly, the effects were stronger among
he cases with multiple defects. For several
dditional defects, associations were seen
mong multiples. Three noncardiac de-
ects were associated with GDM: cleft pal-
te, cleft lip with or without cleft palate,
nd anorectal atresia.

Eleven of 16 isolated cardiac defects
ere associated positively with PGDM

Table 3): tetralogy of Fallot, dextrotrans-
osition of the great arteries, atrial VSD,
otal anomalous pulmonary venous re-
urn, aortic stenosis, left ventricular out-
ow tract obstruction associations, right
entricular outflow tract obstruction asso-
iations, perimembranous VSD, ASD se-

haracteristics among controls, cases
ts, National Birth Defects Prevention

Controls
(n�4895)
%

All birth
defects
(n�13030)
%

.........................................................................................................................

11.9 13.4
.........................................................................................................................

13.8 13.2
.........................................................................................................................

11.1 12.5
.........................................................................................................................

11.3 9.8
.........................................................................................................................

12.9 14.0
.........................................................................................................................

11.7 12.1
.........................................................................................................................

9.3 7.7
.........................................................................................................................

3.2 1.7
.........................................................................................................................

12.3 13.3
.........................................................................................................................

2.7 2.3
.........................................................................................................................

ariates missing less than 1% of data with exception of body ma
ntrols, 3% among cases).

h the third month of pregnancy

ethotrexate, sulfasalzine, pyrimethamine, triamterene, trimetho

ol 2008.
undum, ASD not otherwise specified, and m

MONTH 2008
SD with ASD. Cardiac defects did not
how a systematic variation of the associa-
ion with PGDM between isolated and

ultiple defect phenotypes. Many cardiac
efects that were associated with PGDM
ere not associated with GDM; only 3 car-
iac defects (tetralogy of Fallot, pulmonary
alve stenosis, and ASD secundum) were
ssociated with GDM.

Analyses that explored the indepen-
ent and joint effects of prepregnancy
MI and diabetes mellitus (Table 4)

howed that the association between
GDM and birth defects is consistent, ir-
espective of maternal BMI, for both iso-
ated and multiple defects. GDM confers
o additional risk of isolated or multiple
irth defects among mothers with aver-
ge prepregnancy BMI; however, a
repregnancy BMI �25 kg/m2 com-
ined with GDM confers an increased
isk of both isolated and multiple defects.

OMMENT
GDM was associated with approxi-

f all birth defects, isolated
udy, 1997-2003.

All isolated
birth defects
(n�10379)
%

All multiple
birth defects
(n�1679)
%

..................................................................................................................

13.7 12.0
..................................................................................................................

12.4 17.1
..................................................................................................................

12.6 12.0
..................................................................................................................

10.2 7.9
..................................................................................................................

14.3 11.6
..................................................................................................................

12.3 11.3
..................................................................................................................

7.8 7.4
..................................................................................................................

1.7 2.1
..................................................................................................................

12.8 16.1
..................................................................................................................

2.3 2.4
..................................................................................................................

dex (4% among both cases and controls), income (13%

carbamazepine, phenytoin, phenobarbital, primidone, and
l c o
fec St

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

......... .........

l cov ss in
g co

roug

m, m prim,
ately 50% of the birth defect categories
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nalyzed: 7 of 23 isolated noncardiac de-
ects and 11 of 16 isolated cardiac defects;
3 of 23 multiple noncardiac defects and
of 16 multiple cardiac defects. These

ssociations tended to be stronger when
he defect that was studied occurred
ith other defects (multiple) rather

TABLE 2
Adjusted ORsa and 95% CIs for ass
mellitus and selected noncardiac b

Birth defect

Pregestational (type 1 o

Isolated defects

Exposure
oddsb OR (95% CI

Control subjects 24/4689
...................................................................................................................

All noncardiac defects 75/6162 2.34 (1.44-
...................................................................................................................

Anencephaly and
craniorachischisis

4/216 3.39 (1.11-

...................................................................................................................

Spina bifida 2/444 0.75 (0.17-
...................................................................................................................

Encephalocele 3/73 2.09 (0.26-
...................................................................................................................

Holoprosencephaly 1/41 6.00 (0.72-
...................................................................................................................

Hydrocephaly 6/146 8.80 (3.39-
...................................................................................................................

Anotia/microtia 5/193 3.75 (1.04-
...................................................................................................................

Choanal atresia 1/35 5.43 (0.63-
...................................................................................................................

Cleft palate 5/535 1.80 (0.67-
...................................................................................................................

Cleft lip with or without
cleft palate

14/1066 2.92 (1.45-

...................................................................................................................

Small intestinal atresia 0/165 NE
...................................................................................................................

Duodenal atresia 0/54 NE
...................................................................................................................

Esophageal atresia 0/127 NE
...................................................................................................................

Anorectal atresia 4/200 4.70 (1.55-
...................................................................................................................

Biliary atresia 1/65 3.14 (0.40-
...................................................................................................................

Hypospadias 8/806 1.89 (0.70-
...................................................................................................................

Bilateral renal
agenesis/hypoplasia

3/47 11.91 (3.10-

...................................................................................................................

Longitudinal limb
deficiency

3/109 6.47 (1.83-

...................................................................................................................

Transverse limb
deficiency

3/260 2.63 (0.76-

...................................................................................................................

Craniosynostosis 4/443 1.66 (0.55-
...................................................................................................................

Diaphragmatic hernia 2/280 0.77 (0.10-
...................................................................................................................

Omphalocele 1/108 1.45 (0.19-
...................................................................................................................

Gastroschisis 1/462 0.52 (0.06-
...................................................................................................................

Sacral agenesis/caudal
dysplasia

1/3 NE

...................................................................................................................

NE, not estimable from the logistic regression model.
a Models adjusted for maternal age, race/ethnicity, entry into
b Ratio of number of cases (or control subjects) with diabete

Correa. Diabetes mellitus and birth defects. Am J Obstet G
han as an isolated defect. GDM was p
ssociated with 3 of 23 isolated noncar-
iac defects and 3 of 16 isolated cardiac
efects and with 3 of 23 multiple non-
ardiac defects and 2 of 16 multiple
ardiac defects. The associations with
DM were weaker and generally lim-

ted to offspring of women with a

iations between diabetes
h defects: NBDPS, 1997-2003
pe 2) diabetes mellitus GDM

Multiple defects Isolated

Exposure
oddsb OR (95% CI)

Exposure
oddsb

24/4689 182/4689
.........................................................................................................................

1) 62/1233 7.80 (4.66-13.05) 299/6162
.........................................................................................................................

31) 0/20 NE 10/216

.........................................................................................................................

4) 2/43 7.99 (1.61-39.70) 28/444
.........................................................................................................................

56) 0/25 NE 5/73
.........................................................................................................................

76) 1/18 16.16 (1.59-163.88) 1/41
.........................................................................................................................

84) 6/53 12.13 (3.68-39.98) 10/146
.........................................................................................................................

51) 7/66 18.50 (6.95-49.24) 13/193
.........................................................................................................................

09) 0/29 NE 3/35
.........................................................................................................................

7) 6/119 10.73 (3.99-28.86) 29/535
.........................................................................................................................

7) 8/139 8.07 (3.05-21.39) 54/1066

.........................................................................................................................

0/25 NE 5/165
.........................................................................................................................

0/30 NE 1/54
.........................................................................................................................

6/188 7.04 (2.69-18.45) 9/127
.........................................................................................................................

26) 11/230 8.22 (3.62-18.66) 14/200
.........................................................................................................................

62) 1/14 18.40 (1.84-183.79) 5/65
.........................................................................................................................

4) 6/70 18.73 (5.59-62.76) 38/806
.........................................................................................................................

72) 1/20 NE 1/47

.........................................................................................................................

90) 4/86 7.01 (1.91-25.68) 7/109

.........................................................................................................................

3) 1/44 4.42 (0.54-36.11) 6/260

.........................................................................................................................

0) 1/46 4.31 (0.52-35.66) 20/443
.........................................................................................................................

8) 2/63 4.70 (1.02-21.60) 12/280
.........................................................................................................................

33) 3/72 7.14 (1.93-26.40) 4/108
.........................................................................................................................

5) 0/41 NE 7/462
.........................................................................................................................

10/18 130.17 (33.80-501.40) 0/3

.........................................................................................................................

atal care, BMI, study center, and household income.

llitus to the number of cases (or control subjects) without diab

ol 2008.
repregnancy BMI �25.0 kg/m2. c

MONTH 2008 Ame
Strengths of this study include the
arge sample size and standardized pro-
edures for case definition and classifica-
ion of birth defects, which allowed for
xamination of more specific categories
f birth defects than has been possible in
revious studies. The study’s ability to

cts Multiple defects

OR (95% CI)
Exposure
oddsb OR (95% CI)

182/4689
..................................................................................................................

1.30 (1.05-1.60) 68/1233 1.31 (0.95-1.80)
..................................................................................................................

1.33 (0.68-2.61) 1/20 1.63 (0.20-13.11)

..................................................................................................................

1.21 (0.74-1.96) 1/43 0.70 (0.09-5.22)
..................................................................................................................

1.82 (0.70-4.71) 0/25 NE
..................................................................................................................

0.76 (0.10-5.75) 0/18 NE
..................................................................................................................

1.97 (0.96-4.03) 4/53 1.86 (0.63-5.47)
..................................................................................................................

1.31 (0.65-2.61) 2/66 0.43 (0.06-3.20)
..................................................................................................................

1.67 (0.38-7.28) 2/29 2.20 (0.49-9.92)
..................................................................................................................

1.54 (1.01-2.37) 5/119 1.26 (0.50-3.20)
..................................................................................................................

1.45 (1.03-2.04) 8/139 1.22 (0.52-2.86)

..................................................................................................................

0.45 (0.14-1.46) 4/25 3.59 (0.99-12.98)
..................................................................................................................

0.51 (0.07-3.79) 5/30 4.19 (1.40-12.59)
..................................................................................................................

1.57 (0.67-3.69) 6/188 1.05 (0.45-2.43)
..................................................................................................................

1.91 (1.02-3.56) 14/230 1.41 (0.74-2.69)
..................................................................................................................

2.21 (0.85-5.75) 0/14 NE
..................................................................................................................

1.49 (0.94-2.37) 8/70 2.94 (1.14-7.61)
..................................................................................................................

0.58 (0.08-4.32) 0/20 NE

..................................................................................................................

1.82 (0.77-4.29) 3/86 0.94 (0.29-3.09)

..................................................................................................................

0.60 (0.24-1.49) 3/44 1.18 (0.27-5.03)

..................................................................................................................

1.21 (0.74-1.98) 5/46 3.51 (1.31-9.40)
..................................................................................................................

1.07 (0.55-2.09) 3/63 1.12 (0.33-3.73)
..................................................................................................................

1.10 (0.40-3.11) 4/72 1.25 (0.44-3.55)
..................................................................................................................

0.48 (0.19-1.24) 0/41 NE
..................................................................................................................

NE 0/18 NE

..................................................................................................................

mellitus of any type.
oc
irt
r ty

defe

)
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1

GDM on birth defects with the use of
opulation-based data from several US
egions was an additional strength. In
his study, approximately 70% (95% CI,
4-80%) of the isolated birth defects
mong infants who were born to moth-
rs with PGDM may be attributable to
er diabetes mellitus (etiologic fraction
mong the exposed � [OR–1]/OR; OR
or all isolated defects, 3.35 [95% CI,
.18-5.14]). This increases to 90% (95%
I, 85-94%) for multiple defects. The at-

ributable risks because of PGDM in the
otal population are 1.18% (95% CI,

TABLE 3
Adjusted ORsa and 95% CIs for ass
mellitus and selected cardiac defec

Cardiac defect

Pregestational (i

Isolated defects

Exposure
oddsb OR (9

Controls 24/4689
...................................................................................................................

All cardiac defects 91/3519 4.64
...................................................................................................................

Heterotaxiac 1/31 7.48
...................................................................................................................

Tetralogy of Fallot 10/351 4.89
...................................................................................................................

Dextro-transposition of the
great arteries

4/254 3.34

...................................................................................................................

Atrial VSD 4/66 12.36
...................................................................................................................

Total anomalous pulmonary
venous return

3/102 7.12

...................................................................................................................

Hypoplastic left heart syndrome 4/203 2.52
...................................................................................................................

Coarctation of the aorta 2/196 2.14
...................................................................................................................

Aortic stenosis 2/113 5.01
...................................................................................................................

Left ventricular outflow tract
associationsd

3/148 4.58

...................................................................................................................

Pulmonary valve stenosis 4/368 1.44
...................................................................................................................

Pulmonary atresia 0/72 NE
...................................................................................................................

Right ventricular outflow tract
associationsd

6/118 9.61

...................................................................................................................

VSD: perimembranous 12/571 2.89
...................................................................................................................

ASD: secundum 22/419 8.47
...................................................................................................................

ASD: not otherwise specified 3/120 5.32
...................................................................................................................

VSD � ASDd 9/242 5.83
...................................................................................................................

NE, not estimable from the logistic regression model.
a Models adjusted for maternal age, race/ethnicity, entry into
b Ratio of number of cases (or control subjects) with diabete
c All heterotaxia cases with congenital heart defects are inclu
d Heart defect associations: left ventricular outflow tract assoc

ASD; right ventricular outflow tract associations: pulmonary

Correa. Diabetes mellitus and birth defects. Am J Obstet G
.85-1.51%) and 4.53% (95% CI, 3.45- t

.e6 American Journal of Obstetrics & Gynecology
.65%) for isolated and multiple defects,
espectively. We were able to identify
verweight and obese women with GDM
s a subgroup who may be at increased
isk of having offspring with birth defects
nd in need of closer follow-up examina-
ion and evaluation.

We were not able to ascertain the ex-
ent to which pregnancies that were
omplicated by PGDM and defects likely
o lead to termination (eg, anencephaly/
raniorachischisis and hypoplastic left
eart syndrome) actually resulted in ter-
inations in our target population. Al-

iations between diabetes
: NBDPS, 1997-2003
pe 1 or type 2) diabetes mellitus GDM

Multiple defects Isolat

CI)
Exposure
oddsb OR (95% CI)

Expos
oddsb

24/4689 182/4
.........................................................................................................................

7-7.51) 44/689 10.77 (6.23-18.62) 233/3
.........................................................................................................................

0-62.31) 3/33 19.51 (4.82-79.0) 1/3
.........................................................................................................................

8-10.95) 5/90 6.00 (1.67-21.58) 28/3
.........................................................................................................................

1-10.07) 2/11 71.97 (7.43-696.81) 13/2

.........................................................................................................................

8-41.49) 2/11 25.28 (4.20-152.11) 2/6
.........................................................................................................................

9-25.42) 0/7 NE 2/1

.........................................................................................................................

3-8.75) 0/16 NE 15/2
.........................................................................................................................

8-9.45) 0/29 NE 15/1
.........................................................................................................................

9-22.90) 0/8 NE 2/1
.........................................................................................................................

0-16.10) 0/30 NE 5/1

.........................................................................................................................

1-5.06) 0/18 NE 35/3
.........................................................................................................................

1/3 0.50 (0.07-3.69) 1/7
.........................................................................................................................

3-26.15) 2/16 9.83 (1.05-91.85) 4/1

.........................................................................................................................

7-6.56) 5/75 7.70 (2.37-25.04) 33/5
.........................................................................................................................

7-16.42) 7/127 13.46 (5.23-34.60) 40/4
.........................................................................................................................

4-19.68) 1/39 4.17 (0.50-34.96) 7/1
.........................................................................................................................

8-13.70) 5/72 9.62 (2.95-31.35) 16/2
.........................................................................................................................

atal care, BMI, study center, and household income.

llitus to the number of cases (or control subjects) without diab

in this analysis.

s: aortic stenosis with coarctation of the aorta, coarctation of th
e stenosis with VSD and pulmonary valve stenosis with ASD.

ol 2008.
hough we did observe an association n

MONTH 2008
ith anencephaly, we could not exclude
election bias as a possible explanation
or the lack of association of PGDM with
ypoplastic left heart syndrome or for an
ttenuation of associations with other
efects. Our definition of diabetes melli-
us was based on maternal self-reports of
iagnosed diabetes mellitus that were
imilar to approaches used in previous
opulation-based case-control studies of
irth defects.26,27 This is subject to mis-
lassification for 2 reasons. First, some
omen who reported having GDM or no
iabetes mellitus may have had undiag-

efects Multiple defects

OR (95% CI)
Exposure
oddsb OR (95% CI)

182/4689
..................................................................................................................

1.59 (1.27-1.99) 45/689 1.65 (1.14-2.39)
..................................................................................................................

1.13 (0.15-8.59) 3/33 1.64 (0.37-7.22)
..................................................................................................................

1.80 (1.12-2.87) 5/90 1.58 (0.62-4.05)
..................................................................................................................

1.11 (0.55-2.22) 0/11 NE

..................................................................................................................

0.99 (0.23-4.18) 0/11 NE
..................................................................................................................

0.33 (0.04-2.38) 0/7 NE

..................................................................................................................

1.81 (0.99-3.30) 2/16 4.01 (0.84-19.13)
..................................................................................................................

1.31 (0.65-2.65) 3/29 3.15 (0.89-11.22
..................................................................................................................

0.58 (0.14-2.43) 0/8 NE
..................................................................................................................

0.98 (0.39-2.47) 3/30 1.25 (0.28-5.65)

..................................................................................................................

2.41 (1.59-3.64) 4/18 5.96 (1.86-19.11)
..................................................................................................................

NE 1/3 5.64 (0.44-72.97)
..................................................................................................................

0.87 (0.31-2.43) 2/16 3.14 (0.64-15.28)

..................................................................................................................

1.45 (0.95-2.20) 3/75 1.14 (0.35-3.76)
..................................................................................................................

2.16 (1.46-3.21) 11/127 2.40 (1.19-4.82)
..................................................................................................................

1.39 (0.59-3.30) 2/39 1.40 (0.32-6.05)
..................................................................................................................

1.10 (0.58-2.10) 2/72 0.66 (0.16-2.78)
..................................................................................................................

mellitus of any type.

ta with VSD, and coarctation of the aorta with both VSD and
oc
ts

e, ty

ed d

5%
ure

689
......... .........

(2.8 519
......... .........

(0.9 1
......... .........

(2.1 51
......... .........

(1.1 54

......... .........

(3.6 6
......... .........

(1.9 02

......... .........

(0.7 03
......... .........

(0.4 96
......... .........

(1.0 13
......... .........

(1.3 48
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(0.4 68
......... .........

2
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(3.5 18

......... .........

(1.2 71
......... .........
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......... .........
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osed type 2 diabetes mellitus. Second,
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mong individuals with a previous diag-
osis of diabetes mellitus in North
merica, self-reports of diabetes melli-

us tend to vary in sensitivity
72-98%).29,30 However, there is no rea-
on to believe that the resultant misclas-
ification of diabetes mellitus status oc-
urred differently for case and control
others in this study, so the net effect
as probably of an attenuation of asso-

iations of diabetes mellitus with birth
efects. Of interest is that the prevalence
f PGDM among control subjects in this
tudy (0.5%) is similar to that reported
n earlier case-control studies of diabetes

ellitus and birth defects.26,27 The low
revalence of PGDM resulted in impre-
ise risk estimates for some birth defects
nd did not allow for evaluation of pos-
ible associations with others. However,
he large number of cases and systematic
lassification of defects in this study al-
owed for more detailed evaluations of
ssociations of maternal diabetes melli-
us with a wider spectrum of birth defects
han has been published to date. Because
f multiple comparisons, some of the
bserved associations probably reflect
hance.

It is unlikely that our findings about
he associations of diabetes mellitus with
wide spectrum of birth defects are the

esult of bias. First, the control popula-
ion was a representative sample of in-
ants without defects from the delivery
ohorts that gave rise to the infants with
irth defects.22 Also, case infants were

dentified by population-based surveil-
ance systems that ascertained cases from

ultiple sources. In addition, interview
articipation rates were comparable for
ase and control mothers, and our find-
ngs changed little with adjustment for
otential confounders.
Our findings of moderate-to-strong
Rs for PGDM and a wide range of birth
efects are consistent with and expand
n previous reports that examined all
irth defects as a group or broad catego-
ies of birth defects.26,31 In particular,
ur findings of associations of PGDM
ith central nervous system defects,

imb deficiencies, renal agenesis, hypos-
adias, orofacial clefts, and heart defects
re consistent with those reported previ-

usly.5,26,27,31-34 These findings support t
he hypothesis that the embryopathy
hat is associated with PGDM is nonspe-
ific and that complex underlying meta-
olic disorders that are associated with
iabetes mellitus increase the likelihood

TABLE 4
Adjusted ORsa and 95% CIs for ind
associations of diabetes mellitus a
prepregnancy BMI with all birth de
defects, and all multiple birth defe
Diabetes mellitus status Prepregna

All birth defects
..........................................................................................................

None Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
..........................................................................................................

Pregestational Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
..........................................................................................................

Gestational Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
...................................................................................................................

All isolated birth defects
..........................................................................................................

None Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
..........................................................................................................

Pregestational Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
..........................................................................................................

Gestational Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
...................................................................................................................

All multiple birth defects
..........................................................................................................

None Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
..........................................................................................................

Pregestational Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
..........................................................................................................

Gestational Average we
..........................................................................................................

Overweight
..........................................................................................................

Obese
...................................................................................................................
a Separate models for gestational and PGDM mellitus and fo

represent interaction between levels of BMI and diabetes m
entry into prenatal care, study center, household income.

b BMI for average weight was 18.5-�25.0 kg/m2, for overwe

Correa. Diabetes mellitus and birth defects. Am J Obstet G
hat different signal transduction path- o

MONTH 2008 Ame
ays and morphogenetic processes
ight be disturbed.12,35,36 A possible
odel for the association of maternal

yperglycemia and neural tube defects
as been proposed recently on the basis

ndent and joint
maternal
ts, all isolated birth
: NBDPS, 1997-2003
weight statusb OR (95% CI)

..................................................................................................................

t Reference
..................................................................................................................

1.07 (0.98-1.18)
..................................................................................................................

1.16 (1.04-1.29)
..................................................................................................................

t 3.50 (1.68-7.30)
..................................................................................................................

5.44 (1.97-15.05)
..................................................................................................................

5.28 (2.76-10.10)
..................................................................................................................

t 1.07 (0.79-1.44)
..................................................................................................................

1.81 (1.23-2.67)
..................................................................................................................

1.95 (1.43-2.67)
..................................................................................................................

..................................................................................................................

t Reference
..................................................................................................................

1.07 (0.97-1.18)
..................................................................................................................

1.13 (1.01-1.26)
..................................................................................................................

t 2.61 (1.22-5.58)
..................................................................................................................

3.53 (1.24-10.08)
..................................................................................................................

3.92 (2.02-7.62)
..................................................................................................................

t 1.07 (0.78-1.45)
..................................................................................................................

1.90 (1.28-2.82)
..................................................................................................................

1.90 (1.38-2.63)
..................................................................................................................

..................................................................................................................

t Reference
..................................................................................................................

1.10 (0.94-1.29)
..................................................................................................................

1.28 (1.07-1.53)
..................................................................................................................

t 7.25 (3.12-16.81)
..................................................................................................................

14.99 (5.01-44.84)
..................................................................................................................

9.94 (4.82-20.47)
..................................................................................................................

t 1.17 (0.71-1.91)
..................................................................................................................

1.80 (0.99-3.29)
..................................................................................................................

2.45 (1.57-3.81)
..................................................................................................................

3 groupings of birth defects. Models include 3 terms to
s. Models were adjusted for maternal age, race/ethnicity,

was 25.0-�30.0 kg/m2, and for obese was �30.0 kg/m2

ol 2008.
epe
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f animal studies.37 According to this

rican Journal of Obstetrics & Gynecology 1.e7



m
i
a
m
O
t
q
h
l
c
m
t
a
g
v
d
o
t
e
b
o
v
e
a
f
c
b
w
c
e
e
w
v
n
s
m

t
fl
d
w
l
a
w
t
a
h
e
a
s
c
w
w
c
m
f

q
d
a
s
n
G
o
w
l
G
u
r
t
l
e

l
o
h
c
d
p
w
c
a
b
c
o
t
s
a
n

A
C
s
R
C
l
U
P
p
A
S
l
s
C
M
m
C
C
L
d

R
1
d

2
n
r
3
p
i
4
c
i
c
n
5
m
h
t
6
W
t
t
A
o
C
7
g
b
6
8
g
w
W
E
9
S
c
m
c
A
1
g
m
d
1
R
c
a
1
T
d
S
1
n
o
2
1
V
d
2
1
F
d
S
1
F
p
1
d

Research Obstetrics www.AJOG.org

1

odel, maternal hyperglycemia results
n increased glucose levels in the embryo
nd, consequently, biochemical abnor-
alities that increase oxidative stress.
xidative stress results in inhibition of

he Pax3 gene, which is a gene that is re-
uired for neural crest development. In-
ibition of expressions of the Pax3 gene

eads to derepression of p53-dependent
ell death, which results in impaired nor-
al neural tube closure.12,37 The extent

o which such a model applies to associ-
tions of PGDM with defects of other or-
an systems is unclear. Although the
ariation in magnitude of the ORs for
ifferent types of birth defects that we
bserved could reflect, in part, a varia-
ion in tissue-selective sensitivity to the
ffects of underlying metabolic distur-
ances, it is also possible that all or part
f such variation could reflect random
ariation because of small numbers of
xposed cases. Our findings of stronger
ssociations of PGDM with multiple de-
ects than with isolated defects are also
onsistent with earlier reports.5,6 Possi-
le reasons for the stronger associations
ith multiple defects include an in-

reased underlying susceptibility and/or
xposure to a more adverse metabolic
nvironment in utero. Further work is
arranted to elucidate the basis for the
ariation in the ORs by birth defect phe-
otype and to identify the reasons for the
tronger associations of PGDM with

ultiple defects.
It has been hypothesized that associa-

ions of birth defects with GDM may re-
ect associations with undiagnosed type 2
iabetes mellitus.5,9 That the associations
ith GDM in our study were weak and

imited to offspring of mothers with GDM
nd who were overweight or obese, both of
hich are risk factors for diabetes melli-

us,18 is consistent with this possibility. The
ssociations of birth defects with GDM
ighlight the importance of follow-up
valuation and counseling of women who
re diagnosed with GDM during and sub-
equent to the index pregnancy. Pregnan-
ies that are complicated by GDM among
omen with a history of above average
eight before pregnancy might warrant

onsideration for prenatal screening for
alformations with ultrasound scans and
etal echocardiogram, even though the M

.e8 American Journal of Obstetrics & Gynecology
uality of such examinations might be ren-
ered less than optimal by the presence of
bdominal adiposity.38 Because a diagno-
is of GDM actually may represent undiag-
osed type 2 diabetes mellitus and because
DM is associated with an increased risk
f GDM in subsequent pregnancies and
ith type 2 diabetes mellitus later in

ife,39,40 women who are diagnosed with
DM might benefit from follow-up eval-
ations, family planning, and counseling
egarding diabetes mellitus management if
hey are found to have type 2 diabetes mel-
itus and of diabetes mellitus prevention
ducation otherwise.

Our findings expand on the body of
iterature of birth defects among infants
f women with diabetes mellitus and
ighlight some of the challenges in the
ontrol of diabetes mellitus before and
uring pregnancy. Given the increasing
revalence of diabetes mellitus among
omen of childbearing age,15 the in-

reased risk for type 2 diabetes mellitus
fter the onset of GDM,41 and the mor-
idity and mortality rates that are asso-
iated with birth defects, the importance
f identifying and implementing effec-
ive detection, control, and prevention
trategies for impaired glucose tolerance
mong women of childbearing age can-
ot be overstated. f
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PPENDIX
uestion 1 was asked of all participants;

uestions 2 and 3 were asked of partici-
ants who responded affirmatively to
uestion 1.
Question 1: Were you ever told by a

octor that you had diabetes mellitus
including GDM), sometimes called
ugar diabetes or diabetes mellitus? Re-
ponse options: Yes/No/Don’t know

Question 2: What type of diabetes
ellitus did you have?
Response options: Gestational (only

uring pregnancy)/insulin-dependent
iabetes mellitus (also called type 1 or

uvenile diabetes mellitus)/non–insulin-
ependent diabetes mellitus (also called
ype 2 or adult onset diabetes mellitus)/
on’t know
Question 3: What month and year did
ou receive this diagnosis?
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Pregestational diabetes mellitus is associated with a wide variety of birth defects; ges-

tational diabetes mellitus is associated with a smaller group of defects, but only if the

mother was overweight or obese before pregnancy.
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