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Abstract
Objectives: To explore associations between maternal pre-pregnancy exposure to
arsenic in diet and non-cardiac birth defects.
Design: This is a population-based, case–control study usingmaternal responses to
a dietary assessment and published arsenic concentration estimates in food items
to calculate average daily total and inorganic arsenic exposure during the year
before pregnancy. Assigning tertiles of total and inorganic arsenic exposure, logis-
tic regression analysis was used to estimate OR for middle and high tertiles, com-
pared to the low tertile.
Setting: US National Birth Defects Prevention Study, 1997–2011.
Participants:Mothers of 10 446 children without birth defects and 14 408 children
diagnosed with a non-cardiac birth defect.
Results: Maternal exposure to total dietary arsenic in the middle and high tertiles
was associated with a threefold increase in cloacal exstrophy, with weak positive
associations (1·2–1·5) observed either in both tertiles (intercalary limb deficiency)
or the high tertile only (encephalocele, glaucoma/anterior chamber defects and
bladder exstrophy). Maternal exposure to inorganic arsenic showed mostly weak,
positive associations in both tertiles (colonic atresia/stenosis, oesophageal atresia,
bilateral renal agenesis/hypoplasia, hypospadias, cloacal exstrophy and gastro-
schisis), or the high (glaucoma/anterior chamber defects, choanal atresia and intes-
tinal atresia stenosis) or middle (encephalocele, intercalary limb deficiency and
transverse limb deficiency) tertiles only. The remaining associations estimated
were near the null or inverse.
Conclusions: This exploration of arsenic in diet and non-cardiac birth defects pro-
duced several positive, but mostly weak associations. Limitations in exposure
assessment may have resulted in exposure misclassification. Continued research
with improved exposure assessment is recommended to identify if these associa-
tions are true signals or chance findings.
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Arsenic is a naturally occurring element that is present in
inorganic and organic forms and widely distributed
throughout the environment. Due to its widespread pres-
ence in soil and rock, arsenic is a common contaminant
of air, water and food(1). Exposure to arsenic, particularly
inorganic arsenic, has been associated with several adverse
health outcomes, including developmental, cancer and
cardiovascular outcomes(2). Despite this evidence, there
are currently no global consensus guidelines for exposure
to arsenic in diet. In 1988, theWHO first established a provi-
sional tolerable total arsenic level (from all sources) of 2·1
μg/kg-body weight (bw)/d. In 2011, this guideline value
was withdrawn, as it was not considered protective of
human health(3). Given its environmental ubiquity, associ-
ations with adverse health outcomes, and lack of a global
consensus exposure guideline, arsenic exposure repre-
sents a major public health concern.

In the USA, low air concentrations(1) and established
enforceable public drinking water standards(4) suggest
low levels of exposure through these routes, leaving diet
as the predominant source of arsenic exposure(5,6). Diet
presents the potential for exposure to organic (commonly
found in shellfish) and inorganic (commonly found in
fruits, vegetables and grains, such as rice) arsenic(1).
Importantly, the magnitude of arsenic levels in diet is
impacted by the global distribution of foods coupled with
the variability in arsenic content in soil and water. Although
there are few federal regulations pertaining to arsenic con-
tent in foods or guidance for tolerable levels of exposure to
arsenic in diet, the US Environmental Protection Agency
(EPA) uses a daily reference dose for inorganic arsenic of
0·3 μg/kg-bw/d(7). This reference dose encompasses
arsenic exposure from all sources – including diet, drinking
water and occupation – and represents a dose likely to be
without an appreciable risk for non-cancer effects.

Even though diet is considered the primary source of
arsenic exposure in the USA, little is known about how this
route of exposure may influence the development of birth
defects in humans. From limited national data, it is esti-
mated that US women of reproductive age are exposed
to approximately 0·16–0·23 μg/kg-bw/d of total arsenic
and 0·03–0·08 μg/kg-bw/d of inorganic arsenic through
diet(8,9). These diet-only estimates are below the withdrawn
WHO tolerable total arsenic level and the current US EPA
reference dose for tolerable inorganic arsenic level from all
sources. Nonetheless, inorganic arsenic has been shown to
cross the placenta, with animal models demonstrating
accumulation of arsenic in fetal tissues(10,11).
Furthermore, some animal studies have reported birth
defects in offspring followingmaternal high-dose inorganic
arsenic exposure(1). Several human studies were identified
that examined maternal arsenic exposure from a variety of
sources and birth defects in offspring(12–22). However, only
one study reported associations specific to arsenic expo-
sure in diet, and this study was limited to associations with
orofacial clefts (OFC)(17).

Currently, the suggested, but limited, animal evidence
and the paucity of human evidence poses challenges in
determining how arsenic in diet in the USA translates to risk
of birth defects in humans. As such, we estimated associa-
tions between maternal levels of total (all forms) and inor-
ganic arsenic in diet and a spectrum of selected major
structural birth defects using maternal food frequency
reports collected in the multisite, population-based
National Birth Defects Prevention Study (NBDPS).

Materials and methods

Study design
We used data collected from the NBDPS – a case–control
study of environmental and genetic risk factors for over thirty
major structural birth defects. The NBDPS methodology has
been detailed previously(23). Case children with estimated
dates of delivery (EDD) during October 1997–December
2011 were identified from ten US sites (Arkansas,
California, Georgia, Iowa, Massachusetts, New Jersey, New
York, North Carolina, Texas and Utah); delivery outcomes
included live births (all sites), stillbirths (six sites) and elective
terminations (five sites). Abstracted medical record data for
case children were reviewed by clinical geneticists to confirm
diagnosis, and those diagnosed with birth defects with
a known cause (e.g. chromosomal disorders) were
excluded(24). Eligible case childrenwere classified as ‘isolated’
(no other additional major birth defects in a different organ
system) or ‘multiple’ (one ormore additional, major unrelated
birth defects in a different organ system). Control children
were a random sample of live births without birth defects,
selected from hospital delivery logs or birth certificate files
during the same time frame and geographic areas as case chil-
dren. Approximately 100 control children were recruited per
site per year, allowing a minimum of a 1:1 ratio between con-
trol children and childrenwith anNBDPS-eligible birth defect.

Mothers of case and control children completed a tele-
phone interview 6 weeks through 24 months following
their EDD(23). The interview asked mothers to report socio-
demographic, medical and prenatal care, family history,
and environmental and lifestyle information, including diet.
A fifty-eight-item FFQ adapted from the Willet FFQ(25) was
administered to collect dietary information for the year
prior to pregnancy. Additionally, the NBDPS interview col-
lected information on cereal consumption for the period 3
months before through the end of pregnancy. The NBDPS
protocol was approved by the institutional review board at
the US Centers for Disease Control and Prevention and
each NBDPS site. A waiver of signed informed consent
was approved for interview data collection.

Analytical sample
In total, 11 829 mothers of control children and 32 017
mothers of case children participated in the NBDPS. On
average, mothers of control and case children were
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interviewed 9·5 and 11·7 months, respectively, after their
EDD(26). Our current analysis comprised mothers of
11 157 control children and 15 524 case children with iso-
lated, non-cardiac birth defects who completed the NBDPS
FFQ; only case children classified as isolated were included
to improve the homogeneity of birth defect phenotypes
examined. Among thosewith a completed FFQ, 271 control
and 495 case mothers were excluded due to reporting con-
sumption of <500 or >5000 calories/d, and an additional
440 control and 621 case mothers were excluded due to
not reporting BMI, leaving data for 10 446 control children
and 14 408 case children with isolated, non-cardiac birth
defects in our analytical sample (Table 1).

Dietary arsenic exposure assessment
For our primary analyses, we estimated maternal exposure
to total and inorganic arsenic in diet for the year prior to
pregnancy using responses to the NBDPS FFQ. The total
arsenic content in each FFQ item was determined using
total arsenic concentrations reported in the US Food and
Drug Administration Total Diet Study (TDS). The TDSmon-
itors numerous contaminants, including total arsenic, in a
variety of foods commonly consumed in the USA. To deter-
mine contaminant concentrations, foods were sampled
from retail outlets throughout four US regions (Northeast,
North Central, South and West), prepared as they would
be consumed and analysed using hydride generation-
atomic absorption analysis(27). Two contemporaneous
TDS reports were available (1991–2005(28) and 2006–
2013(29)) for EDD included in the NBDPS. Because the
NBDPS collected dietary consumption for the year before
pregnancy, to retain the same TDS estimates for mothers
with EDD within the same calendar year, mothers with
EDD from 1997–2006 were linked to 1991–2005 estimates,
and those with EDD from 2007–2011 were linked to 2006–
2013 estimates.

Each FFQ item was linked to all corresponding TDS
items. For FFQ items that were linked to multiple similar
TDS items, an overall mean total arsenic concentration
for the FFQ item was estimated averaging the concentra-
tions for each relevant TDS item. For example, maternal
egg consumption was collected in the FFQ, and the
1991–2005 TDS provided arsenic concentration estimates
for fried eggs, scrambled eggs and boiled eggs separately.
As such, the total arsenic concentration estimate for eggs
was the overall mean total concentration for all three egg
dishes. Additionally, available concentration estimates
sometimes differed between TDS versions (e.g. the
1991–2005 TDS included three egg dishes, whereas the
2006–2013 included two egg dishes). Total arsenic concen-
tration estimates for each FFQ item were calculated using
all available data from each TDS version. Calculated total
arsenic concentration estimates for FFQ items that differed
on available data between TDS versions tended to be sim-
ilar. Because the TDS assumes concentration estimates

below the limit of detection (LOD) to be 0 μg/g, all such
estimates were assumed to be 0 μg/g in our study. TDS con-
centration estimates for total arsenic were available for fifty-
five of the fifty-eight FFQ items (see online supplemental
Table A.1).

We applied a similar approach to assign maternal expo-
sure to inorganic arsenic in diet using available reported
estimates(30). Because these available inorganic arsenic
concentration estimates applied one-half the LOD for food
items below the limit, all such estimates for inorganic
arsenic were assumed to be one-half the LOD in our study.
Concentration estimates for inorganic arsenic were avail-
able for twenty-four of the fifty-eight FFQ items (Table A.1).

Grams of each FFQ item consumed/d by the mother
were estimated using the reported number of servings con-
sumed and grams/serving for that item as reported by the
US Department of Agriculture Food Composition

Table 1 Frequency of controls and selected isolated birth defects,
US National Birth Defects Prevention Study, 1997–2011

Birth defect n

Controls 10 446
All cases 14 408
Central nervous
Anencephaly 499
Encephalocele 141
Spina bifida 950
Cerebellar hypoplasia 30
Dandy–Walker malformation 93
Holoprosencephaly 104
Hydrocephalus 313

Ear
Anotia/microtia 389

Eye
Anopthalmos/micropthalmos 125
Cataracts 258
Glaucoma/anterior chamber defects 117

Craniofacial
Choanal atresia 77
Cleft lip w/wo cleft palate 2426
Cleft palate 1171

Gastrointestinal
Anorectal atresia/stenosis 416
Biliary atresia 141
Colonic atresia/stenosis 45
Duodenal atresia/stenosis 126
Intestinal atresia/stenosis 351
Oesophageal atresia 281

Genitourinary
Bilateral renal agenesis or hypoplasia 119
Bladder exstrophy 49
Hypospadias second/third degree 2066

Musculoskeletal
Cloacal exstrophy 48
Craniosynostosis 1314
Diaphragmatic hernia 586
Gastroschisis 1136
Omphalocele 229
Intercalary limb deficiency 36
Longitudinal limb deficiency 225
Transverse limb deficiency 537
Sacral agenesis or caudal dysplasia 10

Fewer controls were available for anencephaly, encephalocele, and spina bifida
(n 10 352), glaucoma and cataracts (n 8854), cleft lip w/wo cleft palate and cleft
palate (n 10 315), and hypospadias (n 5314).
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Database(31). The estimated grams consumed of each FFQ
item/dwasmultiplied by the relevant arsenic concentration
estimate to determine arsenic consumed/FFQ item/d and
converted to μg/d. Summing the arsenic concentration esti-
mates for each FFQ item produced overall total and inor-
ganic arsenic consumption/d (μg/d) estimates for each
mother. Using maternal reported pre-pregnancy body
weight, estimates in μg/kg-bw/d for total and inorganic
arsenic were calculated. Four additional items were
included in the FFQ from 2006–2011 (soya milk;
Hawaiian punch, lemonade, or other fruit drinks; tofu, tem-
peh or soya burgers; biscuits, scones, croissants and muf-
fins). Because consumption estimates for these items
were not available for mothers from 1997–2005, they were
not included in arsenic consumption/d estimates.

For a secondary analysis described below, we added esti-
mates for total arsenic in breakfast cereals consumed. The
TDS included total arsenic estimates for oatmeal, wheat cer-
eal/farina, fruit-flavoured, sweetened cereal, shredded wheat
cereal, raisin bran cereal, crisped rice cereal, granola cereal
and oat ring cereal. Cereals reported were reviewed and
matched to corresponding TDS total arsenic concentration
estimates. For consistencywith the exposure assessment used
in our primary analyses, we applied conservative cereal def-
initions in matching reported cereals. For example, although
several cereals are oat-based and may contain similar ingre-
dients to oat rings, only cereals that were oat-based and
ring-shaped were included in estimates for oat ring cereals.
To more closely correspond with maternal pre-pregnancy
FFQ responses, only responses to cereals consumed during
the 3 months prior to conception were included in the total
arsenic consumption estimates. The resultant total arsenic
consumption estimate was added to that from the primary
analysis. Additionally, no concentration estimates for inor-
ganic arsenic were available for cereals; therefore, secondary
analyses including cereal consumption were only completed
for total arsenic exposure. In all analyses, maternal exposure
to arsenic in diet was examined without adjusting for con-
sumption of arsenic through drinking water due to its gener-
ally low concentrations in public drinking water throughout
much of theUSA and the lowproportion (8%) ofNBDPS case
and control mothers who reported using well water(8).

Child and maternal characteristics
Table 2 lists the child and maternal characteristics exam-
ined. Hospital or birth records were used to collect child
sex (male and female) and maternal age at delivery
(<20, 20–24, 25–29, 30–34, 35–39 and ≥40 years). The
NBDPS interviewwas used to collect data on child plurality
(1 and 2þ) and first-degree family history of same birth
defect (yes and no), alongwithmaternal education at deliv-
ery (0–8, 9–11, 12, 13–15 and ≥16 years), race/ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic and
other), pre-pregnancy BMI (<18·5, 18·5–24·9, 25–29·9
and ≥30·0 kg/m2), gravidity (0, 1 and ≥2), folic acid

supplementation during the respective critical exposure
period (1month before (B1) through the first month follow-
ing conception (M1) for neural tube defects (NTD: com-
prised of anencephaly, spina bifida and encephalocele)
or B1 through the third month following conception
(M3) for non-NTD) (yes and no), pre-pregnancy dietary
folate equivalents (<600 and ≥600 μg/d), tertiles of total
energy intake based on the distributions among control
mothers (low (<1067·5 calories/d), middle (1067·5–
<1486·6) and high (≥1486·6)), alcohol consumption (no
drinking, drinking with no binge episodes and drinking
and ≥1 binge episode) and tobacco smoke exposure (no
active or passive smoking, active smoking only, passive
smoking only and active and passive smoking) during
the defect-relevant critical exposure period (B1-M1 and
B1-M3) and NBDPS site (Arkansas, California, Georgia,
Iowa, Massachusetts, New Jersey, New York, North
Carolina, Texas and Utah). All child and maternal charac-
teristics except for pre-pregnancy BMI, which was incor-
porated into the arsenic exposure estimates, were consid-
ered as covariates in multivariable analysis. Additionally,
mothers who reported use of folate antagonist medica-
tions were excluded from NTD analyses.

Primary analyses
We estimated proportions for selected characteristics for
case and control children and mothers, as well as maternal
exposures. We estimated the mean, median and standard
deviation for both maternal pre-pregnancy total and inor-
ganic arsenic in diet (μg/kg-bw/d). In association analyses,
arsenic in diet was examined as categorical tertiles of expo-
sure (low, middle and high) based on cut-offs of the arsenic
distributions among control mothers. Although the number
of available control mothers was constant for most birth
defects, fewer control children were available for certain
defects – OFC (Utah did not include OFC in 2003), glau-
coma and cataracts (defects not included in NBDPS prior
to 2000), NTD (mothers who reported use of folate antag-
onist medications were excluded), and hypospadias (only
included male controls). As such, defect-specific tertile cut-
offs using the relevant, available data for control children
and mothers were estimated for these birth defects.

Crude and adjusted OR and 95 % CI were estimated
using unconditional logistic regression analysis to examine
associations between tertiles of maternal pre-pregnancy
arsenic exposure in diet and non-cardiac, isolated birth
defects in children. For all analyses, the low tertile of expo-
sure was used as the reference category. A multivariable
model for each arsenic exposure–birth defect pairing
was constructed using a change-in-estimate approach.
Each individual covariate was included in a model with
the arsenic exposure variable of interest; if the covariate
altered the crude OR estimate by >10 %, it was included
in the final multivariable model for that pairing. Analyses
were conducted for an arsenic exposure–birth defect
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Table 2 Distributions of child and maternal characteristics among controls and isolated case children, US National Birth Defects Prevention
Study, 1997–2011

Characteristic

Controls Cases

n %* n %*

Child
Sex
Male 5314 50·9 8908 62·3
Female 5123 49·1 5400 37·7
Missing 9 100

Plurality
1 10 137 97·0 13 663 94·8
2þ 309 3·0 745 5·2
Missing 0 0

First-degree family history of birth defect
Yes 266 2·5 486 3·4
No 10 180 97·5 13 922 96·6
Missing 0 0

Maternal
Age at delivery (years)
<20 987 9·4 1486 10·3
20–24 2289 21·9 3313 23·0
25–29 2923 28·0 3896 27·0
30–34 2735 26·2 3506 24·3
35–39 1258 12·0 1824 12·7
≥40 254 2·4 383 2·7
Missing 0 0

Education at delivery (years)
0–8 326 3·1 504 3·5
9–11 1146 11·0 1604 11·2
12 2441 23·5 3673 25·7
13–15 2887 27·8 4022 28·1
≥16 3576 34·5 4511 31·5
Missing 70 94

Race/ethnicity
Non-Hispanic White 6386 61·2 9124 63·3
Non-Hispanic Black 1150 11·0 1214 8·4
Hispanic 2225 21·3 3101 21·5
Other 681 6·5 967 6·7
Missing 4 2

Pre-pregnancy BMI (kg/m2)
<18·5 556 5·3 801 5·6
18·5–24·9 5595 53·6 7524 52·2
25·0–29·9 2390 22·9 3292 22·8
≥30·0 1905 18·2 2791 19·4
Missing† 0 0

Gravidity
0 3082 29·5 4551 31·6
1 2982 28·6 4029 28·0
≥2 4379 41·9 5823 40·4
Missing 3 5

Folic acid supplementation‡
Yes 9155 88·7 12 603 88·5
No 1168 11·3 1637 11·5
Missing 123 168

Pre-pregnancy dietary folate equivalents (μg/d)
<600 7302 69·9 10 545 73·2
≥600 3144 30·1 3863 26·8
Missing 0 0

Pre-pregnancy total energy intake (calories/d)
Low 3482 33·3 5212 36·2
Middle 3482 33·3 4768 33·1
High 3482 33·3 4428 30·7
Missing 0 0

Alcohol consumption‡
No drinking 6399 62·0 8792 61·7
Drinking with no binge episodes 2599 25·2 3491 24·5
Drinking and≥ 1 binge episode 1330 12·9 1959 13·8
Missing 118 175
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pairing when at least five case mothers were included in the
low and middle or high tertile of arsenic exposure.
Additionally, when sparse data resulted in model conver-
gence failure, Firth’s logistic regression(32) was used to esti-
mate OR and 95% profile likelihood CI. Case and control
children or mothers with missing data for one or more char-
acteristic or exposure were removed from adjusted analysis.

Secondary analyses
We conducted three sets of secondary analyses. The first set
restricted analyses for three maternal covariates – diabetes,
plurality and maternal folate status. We excluded case and
control children whose mothers reported pre-pregnancy dia-
betes, given that pre-pregnancy diabetes is strongly associ-
ated with some birth defects(33,34). Twinning is also
associatedwith some birth defects(35); therefore, we excluded
case and control children frommultiple pregnancies. Folate is
necessary in arsenic metabolism, and studies suggest low
folate intake may impair arsenic metabolism(36,37). The influ-
ence of folate intake on arsenicmetabolismwas examined by
restricting to mothers with reported deficient folate intake in
early pregnancy. A dichotomous variable was created by
combining responses for folic acid supplementation and
dietary folate intake. Mothers who reported no folic acid sup-
plementation and pre-pregnancy dietary folate intake <600
μg/d were considered to have deficient folate intake.

The second set of analyses examined interaction
between maternal arsenic exposure in diet and maternal
tobacco smoke exposure during the relevant critical
period, as the high levels of arsenic in cigarettes may influ-
ence birth defect development or arsenic exposure. To
examine potential effect modification, smoking was exam-
ined as a dichotomous variable (none, any (active or

passive)). Effect modification on the additive scale was
evaluated by estimating relative excess risk due to interac-
tion (RERI) and bootstrap 95 % CI for the middle and high
tertiles of arsenic exposures. RERI estimates equal to 0 indi-
cate the absence of an interaction effect on the additive
scale; effect modification on the additive scale was consid-
ered to be present if the 95 % CI for RERI estimates for the
either middle or high tertile excluded zero.

The third set of secondary analyses focused on examin-
ing high-dose arsenic exposure, maximum values reported
in the TDS and adding an additional dietary exposure
source. For analyses of high-dose exposure, we initially
defined high-dose exposure as above the withdrawn
WHO and current US EPA tolerable arsenic guidelines.
However, due to sparse data for high exposure in our ana-
lytical sample, we instead defined high-dose exposure to
be the 90th percentile of arsenic exposure among all control
mothers. We also re-evaluated our primary analyses by
using the maximum reported total arsenic concentration
value for foods reported in the TDS. Additionally, analyses
for total arsenic consumption were expanded to include
reports of cereal consumption during the 3 months prior
to conception. All primary and secondary analyses were
conducted using SAS v. 9.4(38).

Results

The distribution of covariates for control and all case chil-
dren and their mothers are shown in Table 2. Distributions
of covariates for each non-cardiac defect examined are
listed in Tables A.2–A.6. The proportion of missing
responses observed for each covariate was less than 5 %.

Table 2 Continued

Characteristic

Controls Cases

n %* n %*

Tobacco smoking exposure‡
No active and passive smoking 7159 69·0 9334 65·6
Active smoking only 811 7·8 1200 8·4
Passive smoking only 1288 12·4 1915 13·5
Active and passive smoking 1115 10·7 1780 12·5
Missing 73 179

NBDPS site
Arkansas 1353 13·0 1836 12·7
California 1092 10·5 1880 13·0
Georgia 1007 9·6 1460 10·1
Iowa 1203 11·5 1446 10·0
Massachusetts 1271 12·2 1852 12·9
New Jersey 537 5·1 860 6·0
New York 918 8·8 1068 7·4
North Carolina 889 8·5 1180 8·2
Texas 1132 10·8 1226 8·5
Utah 1044 10·0 1600 11·1
Missing 0 0

NBDPS, National Birth Defects Prevention Study.
*Due to rounding, proportions may not total to 100.
†Four hundred and eighty-nine control and 911 case mothers were excluded from analyses due to not reporting BMI.
‡During the period 1 month before (B1) through the third month following (M3) conception.
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Arsenic exposure in diet
Maternal mean estimates were similar between control and
all case children for total (Table 3) and inorganic arsenic
(Table 4) in diet, although the distributions were strongly
positively skewed for each exposure (total arsenic skew-
ness: controls = 5·7, cases= 9·7; inorganic arsenic skew-
ness: controls = 3·6, cases = 4·1). Median estimates for
total arsenic ranged from 0·06 (colonic atresia/stenosis)
to 0·18 (cloacal exstrophy) μg/kg-bw/d; median estimates
for inorganic arsenic ranged from 0·05 (Dandy–Walker
malformation) to 0·09 (sacral agenesis or caudal dysplasia)
μg/kg-bw/d. The estimated tertiles using all control moth-
ers for total (low = <0·07, middle= 0·07–0·21 and high =
≥0·22 μg/kg-bw/d) and inorganic (low = <0·05, middle
= 0·05–0·07 and high = ≥0·08 μg/kg-bw/d) arsenic were
similar to those used for certain defects (OFC, glaucoma,
cataracts, NTD and hypospadias) as described in primary
analyses. Sacral agenesis or caudal dysplasia included less
than five case children in the low tertile and was excluded
from association analysis.

Primary analyses
Compared to the low tertile for total arsenic, threefold but
imprecise associations were observed in both the middle
and high tertiles for cloacal exstrophy with the 95 % CI
excluding 1·0 (Table 5). Weak positive associations
(adjusted ORs of 1·2–1·5), with 95 % CI including 1·0, were
observed in the middle and high tertiles for intercalary limb
deficiency. Additional weak associations were observed in
the high tertile only for encephalocele, glaucoma/anterior
chamber defects and bladder exstrophy. For maternal
exposure to inorganic arsenic, associations were positive
but attenuated in both the middle and high tertiles for clo-
acal exstrophy, with the 95 % CI including 1·0 (Table 6). A
weak association with a 95 % CI that included 1·0 persisted
in the high tertile for glaucoma/anterior chamber defects,
whereas the association in the high tertile for intercalary
limb deficiency was attenuated, but a twofold, but impre-
cise, association was observed in the middle tertile with
the 95 % CI excluding 1·0. Also, mostly weak associations
in the high and middle tertiles were observed for colonic
atresia/stenosis, oesophageal atresia, bilateral renal agene-
sis or hypoplasia, hypospadias, and gastroschisis, in the
high tertile only for choanal atresia and intestinal atresia/
stenosis, or middle tertile only for encephalocele, interca-
lary limb deficiency, and transverse limb deficiency.
Estimated associations for total or inorganic arsenic were
near the null or inverse for the remainder of exposure–birth
defect pairs examined.

Secondary analyses
Findings for restricted analyses of selected covariates
tended to be similar to those from our primary analyses.
Specifically, estimated associations for total and inorganic
arsenic in diet excluding mothers with reported

pre-pregnancy diabetes did not differ substantively from
those that included mothers with and without pre-preg-
nancy diabetes (Table A.7). Associations restricted to sin-
gleton pregnancies were also generally similar to those
that included singleton and mulitple pregnancies (Table
A.8). Only a small number of mothers were observed to
have deficient folate intake (Table A.9). For total arsenic
in diet, associations for mothers with deficient folate intake
were imprecise, but largely similar to those observed for all
mothers in the primary analyses, although those for hydro-
cephalus, anotia/microtia and diaphragmatic hernia
were increased for both the middle and high tertiles.
Associations for inorganic arsenic in diet tended to be
similar to the primary analyses, except those for encepha-
locele, which were increased in both the middle and high
tertiles.

Modestly increased RERI estimates with 95 % CI sugges-
tive of a joint effect between smoking and arsenic exposure
were observed for total arsenic and anencephaly, Dandy–
Walker malformation, anotia/microtia, anopthalmos/
micropthalmos, cleft palate, intestinal atresia/stenosis and
transverse limb deficiency (Table A.10), as well as inor-
ganic arsenic and cleft palate and diaphragmatic hernia
(Table A.11); an inverse RERI and 95 % CI were observed
for total arsenic and omphalocele. Compared to analyses of
the main effect of arsenic, associations for mothers who
reported smoking were increased, and often positive,
whereas those for non-smoking mothers were decreased
for each of the aforementioned defects except omphalo-
cele, for which associations for non-smoking mothers were
increased (Tables A.10, A.11).

Analyses for mothers classified with high-dose exposure
(90th percentile of arsenic consumption among control
mothers; total arsenic= 0·51 μg/kg-bw/d; inorganic arsenic
= 0·16 μg/kg-bw/d) to total or inorganic arsenic in diet
were imprecise with associations mostly near or below
the null (Table A.12). Results for analyses using maximum
concentration values for total arsenic tended to be similar to
those of the primary analyses (Table A.13). Findings for
estimates of total arsenic in diet that included exposure
from pre-pregnancy cereal consumption tended to be sim-
ilar to those from our primary analyses (Table A.14).

Discussion

We examined associations between maternal exposure to
total and inorganic arsenic in diet and a spectrum of isolated
non-cardiac birth defects using individual-level diet informa-
tion from a multisite population-based case–control study.
Associations for the middle and high tertiles of exposure,
compared to the low tertile, were increased for total arsenic
and cloacal exstrophy and intercalary limb deficiency, as well
as for inorganic arsenic and colonic atresia/stenosis, oesopha-
geal atresia, bilateral renal agenesis or hypoplasia, hypospa-
dias, cloacal exstrophy and gastroschisis; however, 95% CI
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for most associations included 1·0. Associations for the
remainder of birth defects examined tended to be near or
below the null. With the small number of available case chil-
dren for several defects and the limitations in our exposure
assessment, the observed associationsmay represent true sig-
nals between arsenic exposures and birth defects or chance
findings. As such, these exploratory findings should be inter-
preted with caution.

The mostly weak associations observed in this study
may be due to low-level arsenic exposure in diet.
Although the estimated total and inorganic arsenic intake
among control and case mothers was generally similar to
reported estimates(9), they were below the previously
establishedWHO and US EPA guidelines for total and inor-
ganic arsenic, respectively. Furthermore, our use of a single
source of arsenic exposure may have underestimated total
exposure derived from multiple sources. Well water used

for drinking can be an important source of arsenic expo-
sure; however, in the NBDPS, a low proportion (8 %) of
mothers reported using well water as their drinking water
source(8). Additionally, although certain occupations may
present potential for high-dose exposures to arsenic, we
previously identified a low proprtion (1 %) of Iowa OFC
case and control mothers as occupationally exposed to
arsenic(17). Based on the low proportion of well water users
and the small number of mothers occupationally exposed
to arsenic, we did not consider these sources as major con-
tributors to arsenic exposure in our current study.

Because our study is the first to examine dietary arsenic
and a spectrum of birth defects, the only comparable study
is our previous feasiblity study examining multi-source
arsenic exposure and cleft lip with/without cleft palate
(n 294) and cleft palate (n 141) among the NBDPS sample
in Iowa. Although data from our current and previous studies

Table 3 Distribution of total arsenic (μg/kg-bw/d) for controls and isolated cases, US National Birth Defects Prevention Study, 1997–2011

Birth defect

Total arsenic Tertile frequencies

Mean SD Median Low Middle High

Controls 0·23 0·35 0·12 3482 3482 3482
All cases 0·21 0·33 0·11 5334 4738 4336
Central nervous
Anencephaly 0·21 0·35 0·11 189 165 145
Encephalocele 0·23 0·26 0·13 42 43 56
Spina bifida 0·21 0·32 0·11 344 318 288
Cerebellar hypoplasia 0·18 0·26 0·09 13 10 7
Dandy–Walker malformation 0·32 1·22 0·12 33 37 23
Holoprosencephaly 0·15 0·17 0·09 40 42 22
Hydrocephalus 0·22 0·26 0·13 104 97 112

Ear
Anotia/microtia 0·25 0·35 0·16 125 121 143

Eye
Anopthalmos/micropthalmos 0·20 0·24 0·11 40 45 40
Cataracts 0·21 0·25 0·13 84 78 96
Glaucoma/anterior chamber defects 0·21 0·24 0·13 35 40 42

Craniofacial
Choanal atresia 0·21 0·27 0·10 34 20 23
Cleft lip w/wo cleft palate 0·21 0·31 0·10 925 789 712
Cleft palate 0·21 0·31 0·12 439 351 381

Gastrointestinal
Anorectal atresia/stenosis 0·21 0·32 0·11 168 124 124
Biliary atresia 0·23 0·35 0·12 48 47 46
Colonic atresia/stenosis 0·16 0·21 0·06 25 9 11
Duodenal atresia/stenosis 0·18 0·21 0·11 47 42 37
Intestinal atresia/stenosis 0·23 0·30 0·12 107 123 121
Oesophageal atresia 0·22 0·28 0·15 90 88 103

Genitourinary
Bilateral renal agenesis or hypoplasia 0·22 0·36 0·11 42 46 31
Bladder exstrophy 0·22 0·24 0·17 17 12 20
Hypospadias second/third degree 0·22 0·38 0·12 739 675 652

Musculoskeletal
Cloacal exstrophy 0·23 0·20 0·18 8 20 20
Craniosynostosis 0·19 0·31 0·10 514 458 342
Diaphragmatic hernia 0·21 0·34 0·11 202 216 168
Gastroschisis 0·17 0·25 0·08 502 369 265
Omphalocele 0·24 0·48 0·12 76 81 72
Intercalary limb deficiency 0·26 0·33 0·15 11 12 13
Longitudinal limb deficiency 0·20 0·25 0·10 84 75 66
Transverse limb deficiency 0·22 0·37 0·11 204 180 153
Sacral agenesis or caudal dysplasia 0·14 0·11 0·15 3 5 2

bw, body weight.
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are not completely independent, only the previously reported
positive association for the high tertile of total arsenic in diet
and cleft lip with/without cleft palate (adjusted OR: 1·6, 95%
CI (1·0, 2·5)) differed from the current study(17). The discord-
ance in findings between our previous and current studies
could be due to the small sample size and reduced precision
observed in the previous study. Our observed associations
with some craniofacial, gastrointestinal, genitourinary and
musculoskeletal defects in this exploratory US study
are novel.

Our study had several limitations. Dietary assess-
ment in the NBDPS relied on retrospective self-reports
of diet during the year prior to pregnancy. The FFQ used
in the NBDPS did not capture all dietary sources of
arsenic and may lead to misclassification of arsenic con-
sumption. For example, some food items that are
common sources of organic (e.g. shrimp) or inorganic

(e.g. rice) arsenic were not included as independent
items in the FFQ. Specifically, shrimp consumption
was not requested, and consumption of rice was
included in a single question asking for a consumption
estimate for rice and pasta combined. Another limita-
tion was the dietary information requested was for
the year prior to pregnancy; potential changes in dietary
habits in early pregnancy would not have been cap-
tured. Finally, estimated arsenic from diet may be
underestimated due, in part, to the exclusion of multi-
ethnic food items and racial/ethnic variability in dietary
intake amounts. Our sample was largely (84 %) com-
prised of non-Hispanic White and Hispanic mothers.
Although the multiethnic food items included in the
FFQ, and evaluated by the TDS, were largely represen-
tative of our sample, the food intakes of mothers of
non-Hispanic Black and other races/ethnicities may

Table 4 Distribution of inorganic arsenic (μg/kg-bw/d) for controls and isolated cases. USNational Birth Defects PreventionStudy, 1997–2011

Birth defect

Inorganic arsenic Tertile frequencies

Mean SD Low Low Middle High

Controls 0·08 0·07 0·06 3482 3482 3482
All cases 0·08 0·07 0·06 4921 4870 4617
Central nervous
Anencephaly 0·08 0·06 0·06 183 159 157
Encephalocele 0·08 0·06 0·06 47 50 44
Spina bifida 0·07 0·07 0·06 364 324 262
Cerebellar hypoplasia 0·07 0·06 0·06 13 9 8
Dandy–Walker malformation 0·06 0·06 0·05 39 38 16
Holoprosencephaly 0·08 0·05 0·07 39 28 37
Hydrocephalus 0·08 0·05 0·06 104 103 106

Ear
Anotia/microtia 0·09 0·09 0·07 123 121 145

Eye
Anopthalmos/micropthalmos 0·08 0·06 0·06 41 42 42
Cataracts 0·08 0·09 0·06 88 89 81
Glaucoma/anterior chamber defects 0·08 0·05 0·07 39 33 45

Craniofacial
Choanal atresia 0·08 0·05 0·07 23 27 27
Cleft lip w/wo cleft palate 0·08 0·07 0·06 829 827 770
Cleft palate 0·08 0·07 0·06 393 410 368

Gastrointestinal
Anorectal atresia/stenosis 0·07 0·06 0·06 163 131 122
Biliary atresia 0·07 0·06 0·06 53 50 38
Colonic atresia/stenosis 0·07 0·04 0·07 13 16 16
Duodenal atresia/stenosis 0·08 0·06 0·06 42 46 38
Intestinal atresia/stenosis 0·09 0·07 0·07 111 108 132
Oesophageal atresia 0·08 0·05 0·07 89 98 94

Genitourinary
Bilateral renal agenesis or hypoplasia 0·08 0·05 0·06 37 46 36
Bladder exstrophy 0·07 0·04 0·06 17 18 14
Hypospadias second/third degree 0·08 0·06 0·06 666 731 669

Musculoskeletal
Cloacal exstrophy 0·10 0·09 0·08 13 16 19
Craniosynostosis 0·07 0·05 0·06 480 462 372
Diaphragmatic hernia 0·08 0·07 0·06 214 177 195
Gastroschisis 0·09 0·09 0·07 366 356 414
Omphalocele 0·08 0·07 0·06 89 67 73
Intercalary limb deficiency 0·08 0·05 0·07 8 20 8
Longitudinal limb deficiency 0·08 0·05 0·07 74 69 82
Transverse limb deficiency 0·08 0·06 0·06 158 197 182
Sacral agenesis or caudal dysplasia 0·09 0·05 0·09 3 2 5

bw, body weight.
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be underestimated. Further, there may also be racial/
ethnic variability in dietary intakes, such as serving sizes
and individual food items within a group, unaccounted
for by the FFQ that may contribute to underestimation of
arsenic consumption for selected racial/ethnic groups.

Because the TDS only provided estimated concentra-
tions of total arsenic – a composite measure of all forms

of arsenic – reliance on these estimates alone may mask
the effects of more harmful forms of arsenic, such as inor-
ganic arsenic. As such, we relied on available reported inor-
ganic arsenic concentration estimates(30). These estimates,
however, covered fewer FFQ items than those from the
TDS and may not accurately reflect inorganic arsenic con-
centrations throughoutmuch of the USA, as it included only

Table 5 ORand 95%CI for associations betweenmaternal total arsenic exposure in diet (μg/kg-bw/d) and selected isolated non-cardiac birth
defects, US National Birth Defects Prevention Study, 1997–2011

Birth defect

Total arsenic Total arsenic

Middle v. low High v. low Middle v. low High v. low

cOR 95% CI cOR 95% CI aOR 95% CI aOR 95% CI

Central nervous
Anencephaly 0·9 0·7, 1·1 0·8 0·6, 1·0 0·9 0·7, 1·1* 0·8 0·6, 1·0*
Encephalocele 1·0 0·7, 1·6 1·3 0·9, 2·0 1·0 0·7, 1·6* 1·3 0·9, 2·0*
Spina bifida 0·9 0·8, 1·1 0·8 0·7, 1·0 0·9 0·8, 1·1* 0·8 0·7, 1·0*
Cerebellar hypoplasia 0·8 0·3, 1·8 0·5 0·2, 1·4 0·8 0·3, 1·8† 0·5 0·2, 1·2†
Dandy–Walker malformation 1·1 0·7, 1·8 0·7 0·4, 1·2 1·0 0·6, 1·6‡ 0·5 0·3, 0·9‡
Holoprosencephaly 1·1 0·7, 1·6 0·6 0·3, 0·9 1·0 0·6, 1·5‡ 0·5 0·3, 0·8‡
Hydrocephalus 0·9 0·7, 1·2 1·1 0·8, 1·4 0·9 0·7, 1·2* 1·1 0·8, 1·4*

Ear
Anotia/microtia 1·0 0·8, 1·2 1·1 0·9, 1·5 1·0 0·8, 1·2* 1·1 0·9, 1·5*

Eye
Anopthalmos/micropthalmos 1·1 0·7, 1·7 1·0 0·6, 1·6 1·1 0·7, 1·7* 1·0 0·6, 1·6*
Cataracts 0·9 0·7, 1·3 1·1 0·8, 1·5 0·9 0·7, 1·3* 1·1 0·8, 1·5*
Glaucoma/anterior chamber defects 1·1 0·7, 1·8 1·2 0·8, 1·9 1·1 0·7, 1·8* 1·2 0·8, 1·9*

Craniofacial
Choanal atresia 0·6 0·3, 1·0 0·7 0·4, 1·2 0·5 0·3, 0·9§ 0·5 0·3, 0·9§
Cleft lip w/wo cleft palate 0·9 0·8, 0·9 0·8 0·7, 0·9 0·9 0·8, 0·9* 0·8 0·7, 0·9*
Cleft palate 0·8 0·7, 0·9 0·9 0·8, 1·0 0·8 0·7, 0·9* 0·9 0·8, 1·0*

Gastrointestinal
Anorectal atresia/stenosis 0·7 0·6, 0·9 0·7 0·6, 0·9 0·7 0·6, 0·9* 0·7 0·6, 0·9*
Biliary atresia 1·0 0·7, 1·5 1·0 0·6, 1·4 1·0 0·7, 1·5‖ 1·0 0·6, 1·5‖
Colonic atresia/stenosis 0·4 0·2, 0·8 0·4 0·2, 0·9 0·5 0·2, 1·1¶,** 0·6 0·3, 1·3¶,**
Duodenal atresia/stenosis 0·9 0·6, 1·4 0·8 0·5, 1·2 0·9 0·6, 1·4* 0·8 0·5, 1·2*
Intestinal atresia/stenosis 1·1 0·9, 1·5 1·1 0·9, 1·5 1·1 0·9, 1·5* 1·1 0·9, 1·5*
Oesophageal atresia 1·0 0·7, 1·3 1·1 0·9, 1·5 1·0 0·7, 1·3†† 1·1 0·8, 1·5††

Genitourinary
Bilateral renal agenesis or hypoplasia 1·1 0·7, 1·7 0·7 0·5, 1·2 1·1 0·7, 1·8‡‡ 0·9 0·6, 1·5‡‡
Bladder exstrophy 0·7 0·3, 1·5 1·2 0·6, 2·2 0·7 0·3, 1·5¶,§§ 1·2 0·6, 2·4¶,§§
Hypospadias second/third degree 0·9 0·8, 1·0 0·9 0·8, 1·0 0·8 0·7, 0·9‖‖ 0·7 0·6, 0·8‖‖

Musculoskeletal
Cloacal exstrophy 2·5 1·1, 5·7 2·5 1·1, 5·7 3·7 1·4, 10·0¶¶ 3·5 1·3, 9·6¶¶
Craniosynostosis 0·9 0·8, 1·0 0·7 0·6, 0·8 0·9 0·8, 1·0*** 0·7 0·6, 0·8***
Diaphragmatic hernia 1·1 0·9, 1·3 0·8 0·7, 1·0 1·1 0·9, 1·3* 0·8 0·7, 1·0*
Gastroschisis 0·7 0·6, 0·8 0·5 0·5, 0·6 1·0 0·9, 1·2** 0·8 0·7, 1·0**
Omphalocele 1·1 0·8, 1·5 0·9 0·7, 1·3 1·1 0·8, 1·5* 0·9 0·7, 1·3*
Intercalary limb deficiency 1·1 0·5, 2·5 1·2 0·5, 2·6 1·2 0·5, 2·6¶,††† 1·4 0·6, 3·2¶,†††
Longitudinal limb deficiency 0·9 0·7, 1·2 0·8 0·6, 1·1 0·9 0·7, 1·2* 0·8 0·6, 1·1*
Transverse limb deficiency 0·9 0·7, 1·1 0·8 0·6, 0·9 0·9 0·7, 1·1* 0·8 0·6, 0·9*
Sacral agenesis or caudal dysplasia NC NC NC NC

bw, body weight; cOR, crude OR; aOR, adjusted OR; NBDPS, National Birth Defects Prevention Study.
*Crude estimate.
†Adjusted for maternal tobacco smoking exposure 1 month before (B1) through third month following (M3) conception.
‡Adjusted for maternal race/ethnicity.
§Adjusted for maternal age at delivery.
‖Adjusted for maternal race/ethnicity and total pre-pregnancy energy intake.
¶Firth’s logistic regression used.
**Adjusted for maternal age and education at delivery and tobacco smoking exposure (B1–M3).
††Adjusted for maternal age at delivery and race/ethnicity.
‡‡Adjusted for maternal tobacco smoking exposure (B1–M3) and NBDPS site.
§§Adjusted for maternal race/ethnicity, total pre-pregnancy energy intake and NBDPS site.
‖‖Adjusted for maternal age at delivery and NBDPS site.
¶¶Adjusted for child sex and maternal tobacco smoking exposure (B1–M3).
***Adjusted for maternal age at delivery and race/ethnicity and NBDPS site.
†††Adjusted for NBDPS site.
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foods collected from two communities in Texas in 1997(30).
Nonetheless, these estimates currently represent the best
available data for concentrations of inorganic arsenic in
foods in the USA during the time period of our study.
Recently published European estimates of inorganic
arsenic concentrations in food may present an additional
data source for exposure assessment for future studies

using more contemporary diet assessment(39).
Additionally, the TDS did not begin using inductively
coupled plasma MS (ICP-MS) until 2014, which postdates
our study period. Our estimates of dietary total arsenic
relied on concentration estimates from hydride genera-
tion-atomic absorption, which has potentially higher
LOD than inductively coupled plasma MS. As such, our

Table 6 ORand 95%CI for associations betweenmaternal inorganic arsenic exposure in diet (μg/kg-bw/d) and selected isolated non-cardiac
birth defects, US National Birth Defects Prevention Study, 1997–2011

Birth defect

Inorganic arsenic Inorganic arsenic

Middle v. low High v. low Middle v. low High v. low

cOR 95% CI cOR 95% CI aOR 95% CI aOR 95% CI

Central nervous
Anencephaly 0·9 0·7, 1·1 0·9 0·7, 1·1 0·8 0·7, 1·0* 0·8 0·6, 1·0*
Encephalocele 1·1 0·7, 1·6 0·9 0·6, 1·4 1·2 0·8, 1·7† 1·1 0·7, 1·7†
Spina bifida 0·9 0·8, 1·0 0·7 0·6, 0·8 0·9 0·8, 1·0‡ 0·7 0·6, 0·9‡
Cerebellar hypoplasia 0·7 0·3, 1·6 0·6 0·3, 1·5 1·0 0·4, 2·4§,‖ 1·1 0·4, 3·0§,‖
Dandy–Walker malformation 1·0 0·6, 1·5 0·4 0·2, 0·7 1·0 0·6, 1·5‡ 0·4 0·2, 0·7‡
Holoprosencephaly 0·7 0·4, 1·2 0·9 0·6, 1·5 0·7 0·4, 1·2* 0·8 0·5, 1·3*
Hydrocephalus 1·0 0·8, 1·3 1·0 0·8, 1·3 1·0 0·8, 1·3‡ 1·0 0·8, 1·3‡

Ear
Anotia/microtia 1·0 0·8, 1·3 1·2 0·9, 1·5 0·9 0·7, 1·1¶ 0·8 0·6, 1·1¶

Eye
Anopthalmos/micropthalmos 1·0 0·7, 1·6 1·0 0·7, 1·6 0·9 0·6, 1·5† 0·9 0·6, 1·4†
Cataracts 1·0 0·8, 1·4 0·9 0·7, 1·3 1·1 0·8, 1·5† 1·1 0·8, 1·5†
Glaucoma/anterior chamber defects 0·8 0·5, 1·3 1·2 0·7, 1·8 0·9 0·6, 1·5† 1·4 0·8, 2·2†

Craniofacial
Choanal atresia 1·2 0·7, 2·1 1·2 0·7, 2·1 1·0 0·5, 1·7** 1·2 0·7, 2·3**
Cleft lip w/wo cleft palate 1·0 0·9, 1·1 0·9 0·8, 1·0 1·0 0·9, 1·1‡ 0·9 0·8, 1·0‡
Cleft palate 1·0 0·9, 1·2 0·9 0·8, 1·1 1·0 0·9, 1·2‡ 0·9 0·8, 1·1‡

Gastrointestinal
Anorectal atresia/stenosis 0·8 0·6, 1·0 0·7 0·6, 1·0 0·8 0·7, 1·1†† 0·8 0·6, 1·1††
Biliary atresia 0·9 0·6, 1·4 0·7 0·5, 1·1 1·0 0·7, 1·5‡‡ 0·9 0·5, 1·4‡‡
Colonic atresia/stenosis 1·2 0·6, 2·6 1·2 0·6, 2·6 1·7 0·8, 3·7§,§§ 1·4 0·7, 3·2§,§§
Duodenal atresia/stenosis 1·1 0·7, 1·7 0·9 0·6, 1·4 1·1 0·7, 1·7‡ 0·9 0·6, 1·4‡
Intestinal atresia/stenosis 1·0 0·7, 1·3 1·2 0·9, 1·5 1·0 0·7, 1·3‡ 1·2 0·9, 1·5‡
Oesophageal atresia 1·1 0·8, 1·5 1·1 0·8, 1·4 1·2 0·9, 1·6† 1·3 0·9, 1·7†

Genitourinary
Bilateral renal agenesis or hypoplasia 1·2 0·8, 1·9 1·0 0·6, 1·5 1·4 0·9, 2·2‡‡ 1·2 0·7, 1·9‡‡
Bladder exstrophy 1·1 0·5, 2·1 0·8 0·4, 1·7 1·0 0·5, 2·1§,‡‡ 0·8 0·4, 1·8§,‡‡
Hypospadias second/third degree 1·1 1·0, 1·2 1·0 0·9, 1·1 1·2 1·0, 1·3‖‖ 1·2 1·1, 1·4‖‖

Musculoskeletal
Cloacal exstrophy 1·2 0·6, 2·6 1·5 0·7, 3·0 1·2 0·6, 2·5‖ 1·5 0·7, 3·1‖
Craniosynostosis 1·0 0·8, 1·1 0·8 0·7, 0·9 1·0 0·9, 1·2† 0·9 0·7, 1·0†
Diaphragmatic hernia 0·8 0·7, 1·0 0·9 0·7, 1·1 0·9 0·7, 1·1† 1·0 0·8, 1·3†
Gastroschisis 1·0 0·8, 1·1 1·1 1·0, 1·3 1·3 1·1, 1·5§§ 1·4 1·2, 1·6§§
Omphalocele 0·8 0·5, 1·0 0·8 0·6, 1·1 0·8 0·5, 1·0‡ 0·8 0·6, 1·1‡
Intercalary limb deficiency 2·5 1·1, 5·7 1·0 0·4, 2·7 2·6 1·2, 6·2§,¶¶ 1·1 0·4, 3·1§,¶¶
Longitudinal limb deficiency 0·9 0·7, 1·3 1·1 0·8, 1·5 0·9 0·7, 1·3‡ 1·1 0·8, 1·5‡
Transverse limb deficiency 1·2 1·0, 1·5 1·2 0·9, 1·4 1·2 0·9, 1·5¶¶ 1·0 0·8, 1·3¶¶
Sacral agenesis or caudal dysplasia NC NC NC NC

bw, body weight; cOR: crude OR; aOR, adjusted OR; NBDPS, National Birth Defects Prevention Study.
*Adjusted for maternal race/ethnicity.
†Adjusted for maternal total pre-pregnancy energy intake.
‡Crude estimate.
§Firth’s logistic regression used.
‖Adjusted for maternal race/ethnicity, total pre-pregnancy energy intake, tobacco smoking exposure 1 month before (B1) through third month following (M3) conception, and
NBDPS site.
¶Adjusted for maternal race/ethnicity and NBDPS site.
**Adjusted for maternal age at delivery and race/ethnicity, pre-pregnancy dietary folate equivalents and energy intake, and NBDPS site.
††Adjusted for pre-pregnancy dietary folate equivalents.
‡‡Adjusted for pre-pregnancy dietary folate equivalents and total energy intake and NBDPS site.
§§Adjusted for maternal age and education at delivery, race/ethnicity, and tobacco smoking exposure (B1–M3).
‖‖Adjusted for maternal race/ethnicity and total pre-pregnancy energy intake.
¶¶Adjusted for NBDPS site.
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estimated total arsenic from diet may be an underestima-
tion of the true arsenic burden due to the TDS reporting
estimates <LOD as 0. Finally, although the NBDPS includes
stillbirths ≥20 weeks gestation and elective terminations, it
is possible that if arsenic is associated with early adverse
pregnancy outcomes, such as miscarriages(40), we would
not have observed these associations.

Our study had several strengths. The NBDPS provides a
large, nationally representative comparator of US control
mothers, reducing the potential for selection bias. A pre-
vious analysis comparing characteristics of control mothers
to mothers of all live births at each site reported that they
were similar for several maternal characteristics(41). The
inclusion of live births, stillbirths, and elective terminations
and clinical geneticst review of clinical data to confirm diag-
noses helped reduced potential biases related to case
ascertainment. Use of the NBDPS FFQ responses and
arsenic concentrations provided by the TDS(28,29) and pub-
lished by Schoof, Yost(30) also allowed us to examine total
and inorganic arsenic exposures from diet and a spectrum
of birth defects – analyses which have not been conducted
in previous studies of maternal arsenic exposure.
Additional information provided by the NBDPS, such as
dietary and supplemental folic acid intake, allowed us to
explore the effects of folic acid on the relation between
maternal dietary arsenic consumption and birth defects.

In conclusion, our study explored associations between
maternal exposure to arsenic in diet and several isolated
non-cardiac birth defects. Two defects showed positive
associations with maternal exposure to total arsenic in diet
in both the middle and high tertiles, and six defects showed
positive associations with maternal exposure to inorganic
arsenic in diet in both the middle and high tertiles, but most
were weak. We recommend that future studies continue to
use large samples with well-characterised case children;
however, these studies will require improvements in
dietary exposure assessment to more accurately capture
maternal dietary habits during early pregnancy and require
expansion in estimating arsenic content, particularly inor-
ganic arsenic content, in food items. In addition, future
studies should consider multiple sources of arsenic expo-
sure to fully assess the impact of maternal arsenic exposure
on birth defect development.
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