
American Journal of Epidemiology

ª The Author 2010. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of

Public Health. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

Vol. 173, No. 2

DOI: 10.1093/aje/kwq342

Advance Access publication:

December 1, 2010

Original Contribution

Association Between Maternal Exposure to Ambient Air Pollution and Congenital
Heart Disease: A Register-based Spatiotemporal Analysis

Payam Dadvand*, Judith Rankin, Stephen Rushton, and Tanja Pless-Mulloli

* Correspondence to Payam Dadvand, Centre for Research in Environmental Epidemiology, Barcelona Biomedical Research Park,

Dr. Aiguader, 88, 08003 Barcelona, Spain (e-mail: pdadvand@creal.cat).

Initially submitted June 9, 2010; accepted for publication September 10, 2010.

Recent studies have linked maternal exposure to air pollution with a range of adverse pregnancy outcomes.
However, the available evidence linking this exposure to congenital anomalies is still limited and controversial. The
present case-control study tested the hypothesis that maternal exposure to ambient black smoke and sulfur dioxide
is a risk factor for the occurrence of congenital heart disease. The authors used registry-based data on congenital
heart disease for the population of the northeast of England in 1985–1996. A 2-stage spatiotemporal model was
developed to predict weekly black smoke and sulfur dioxide levels at each maternal place of residence. Controls
were frequency-matched to cases by year of birth (control-to-case ratio of 4:1). Two sets of analyses were
performed, using predicted mean values of exposure and 1,000 simulated scenarios of exposure. The analyses
were adjusted for birth year, socioeconomic status, infant sex, season of conception, and degree of urbanity. The
authors found a weak association between maternal exposure to black smoke and congenital malformations of
cardiac chambers and connections only when using exposure as a continuous variable. When the authors used
quartiles of exposure, odds ratios did not show a dose-response relation for consecutive quartiles. For sulfur
dioxide, the results were not indicative of any association.

air pollution; congenital abnormalities; heart defects, congenital; maternal exposure; sulfur dioxide; spatiotemporal
analysis

Abbreviations: BS, black smoke; CHD, congenital heart disease; EUROCAT, European Surveillance of Congenital Anomalies;
ICD-10, International Classification of Diseases, Tenth Revision; NorCAS, Northern Congenital Abnormality Survey; SES, socio-
economic status.

Exposure to air pollution is associated with higher mor-
tality and morbidity rates in adults and children (1). Recent
evidence suggests that air pollution also adversely affects
fetal development (2–4). However, the evidence linking air
pollution exposure to congenital anomalies is still limited
(Table 1) (5–16).

Congenital heart diseases (CHDs) are the most frequent
group of congenital anomalies (17). CHDs are the leading
cause of infant deaths due to congenital anomalies and are
associated with a considerable burden on public and private
resources (18–23). Although the etiology of the majority
of CHDs remains unknown, it is likely to be multifactorial,
with roles for both genetic and environmental causes
(22–24).

A limited number of studies have recently reported some
links between maternal exposure to different air pollutants
and the occurrence of a range of CHD subgroups (Table 1)
(10, 11, 15, 16). The findings from these recent studies are
not consistent in terms of the detected associations and their
direction and strength. The exposure assessment in these
studies has been based on assigning the pollutant levels
measured by the monitoring site nearest to the maternal
place of residence. This procedure may have caused expo-
sure misclassification in these studies (10). Gilliland et al.
(25) have suggested that for the studies of the adverse effects
of maternal exposure to air pollution during pregnancy that
have large sample sizes, long duration, and different out-
comes and exposures, the exposure assessment should rely
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on modeling approaches. Using a spatiotemporal modeling
framework for exposure assessment, we carried out a case-
control study, the Congenital Heart Disease and Air Pollu-
tion Study, to investigate whether maternal exposure to
ambient black smoke (BS) and sulfur dioxide is associated
with an increased risk of CHD.

MATERIALS AND METHODS

Case and control data

The Congenital Heart Disease and Air Pollution Study was
carried out in the population of the northeast of England from
January 1985 to December 1996. The study region encom-
passed 15 local authorities/unitary authorities (2,055 km2)
with a population of about 2.15 million according to the
1991 United Kingdom Census (26). The northeast region
has a geographically well-defined population, with 98.5%
classified as white (26).

We obtained data on CHD cases from the Northern
Congenital Abnormality Survey (NorCAS). NorCAS is a
population-based register of all congenital anomalies occur-
ring in pregnancies terminated after prenatal diagnosis
of fetal anomaly, late miscarriages (�20 weeks gestation),
livebirths, and stillbirths in those residents in the former
northern health region of England (27). For the period of

study, NorCAS registered cases diagnosed with CHD up to
the age of 16 years (28). All cases of CHD were confirmed by
autopsy, surgery, echocardiography, or cardiac catheterization
and were checked for duplication before registration onto
NorCAS. NorCAS data on CHD underwent annual cross-
validation with the pediatric cardiology database held at
Freeman Hospital, Newcastle upon Tyne, United Kingdom.
NorCAS is a member of the British Isles Network of Con-
genital Anomaly Registers and the European Surveillance
of Congenital Anomalies (EUROCAT) and adopts the
EUROCAT exclusion criteria for minor anomalies (29).
The detailed descriptive epidemiology of CHD across the
NorCAS region for the period of 1985–2003 has been de-
scribed previously (28). The total prevalence of CHD was
85.9 per 10,000 births and terminations of pregnancy for fetal
anomaly, with an increasing trend during this period (28).

Data for controls were obtained from the Office for Na-
tional Statistics annual birth tapes, which include data on all
births occurring annually within this population. The tapes
are held by the Regional Maternity Survey Office, Newcas-
tle upon Tyne, United Kingdom, which is a part of the North
East Public Health Observatory.

Case definition and classification

Cases were classified according to the International Clas-
sification of Diseases, Tenth Revision (ICD-10) (30).

Table 1. Findings From Published Studies Investigating Exposure to Ambient Air Pollution and the Occurrence of Congenital Anomalies

Study Setting Design Exposure Assessment Main Findings

Savel’eva,
1991 (5)

2 districts in 1 city,
Ukraine

Ecologic Living within or outside a buffer of
600 m from a chemical factory

Increase in infant deaths due
to congenital anomalies in
population living within
600 m of the factory

Antipenko and
Kogut, 1991 (6)

3 cities, Ukraine Ecologic Living in 3 cities with different air
pollution levels according to
industrial and traffic emission
rates

Increased risk of autosomal
dominant and x-linked
mutations and multiple
congenital anomalies in
proportion to increasing
pollution

Reznik et al.,
1992 (7)

2 ecologic zones
in 1 city, Ukraine

Ecologic Living in industrial zone vs.
agricultural zone

Higher rate of total congenital
anomalies and multiple
congenital anomalies in the
industrial zone having higher
levels of air pollution and
radioactive radiation

Guminska,
1993 (8)

1 city, Poland Increased risk of congenital
anomalies in more polluted
areas

Smrcka and
Leznarova,
1998 (9)

1 district, Czech
Republic

Ecologic Living in areas with severe long-term
air pollution vs. less-polluted
areas

Elevated occurrence of
congenital anomalies in
areas of severe long-term
air pollution compared with
less-polluted areas

Ritz et al.,
2002 (10)

4 counties, United
States

Case-control Assignment of measured levels of
carbon monoxide, nitrogen dioxide,
ozone, and PM10 by the nearest
monitor to maternal place of
residence

Significant association between
second-month exposure to
carbon monoxide and ozone
and the occurrence of
specific CHDs

Gilboa et al.,
2005 (11)

7 counties, United
States

Case-control Assignment of measured levels of
carbon monoxide, nitrogen dioxide,
ozone, sulfur dioxide, and PM10 by
the nearest monitor to maternal
place of residence

Significant association between
second-month exposure to
sulfur dioxide, PM10, and
carbon monoxide and the
occurrence of specific CHDs

Table continues
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ICD-10 categorizes CHD into 9 groups (codes Q20–Q28).
The following groups were excluded: 1) cases of ICD-10
groups of Q24 (other congenital malformations of heart),
Q27 (other congenital malformations of peripheral vascular
system), and Q28 (other congenital malformations of circu-
latory system); 2) cases of functional or unspecified cardiac
murmur, patent ductus arteriosus associated with prematu-
rity, and peripheral pulmonary artery stenosis, in line with
the EUROCAT exclusion list (29); and 3) cases with coin-
cident chromosomal abnormalities and/or major anomalies
of other organ systems, as they were more likely to have
a genetic basis than to be caused by environmental insults.

Consequently, only cases with �1 type of CHD without
any anomaly of other organ systems were included in the
analysis. Because of the small number of cases of congenital
malformations of great arteries (Q25) and congenital mal-
formations of great veins (Q26), these 2 groups were
grouped as congenital anomalies of great arteries and veins.
The 5 most frequent individual CHDs in our data set (28),
which were ventricular septal defect, atrial septal defect,
congenital pulmonary valve stenosis, tetralogy of Fallot,
and coarctation of aorta, were also included in the anal-
ysis. These resulted in 10 outcome groups for the analysis,

including 5 ICD-10 CHD groups and 5 individual CHD
subtypes (Table 2).

Exposure assessment

The exposure assessment was performed for weeks 3–8 of
pregnancy. This period is considered to be the critical ex-
posure window for the development of CHD (31, 32). It is
also in line with findings of the previous study by Ritz et al.
(10).

There were 56 nonautomatic monitors operating across
the study region over the study period (Figure 1). Nonauto-
matic monitors measure daily levels of BS and sulfur di-
oxide. The data on these measurements were obtained from
the UK National Air Quality Information Archive Web site
(33).

A 2-stage spatiotemporal modeling framework was used
to separately predict BS and sulfur dioxide levels at each
maternal residential postcode for each individual week
of weeks 3–8 of pregnancy. This modeling was developed
using monitoring data on BS and sulfur dioxide together
with a range of covariate data, including traffic, population
density, industrial activity, meteorology, and land cover

Table 1. Continued

Study Setting Design Exposure Assessment Main Findings

Kim et al.,
2007 (12)

1 city, South Korea Cohort Assignment of measured levels of
PM10 by the monitor nearest to
maternal place of residence

Significant association between
maternal exposure to PM10

during the second trimester
and the occurrence of
congenital anomalies

Hwang and
Jaakkola,
2008 (13)

5 counties, Taiwan Case-control Interpolation (inverse distance
weighting) of carbon monoxide,
nitrogen dioxide, ozone, sulfur
dioxide, and PM10 levels measured
by monitoring site

Increased risk of oral cleft due
to first- and second-month
exposure to ozone

Rankin et al.,
2009 (14)

4 counties, England Case-control Assignment of the average
measured black smoke and sulfur
dioxide levels by the monitors within
10 km of the maternal residential
postcode

Increased risk of nervous
system anomalies in relation
to maternal exposure to black
smoke

Hansen et al.,
2009 (15)

1 city, Australia Case-control Assignment of measured levels of
carbon monoxide, nitrogen dioxide,
ozone, sulfur dioxide, and PM10 by
the monitor nearest to maternal
place of residence

Increased risk of aortic artery
and valve defects and cleft lip
with or without cleft palate
due to exposure to sulfur
dioxide and pulmonary artery
and valve defects in relation
to ozone

Strickland et al.,
2009 (16)

1 city, United States Retrospective
cohort

Assignment of measured levels of
carbon monoxide, nitrogen dioxide,
ozone, sulfur dioxide, and PM10 by
the monitor nearest to maternal
place of residence

Increased risk of patent ductus
arteriosus due to exposure
to PM10

Dadvand et al.,
2010a

15 local authorities,
England

Case-control Assignment of measured levels
of carbon monoxide, nitric oxide,
nitrogen dioxide, ozone, sulfur
dioxide, and PM10 by the monitor
nearest to maternal place of
residence

Increased risk of ventricular
septal defect and congenital
pulmonary valve stenosis
due to maternal exposure to
carbon monoxide and
increased risk of
ventricular septal defect and
tetralogy of Fallot due to
maternal exposure to nitric
oxide

Abbreviations: CHD, congenital heart disease; PM10, particulate matter with aerodynamic diameter <10 lm.
a P. Dadvand, J. Rankin, S. Rushton, and T. Pless-Mulloli, unpublished data, 2010.
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information. The data on covariates were obtained from the
Countryside Information System (providing remote sensing
data on land cover), the Office for National Statistics, the
Digimap Web site (34), the UKBORDERS Web site (35),
and the Met Office Web site (36). The first stage of the
modeling was a dynamic model that separated the temporal
trend in pollutant levels for the region as a whole from
within-region spatial variation. The second stage was a linear
model predicting BS and sulfur dioxide levels at all loca-
tions in the region for each week of the study period. For this
second stage, we used spatially referenced covariate data as
predictors and the predicted regional temporal trend by the
first stage as an offset. A manual step-backward algorithm
was used to construct the final spatiotemporal models. The
covariates remaining in the final models were distance to
motorway, length of local roads/streets in buffers of 250 m,
distance to A- and B-type roads, easting/northing coordi-
nates, and land cover (within a 7-km buffer zone). These
models were capable of predicting 71% and 53% of the
spatiotemporal variation (adjusted R2 of 0.71 and 0.53) in
BS and sulfur dioxide levels, respectively, across the Con-
genital Heart Disease and Air Pollution Study region over
the study period. We validated the modeling approach both
internally and externally for each pollutant separately; re-
sults suggested that the model provided reasonable esti-
mates of BS and sulfur dioxide levels. Further details of
the exposure modeling approach have been published else-
where (37).

Statistical analysis

During the course of the study, pollutant levels decreased
and the number of diagnosed cases of CHD increased (28).
Because of these changes, we determined that time could

potentially act as a confounding factor, and cases and con-
trols were therefore frequency-matched by year of birth.
The control-to-case ratio was 4:1 for each outcome group.

Pollutant levels predicted by spatiotemporal models were
used in the analysis. Predicted mean values and correspond-
ing standard errors were calculated for each study partici-
pant for weeks 3–8 of pregnancy. Two separate approaches
were then developed to perform the analyses. We used pre-
dicted mean values of exposure to construct logistic regres-
sion models to abstract adjusted odds ratios of exposure for
each outcome group. These were adjusted for year of birth,
socioeconomic status (SES), infant sex, season of concep-
tion, and degree of urbanity. The Townsend Deprivation
Score, based on the 1991 census, was used to address
SES. The Townsend Deprivation Score is an area-based
measure of material deprivation based on 4 domains: un-
employment, car ownership, owner occupation, and over-
crowding (38). Two sets of logistic regression models were
built, using exposure levels as continuous and categorical
variables. The categorical variable was extracted as quartiles
of exposure based on all study participants in each outcome
group. The first quartile was considered as the reference
group. The second, third, and fourth quartiles were then
compared with this reference group to estimate odds ratios
and to investigate dose-response relations in consecutive
quartiles of exposure.

This use of predicted mean values overlooked the uncer-
tainty of regression models in prediction of the outcome
variable (exposure level in this case). Standard error was
an indicator for this uncertainty. A 3-step simulation algo-
rithm was used to address this uncertainty in the risk analysis.

As the first step, 100 possible predicted values for each
week in the critical exposure window were calculated for
each study participant. This was done by randomly gener-
ating a number from a normal distribution with a known
mean and standard deviation, which were the predicted
mean value and standard error by the exposure models, re-
spectively. These were stored in 100 columns for each study
participant. In the second step, the predicted values in each
column were averaged for weeks 3–8 of pregnancy for each
study participant. Finally, 1,000 simulated scenarios of ex-
posure were generated by randomly selecting 1 exposure
average from 100 exposure averages for each study partic-
ipant in each simulation. These 1,000 simulated exposure
scenarios were then used to construct 1,000 logistic regres-
sion models to abstract the risk by allowing for the included
confounders. This process was repeated for each outcome
group. Regression coefficients for the exposure covariate
were abstracted. Odds ratios for the minimum, maximum,
and mean of these regression coefficients, which were nor-
mally distributed, were then calculated in each outcome
group. The NorCAS, as part of the British Isles Network
of Congenital Anomaly Registers, has ethics approval to
undertake studies involving the use of the data.

RESULTS

In total, 2,713 cases of CHD met the inclusion criteria.
Table 3 summarizes the distribution of covariates in

Table 2. Outcome Groups and ICD-10 Codes Included in the

Analysis

Outcome Group ICD-10 Code(s)

Congenital malformations
of cardiac chambers
and connections

Q20

Congenital malformations
of cardiac septa

Q21

Congenital malformations
of pulmonary and
tricuspid valves

Q22

Congenital malformations
of aortic and mitral
valves

Q23

Congenital malformations
of great arteries and
veins

Q25 and Q26

Ventricular septal defect Q21.0

Atrial septal defect Q21.1

Tetralogy of Fallot Q21.3

Congenital pulmonary
valve stenosis

Q22.1

Coarctation of aorta Q25.1

Abbreviation: ICD-10, International Classification of Diseases,

Tenth Revision.
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controls, pooled CHD cases, and each of the outcome
groups. The sex ratio differed among the outcome groups;
however, it was not different between controls and the
pooled CHD cases (chi-square ¼ 1.997, P ¼ 0.16). The
medians of the Townsend Deprivation Scores varied among
outcome groups and generally were higher (i.e., participants
were more deprived) than those of controls. Nevertheless,
SES as measured by Townsend Deprivation Score was not
different between the pooled CHD cases and controls
(Wilcoxon Mann-Whitney test U ¼ 17,326,975.5, P ¼
0.29). Both cases and controls were mostly from urban areas
and did not differ in their degree of urbanity (chi-square ¼
2.222, P ¼ 0.14).

Quartiles of the predicted mean values of BS and
sulfur dioxide levels and the corresponding odds ratios
for each outcome group are presented in Table 4. For
BS, an increased risk congenital malformations of car-

diac chambers and connections (ICD-10 code Q20) was
detected for the fourth exposure quartile compared
with the reference group. There was no clear dose-
response relation for this association. For sulfur dioxide,
no clear dose–response relation or significant increase
in risk was detected for any of the anomaly groups or
subtypes.

Table 5 illustrates the pollutant-specific odds ratios for the
predicted mean values of exposure (continuous variable)
and odds ratios for mean, minimum, and maximum of sim-
ulated regression coefficients. Both conventional and simu-
lated regressions showed a weak but significant association
between exposure to BS and congenital malformations of
cardiac chambers and connections. An inverse association
between ventricular septal defect and BS was consistently
detected in models with categorical and continuous expo-
sure variables.

Figure 1. Nonautomatic monitoring stations and cases of congenital heart disease (CHD) across the northeast of England, 1985–1996.
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Table 3. Distribution of Covariates Among Controls, Pooled Congenital Heart Disease Cases, and Each Outcome Group, Northeast of England, 1985–1996

ICD-10 Codes(s)a

Controls
(n 5 9,975)

CHD
(n 5 2,713)

Q20
(n 5 238)

Q21
(n 5 1,641)

Q22
(n 5 337)

Q23
(n 5 330)

Q25–Q26
(n 5 424)

Ventricular
Septal Defect
(n 5 902)

Atrial Septal
Defect

(n 5 271)

Congenital
Pulmonary

Valve Stenosis
(n 5 240)

Tetralogy
of Fallot
(n 5 140)

Coarctation
of the Aorta
(n 5 127)

Sex, %

Female 48.4 46.9 37.8 49.1 49.3 37.3 44.9 47.6 57.7 52.9 42.9 37.0

Male 51.6 53.1 62.2 50.9 50.7 62.7 55.1 52.4 42.3 47.1 57.1 63.0

Townsend
Deprivation
Score

Minimum �6.5 �6.0 �5.4 �5.9 �5.3 �5.9 �5.9 �5.9 �5.9 �5.3 �5.5 �5.9

1st Quartile �1.5 �1.4 �0.9 �1.4 �1.2 �2.0 �1.3 �1.6 �1.2 �1.1 �1.2 �1.1

Median 2.2 2.4 2.5 2.4 2.9 2.1 2.4 2.4 2.8 2.9 2.4 2.2

3rd Quartile 5.1 5.3 5.4 5.3 5.8 5.2 5.5 5.2 5.5 5.4 5.3 5.6

Maximum 11.0 11.0 10.0 10.6 10.6 10.6 11.0 10.6 10.6 10.6 10.6 11.0

Urbanity, %

Urban 90.4 91.3 90.8 91.9 92.3 89.1 91.3 92.0 93.5 93.3 87.9 96.9

Rural 9.6 8.7 9.2 8.1 7.7 10.9 8.7 8.0 6.5 6.7 12.1 3.1

Season, %

Spring 25.7 24.4 19.8 25.0 26.1 20.3 22.6 24.9 23.4 25.0 22.9 16.5

Summer 25.2 26.1 31.9 25.3 23.2 23.9 23.6 26.2 25.9 23.3 25.0 22.1

Autumn 24.9 24.7 24.4 24.6 25.2 27.3 24.8 25.4 23.9 22.9 25.7 33.1

Winter 24.2 24.8 23.9 25.1 25.5 28.5 29.0 23.5 26.8 28.7 26.4 28.3

Abbreviations: CHD, congenital heart disease; ICD-10, International Classification of Diseases, Tenth Revision.
a Q20, congenital malformations of cardiac chambers and connections; Q21, congenital malformations of cardiac septa; Q22, congenital malformations of pulmonary and tricuspid valves;

Q23, congenital malformations of aortic and mitral valves; Q25–Q26, congenital malformations of great arteries and veins.
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Table 4. Predicted Mean Black Smoke Value and Sulfur Dioxide Levels and the Corresponding Odds Ratios for a 1–lg/m3 Increase in Black Smoke and Sulfur Dioxide Levels in Each

Outcome Group, Northeast of England, 1985–1996

Black Smoke Sulfur Dioxide

Second Quartile Third Quartile Fourth Quartile Second Quartile Third Quartile Fourth Quartile

Level,
mgm23 OR 95% CI

Level,
mgm23 OR 95% CI

Level,
mgm23 OR 95% CI

Level,
mgm23 OR 95% CI

Level,
mgm23 OR 95% CI

Level,
mgm23 OR 95% CI

ICD-10 code(s)a

Q20 5.78 1.35 0.84, 2.18 10.09 1.16 0.71, 1.89 17.24 2.00 1.27, 3.17 17.47 0.89 0.56, 1.41 22.84 0.66 0.41, 1.06 32.64 1.18 0.76, 1.85

Q21 5.60 0.96 0.81, 1.14 9.45 0.93 0.78, 1.11 16.00 0.83 0.68, 1.01 17.42 0.90 0.75, 1.06 22.65 0.84 0.70, 1.00 31.29 0.87 0.73, 1.04

Q22 5.30 0.96 0.66, 1.40 9.41 1.05 0.72, 1.53 16.20 0.93 0.61, 1.40 15.91 1.03 0.71, 1.51 22.33 1.14 0.78, 1.65 31.39 0.96 0.65, 1.41

Q23 5.76 0.99 0.68, 1.46 9.79 1.33 0.91, 1.95 16.99 1.08 0.71, 1.64 17.36 0.61 0.42, 0.89 22.92 0.67 0.46, 0.97 32.16 0.94 0.66, 1.35

Q25–Q26 5.69 1.24 0.85, 1.80 9.46 1.20 0.82, 1.77 16.72 0.95 0.62, 1.44 17.42 0.56 0.38, 0.82 22.64 0.79 0.56, 1.13 31.46 0.58 0.40, 0.86

Ventricular
septal defect

5.56 0.93 0.76, 1.14 9.46 0.83 0.67, 1.03 16.06 0.73 0.58, 0.91 17.31 0.94 0.76, 1.15 22.44 0.89 0.73, 1.10 31.44 0.90 0.73, 1.11

Atrial septal
defect

5.82 0.87 0.56, 1.34 9.42 0.86 0.55, 1.34 16.41 0.94 0.58, 1.51 17.53 1.01 0.65, 1.56 22.25 0.92 0.59, 1.44 30.84 0.95 0.61, 1.48

Congenital
pulmonary
value stenosis

5.73 0.82 0.55, 1.23 9.40 0.82 0.54, 1.24 15.85 0.92 0.60, 1.42 17.44 0.95 0.64, 1.42 22.66 0.87 0.58, 1.30 31.14 0.90 0.60, 1.36

Tetralogy of
Fallot

5.61 1.22 0.70, 2.13 9.69 1.68 0.97, 2.93 16.76 1.43 0.79, 2.59 17.43 0.52 0.30, 0.90 22.64 0.75 0.45, 1.25 31.84 0.75 0.45, 1.26

Coarctation of
the aorta

5.55 1.18 0.69, 2.04 9.90 0.60 0.33, 1.11 16.62 0.55 0.29, 1.03 17.16 0.52 0.30, 0.91 22.97 0.74 0.44, 1.26 31.59 0.39 0.22, 0.70

Abbreviations: CI, confidence interval; ICD-10, International Classification of Diseases, Tenth Revision; OR, odds ratio.
a Q20, congenital malformations of cardiac chambers and connections; Q21, congenital malformations of cardiac septa; Q22, congenital malformations of pulmonary and tricuspid valves;

Q23, congenital malformations of aortic and mitral valves; Q25–Q26, congenital malformations of great arteries and veins.
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Table 5. Pollutant-Specific Odds Ratios for a 1–lg/m�3 Increase in Black Smoke and Sulfur Dioxide Levels in Each Outcome Group, Northeast of England, 1985–1996

OR for
the Predicted
Black Smoke
Mean Values

95% CI for
the Predicted
Black Smoke
Mean Values

Simulated Logistic Regressions for Black Smoke
Levels OR for

the Predicted
Sulfur Dioxide
Mean Values

95% CI for
the Predicted
Sulfur Dioxide
Mean Values

Sulfur Dioxide

OR for Mean
of Regression
Coefficients

OR for Minimum
of Regression
Coefficients

OR for Maximum
of Regression
Coefficients

OR for Mean
of Regression
Coefficients

OR for Minimum
of Regression
Coefficients

OR for Maximum
of Regression
Coefficients

ICD-10 code(s)a

Q20 1.02 1.01, 1.03 1.02 1.02 1.02 1.01 0.99, 1.02 1.01 1.01 1.01

Q21 0.99 0.98, 1.00 0.99 0.99 0.99 0.99 0.99, 1.00 1.00 1.00 1.00

Q22 1.00 0.98, 1.01 1.00 1.00 1.00 1.00 0.99, 1.01 1.00 1.00 1.00

Q23 0.99 0.98, 1.01 0.99 0.99 1.00 1.01 0.99, 1.02 1.00 0.99 1.01

Q25–Q26 0.99 0.98, 1.00 0.99 0.99 0.99 0.99 0.97, 1.00 0.99 0.99 0.99

Ventricular
septal defect

0.99 0.98, 0.99 0.99 0.99 0.99 0.99 0.99, 1.00 0.99 0.99 0.99

Atrial septal
defect

1.00 0.98, 1.01 1.00 1.00 1.00 1.00 0.98, 1.01 1.00 1.00 1.00

Congenital
pulmonary
value stenosis

1.00 0.99, 1.02 0.94 0.60 1.37 1.00 0.98, 1.01 1.00 1.00 1.00

Tetralogy of
Fallot

1.00 0.98, 1.02 1.00 1.00 1.00 1.00 0.98, 1.02 1.00 1.00 1.00

Coarctation of
the aorta

0.97 0.95, 1.00 0.98 0.97 0.99 0.97 0.95, 1.00 0.98 0.98 0.99

Abbreviations: CI, confidence interval; ICD-10, International Classification of Diseases, Tenth Revision; OR, odds ratio.
a Q20, congenital malformations of cardiac chambers and connections; Q21, congenital malformations of cardiac septa; Q22, congenital malformations of pulmonary and tricuspid valves;

Q23, congenital malformations of aortic and mitral valves; Q25–Q26, congenital malformations of great arteries and veins.
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DISCUSSION

The present population-based case-control study investi-
gated the association between maternal exposure to ambient
BS and sulfur dioxide and the occurrence of CHD in off-
spring. The exposure assessment was based on a spatiotem-
poral modeling approach capable of predicting weekly BS
and sulfur dioxide levels throughout the northeast of En-
gland over the period of 1985–1996. This modeling ap-
proach was used to predict ambient pollutant levels at the
residential postcode of each study participant for weeks 3–8
of pregnancy. Analysis was performed as 2 subanalyses,
with one using point estimates of exposure for each preg-
nancy location and time and the other applying a simulation
approach that took into account the uncertainty of the ex-
posure model.

Our study showed a slightly increased risk of congenital
malformations of cardiac chambers and connections associ-
ated with maternal exposure to BS. However, when expo-
sure was treated as a categorical variable, there was no
dose–response relation in consecutive quartiles of exposure.
The present study did not detect any increased risk for any
CHD groups or subtypes after maternal exposure to sulfur
dioxide.

The available evidence on the association between ma-
ternal exposure to BS and risk of congenital anomalies is
still very limited. Rankin et al. (14) investigated the associ-
ation between maternal exposure to BS and the occurrence
of different congenital anomalies, including pooled CHD
and 6 individual CHDs (ventricular septal defect, coarcta-
tion of the aorta, tetralogy of Fallot, atrioventricular septal
defect, hypoplastic left heart syndrome, and patent ductus
arteriosus) in northern England from 1985 to 1990. Their
exposure assessment was based on assigning measured pol-
lutant levels according to the monitoring sites within 10 km
of the maternal residential postcode for the first trimester of
pregnancy. They reported an increased risk of nervous sys-
tem anomalies due to maternal exposure to BS, but no risk
of any other anomalies. They did not perform the analysis
for the ICD-10 CHD groups, and it is not possible to com-
pare our detected significant association with their findings.
However, nonsignificant associations for the individual
CHDs found by our study are consistent with their reported
results (14).

Gilboa et al. (11) reported an enhanced risk of ventricular
septal defect in association with maternal exposure to sulfur
dioxide. This finding was not replicated in our study or in
other studies (14–16). Hansen et al. (15) reported an in-
creased risk of aortic artery and valve defects due to expo-
sure to sulfur dioxide. Our findings did not support this
association, and neither did findings of other studies (11,
14, 16).

Animal and experimental studies have shown that mater-
nal exposure to air pollutants can have teratogenic effects.
Suggested mechanisms of teratogenicity of air pollutants
include oxidative stress that influences the migration and
differentiation of neural crest cells (39, 40), tissue hypoxia
(41–44), interactions with the metabolism and detoxifica-
tion of other xenobiotics (45), somatic effects on DNA
interfering with basic processes such as programmed apo-

ptosis (cell death) (46), and impact on the functionality of
trophoblastic cells and early fetal growth (47–50).

Our analytical strategy resulted in a total of 60 compar-
isons. Instead of adjusting for multiple comparisons (51–
54), we emphasized the consistency of results between the
2 subanalyses. To avoid type I errors, associations were
considered to be relevant only if a direct dose–response re-
lation was observed for consecutive quartiles of exposure (in
models with categorical exposure variables) and the associ-
ation was significant for the fourth quartile of exposure.

In our second subanalysis, the odds ratios based on min-
imum and maximum regression coefficients for the simu-
lated exposure levels differed in the fourth or fifth decimal
place. The estimated odds ratios from this subanalysis were
similar to those of the first subanalysis. This was because the
resulting standard errors of the spatiotemporal exposure
models were very small in relation to the predicted means.
Therefore, the simulated exposure measurements were very
close to the predicted mean used in the first subanalysis.

The present study had the advantage of using high-quality
population-based registry data on CHD from a geographi-
cally well-defined area. Our study is the first to use complex
spatiotemporal modeling for exposure assessment to inves-
tigate the association between maternal exposure to ambient
air pollution and the occurrence of congenital anomalies.
This is important, as it has been suggested that for studies
of the adverse effects of maternal exposure to air pollution
during pregnancy that have large sample sizes, long dura-
tion, and different outcomes and exposures, the exposure
assessment should rely on modeling approaches (25). Our
modeling approach could predict 72% and 53% of spatio-
temporal variation in BS and sulfur dioxide levels, respec-
tively, at each postcode across the study region for each
week of the study period. The modeling was validated in-
ternally and externally, suggesting that the model provided
reasonable estimates of BS and sulfur dioxide levels. In
addition to the use of point estimates of exposure, the pres-
ent study used a simulation approach to address the uncer-
tainty of the exposure model in prediction of the exposure to
produce robust results.

For the period of study, there were 4 automatic monitor-
ing sites that hourly measured particulate matter with aero-
dynamic diameter <10 lm, sulfur dioxide, nitrogen dioxide,
nitric oxide, ozone, and carbon monoxide across the study
region. Most of these sites were operational from 1992 on-
ward. Among these monitors, 1 only measured sulfur di-
oxide and 1 measured nitric oxide and nitrogen dioxide. It
was therefore not possible to include these pollutants in our
analysis because of lack of required spatial resolution of
monitoring data for the exposure modeling.

Similar to the previous studies investigating the associa-
tion between maternal exposure to air pollution and the
occurrence of congenital anomalies, our study relied on
ambient air pollutant levels at the maternal place of resi-
dence at the time of delivery. This assignment overlooked
maternal time-activity patterns leading to exposure to dif-
ferent pollutant levels in different microenvironments (55–
57). Indoor levels of air pollutants may have differed from
outdoor levels, and relying on ambient levels may have
caused exposure misclassification in our study (58–60).
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Hodgson et al. (61) have shown that about 9% of mothers
in the NorCAS database changed their place of residence
during the period between the first antenatal contact (usually
about week 14 of pregnancy) and the time of delivery, with
a median moving distance of 1.4 km. This change may have
led to exposure misclassification, as the exposure assess-
ment in this study was based on maternal place of residence
at the time of delivery. However, 2 recently published US
studies have reported that maternal relocation during preg-
nancy did not lead to a significant change in the assigned
maternal exposure to air pollution (62, 63).

We adjusted our analyses for year of birth, SES, infant
sex, degree of urbanity, and season of conception. However,
we were not able to adjust our analyses for other possible
confounders, such as maternal age, maternal smoking, ma-
ternal alcohol use, maternal body mass index, and maternal
drug use, because of the unavailability of the data. Some
evidence shows that removing cases with chromosomal ab-
normalities takes out the confounding effect of maternal age
on the occurrence of CHD (64, 65). Therefore, exclusion of
cases with chromosomal abnormalities in our analysis may
have partially compensated for the lack of maternal age
data. In the United Kingdom, alcohol consumption, smok-
ing behavior, and body mass index are associated with SES
(66–70). As a result, adjustment for SES is likely to at least
partially address the effect of maternal body mass index,
smoking, and alcohol consumption.

To date, a limited body of evidence has linked maternal
exposure to ambient BS, sulfur dioxide, particulate matter
with aerodynamic diameter <10 lm, carbon monoxide,
ozone, and nitric oxide to the occurrence of congenital
anomalies, mainly CHD; however, there is considerable in-
consistency in the reported associations (5–16). Further
studies are required to be able to draw a conclusion about
these links. For future studies, we recommend focusing on
the pollutants mentioned above and relying on modeling
approaches for exposure assessment while incorporating
data on maternal time-activity patterns.
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