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Abstract

Congenital Heart Disease (CHD) is a major cause of neonatal
and infant morbidity and mortality and it has a multifactorial aeti-
ology. This study aimed to analyse the spatial association between
exposure to air pollutants during the first trimester of pregnancy,
social vulnerability, and maternal factors with the occurrence of
CHD between 2012 and 2022 in the state of Sdo Paulo, Brazil.
Data were obtained from the live birth information system for
maternal outcomes and characteristics, the Sao Paulo social vul-
nerability index as a contextual indicator, and concentrations of
fine particulate matter (PM,.s), Carbon Monoxide (CO) and
ozone, estimated using the Copernicus Atmosphere Monitoring
Service (CAMS-EAC4) reanalysis dataset of environmental expo-
sure. A Bayesian hierarchical spatial model with a Besag—York—
Mollié¢ 2 (BYM2) specification was applied using the INLA
approach. The results showed that exposure to PM,.5s was signifi-
cantly associated with an increased risk of CHD (RR = 1.022;
95% Crl: 1.005-1.040), as were advanced maternal age (>35
years) (RR = 1.649; 95% Crl: 1.587-1.715) and inadequate prena-
tal care (RR = 1.112; 95% CrI: 1.070-1.155). Conversely, munic-
ipalities classified as having medium (RR = 0.757; 95% Crl:
0.641-0.894) and high social vulnerability (RR = 0.643; 95% Crl:
0.492-0.844) showed a significantly lower adjusted risk compared
to those with low vulnerability. No significant associations were
identified for CO or ozone. Spatial analysis revealed persistently
high risks in municipalities within the Sdo Paulo Metropolitan
Region, even after adjusting for environmental and socio-demo-
graphic variables, highlighting population profiles and priority
areas for public health surveillance and targeted interventions.

Introduction

Congenital malformations are a significant cause of neonatal
and infant morbidity and mortality worldwide, accounting for
approximately 295,000 deaths annually, according to estimates
from the World Health Organization (WHO, 2025). Among these
conditions, Congenital Heart Defects (CHD) are particularly
notable due to their frequency and severity, representing around
one-third of all congenital malformations (van der Linde et al.,
2011). While genetic factors play a central role in the aetiology of
CHD, an increasing body of evidence highlights the contribution
of environmental and social exposures during pregnancy (Gelb &
Chung, 2014; Patel & Burns, 2013). Air pollution, particularly in
densely populated urban areas, has been recognised as a signifi-
cant environmental risk factor for numerous health conditions
(Cohen et al., 2017; Zhan et al., 2023). Pollutants such as fine par-
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ticulate matter (PM..s), Carbon Monoxide (CO) and Ozone (Os)
are well documented for their detrimental effects on the cardiovas-
cular and respiratory systems (Guo et al., 2022; Choi et al., 2024).
Evidence suggests that maternal exposure to these pollutants dur-
ing pregnancy may disrupt embryonic development, thereby
increasing the risk of congenital malformations, including CHD
(Buteau et al., 2023; Sun et al., 2023). Major urban centres char-
acterised by high population density, heavy traffic, intensive land
use and limited green spaces tend to exhibit elevated concentra-
tions of atmospheric pollutants, amplifying the risk of harmful
exposure during pregnancy (Abellan et al., 2024). Within this con-
text, socially marginalised populations are disproportionately
affected, facing greater vulnerability to pollution due to residence
in highly contaminated areas, coupled with persistent inequalities
in access to prenatal care, diagnostic services, and appropriate
treatment (Mathiarasan & Hiils, 2021). In Brazil, there is a scarcity
of studies examining the influence of environmental and socioeco-
nomic factors on the occurrence of CHD. The state of Sdo Paulo,
the most populous federal unit in the country, is characterised by
pronounced socioeconomic disparities among its municipalities,
intense urbanisation and high emissions of atmospheric pollutants
(Barrozo et al., 2020; Nogueira et al., 2021; Silva et al., 2021).
This convergence of factors makes the region particularly pertinent
for investigating the combined effects of environmental and social
determinants on CHD. Furthermore, the incorporation of spatial
risk modelling to address this issue remains limited in existing lit-
erature. Bayesian spatial models have been increasingly employed
in public health research due to their capacity to account for geo-
graphical variability, spatial dependence among neighbouring
areas, and uncertainties inherent in observational data (Wang, 2015;
Ribeiro et al., 2017). These approaches are particularly valuable for
elucidating territorial patterns of risk and for formulating and vali-
dating aetiological hypotheses related to health outcomes (Kang et
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al., 2016). Within this context, the present study aims to examine
the association between exposure to air pollutants during the first
trimester of pregnancy, municipal-level social vulnerability, and
maternal factors with the occurrence of congenital heart defects in
live births in the state of Sao Paulo, Brazil, from 2012 to 2022.

Materials and Methods

Study area

The study was conducted in the state of Sdo Paulo, located in
the south-eastern region of Brazil (Figure 1). The Brazilian
Institute of Geography and Statistics (IBGE) tells us that the state
is currently home for more than 44 million inhabitants distributed
across 645 municipalities (IBGE, 2025). It is the most populous
and urbanised area in the country, characterised by pronounced
socio-economic and environmental disparities. High population
density, industrial concentration, and intense urban traffic con-
tribute substantially to the region’s air pollution burden, particular-
ly in metropolitan areas (Girotti ef al., 2024).

Study design and population

This ecological study employed spatial analysis, with munici-
palities of maternal residence serving as the units of analysis. The
study population comprised all live births recorded between 2012
and 2022, according to data from the live birth information System
(SINASC), accessed from anonymised public databases provided
by the Ministry of Health (MoH) in Brazil (DATASUS, 2025). The
outcome of interest was the occurrence of congenital heart defects
(CHD), identified using codes Q20-Q28 of the International
Classification of Diseases, 10th Revision (ICD-10), which encom-
passes congenital malformations of the circulatory system.
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Figure 1. Location of the study area in South America.
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Exposure

Environmental exposures included mean air concentrations of
PM,.5, CO, and ozone O; estimated for the first trimester of preg-
nancy, covering the period from 2012 to 2022. Daily pollutant data
were obtained from the Copernicus Atmosphere Monitoring
Service (CAMS-EAC4) reanalysis dataset, accessed via the
Climate Data Store (CDS) Application (API), in network common
data form (NetCDF) format. The pollutant concentrations were
extracted in raster format, representing a regular spatial grid where
each cell contains the estimated concentration for a given date.
PM,.5 concentrations were extracted at the surface level, with CO
and O; concentrations were obtained at the 1,000 hPa pressure
level. For each pollutant, daily time series were generated based on
the mean of the eight hourly records available per day. These data
were subsequently aggregated to the municipality of maternal res-
idence using zonal statistics, with municipal boundaries serving as
the spatial unit. Concentrations were converted to pg/m* using a
factor of 1x10° for PM,.s and Os (given as kg/m?) and CO (kg/kg)
assuming an air density of 1 kg/m®. To estimate exposure during
the first trimester, the gestational period for each birth was calcu-
lated based on the date of birth and gestational age as recorded in
SINASC. Exposure was defined as the mean daily concentration of
each pollutant over the first 90 days of pregnancy, assigned to the
municipality of maternal residence. The mean exposure of preg-
nant women residing in each municipality was then computed for
the period 2012-2022

Socio-demographic data

Three socio-demographic variables were included at the
municipal level: i) the proportion of mothers aged over 35 years
(advanced maternal age); ii) the proportion of births with an inad-
equate number of prenatal visits (fewer than seven), both derived
from SINASC; and iii) the Sdo Paulo Social Vulnerability Index
(IPVS), based on the 2010 census and provided by the SEADE
foundation. The IPVS was classified into three levels (low, medi-
um, and high vulnerability), considering the most frequent catego-
ry observed per municipality during the study period. Prior to
model fitting, univariate analyses were performed to explore asso-
ciations between each covariate and the outcome. Additionally,
collinearity between the explanatory variables was assessed using
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the Variance Inflation Factor (VIF), retaining only variables with
VIF <3

Statistical modelling

A Bayesian hierarchical spatial model was fitted using the
Besag—York—Molli¢ 2 (BYM?2) specification (Riebler et al., 2016),
a ‘re-parameterisation’ of the classical BYM model (Besag et al.,
1991) that addresses identifiability issues between spatially struc-
tured and unstructured components, while enabling an inter-
pretable specification of hyperpriors. In this formulation, a single
marginal precision parameter controls the variance of the com-
bined spatial random effect, and a mixing parameter specifies the
proportion of variance attributable to the structured effect. The
BYM2 model can be expressed as:

Eq. 1

b=J%_b(Jl—¢v+ﬁu*)

where v is the unstructured random effect, independent and identi-
cally distributed (i.i.d.) as normal with mean 0 and variance 1;
termu* the scaled spatially structured effect, which follows an
intrinsic conditional autoregressive (ICAR) distribution with
marginal variance = 1; 7, the overall precision; and ¢ (0 < ¢ < 1)
the mixing parameter controlling the proportion of variance
attributed to the structured component. The combined effect b
enters the linear predictor of the log-risk under the BYM2 specifi-
cation and the outcome variable Y, representing the number of live
births with CHD cases in municipality i, was assumed to follow a
Poisson distribution:

Y; ~ Poisson(y;),

log(RRy) = a+ Xy Prxii + by Eq.2

where 7, is the total number of live births in municipality 7, o is the
intercept, and f, are the regression coefficients for covariates x,,,
and b is the combined spatial effect from the BYM2 specification.

Model estimation was performed using the Integrated Nested
Laplace Approximation (INLA) method implemented via the R-
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Figure 2. Prevalence of congenital heart disease per 10,000 live births by municipality in Sdo Paulo State, Brazil 2012-2022. RR, relative risk.
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INLA package (Lindgren & Rue, 2015). Penalised complexity
(PC) priors were assigned to 7,(U=1, 0=0.01) and to the mixing
parameter ¢ (U=0.5, a=2/3) as recommended by Riebler et al.
(2016). Non-informative normal (0, 0.106) priors were used for
fixed effects. Posterior estimates for the fixed effects were
expressed as Relative Risks (RR), obtained by ‘exponentiating’ the
corresponding regression coefficients and presented with their
respective 95% Credible Intervals (Crls). All data processing, spa-
tial analyses, and statistical modelling were conducted in R version
4.3.2 and QGIS version 3.34 (R Core Team, 2022; QGIS
Development Team, 2025).

Results

Between 2012 and 2022, a total of 16,720 cases of Congenital
Heart Defects (CHD) were recorded among live births in the state
of Sao Paulo. The spatial distribution revealed a higher prevalence
of cases in more populous regions, particularly within the Sao
Paulo Metropolitan Region (SPMR) (Figure 2A). However, when

@\

considering the crude RR (Figure 2B), several municipalities
across other regions of the state also exhibited elevated risk.

The spatial distribution of air pollutants displayed distinct pat-
terns (Figure 3). Mean concentrations of PM,.s during the first
trimester of pregnancy were highest in the eastern part of the state,
particularly in the SPMR and adjacent municipalities (Figure 3A),
while the CO and O; concentrations were predominantly higher in
the northern regions, with CO also higher in and the Northeast
(Figure 3B,C). The two latter concentrations exhibited a more dif-
fuse distribution, with the highest levels observed in the northern
areas (Figure 3C). The distribution of the IPVS showed a greater
concentration of municipalities with high vulnerability in the
extreme South of the state, while low vulnerability was concentrat-
ed in the centre-east regions of the state (Figure 3D).

The IPVS indicated that municipalities with high vulnerability
were mainly located in the far South of the state, while areas with
low vulnerability were concentrated in the central-eastern regions
(Figure 3D). Table 1 presents the characterisation of municipalities
according to IPVS and maternal factors. Municipalities classified
as highly vulnerable exhibited higher proportions of births with
inadequate prenatal care (mean 19.8%, with Standard Deviation,

206 - 38.1

B 21.6 - 29.5

[ 15.1 - 21.5 _

CJ11.0 - 15.0 0 100 200km
[16.8-10.9

(B)

4 E'... o
v

LS
o FE AL P
O e T2/ T3

WA 104

co

B 251.8 - 315.1

[ 196.6 - 251.7

[1165.5 - 196.5 f

[1143.9 - 165.4 0 100 200 km

[C1123.6 - 143.8

(0 ]

Bl 41.7 - 52.4

[39.2-41.6

BE37.2-39.1 : A
[1346-37.1 0 100 200 km
[131.0-34.5

Social vulnerability ¢

B High 4 A
] Medium 0 100 200km
I Low

Figure 3. Spatial distribution of the average atmospheric pollutants in Sdo Paulo State, Brazil 2012-2022. (A) PM,.s; (B) CO; (C) Os; (D) Sao
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SD, of 8.2) compared to those with low vulnerability (mean
17.4%, SD 5.4). Conversely, the proportion of mothers aged over
35 years was lower in highly vulnerable municipalities (10.3%,
SD 1.8) than in those with low vulnerability (11.9%, SD 2.2).
This study identified a statistically significant spatial association
between the average concentrations of PM,.s during the first
trimester of pregnancy and the occurrence of CHD in live births in
Sdo Paulo State, Brazil between 2012 and 2022, an association that
remained after adjusting for socio-demographic variables. Table 2
summarises the posterior estimates of the RRs associated with the
occurrence of CHD. A statistically significant association was
observed between the average concentration of PM,.s during the first
trimester of pregnancy and CHD (RR=1.022; 95% Crl: 1.005-
1.040). No significant associations were identified for CO

Article

(RR=1.001; 95% CrI: 0.997-1.004) or Os (RR=0.991; 95% Cil:
0.944-1.042). Among maternal factors, advanced maternal age (>35
years) was strongly associated with an increased risk of CHD
(RR=1.649; 95% Crl: 1.587-1.715), followed by inadequate antena-
tal care (<7 consultations) (RR=1.112; 95% Crl: 1.070-1.155).
Interestingly, municipalities classified as having medium (RR=0.757;
95% Crl: 0.641-0.894) and high vulnerability (RR=0.644; 95% Crl:
0.492-0.844) showed significantly lower risks of CHD compared to
those with low vulnerability. Figure 4A displays the spatial distribu-
tion of the posterior RR adjusted for environmental exposures, mater-
nal socio-demographic characteristics, and contextual factors.
Persistent areas of elevated risk were evident in certain municipalities
within the SPMR. Figure 4B shows the posterior SD, indicating high
precision in the model estimates (SD ranging from 0.000 to 0.004).

Table 1. Distribution of vulnerability by category in Sao Paulo State 2012-2022.

Social vulnerability Municipality (no.) Proportion of total (%)  Age >35 years* (%) SD** Inadequate natal care* (%) SD**
Low 369 57.2 11.9 22 17.4 5.4
Medium 232 36.0 10.4 1.9 19.3 6.9
High 44 6.8 10.3 1.8 19.8 8.2

*Mean proportion of mothers; **standard deviation.

Table 2. Variables associated with congenital heart disease in live births in Sdo Paulo State, Brazil 2012-2022.

Variable

Exposure in 1st trimester

Posterior RR (95% CrI)

Posterior SD (log)

PM;.5 1.022 (1.005-1.040) 0.009

(€¢) 1.001 (0.997-1.004) 0.002

Ozone 0.991 (0.944-1.042) 0.025
Maternal and obstetric factor

Maternal age >35 years 1.649 (1.587-1.715) 0.020

Inadequate prenatal care 1.112 (1.070-1.155) 0.019
Social Vulnerability Index (SVI)

Medium vulnerability 0.757 (0.641-0.894) 0.085

High vulnerability 0.644 (0.492-0.844) 0.137

Crl, credible interval; SD, standard deviation; SVI, Sao Paulo Social Vulnerability Index (IPVS).
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Figure 4. The relative risk for congenital heart disease by municipality in Sdo Paulo State, Brazil 2012-2022. RR, relative risk.
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Discussion

The spatial association found between the average concentra-
tions of PM,.s during the first trimester of pregnancy and the
occurrence of CHD in live births in Sdo Paulo State, Brazil
between 2012 and 2022 aligns with previous research indicating
PM,.5 as a relevant environmental factor in the aetiology of CHD,
particularly when exposure occurs during early pregnancy (Buteau
et al., 2023). Conversely, average concentrations of CO and O;
during the same gestational period were not significantly associat-
ed with CHD occurrence. The literature on these pollutants pre-
sents heterogeneous results, with some studies reporting associa-
tions with specific cardiac anomalies, while others demonstrate
less consistent effects (Dadvand et al., 2011; Agay-Shay et al.,
2013; Ma et al., 2021). Factors such as lower spatial variability of
these compounds in our study or limitations related to exposure
assessment resolution may have contributed to the absence of sig-
nificant associations.

Advanced maternal age (>35 years) was strongly associated
with increased CHD risk, corroborating well-established epidemi-
ological evidence that highlights reproductive ageing as a key risk
factor for congenital anomalies, including cardiovascular malfor-
mations (Miller et al., 2011; Mamasoula et al., 2023). Similarly,
the proportion of births with inadequate prenatal care was positive-
ly associated with CHD risk. Although inadequate antenatal care is
not a direct aetiological factor for congenital anomalies, it serves
as a proxy for structural inequalities in access to healthcare and
maternal support. These inequalities are often linked to environ-
mental risks, adverse socioeconomic conditions, and poorer mater-
nal health behaviours (Davtyan et al., 2023). A lower risk of CHD
was observed in municipalities classified as medium and high
social vulnerability compared with those classified as low vulner-
ability. This pattern may reflect structural inequalities in access to
diagnostic services and surveillance capacity. In less vulnerable
municipalities, improved availability of healthcare, better screen-
ing, and more robust diagnostic infrastructure may lead to higher
detection rates, thereby increasing the epidemiological visibility of
CHD (Pinto Junior et al., 2015; Perez et al., 2022). Conversely,
more vulnerable municipalities may experience underreporting,
resulting from limited access to diagnostic resources and weaker
healthcare systems.

The application of a spatial Bayesian hierarchical model
enabled stabilisation of estimates in areas with low case counts,
reducing variance inflation and mitigating the small number prob-
lem. The inclusion of environmental and socio-demographic vari-
ables substantially reduced residual spatial variance, suggesting
that these factors explain an important proportion of the observed
geographical heterogeneity. Nonetheless, the persistence of elevat-
ed risk in certain municipalities indicates the influence of unmea-
sured contextual determinants, warranting further investigation.

This study presents several limitations inherent to its ecologi-
cal design, including the inability to assess individual-level expo-
sures or establish causal relationships. Additionally, key factors
such as genetic predisposition, maternal health conditions, medica-
tion use, lifestyle factors, and other environmental exposures were
not included due to the lack of individual-level data. Another
important limitation pertains to the spatial resolution of the atmo-
spheric data. While the CAMS-EAC4 dataset offers consistent and
comprehensive spatial coverage, it lacks the granularity needed to
capture intra-urban exposure variations or proximity to specific
emission sources. In a highly heterogeneous region such as Sao
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Paulo, this may result in exposure misclassification, potentially
biasing risk estimates towards the null. Future research should pri-
oritise the integration of higher-resolution spatial and temporal
data, including local monitoring networks, geostatistical interpola-
tion, and models capable of capturing intra-urban pollution gradi-
ents. Incorporating spatio-temporal modelling frameworks would
also enable assessment of seasonal variations, temporal trends, and
the impact of public policies. Furthermore, enhancing datasets
with clinical, environmental, and behavioural variables would
strengthen causal inference and reduce ecological bias.

Despite these limitations, the findings provide important
insights into the spatial distribution of CHD and its environmental
and social determinants within the state of Sdo Paulo. By high-
lighting territorial inequalities in CHD occurrence, this study
underscores the importance of implementing public health policies
aimed at reducing environmental exposures, strengthening prena-
tal care, enhancing diagnostic capacity, and addressing the needs
of socially vulnerable populations.

Conclusions

This study highlights that the occurrence of congenital heart
defects in the state of Sdo Paulo is spatially patterned and influ-
enced by the interplay between environmental exposures, maternal
characteristics, and municipal-level structural conditions. The sig-
nificant association between PM,.s exposure during early pregnan-
cy and this risk reinforces the importance of environmental health
measures aimed at protecting maternal and child health. The
inverse association observed with social vulnerability likely
reflects diagnostic inequalities and underreporting in more
deprived areas, underscoring the need to strengthen health surveil-
lance and improve access to specialised care. These findings
emphasise that CHD prevention requires comprehensive public
policies that integrate environmental control, enhancement of pre-
natal care, and improved diagnostic capacity, particularly in vul-
nerable territories. Moreover, the use of spatial modelling emerges
as a valuable tool for public health surveillance, enabling the iden-
tification of risk clusters and informing targeted interventions.
Future research should further explore unmeasured contextual fac-
tors, such as healthcare quality and specific local environmental
exposures, to better understand the residual spatial risk identified
in this study.
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