
ARTICLE
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BACKGROUND: Birth defects are a major cause of poor health outcomes during both childhood and adulthood. A growing body of
evidence demonstrated associations between air pollution exposure during pregnancy and birth defects. To date, there is no study
looking at birth defects and exposure to wildfire-related air pollution, which is suggested as a type of air pollution source with high
toxicity for reproductive health.
OBJECTIVE: Our study addresses this gap by examining the association between birth defects and wildfire smoke exposure in Brazil
between 2001 and 2018. Based on known differences of impacts of wildfires across different regions of Brazil, we hypothesized
differences in risks of birth defects for different regions.
METHODS: We used a logistic regression model to estimate the odds ratios (ORs) for individual birth defects (12 categories)
associated with wildfire exposure during each trimester of pregnancy.
RESULTS: Among the 16,825,497 birth records in our study population, there were a total of 7595 infants born in Brazil between
2001 and 2018 with birth defects in any of the selected categories. After adjusting for several confounders in the primary analysis,
we found statistically significant OR for three birth defects, including cleft lip/cleft palate [OR: 1.007 (95% CI: 1.001; 1.013)] during
the second trimester of exposure, congenital anomalies of the respiratory system [OR: 1.013 (95% CI: 1.002; 1.023)] in the second
trimester of exposure, and congenital anomalies of the nervous system [OR: 1.002 (95% CI: 1.001; 1.003)] during the first trimester of
exposure for the regions South, North, and Midwest, respectively.
SIGNIFICANCE: Our results suggest that maternal exposure to wildfire smoke during pregnancy may increase the risk of an infant
being born with some congenital anomaly. Considering that birth defects are associated with long-term disability, impacting
families and the healthcare system (e.g., healthcare costs), our findings should be of great concern to the public health community.

IMPACT STATEMENT: Our study focused on the association between maternal exposure to wildfire smoke in Brazil during
pregnancy and the risk of an infant being born with congenital anomalies, which presents serious public health and environmental
challenges.
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INTRODUCTION
Birth defects (also known as congenital anomalies, congenital
disorders, or congenital malformations) are a major public health
concern. Global estimates show that ~7.9 million infants (about
6% of worldwide births) are born every year with serious birth
defects [1]. The consequences of birth defects extend throughout
the life course. Birth defects are the leading cause of poor health
outcomes during both childhood and adulthood [2]. Annually,
worldwide, over 295 thousand infants under four weeks of age die
due to birth defects [3].
Only some causes of birth defects are known. To date, studies

have indicated causes related to genetics, chromosomal abnorm-
alities, consanguinity, maternal infections (e.g., Zica virus),

maternal age, mother’s health, mother’s lifestyle (e.g., diet, drugs,
alcohol, cigarettes, etc.), socioeconomic factors (e.g., access to
healthcare), and environmental exposure [4]. Although this large
body of evidence suggests strong effects on birth defects,
currently, ~50% of all birth defects cannot be linked to specific
causes [5]. Therefore, further investigations to explore any
modifiable risk factors are of great importance.
Environmental exposures during pregnancy play important

roles in reproductive health [6, 7]. Critical neonatal morbidities
following maternal environmental exposure include lower birth
weight [8], preterm birth [9], and birth defects [10–12]. Among the
environmental factors, air pollution has been indicated as a
significant public health concern. For example, a recent study
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shows that exposure to ambient particulate matter during the first
trimester of pregnancy in China was associated with an OR of 1.09
(95% CI: 1.01; 1.18) for congenital heart defects [13].
Epidemiological investigations indicate that distinct air pollu-

tion sources (e.g., traffic emissions, wildfire smoke, and others)
may cause different impacts during fetal development [14].
Biomass burning has been suggested as a type of air pollution
source with high toxicity for reproductive health [15]. To our
knowledge, very few prior studies have focused on the association
between wildfire-related air pollution and birth outcomes. The
scarce literature has concentrated on the effects of wildfire smoke
exposure on birth weights [16] and preterm birth [17]. To date,
there has been no study on birth defects. Our study addresses this
gap by examining the association between birth defects and
wildfire smoke exposure in Brazil.
In addition to air pollution exposure, socioeconomic factors are

important indirect determinants of birth defects [18]. Low-and
middle-income countries, including Brazil, have the highest
numbers of birth defect cases worldwide. According to the World
Health Organization (WHO), about 94% of severe birth defects
occur in these countries [19]. This indirect effect from socio-
economic status is related to poor quality of public health,
including deficient access to healthcare and screening, lack of
adequate nutrition, and increased exposure to environmental
hazards, such as air pollution [18]. Considering this evidence, we
suggest that Brazil has an important study population to examine
the prenatal exposure to wildfire-related air pollution and birth
defects. In Brazil there are metropolitan areas with an incidence of
birth defects of about 3%, and for some congenital anomalies the
incidence is substantially higher, including congenital heart
diseases in particular, with an incidence of 11.2% (95% CI:
7.3–16.9%) in the city of São José do Rio Preto, State of São Paulo
[20]. Birth defects are the second leading cause of infant mortality
in the first year of life, associated with 16.3% of all child mortality
in the first year of life [21]. There is a considerable difference in the
quality of health/environment and healthcare across different
populations, influencing health/environment equity in negative
ways. Brazil is a very fire-prone region, where in 2020, there were
more about 5 million wildfire incidences recorded, representing
56% of all wildfire occurrences in South America (http://
queimadas.dgi.inpe.br/queimadas/bdqueimadas). Brazil is also a
region with different types of biomass (the Amazon Forest is one
of them) that are strongly correlated with wildfire events over
space and time. Finally, about 12–16% of global wildfire-related
particulate emissions occur within Brazil [22].

MATERIALS AND METHODS
Health data
Data for all births in Brazil in the period between 1 January 2001 and 31
December 2018 were provided by the Ministry of Health in Brazil. The data
used in this study includes individual records of infants born (only live
births) in Brazil, including both home births (<1% of the births) and health
facility births. This dataset comprises a total of 20,144,715 records of live
births.
The birth records include information about the infants and their

mothers, such as birth date, mother’s age, mother’s race (categorized as
white, black, and indigenous), gestational age (categorized as the number
of weeks of gestation), date of the last menstrual period, birth weight, sex
of the infants, existence of birth defect (categorical variable describing the
type of birth defect), and mother’s home municipality. In Brazil everyone
has a birth certificate from the hospital with the variables mentioned
above. We highlight that birth certificates are issued in live births,
corresponding to >20 weeks of gestation. Before that, it is considered a
miscarriage and there is no birth certificate.
We examined 12 categories of birth defects with the following ICD-10

codes, including (i) congenital anomalies of the nervous system
(Q00–Q07); (ii) congenital anomalies of the eyes, ears, face, and neck
(Q10–Q18); (iii) congenital anomalies of the circulatory system (Q20–Q28);
(iv) congenital anomalies of the respiratory system (Q30–Q34); (v) cleft lip

and cleft palate (Q35–Q37); (vi) other congenital anomalies of the digestive
system (Q38–Q45); (vii) congenital anomalies of the genital organs
(Q50–Q56); (viii) congenital anomalies of the urinary system (Q60–Q64);
(ix) congenital anomalies of the musculoskeletal system (Q65–Q79); (x)
chromosomal anomalies (Q90–Q99); (xi) benign neoplasms tumors (D18);
and (xii) other congenital anomalies (Q80–Q89).
Spatial resolution of the birth data was based on the mother’s home

municipality. There are 5572 municipalities in Brazil, which are grouped
into five regions: North, Northeast, Midwest, Southeast, and South, with
different patterns of socioeconomic status. In Appendix 1 we show the
spatial distribution of all municipalities and regions in Brazil, which gives a
perspective for the spatial granularity of the birth data.
We divided the birth data (20,144,715 records) into subsets based on the

following criteria: mothers with ages between 18 and 45 years old, infants
born between the 37th and the 41st week of gestation (to exclude the
preterm and post-term births), and infants with birth weight between 1000
and 6000 g (to exclude potential outliers). Based on these criteria there
were a total of 16,825,497 birth records, of which 21.5% were in the North
region, 0.6% in the Northeast, 17.4% in the Midwest, 32.0% in the
Southeast, and 28.4% in the South.

Exposure assessment
For each birth record, we accounted for three windows of exposure based
on the date of birth and gestational age at birth. These exposure windows
represent the three segments of pregnancy, including the first trimester
(week 1–week 12), second trimester (week 13–week 28), and third
trimester (week 29 to the date of birth).
For each trimester, we estimated the sum of wildfire records—the

exposure variable. This estimate was based on the number of wildfire
occurrences within the boundaries of the mother’s home municipality. This
same technique was applied for the confounding variables, including
ambient air pollution and weather.
Wildfire data were provided by the National Institute of Spatial Research

of Brazil—Instituto Nacional de Pesquisas Espaciais - INPE [23]. The data
includes the date, latitude, and longitude of each wildfire occurrence. We
accounted for all wildfire records in Brazil during the period 2000 through
2018. The INPE derived wildfire data from seven satellite observations,
including NOAA-18, NOAA-19, METOP-B, MODIS (NASA TERRA and AQUA),
VIIRS (NPP-Suomi and NOAA-20), GOES-16, and MSG-3.
Ambient air pollution includes daily PM2.5 (μg/m³), CO (ppb), NO2 (ppb),

and O3 (ppb) concentrations. These data were provided by the
Environmental Information System for Health. The INPE developed this
environmental database system. The INPE obtained daily concentrations of
all these four pollutants from the Copernicus Atmosphere Monitoring
Service-Reanalysis for the period between 2000 and 2018. The monitoring
by these satellite instruments has a spatial resolution of 0.125° (~12.5 km)
and a temporal resolution of 6 h, including daily measurements for 00, 06,
12, and 18 UTC (Universal Time Coordinated). We calculated the daily
mean temporal resolution for each pollutant from 2000 to 2018 and the
mean concentration within each Brazilian municipality.
Weather data were accessed from the same Brazilian database system as

air pollution data. Weather data include surface temperature (°C), humidity
(%), wind speed (m/s), wind direction (°), and precipitation (mm/day).
Temperature, humidity, wind speed, and wind direction were derived from
Era-Interim reanalyses, with a spatial resolution of 0.125° and temporal
resolution of 6 h. This reanalysis was performed by the European Centre for
Medium-Range Weather Forecast. Precipitation data were derived from the
Climate Prediction Center and the National Ocean and Atmospheric
Administration (NOAA), with a spatial resolution of 12.5 km and a temporal
resolution of 6 h. We accounted for the daily mean values of weather
variables within each Brazilian municipality.

Statistical analysis
We used the logistic regression model to estimate the odds ratio (OR) for
specific birth defects associated with wildfire exposure during each of the
three trimesters of pregnancy. We applied this model stratified by the
Brazilian regions. We performed this subgroup analysis by region to
capture the regional heterogeneity of landscape in Brazil (e.g., Amazon
Forest, Atlantic Forest, Pantanal, etc.), which is strongly correlated with
wildfire occurrences, and, because different types of forests can produce
different types of organic aerosols, with potentially different toxicity of the
smoke. We adjusted the model for ambient air pollution (PM2.5, CO, NO2,
O3), weather variables (temperature, relative humidity, precipitation, wind
speed, wind direction), mother’s age, year of birth, and home state, and

W.J. Requia et al.

2

Journal of Exposure Science & Environmental Epidemiology

1
2
3
4
5
6
7
8
9
0
()
;,:

http://queimadas.dgi.inpe.br/queimadas/bdqueimadas
http://queimadas.dgi.inpe.br/queimadas/bdqueimadas


latitude/longitude (centroids) of the mother’s home municipality. The
model was given by:

logit BDi;j;t
� � ¼ αþ β1 wildfiret þ s1ðPM2:5Þt þ s2ðCOÞt þ s3ðNO2Þt þ s4ðO3Þt

þ s5ðtemperatureÞt þ s6ðhumidityÞt þ s7ðprecipitationÞt
þ s8ðWindSpeedÞtþs9ðWindDirectionÞt þ s10 ageþ s11 year þ δ state

þ s12ðlatitude; longitudeÞ þ ei; j; t

where, BD is the probability of the birth defect i, in the region j, during the
trimester of exposure t; α is the regression intercept; β values are
regression coefficients for the exposure variable wildfire (during the
trimester t) and the confounders age (mother’s age), year (year of birth),
weight (birth weight), and latitude/longitude (centroids of the mother’s
home municipality); s() are the smoothing spline function to characterize
nonlinear relationships between air pollution variables/weather para-
meters/mother’s age/year of birth/latitude/longitude and BD during the
trimester t; δ is the vector of coefficient that represents the variability by
state; and e is the error term spatially and temporally dependent based on
the regions j and trimester of exposure t. We used R - version 2.13.1 (R Core
Team, 2013) to perform the statistical analysis. We performed the logistic
regression models using the GLM function. To allow the inclusion of spline
function in the model, we used the package “splines”.
We conducted several effect modification and sensitivity analyses. First, we

stratified the analyses by fetal sex and race. Then we examined the robustness
of the primary analysis by running a model with only PM2.5 as an air pollutant
(here we removed NO2, O3, and CO from the confounders list), by running an
unadjusted model logit BDi;j;t

� � ¼ αþ β1 wildfiret
� �

, by accounting only for
wildfire and PM2.5 logit BDi; j; t

� � ¼ αþ β1 wildfiret þ s1ðPM2:5Þt
� �

, and by
considering only wildfire records and PM2.5 concentration in the trimesters
that exceeded the 90th percentile of the time series by the Brazilian region
(wildfire and PM2.5 data, respectively).

RESULTS
Among the 16,825,497 birth records in our study population, there
were a total of 7595 infants born in Brazil between 2001 and 2018
with any of the birth defects included in our analysis. Congenital
anomalies of the musculoskeletal system were the predominant
type of birth defect, with over 3000 infants. Benign neoplasm
tumors had the fewest number of cases, with a total of 40 infants.
Table 1 shows the number of infants by type of birth defect in our
study population and Table 2 shows the demographic character-
istics of the study population grouped by Brazilian region,
including its characteristics stratified by low/high (percentiles 10
and 90) levels of exposure. Figure 1 illustrates the nationwide
occurrences of birth defects and wildfires in Brazil.
We estimated substantial heterogeneity of the OR of birth

defect associated with wildfire exposure during the trimesters of
pregnancy across regions (Table 3). Among the 12 birth defects

considered in our study, eight had significant results in different
models. In the primary analysis, we observed significant OR for
three birth defects, including cleft lip/cleft palate [OR: 1.007 (95%
CI: 1.001; 1.013)] during the second trimester of exposure,
congenital anomalies of the respiratory system [OR: 1.013 (95%
CI: 1.002; 1.023)] in the second trimester of exposure, and
congenital anomalies of the nervous system [OR: 1.002 (95% CI:
1.001; 1.003)] during the first trimester of exposure for the regions
South, North, and Midwest, respectively. The analyses for
chromosomal anomalies were significant in the North region
when we included only PM2.5 as an air pollutant and for the
unadjusted models in the second trimester. Congenital anomalies
of the circulatory system were significant for the subgroup
analysis by sex (only girls) in the Southeast [OR: 1.032 (95% CI:
1.003; 1.062)] in the first trimester. We observed statistically
significant OR for congenital anomalies of the genital organs in
the South region when we stratified the analysis by boys and in
the unadjusted models. For other congenital anomalies of the
digestive system, our results showed statistically significant OR for
the model with only PM2.5 as an air pollutant in the North region.
Finally, for the category of other congenital anomalies, OR was
statistically significant in the stratified analysis by sex, which we
accounted for only boys. We highlight that all significant OR from
our findings are associated with the exposure during either the
first or second trimester of pregnancy (Table 3). The full results
(primary, subgroup analyses, sensitivity analyses) are shown in the
Appendix.

DISCUSSION
Although this study found mixed results, our results indicate that
maternal exposure to wildfire smoke during pregnancy may
increase the risk of an infant being born with some congenital
anomaly. These results are consistent with previous studies which
found similar associations in other populations only focusing on
ambient air pollution exposure, without stratifying by wildfire
emissions.
The first known study on this topic was published over more

than 20 years ago, performed by Ritz et al. [24]. The authors
estimated the relationship between ambient air pollution (CO,
NO2, O3, and PM10) and the risk of birth defects in Southern
California and reported significant associations between CO
exposure and cardiac ventricular septal defects. Exposure to O3

was associated with aortic artery and valve defects, pulmonary
artery and valve anomalies, and conotruncal defects. The authors
did not find associations with NO2 and PM10 [24]. In Brisbane,
Australia, exposure to O3 and SO2 was associated with increased
risk of pulmonary artery/valve defects, and increased risk of aortic
artery/valve defects, respectively [25]. Similar to our study,
Vinikoor-Imler et al. [26] also found positive associations with
some birth defects in North Carolina, but the 95% confidence
intervals included the null. In our analyses, we performed several
sub-group and sensitivity analyses birth defects and found
significant positive associations for eight out of twelve of them
in different models (Table 3) while other analyses had the null
within the 95% confidence interval (see Appendix). These mixed
results might be attributable to study design limitations and
confounding factors. In Texas, the associations were a bit more
homogeneous, in which CO, PM10, and SO2 were associated with
increased risk of tetralogy of Fallot, isolated atrial septal defects,
and isolated ventricular septal defects, respectively [11]. A study in
four U.S. states (Arizona, Florida, New York, and Texas) found that
each 10 μg/m3 increase in PM2.5 was associated with cleft palate
alone (OR= 1.43, 95% CI: 1.11–1.86) [10]. In our study, for the
primary analysis, cleft lip/clef palate had an estimated OR of 1.01
(95% CI: 1.00; 1.01) associated with each one wildfire record in the
South region. A recent study in China shows that maternal
exposure to ambient particulate matter with an aerodynamic

Table 1. Number of infants born with birth defects in our study
population, Brazil, 2001–2018.

Type of birth defect N

Chromosomal anomalies 507

Cleft lip and cleft palate 721

Congenital anomalies of the eyes, ears, face, and neck 398

Congenital anomalies of the musculoskeletal system 3265

Congenital anomalies of the circulatory system 412

Congenital anomalies of the respiratory system 67

Congenital anomalies of the urinary system 117

Congenital anomalies of the nervous system 905

Congenital anomalies of the genital organs 501

Benign neoplasms tumors 40

Other congenital anomalies 359

Other congenital anomalies of the digestive system 303

Total 7595
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diameter of ≤1 μm during the first trimester was associated with
congenital heart defects with an OR of 1.09 (95% CI: 1.01; 1.18)
[13]. In our investigation, we found that congenital anomalies of
the circulatory system had an OR for the subgroup analysis by sex
(only girls) in the Southeast equal to 1.03 (95% CI: 1.00; 1.06).
Similar to the study in China, in our analysis, this OR was
statistically significant when the exposure occurred in the first
trimester.
To our knowledge, our study is the first to investigate the

effects of wildfire emissions on birth defects. Girguis et al. [12]
investigated the relationship between exposure to traffic-
related air pollution and birth defects in Massachusetts, USA.
The authors found positive but nonsignificant associations for
perimembranous ventricular septal defects, patent foramen
ovale, and patent ductus arteriosus. We suggest that our results
are particularly noteworthy because, on an equal-mass basis,
wildfire-related air particulate pollution may be more toxic than
ambient air pollution in the same region during non-fire periods
[27]. This is related to the formation of secondary pollutants as a
result of atmospheric photochemistry [28]. The toxicological
impact of these particles is considered to be the main biological
mechanism involved in health effects on fetal development. The
current body of toxicological studies has shown that ambient air
pollution may impact the anatomy and morphology of the
placenta, causing reduced oxygen transport and increased
blood viscosity [29], resulting in adverse fetal development [30],
including fetal growth restriction [8]. There is also evidence
showing that the inhaled particles that transfer into the
bloodstream of pregnant women can cross the placenta and
enter fetal circulation [31]. With increased inhalation, particles
can enter the bloodstream of pregnant women leading to
oxidative stress, DNA damage, and as consequence, reduce fetal
nutrient uptake [32]. Also, epigenetic analyses have suggested
that air pollution exposure may cause epigenetic alterations
affecting gene expression [33], which may be associated with
birth defects [34]. These toxicological studies suggest that
airborne particles may be associated with the following six
biological mechanisms that can cause congenital defects,
including (i) too little growth, (ii) too little resorption, (iii) too
much resorption, (iv) resorption in the wrong location, (v)
normal growth in an abnormal position, and (vi) overgrowth of
a tissue or structure [35].
Note that our study design estimates the effect of wildfire

numbers on risk after adjusting for pollution and meteorology.
However, it is also likely that a mixture of two pathways are
responsible for the observed effects, the biological effects of the
wildfire emissions, and the the psychosocial effects—stress caused
by direct or indirect consequences of the fires. The Centers for
Disease Control and Prevention (CDC) has recognized these
potential pathways and released guidelines based upon them:
https://www.cdc.gov/air/wildfire-smoke/pregnancy.htm.
Our findings suggest that exposures to wildfire during different

trimesters of pregnancy may cause different impacts on fetal
growth. We observed significant associations only when the
exposure occurred during the first and the second trimester. This
was also observed in previous investigations, including in China
[13] and Massachusetts, USA [12], in which the first and second
trimesters were identified as the most critical periods. This
includes the embryonic period (weeks 4 through 8) during which
there is the formation of all major organ systems [35]. According
to guidelines from the CDC major defects in bodily structure can
occur during this period, including defects related to the central
nervous system (which can extend through week 16), heart, arms,
legs, eyes, palate, external genitals, and ears [36]. Since the
biological mechanism suggests that there should not be
significant associations between second-trimester exposure to
wildfires and congenital anomalies (e.g., cleft lip/palate), we
reanalyzed the data and found that when adjustment was madeTa
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for first-trimester exposure, the second trimester exposures were
no longer significantly associated with congenital anomalies.
Our results showed substantial heterogeneity of the risk of a

birth defect across regions. This may be related to several aspects
of our study population. First, Brazil has six distinct biomass
regions (Amazon Forest, Cerrado, Atlantic Forest, Caatinga, Pampa,
and Pantanal) which are strongly correlated with wildfire-related
air pollution over space and time. In addition, the Caatinga region
is projected to become dryer and warmer with potentially large
impacts on dust and wildfires. Second, Brazil has a critical
challenge related to land use (e.g., agriculture, deforestation,
etc.), which also correlates with wildfire events. For example, from
1990 to 2011 the land used for cropping in Brazil grew from
~530,000 to ~680,000 km2 and 60 to 80% of deforested land is
related to pastures for beef production [37]. Here, we highlight
that numerous wildfire events occur due to activities related to
deforestation and agriculture. Finally, Brazil has a substantial
difference in the quality of healthcare across different regions,
which may explain part of the regional heterogeneity of the risk of
birth defects. This inequality of the healthcare system includes the
spatial distribution of health facilities. This important condition
needs further exploration in studies investigating the impacts of
wildfires on birth outcomes, including birth defects.
Our study has some limitations. First, even after adjusting for

multiple spatiotemporal factors and status variables, there is still a
possibility of some residual confounding bias. Second, the

measurement of the exposure variables may result in misclassi-
fication errors. Third, our study design allows us only to determine
statistically association between exposure and outcome, which
does not necessarily mean a causal relationship. Fourth, the
proportion of birth defects in our study population is low
compared with the prevalence ratio observed in other locations.
According to the global estimates performed by Lozano et al. [1],
~6% of worldwide births are born every year have some birth
defects. In our study, we had a case ascertainment proportion of
<1%. This may cause selection bias in our study. Incomplete
ascertainment of birth defects cases is a frequent challenge in
epidemiological studies on birth defects. Due to different
protocols and multiple sources of ascertainment (e.g., hospitals,
prenatal clinics), which vary substantially among countries, a
significant proportion of missed cases of birth defects remains
unknown [38]. Finally, our study population includes only live
births. This may underestimate the results given that the exposure
can contribute to a fraction of pregnancies that end up in the
death of the fetus. This is the live birth bias [39].
Our results, however, include some substantial strengths. First,

our findings contribute to the evidence that wildfire-related air
pollution has an adverse effect on birth outcomes, which are likely
through similar biological mechanisms that are included in the
toxicological literature. Second, our sample size includes more
than 16 million birth records nationwide over 18 years, of which
7595 infants were included in the model as cases of birth defects.

Fig. 1 Spatial distribution of birth defects and wildfire. Nationwide rates of birth defects and wildfire density (based on Kernel density with
an output cell size of 0.15°; radius of 0.28°) between 2001 and 2018 in Brazil.
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Third, to our knowledge, this is the first study exploring the
association between birth defects and wildfire smoke exposure. As
we mentioned before, to date, scientific evidence has indicated
that exposure to ambient air pollution during pregnancy is
associated with increased odds of birth defects. Our study
contributes to this body of evidence by looking at a specific air
pollution source (wildfire) in a country (Brazil) with crucial
challenges related to wildfire occurrences, air quality, healthcare,
and child health. Specifically, for the evidence on the association
between air pollution and congenital anomalies, our study
contributes by pointing out wildfires as an important air pollution
source with impacts on reproductive health. This can guide
warming systems for pregnant women to move away from the
wildfires. As we mentioned before, among the air pollution
sources, wildfires are considered one of the sources with the
highest toxicity for human health [15]. Our study also adds new
information over previous investigations on the association
between wildfire exposure and correlates of birth defects,
including fetal growth restriction. This contribution is related to
the link between the toxicological aspect of air pollution sources
and the biological mechanism that explains the health
effects of air particulate matter and fetus development. As we
discussed before, it is known that prenatal exposure to
ambient particulate matter may result in reduced oxygen
transport and increased blood viscosity in the placenta [29]. This
impacts the fetal development, including fetal growth restriction
[8]. Based on our findings, we suggest that the higher toxicity from

wildfire exposure may increase the impacts on fetal growth
restriction.
Our study indicates that wildfire smoke exposure during

pregnancy may increase the risk of infants born with congenital
anomalies. Further analyses are necessary to create a body of solid
scientific evidence, given that this is the first study accounting
only for wildfire as an air pollution source. Considering that birth
defects are associated with long-term disability, impacting families
and the healthcare system (e.g., healthcare costs), our findings
should be of great concern to the public health community.
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Table 3. Odds ratio (95% confidence interval) for the risk of specific birth defects associated with one wildfire record increase during the trimesters
of pregnancy.

Category of birth defect Region Model Trimester Odds ratio (95% CI)

Chromosomal anomalies North Only PM2.5 as air pollutanta 2 1.001 (1; 1.002)

North Unadjusted (only wildfire)b 2 1.001 (1; 1.001)

North Unadjusted (wildfire+ PM2.5)
c 2 1.001 (1; 1.001)

Cleft lip and cleft palate South Primary analysisd 2 1.007 (1; 1.013)

South Stratified by sex—Boyse 2 1.009 (1; 1.017)

South Only PM2.5 as air pollutanta 2 1.008 (1.003; 1.013)

South Unadjusted (only wildfire)b 2 1.007 (1.003; 1.012)

South Unadjusted (wildfire+ PM2.5)
c 2 1.007 (1.003; 1.012)

Southeast Stratified by sex—Boyse 2 1.017 (1.002; 1.032)

Congenital anomalies of the circulatory system Southeast Stratified by sex—Girlsf 1 1.032 (1.003; 1.062)

Congenital anomalies of the respiratory system North Primary analysisd 2 1.013 (1.002; 1.023)

Congenital anomalies of the nervous system Midwest Primary analysisd 1 1.002 (1.001; 1.003)

Midwest Stratified by sex—Girlsf 1 1.007 (1.004; 1.01)

Midwest Only PM2.5 as air pollutanta 1 1.001 (1.001; 1.002)

Midwest Unadjusted (only wildfire)b 1 1.001 (1; 1.001)

Midwest Unadjusted (wildfire+ PM2.5)
c 1 1.001 (1; 1.001)

Congenital anomalies of the genital organs South Stratified by sex—Boyse 1 1.007 (1.001; 1.014)

South Unadjusted (only wildfire)b 1 1.007 (1.001; 1.012)

South Unadjusted (wildfire+ PM2.5)
c 1 1.007 (1.001; 1.013)

Other congenital anomalies of the digestive system North Only PM2.5 as air pollutanta 2 1.001 (1; 1.001)

Other congenital anomalies North Stratified by sex—Boyse 1 1.006 (1.002; 1.011)

Notes: Each model shown in this table is described as follows:
aLogit (birth defect)=Wildfire+ PM2.5+meteorological variables+mother´s age+ year of birth+ infant sex+mother´s race+ birth weight+ state+ latitude
+ longitude.
bLogit (birth defect)=Wildfire.
cLogit (birth defect)=Wildfire+ PM2.5
dLogit (birth defect)=Wildfire+ PM2.5+ NO2+ O3+ COmeteorological variables+mother´s age+ year of birth+ infant sex+mother´s race+ birth weight+
state+ latitude+ longitude.
eThis is the primary analysis stratified by boys.
fThis is the primary analysis stratified by girls.
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