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Abstract

Air pollution is a known risk factor for adverse birth outcomes, including Small
for Gestational Age (SGA) births. This study examines the association between
fine particulate matter (PM, s) exposure and SGA births in Milan, Italy, considering
spatial dependencies and socioeconomic factors. We applied a Bayesian hierarchi-
cal spatial model with a binomial regression framework to birth data aggregated at
a 500 m x 500 m grid level. A Conditional Autoregressive (CAR) prior captured
spatial correlations. Covariates included maternal age, Deprivation Index, Normal-
ized Difference Vegetation Index (NDVI), surface temperature, and Road Coverage.
Parameter estimation was performed using Markov Chain Monte Carlo (MCMC)
methods. Among 7635 eligible births in 2016, 8.5% were SGA. A 10 ug/m® in-
crease in PM, 5 was associated with a 15% increase in SGA odds (OR: 1.153, IQR:
0.853-1.556). The D eprivation Index also showed a strong positive association
(OR: 1.075, IQR: 1.028-1.125). NDVI exhibited a weak positive association, po-
tentially reflecting socioeconomic disparities. Maternal age, temperature, and Road
Coverage were not significantly associated with SGA. PM, 5 exposure and socio-
economic deprivation are linked to higher SGA risk in Milan. The spatial correla-
tion highlights localized risk factors. Targeted policies to reduce air pollution and
address social inequalities are needed to improve perinatal outcomes.
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1 Background

The first thousand days from conception are a pivotal period for each child’s physical
and neurological development, laying the foundation for lifelong growth and health.
Among neonatal disorders, being born small for gestational age (SGA) is particularly
concerning, as it is a major cause of perinatal mortality (Katz et al. 2013). Being born
SGA stresses development in the uterus causing short (Ashorn et al. 2023) and long-
term impacts in physical and mental development during childhood and adolescence
(Ochiai et al. 2008; Shim et al. 2013), and is closely associated with significant health
risks in adulthood (Risnes et al. 2011). Given the significant impact of this condi-
tion on neonatal outcomes and its long-term effects on children’s quality of life, it
is crucial to assess the risk factors associated with this condition. Furthermore, the
high prevalence of this condition, approximately 10% across Europe (Hocquette et
al. 2021), highlights its importance as a public health concern.

During this critical time, air pollution stands out as one of the major threats,
with one-fifth of the global neonatal disorder burden attributed to PM, 5 (Zhao et al.
2023). Evidence suggests that particulate matter may increase oxidative stress and
systemic inflammation (Ghio et al. 2012; Meller et al. 2014), potentially impairing
fetal growth (Nobles et al. 2019) through mechanisms such as reducing placental
volume, decreasing uterine blood flow, inducing epigenetic changes in placental and
fetal tissues, and altering mitochondrial content (Proietti et al. 2013). The impact
of PM, s on abnormal fetal growth is not uniform but varies according to its chemi-
cal constituents (Zhong et al. 2025), depending on their specific compositions and
concentrations. However, the mechanisms underlying its effects on SGA risk remain
unclear. Evidence suggests that higher PM, s exposure may increase maternal blood
pressure and hemoglobin levels during pregnancy, leading to fetal growth restriction
and ultimately elevating the risk of SGA (Zhu et al. 2022a).

Evidence suggests a harmful effect of PM, s on the risk of being born SGA. How-
ever, the nature of this pollutant—as a mixture of elements that may differ consider-
ably across studies—and the uncertainty surrounding the mechanisms linking higher
maternal exposure to increased SGA risk remain under debate.

For this reason, in this paper, we aim to investigate the association between air
pollution and the number of SGA births in the population of Milan, encompass-
ing approximately 1.5 million residents. We adopt a spatial regression model that
accounts for geographical correlations between adjacent areas, using a regular grid
linked to air pollution estimates from the ‘Urban Tool for Air Quality’ (UTAQ)
(Tunesi et al. 2024).

While previous studies have demonstrated associations between air pollution and
low birth weight, (Pedersen et al. 2013; Bell et al. 2007; Liu et al. 2019a; Mitku et al.
2020) usually using individual-level data, few have explicitly modeled the spatial dis-
tribution of the number of SGA births. This unconventional approach may strengthen
the evidence for an association between PM, s exposure and the risk of being born
SGA. Typically, if data are defined over space, a common statistical approach is to
model the spatial distribution of the health outcome using techniques that account
for the geographical correlations in the data (Mitku et al. 2020). Standard frequen-
tist methods include geographically weighted regression on individual-level data on
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newborns and mothers to integrate spatial information (Song et al. 2020; Tu et al.
2016). This approach underscores the importance of defining neighborhood struc-
tures that can vary based on population density to capture local variations in the data.

In this manuscript, instead, we consider the Bayesian approach to the problem,
since it automatically provides uncertainty quantification of the regression parame-
ters. The posterior inference is computed through simulation methods easily obtained
using probabilistic programming languages. Bayesian models have been widely used
to analyze the effects of air pollution on low birth weight newborns and modeling
their spatial distribution (Coker et al. 2015; Li et al. 2016). These models often incor-
porate spatial random effects using a conditional autoregressive (CAR) prior (Besag
1974) to account for spatial correlations between individual observations (Ngwira
2019). In contrast, other studies have worked with aggregated areal data, using logis-
tic regression models to estimate the probability of low birth weight based on area-
level air pollution exposure (Harris et al. 2014).

By identifying spatial patterns in the relationship between air pollution and SGA
births, this study aims to contribute to a better understanding of environmental deter-
minants of perinatal health. The findings could have implications for urban planning,
air quality regulations, and public health interventions aimed at reducing the burden
of adverse birth outcomes.

2 Methods
2.1 Population data

Data collected included newborns born in 2016 whose mothers were residents in
the municipality of Milan at the time of the child’s birth. Birth data were retrieved
from the National Birth Attendance Certificate (CEDAP) database, which collects
information on the characteristics and outcomes related to pregnancy, delivery, the
newborn, and the postpartum period for both mothers and infants. Major risk fac-
tors for being born SGA are maternal medical disorders during pregnancy, such as
hypertension and diabetes, as well as fetal conditions, including birth defects, that
increase the likelihood of SGA (Liu et al. 2019b). For this reason, we chose to apply
the following exclusion criteria: stillbirth or death within 30 days of birth; presence
of major malformations or hydrops fetalis; twin births; maternal age under 18 years;
residency in the municipality of Milan for less than nine months or residence change
during pregnancy; maternal history of pre-existing or pregnancy-related chronic con-
ditions (hypertension, eclampsia, pre-eclampsia, diabetes, and gestational diabetes);
gestational age under 25 or over 42 weeks; and a history of previous stillbirth. Births
with missing data on sex and gestational age were excluded. Furthermore, each neo-
nate’s SDS (standard deviation score) was calculated based on the reference values
provided by Spada et al. (2024) which establishes SDS as a normalized metric for
evaluating birth weight relative to gestational age and sex. Neonates with an absolute
SDS greater than 4 were considered outliers or anomalous cases and subsequently
excluded from the analysis. This approach ensures a more consistent evaluation of
birth weights within typical growth patterns for the given gestational age and sex.
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While other researchers typically use a threshold of 3 (World Health Organization,
2006), we opted for a threshold of 4 to adopt a more permissive criterion.

Birth data from CEDAP included infant birth weight, gestational age, and mater-
nal age. The maternal address at the time of delivery was retrieved from the database
of assisted persons (NAR) managed by the local health agency (ATS) of Milan and
geolocalized using ArcGIS Software Pro Version 3.3.1. The indicator of SGA was
determined based on the growth charts provided by Spada et al. (2024).

A newborn is classified as being SGA if the birth weight is below the 10th percen-
tile of the reference weight distribution for newborns of the same sex and gestational
age (Spada et al. 2024). Given the spatial nature of this project, to protect privacy,
individual-level data were aggregated into areal data at a fixed spatial resolution, i.e.,
for a total of 515 500 m x 500 m grid cells (see Sect. 2.2 for their definition). For
this reason, outcome is defined as the number of births classified as SGA within each
areal unit.

3 Exposure data

Air pollution concentration (NO,, PM,,, and PM, 5) was calculated from a dispersion
model of air pollutants carried out according to UTAQ (UTAQ) (Tunesi et al. 2024).
Modeling was carried out on an annual basis (2015) for the municipality of Milan
on a domain of 20 x 22 km? divided into 802 x 879 cells with a size of 25 m x 25 m,
which included the whole city of Milan and 40 neighboring municipalities. However,
the original areas are too small to yield meaningful non-zero data, so we have opted
to use 500 m x 500 m areas instead. This is particularly relevant, as using an overly
fine spatial resolution may misrepresent exposure compared to a coarser grid (Harris
etal. 2014).

Due to the high correlation of the pollutants we have only included PM, 5 in the
model (see Figures A1, A2, A3 in Supplementary Material to check the correlations
between air pollutants). The spatial distribution of PM, s in Milan is represented in
Fig. 1.

4 Areal-level information

Figure 2 displays the number of SGA births in each areal unit included in the analy-
sis. The 500 m x 500 m cells obtained have been filtered based on the following
criteria: they must fall within the boundaries of the municipality of Milan, and each
cell must have a minimum population of 15 people, at least 5 fertile women, and at
least 1 newborn.

Hence, some areas within the municipality of Milan remain uncoloured in Fig. 2,
either because there were no newborns in that area in 2015 or because the popula-
tion and the number of fertile women (women aged 1549 years (ISTAT. Natalita
2022) Figure A4 in Supplementary Material) were insufficient (less than 15 and 5,
respectively). They have been removed from the final dataset we have analyzed. For
illustrative purposes only, we have included Figure AS in Supplementary Materials,
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Fig. 1 Average levels of PM, 5 concentration in each 500 m x 500 m grid cells across the municipality
of Milan in 2015
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Fig.2 Number of SGA births in each 500 m x 500 m grid cell across the municipality of Milan in 2016

which displays the percentage of SGA births for each grid cell, i.e., the number of
SGA births over the total number of births in each cell.

The only individual-level variable considered, maternal age, was aggregated at the
areal level by computing its empirical mean within each grid cell (see Figure A6 in
Supplementary Material).

To account for socioeconomic status, we consider the Italian deprivation index in
2011 (Rosano et al. 2020). The index included in the dataset, later denoted as Depri-
vation Index, takes values between 1 (less deprived) and 5 (the most deprived areal
unit). Details on its exact definition can be found in Supplementary Material A.1.1.
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To account for green areas, we compute the Normalized Difference Vegetation
Index (NDVI). This index ranges from — 1 to 1. Values between — 1 and 0 indi-
cate water bodies or non-vegetated surfaces, while positive values indicate vegetated
areas. Higher NDVI values correspond to denser vegetation. Details on its exact defi-
nition from raw data are in Supplementary Material A.1.2.

We also consider the average Temperature and the Road Network density in each
grid cell and include them in the dataset; see Supplementary Material A.1.3—-A.1.4.
To account for temperature differences across various areas of Milan, we use land
surface temperature data from the Landsat 8 satellite (Loveland et al. 2016). To adjust
for Road Network density, we include an areal variable that quantifies the percentage
of each grid square covered by major roads, highways, and extra-urban roads. Further
details are provided in Supplementary Material.

Finally, we computed the Moran Index for the variables of the dataset to assess the
extent of their spatial association. The full explanation and the resulting table with the
Moran Index of each variable can be found in Supplementary Material A.3.

Maps for Deprivation Index, NDVI, Temperature, andRoad Network density in
the area of interest can be found in Supplementary Materials (Figures A7-A10).

5 The Bayesian model

To evaluate the association between exposure to PM, s and the number of SGA births,
we assume a binomial regression model at the areal level within the territory of
Milan. The response in each area of the municipality of Milan included in the dataset
is the total number of SGA births in 2016. The logit of the proportion of SGA births
in each area is modeled as the linear predictor associated with fixed effects for areal
covariates plus an areal random effect accounting for spatial dependency. We assume
the Bayesian approach, i.e., the parameters of the regression model are random and
account for a priori belief. As mentioned in the Introduction, it automatically pro-
vides uncertainty quantification of the regression parameters.

Covariate adjustments were informed by the literature, which identifies maternal
age as a risk factor for SGA (Eo 2021; Palatnik et al. 2020; Desplanches et al. 2019).
Accordingly, given the nature of our data, we included maternal age in the model,
expressed as the mean age within each grid cell. Potential confounders in the rela-
tionship between air pollution and SGA include socioeconomic deprivation, avail-
ability of green areas (Akaraci et al. 2020), temperature, (Kloog et al. 2018; Ha et al.
2017) and road traffic (Stieb et al. 2016) For this reason we include average maternal
age, Deprivation Index, NDVI, surface temperature, and road coverage percentage as
continuous covariates in the model. Moreover, assuming a proper prior for the ran-
dom effects, i. e. the Gaussian CAR prior, typical in the spatial framework (Harris et
al. 2014), we are able to assume spatial association for the areal responses, allowing
for a more flexible model. Effects are expressed as Odds Ratios (OR) of disease (from
the Bayesian estimates) with the corresponding posterior Interquartile Range (IQR)
of estimation. In particular, the posterior IQR is defined by two quantiles of the mar-
ginal posterior distribution of the associated parameter, and it represents a credible
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interval of level 50%. See Supplementary Material A.2.2 for details on the Bayesian
approach, the specific model we have fitted to the dataset, and effect specifications.

6 Results

In Milan, 11,063 babies were born in 2016, of whom 7635 remain eligible after
applying the exclusion criteria described in Sect. 2.1. Descriptive statistics for the
eligible population are presented in Table 1. Among these, 3,890 (50.9%) were male,
and 646 (8.5%) were classified as SGA, including 354 males (9.1%) and 292 females
(7.8%). The average gestational age was 39 weeks. Table 1 also presents the empiri-
cal Mean and the Inter Quartile Range (IQR) of variables aggregated within 500 m
% 500 m grid cells.

Across the total area, the mean number of SGA births is 1.26, with an IQR from 0
to 2 across spatial units, and an average of 15 newborns per unit. The average mater-
nal age is 34 years, with an IQR between 32 and 35 years, indicating a relatively
narrow distribution. The Deprivation Index shows a mean value of 3.3, indicating
an intermediate level of deprivation with a tendency toward moderate disadvantage.
Data on pollution levels are summarized in Table 1, showing mean concentrations
for 2015 of PM, 5 (29.68 ug/m?), PM,, (32.54 ng/m*), NO, (54.81 png/m*), and NO
(77.72 pg/m®) in the area.

Table 2 summarizes the estimated Posterior Mean (with IQR) of the ORs and the
Posterior Probability of a Positive Association for each covariate. PM, s has an OR
for an increment of 10 pug/m> of 1.153 (IQR 0.853—1.556), with a posterior prob-
ability of being larger than 1 equal to 62%. The Deprivation Index has an OR of
1.075 (IQR 1.028-1.125), with a posterior probability of being greater than 1 equal
to 86%. NDVI has an OR for an increase of 0.01 of 1.007 (IQR 1.002—1.010), with

Table 1 Population—and Population-level information Values (7635 newborns)

areal-level data for' the cohplt Sex, n (%)

of newborns born in 2016 in ?

the city of Milan. Air pollution Male 3,890(50.9)

concentrations are from 2015, Female 3,745 (49.1)

and the Deprivation Index is Small for Gestational Age (SGA), n (%)

from 2011. Areal-level informa- Male 354 (9.1)

tiqn corresponds to 500 x 500 m Female 292 (7.8)

grid cells Gestational age (weeks), mean (IQR) 39 (38, 40)
Areal-level information Mean (IQR)
Number of SGA 1.26 (0, 2)
Number of newborns 15 (5,22)
Mother’s Age (years) 34 (32,395)
Deprivation Index 33(23,4.2)
NO, Levels ug/m® 54.81 (49.80, 59.56)
NOy Levels ug/m® 77.72 (68.16, 86.07)
PM, 5 Levels ug/m* 29.68 (28.44, 30.58)
PM,, Levels ug/m’ 32.54 (31.11, 33.68)
Temperature "C 21(20.09, 21.94)
Road Coverage % 2.68 (0.00, 3.82)
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Table 2 Summary. of coyari- Covariate Posterior mean (IQR) of OR  Prob (OR>1)
ate effects: Bayesian point PM2.5 1.153 (0.853, 1.556) 0.621
estimates (interval estimate) of ,

the regression parametersand  Mother’s Age 0.995 (0.977, 1.014) 0.432
Bayesian estimates of a positive Deprivation Index 1.075 (1 .028, 1. 125) 0.856
association between the covari- NDVI 1.007 (1.002, 1.011) 0.845

ates and the SGA outcome (see  Temperature 0.996 (0.969, 1.026) 0.467
Section A.2.3 in Supplementary  poaq Coverage  1.001 (0.993, 1.011) 0.563

Material for more information
about Posterior Mean and Prob-
ability of a positive association
with the outcome)

an 85% posterior probability of being greater than 1. The mother’s age shows an OR
0f'0.995 (IQR 0.977-1.014), with a 43% posterior probability of being greater than 1.
Temperature has a mean OR of 0.996 (IQR 0.969-1.026), while Road Coverage has
amean OR of 1.001 (0.993-1.011).

7 Discussion

Our study highlights the association between air pollution, specifically PM, s expo-
sure, and the number of SGA births in Milan. These findings align with existing
literature suggesting that air pollution adversely affects fetal growth through mech-
anisms such as placental dysfunction, oxidative stress, and systemic inflammation
(Ghio et al. 2012; Mgller et al. 2014; Nobles et al. 2019; Zhu et al. 2022a). Given
the significant health risks associated with being born SGA, including increased peri-
natal mortality and long-term developmental challenges, our results emphasize the
need for targeted public health interventions and urban planning strategies to mitigate
exposure to air pollutants.

Our data exhibit relevant spatial variability (see Figure 1 and 2 and Table A1 for
the Moran’s I), indicating potential differences in risk factors across the area con-
sidered. Therefore, it is crucial to quantitatively assess the association between risk
factors and being born SGA.

The results presented in this paper indicate a positive association between PM, s
and SGA births with a 15% increase in the odds of being born SGA for every 10 pg/m’
increase in PM, s levels. The effect of PM, 5 on SGA throughout the entire pregnancy
shows significant heterogeneity in the literature, making meta-analysis challenging
(Grabowski et al. 2024). Reported effects range from approximately 2% (Chen et al.
2023, 2022; Zhu et al. 2022b), to nearly 20% (Mitku et al. 2023; Shen et al. 2022).
Similarly, the Deprivation Index is strongly associated with higher SGA rates, likely
reflecting the impact of socioeconomic conditions on neonatal health. These findings
align with existing literature, indicating that women residing in socioeconomically
disadvantaged neighborhoods face a greater risk of term low birth weight and SGA
births compared to those in more affluent areas (Ashorn et al. 2023; Janevic et al.
2010).

Our analysis suggests a slightly positive association between NDVI and the num-
ber of SGA cases per area, with almost a 1% increase in the odds of being born SGA
for a 0.01 increase in NDVI. The posterior probability of the regression coefficient

@ Springer



Environmental and Ecological Statistics (2025) 32:1455-1468 1463

associated with NDVI being positive is relatively high (84%). This result contrasts
with existing literature where an increase in residential greenness was statistically
significantly associated with lower odds of SGA (Akaraci et al. 2020). Our different
result may be explained by the spatial distribution of green areas in Milan. In particu-
lar, greener areas tend to be located on the outskirts of the city, where socioeconomic
deprivation is generally higher. Consequently, the observed effect of NDVI might
reflect, at least in part, the underlying pattern of deprivation, which is a well-known
determinant of adverse birth outcomes such as SGA.

In the literature, the association between maternal age and SGA births exhibits a
U-shaped pattern, with higher risks observed for both younger (Eo 2021) and older
mothers compared to those of middle age (Eo 2021; Palatnik et al. 2020; Desplanches
et al. 2019), without a clearly defined threshold of maternal age that denotes harm.
In our study, average maternal age in a neighborhood was not associated with being
born SGA. A possible explanation could be the narrow distribution of maternal age,
with an IQR between 32 and 35 years, suggesting that our cohort primarily consisted
of relatively young mothers. Moreover, the limited variability in maternal age may
also be a consequence of the spatial aggregation process, as aggregating individual-
level data into areal units tends to smooth out variations and reduce the overall dis-
persion of the variable.

In our study, we found no statistically significant association between surface tem-
perature, Road Coverage, and being born SGA. Both the interquartile range of the
odds ratio (OR) and posterior probability consistently indicate a lack of relation-
ship with the outcome. Kloog et al. (2018) reported that lower ambient tempera-
tures during pregnancy may increase the risk of SGA, while higher temperatures may
decrease this risk among singleton term infants. Our findings align with their results,
suggesting that the average temperatures observed in our study also show no asso-
ciation with the outcome. Similarly, Ha et al. (2017) found no consistent association
between temperature and SGA.

The spatial correlation observed in the random effects confirms a spatial depen-
dence in the SGA rates since the posterior distribution of the spatial correlation
parameter p is shifted toward higher values (closer to 1) compared to the prior.

Although the choice of covariates was informed by the literature, we acknowledge
that the available variables may not fully capture the complexity of maternal, social,
and environmental determinants of SGA. Moreover, the spatial nature of the data and
the lack of individual-level information (e.g., maternal smoking during pregnancy)
limited the range of covariates that could be included in the model. Nevertheless,
including maternal age, socioeconomic deprivation, green areas, temperature, and
road traffic helped reduce potential confounding in the association between air pol-
lution and SGA. In addition, the a priori exclusion of fragile populations—such as
mothers with medical disorders during pregnancy and infants with major fetal condi-
tions—strengthens the validity of our findings by supporting an unbiased estimate of
the association observed.

Our study has several strengths, including the use of a Bayesian spatial model that
accounts for geographical correlations and provides robust uncertainty quantification.
Additionally, the integration of multiple environmental and socioeconomic variables
allows for a comprehensive assessment of risk factors. However, some limitations

@ Springer



1464 Environmental and Ecological Statistics (2025) 32:1455-1468

must be acknowledged. The reliance on aggregated areal data rather than individual-
level exposure measures may introduce ecological bias. Nonetheless, our results, in
line with previous literature, suggest that this bias is unlikely to have significantly
impacted our findings.

Future research about our data in Milan should focus on refining exposure assess-
ment methods, incorporating more granular data on maternal health behaviors, and
exploring potential interactions between air pollution and socioeconomic factors.
Longitudinal studies that track individuals over time could provide more conclusive
evidence on the causal pathways linking air pollution to adverse birth outcomes.
Additionally, investigating potential policy interventions, such as air quality regula-
tions and urban planning strategies in Milan, could offer valuable insights into miti-
gating environmental risks for vulnerable populations.

8 Conclusion

Our findings suggest that air pollution in Milan, particularly PM, 5, may contribute
to an increased risk of SGA births, though further research is needed to confirm the
strength and consistency of this association. Socioeconomic deprivation appears to
be a significant determinant of SGA prevalence, highlighting the need for targeted
public health interventions. Addressing environmental and social determinants of
health in urban settings is essential for improving perinatal outcomes and reducing
health inequalities.

Supplementary Information The online version contains supplementary material available at https://doi.
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