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Abstract

Introduction: Small-for-gestational-age (SGA) newborns, defined as birth weight below the 10th percentile,
represent an adverse perinatal outcome with short- and long-term health implications. Prenatal exposure to
carbon monoxide (CO), derived from vehicular traffic, has been associated with fetal growth restriction. This study
aimed to determine the association between maternal exposure to CO and SGA in an Andean city in Colombia.
Methodology: An analytical cross-sectional study was conducted. Newborns were classified as cases (SGA) and
controls (non-SGA) and were matched by neonatal sex. Maternal exposure was estimated using an inventory
of vehicular CO emissions (tons/year per 250 X 250 m grid cell). Descriptive analyses were performed, along
with x? and Student’s t tests. Multivariable unconditional logistic regression models were fitted to examine the
association with SGA, and robust linear regression models were used for birth weight. The models were adjusted
for maternal age, parity, health insurance scheme, and marital status. A p-value <0.05 was considered statistically
significant. Results: A total of 71 SGA cases and 142 controls were included. Mean CO exposure was higher among
cases than controls (137 vs. 35 tons/year/250 X 250 m; p<0.001). Exposure above the fourth quartile of CO
emissions was associated with an increased risk of SGA (adjusted OR: 15.2; 95% CI: 7.2-32; p<0.001). For each
one-standard-deviation increase in emissions, birth weight decreased by a mean of 186 g. Conclusions: Prenatal
exposure to vehicular CO is associated with an increased risk of SGA births. This finding supports the need for
public policies aimed at controlling vehicular emissions as a preventive strategy for maternal and perinatal health. It
also underscores the importance of studies incorporating direct measurements of pollutant concentrations and the
assessment of gestational exposure windows.
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Introduction

Favorable pregnancy outcomes are considered direct indicators of the efficient functioning of health systems and
the social development of a population. Therefore, the various factors leading to adverse obstetric outcomes
have been the subject of ongoing scientific research'.

Low birth weight (LBW) and small-for-gestational-age (SGA) newborns represent a significant public health
concern due to their association with lifelong complications, including increased neonatal morbidity and mortality,
prolonged hospital stays, intensive care unit admissions, disabling sequelae, and a higher risk of chronic diseases
in adulthood'~®. Given their impact on human health, multiple strategies have been developed to reduce their
incidence, such as the World Health Organization (WHO) Global Targets 2025 initiative, which aimed to achieve
a 30% reduction in the LBW rate by that year®.

The WHO defines LBW as a birth weight of less than 2,500 grams?; nevertheless, other definitions incorporate
the relationship between birth weight and gestational age using population growth curves and percentile
distributions’~°. A neonate is considered SGA when birth weight falls below the [0th percentile for their
gestational age, a threshold used as a criterion to assess the risk of adverse events and perinatal mortality~'2.

It is estimated that between 5% and 20% of live births are SGAZ. In Colombia, various studies have reported the
prevalence of SGA across different institutions and regions; however, official data adopt the WHO definition. For
instance, the Ministry of Social Protection reported a national prevalence of 9% in 2014, whereas in Manizales
the prevalence was estimated at 8.28%'* .

Over recent decades, the study of the relationship between environmental pollution exposure and the occurrence
of various diseases has gained increasing relevance'*'®. Numerous studies have demonstrated the association
between prenatal exposure to chemical compounds present in atmospheric emissions and adverse obstetric
outcomes, such as congenital malformations, preterm birth, perinatal mortality, stunted growth, alterations in
infant psychomotor development, and fetal growth restriction /=22,

Vehicular traffic is one of the primary sources of harmful emissions, releasing particulate matter, nitrogen oxides,
heavy metals, halogenated and aromatic compounds, ozone, and carbon monoxide (CO), among others—
all of which have been associated with SGA*~?*, Among these pollutants, CO has been extensively studied
due to its association with adverse obstetric outcomes. It is a byproduct of the combustion of organic and
inorganic compounds, with motor vehicles representing one of the main emission sources. In response, health
recommendations have been issued establishing regulatory limits for emissions to minimize environmental and
health effects on exposed populations, along with measures to mitigate the impact of vehicular traffic'*=2'.

Most epidemiological studies estimate exposure through measured or modeled ambient concentrations (e.g.,
Hg/m3). In this study, we utilized a spatial model of vehicular emissions (tons/year/cell) as a proxy for residential
exposure. Although these measures were related, they are not equivalent; therefore, any direct comparison of
effect estimates with literature based on concentration measures should be interpreted with caution.

In 2018, Gémez et al. conducted a study in the Colombian city of Manizales that estimated the temporal and
spatial emissions of particulate matter smaller than 10 microns (PM, ) and CO from vehicular traffic, using a
250 X 250 m grid cell to identify areas with higher pollutant concentrations*?. These data allowed the definition
of CO exposure in the city and the analysis of its association with the occurrence of SGA births. While regional
studies have examined the relationship between air pollution and perinatal outcomes, our study provides
evidence using a geospatial approach to vehicular emissions, thereby complementing previous studies based on
ambient pollutant concentrations.
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Methodology
Study design

An analytical cross-sectional study was conducted based on a retrospective review of medical records of births
at a tertiary care institution in Manizales, Colombia, between January | and December 31, 2014.

The sample size was determined based on previous studies comparing exposure to various concentrations of
particulate matter, which reported a probability of exposure to high concentrations of 10% in the control group
(p,) and 26% in the case group (p,)”’. For the present study, an expected odds ratio (OR) of I.5 (w) was assumed.
A confidence level of 95% (a) and a statistical power (1) of 80% were established. A control-to-case ratio of
2:1 was adopted (controls = m; cases = n). Based on these parameters, the required sample size was estimated
at 69 cases and 139 controls.

Inclusion criteria

a. Women who had a vaginal delivery or cesarean section between January | and December 31, 2014.

b. Mothers of newborns with birth weight below the 10th percentile for gestational age, calculated using the
INTERGROWTH-21st tool.

c. Residents of the city’s urban area with georeferenced residential addresses.

Exclusion criteria

a. Incomplete medical records.

b. History of thyroid disease, pregestational or gestational diabetes, hypertensive disorders of pregnancy, chronic
hypertension, psychoactive substance use, autoimmune or oncological diseases, maternal malnutrition,
congenital malformations, Rh incompatibility, or multiple gestations.

Exposure assessment

Data on the spatial and temporal disaggregation of PM10 and carbon monoxide (CO) emissions for the year
2014, as described by Gémez et al.26, were used. A gridded geographic layer with a spatial resolution of
250 X 250 m was created using ArcGIS® software for the urban area of Manizales, allowing visualization of
the spatial distribution of PM10 and CO concentrations by grid cell. Participants’ residential addresses were
geolocated in a separate layer using ArcGIS® and overlaid for visualization on the Google My Maps® platform.
Exposure was defined as the estimated CO emission value corresponding to the grid cell where each case and
control was located.

Statistical analysis

Data were analyzed using Stata IC version 14.2 (StataCorp LLC, College Station, TX, USA). The normality of
continuous variables was assessed using the Kolmogorov-Smirnov test. Variables with p > 0.05 were summarized
as means and standard deviations (SD), while those with p < 0.05 were reported as medians and interquartile
ranges (IQR). For bivariate comparisons in this analytical cross-sectional study, x?* tests were used for categorical
variables, and either Student’s t test or the Mann-Whitney U test was applied for continuous variables, depending
on their distribution.

Crude odds ratios (ORs) and their corresponding 95% confidence intervals (Cls) were estimated. Subsequently,
unconditional multivariable logistic regression models were fitted to evaluate the association between CO
emissions (exposure) and SGA births (outcome), adjusting for maternal age, parity, marital status, and health
insurance scheme. As a complementary analysis, birth weight was modeled as a continuous variable using linear
regression with robust standard errors (Huber-White sandwich estimator). Gestational age was not included in
the SGA models, as it is inherently part of the outcome definition. Statistical significance was set at p<0.05.


https://doi.org/10.18273/saluduis.58.e26v58a15

https://doi.org/10.18273/saluduis.58.e26v58al5 :S A LU D UIS

Results

A total of 213 patients were included, comprising 7| cases and 142 controls. The mean age of the participants
was 25 years. No statistically significant differences were observed between cases and controls regarding
socioeconomic characteristics (marital status and health insurance scheme) or clinical factors (gravidity and
history of miscarriages). In both groups, the contributory health insurance scheme was the most prevalent,
accounting for 60% of cases and 64% of controls; four patients in each group were enrolled in a special health
insurance regime (military or teachers’ union) (Table I).

Table I. Maternal and neonatal characteristics

Characteristic Total Cases Controls p-value
(n=213) (n=71) (n=142)
Maternal characteristics
Maternal age (years), 0.801
Mean (SD) 25.80 + 5.50 25.60 = 4 26 + 2.40
Marital status 0.222
Single 48.82 (104) 50.7 (36) 47.88 (68)
Married 18.77 (40) 19.71 (14) 18.3 (26)
Cohabiting / common-law union 30.98 (66) 29.57 (21) 31.69 (45)
Separated 0.46 (1) 0 0.7 (I)
Widowed 0.93 (2) 0 1.4 (2)
Health insurance scheme 0.270
Contributory 62.91 (134) 60.56 (43) 64.08 (91)
Subsidized 30.98 (66) 33.8 (24) 29.57 (42)
Special regime 3.75 (8) 5.63 (4) 2.81 (4)
Uninsured 2.34 (5) 0 3.52 (5)
Gravidity 0.299
0 64.78 (138) 69.01 (49) 62.67 (89)
| 24.41 (52) 23.94 (17) 24.64 (35)
=2 10.78 (23) 7.04 (5) 12.67 (18)
Previous miscarriages 0.829
Yes 10.79 (23) 11.26 (8) 10.56 (15)
No 89.2 (190) 88.73 (63) 89.43 (127)
Neonatal characteristics
Sex 0.700
Male 33.80 (72) 33.80 (24) 33.80 (48)
Female 66.19 (141) 66.19 (47) 66.19 (94)
Birth weight (grams) <0.001
Mean (SD) 2970 *= 474 2534 = 473 3187 + 470
Median 3000 2600 3182
Interquartile range (IQR) 2685-3325 2450-2705 3000-3407
Mode of delivery 0.1
Vaginal 57.3 (122) 50.7 (36) 60.6 (86)
Cesarean section 40.8 (87) 46.5 (33) 38 (54)
Instrumental delivery 1.9 (4) 2.8 (2) 1.4 (2)
Gestational age at birth
30-34 weeks 1.9 (4) 1.4 (1) 2.1 (3)
35-37 weeks 5.1(11) 7(5) 4.2 (6)
= 37 weeks 93 (198) 91.6 (65) 93.7 (133)

Note: p-values were calculated using the ¥ test, Student’s t-test, or Mann-Whitney U test, as appropriate based on variable
type and distribution.
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Carbon monoxide (CO) emissions followed a normal distribution (Kolmogorov-Smirnov test, p=0.6 ). The mean
CO exposure among cases was |37 tons/year per 250 X 250 m grid cell, with a median of 108 (interquartile
range [IQR]: 73—195). In contrast, controls had a mean exposure of 35 tons/year per 250 X 250 m grid cell,
with a median of 25.31 (IQR: 7.5-43). Student’s t-test revealed significantly higher exposure to vehicular CO

emissions among cases (mean = 136.84) compared with controls (mean = 36.97) (t(82.1) = 9.56, p < 0.05)
(Table 2).

Table 2. Vehicular CO emissions in cases and controls.

Group Mean (SD) Median (IQR) p-value
SGA cases (n=71) 136.8 = 90.4 108 (73-195)
Controls (n=142) 36.92 + 26,3 25.3 (7.5-43)
Total (n=213) — — <0.001

Vehicular CO emissions are expressed in tons/year per 250 X 250 m grid cell; p-values were obtained using Student’s t-test
for the comparison between cases and controls. Cl, confidence intervals (95 % CI) are provided. CO: Carbon monoxide;
SGA: small-for-gestational-age (< |10th percentile according to INTERGROWTH-2|st standards).

Bivariate analysis revealed a statistically significant association between CO exposure levels above the fourth
quartile and a higher risk of SGA births, with more than |5-fold increase in risk (crude OR = 15.2; 95% CI:
7.2-32; p < 0.0001). No statistically significant associations were found between other sociodemographic or
clinical variables and SGA (Table 3).

Table 3. Bivariate analysis (crude ORs) for SGA births

Variable Crude OR (95% CI) p-value
CO emissions
QI-Q3 (73 - 195) |
Quartile 4 (>195) 15.2 (7.2-32) <0.001
Maternal age = — 0.2
Marital status
Single |
Cohabiting / Common-law union 0.88 (0.46-1.70) 0.23
Marital status
Single |
Married 1.02 (0.47-2.19) 0.11
Health insurance scheme
Contributory |
Subsidized 1.21 (0.65-2.25) 0.21
Health insurance scheme
Contributory |
Special regime 2.12 (0.51-8.87) 0.33
Gravidity
0 |
| 0.88 (0.45-1.73) 0.32
=2 0.50 (0.18-1.44) 0.11
Previous miscarriages
No |
Yes 1.08 (0.43-2.67) 0.2

Vehicular CO emissions are expressed in tons/year per 250 X 250 m grid cell. Crude odds ratios (ORs) with 95% confidence
intervals (Cls) are presented. SGA, small-for-gestational-age (< | Oth percentile according to INTERGROWTH-2 | st standards).
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In the multivariable models, vehicular CO emissions remained significantly associated with SGA births. Specifically,
for every one-standard-deviation increase in vehicular CO emissions (74.9 tons/year per 250 X 250 m grid cell)
at the maternal residence, birth weight decreased by an average of 186 g, according to the linear regression
model with robust standard errors.

Discussion

Prenatal exposure to carbon monoxide (CO) has been associated with multiple health conditions occurring both
during the perinatal period and later in adulthood. Evidence suggests an increased risk of developing diseases
such as cancer, diabetes, respiratory disorders, cardiovascular disease, cognitive impairment, and mental health
disorders in later life'*"'¢. Similarly, prenatal CO exposure has been associated with pregnancy complications,
including preterm birth, congenital malformations, hypertensive disorders of pregnancy, and low birth weight**-2,

This effect may be mediated by a reduction in the oxygen-carrying capacity of maternal hemoglobin, thereby
decreasing oxygen delivery to the fetus. Furthermore, CO crosses the placental barrier and directly affects
fetal hemoglobin, leading to hypoxia and reduced fetal growth potential®*=!- It has also been proposed that
CO may affect smooth muscle tone, immune system regulation, and contribute to oxidative stress and cellular
damage®**334,

The magnitude of the association observed in our study was greater than that reported in the international
literature, possibly due to the high dispersion of emissions and spatial heterogeneity within the city. For instance,
Qian et al. reported that for every 100 ug/cm? increase in maternal CO exposure in Wuhan, China, the risk of
SGA births increased by 15% (OR: 1.15; 95% CI: |.1-1.2)*. Guo et al. found an increased risk, particularly
during the second and third trimesters of pregnancy (OR = 1.04; 95% CI: 1.02-1.05)36. In Latin America, a
study conducted in the Brazilian Amazon reported a 49% increase in the risk of low birth weight associated with
CO exposure above the fourth quartile, using the WHO definition (<2,500 g)*’. Nonetheless, some national
studies contradict these findings: Gonzalez et al. found no association between exposure to PM ; and CO and
preterm birth, and Narvéez et al. reported no association with preeclampsia®*.

Manizales, located in the Andes Mountains at an average altitude of 2,150 m above sea level (m a.s.l.), has a
population of nearly 400,000 inhabitants, with a high population density (6,800 inhabitants per 17 km?) and a
high motorization rate (455 vehicles per 1,000 inhabitants in 2018), surpassing even larger cities, including the
national capital. These conditions favor increased population exposure to potentially harmful compounds*®*4.
Interest in air quality in Manizales arose following the eruption of the Nevado del Ruiz volcano on November
I3, 1985—a natural disaster that claimed more than 25,000 lives and remains one of the most severe tragedies
in recent history®. Since then, air quality monitoring stations, atmospheric concentration modeling, and active
research groups have been established*.

A potential confounding factor is the altitude of Manizales; however, while the city is located in the Andean
region, its elevation of 2,150 m a.s.l. is below the 2,500 m threshold considered a risk factor for SGA births due
to hypobaric hypoxia*’. Therefore, the association observed in this study is not necessarily explained by the city’s
altitude.

When assessing the impact of exposure to environmental pollutants on gestational health, multiple interrelated
variables must be considered, as they complicate the analysis of causality. For instance, ambient temperature also
influences air quality and clinical outcomes. Ha et al. reported an increase in relative risk of up to 2.49 (95% ClI:
2.3-2.83) when exposure occurs during heatwave periods throughout pregnancy *.

A limitation of this study is the inability to accurately differentiate the specific source of CO, whether vehicular,
industrial, or derived from volcanic emissions from the Nevado del Ruiz. Additionally, isolating the effects of a
single pollutant is challenging because exposure involves a complex mixture of atmospheric compounds, including
nitrogen oxides (NOx), sulfur oxides (SOx), halogenated compounds, and particulate matter, among others®.
Exposure was estimated based on maternal residence, although individual variations due to daily mobility may
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exist. However, a study by Choe et al. found no significant differences in exposure to PM, ; and PM,  between
women who work outside the home and those who did not, with respect to the occurrence of SGA births*-*°,
These findings support the validity of using maternal residence as the primary proxy for exposure in our analysis.

The duration of exposure and its variations across gestational trimesters are critical factors for establishing
associations. Since emission estimates in this study were conducted for the 2014 calendar year, it was not
possible to precisely determine variations for participants whose pregnancies began in 2013. Nevertheless, it
was assumed that emission patterns remain stable between consecutive years. These methodological limitations
introduce confounding factors that should be considered when interpreting the results. Even so, studies by Lu Jia
et al.>' and Van den Hooven et al.>? support the use of estimated monthly or annual averages, as these facilitate
the analysis of epidemiological associations.

Although a matched design was initially considered, the analysis was performed using an analytical cross-sectional
approach with unconditional models. This decision was based on the risk of overmatching described by Pearce®,
given that the place of residence is a strong determinant of exposure to CO emissions. By employing adjusted
conventional logistic regression models, loss of statistical power was avoided, allowing for a more robust
estimation of odds ratios (ORs), in line with the recommendations by Rose and Laan** regarding efficiency in
study designs involving geographically confounding variables.

Vehicular CO emission exposure was estimated using data published by Gémez et al.”. In that study, emissions
were modeled based on vehicle counts, estimates by vehicle type, and proximity to primary and secondary
roads, using atmospheric dispersion and mass transport models to generate a 250 X 250 m grid cell. This indirect
measurement may introduce imprecision in emission estimates; therefore, future studies incorporating direct
measurements are warranted.

In this study, emissions are reported in tons per year per 250 X 250 m grid cell, whereas other studies report
pollutant concentrations in ambient air units (ug/m?3)'3-20.26.2832344447. |t js fundamental to distinguish that the
former represent the production and ground-level spatial distribution of the pollutant, whereas the latter reflect
its atmospheric dilution and transport. This study focused on a specific emission source (mobile sources) and its
direct effects***2*7; future research should incorporate both methodological approaches to explore differences
and clinical implications. Furthermore, it is crucial to study the effects of industrial emissions on SGA births, given
that their chemical composition differs from vehicular emissions and their perinatal toxicity has been previously
demonstrated'*'>2?°, Despite the age of the data, traffic patterns, urban topography, and meteorological conditions
in Manizales have remained relatively stable over the past decade, supporting the validity of these findings.

The statistical analysis revealed high dispersion in vehicular CO emission values, with differences exceeding
100-fold between minimum and maximum values. This wide variability may explain the higher ORs observed
compared with those reported in previous studies. A potential spatial imbalance between cases and controls
is suggested, with the presence of pollution clusters that should be identified in future research. Regarding the
spatial distribution in Manizales, cases appear to be concentrated in areas with high traffic density characterized
by suboptimal sanitary conditions, poverty, and exposure to industrial pollutants and waste—factors that could
not be fully evaluated using this methodology. This combination of factors, along with others not included in the
model, may have acted synergistically, leading to the elevated risk observed'?.

The impact of vehicular emissions on birth weight represents a significant knowledge gap in the region. This
study constitutes one of the first in Latin America to explore the association between vehicular emissions and
SGA births, providing novel evidence from an Andean urban context and complementing previous findings that
have primarily employed atmospheric concentrations as the exposure metric.

Conclusions

Prenatal exposure to vehicular carbon monoxide emissions was associated with an increased likelihood of small-
for-gestational-age (SGA) neonates, regardless of maternal factors such as age, parity, marital status, and health
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insurance scheme. These findings are consistent with international literature and provide additional evidence
from an Andean urban context in Latin America.

Further studies incorporating direct measurements of atmospheric concentrations, co-pollutants, and stratified
analyses by gestational trimester are warranted to determine the magnitude of the association and critical
exposure windows. Our results suggest that vehicular emissions, as a potentially modifiable factor, should be
considered in the development of government and public health policies aimed at reducing the incidence of
adverse obstetric outcomes such as SGA.

Author Contributions

FA and NE designed and conducted the study and drafted the report and the manuscript. LD provided subject-
matter expertise and thematic guidance. NE and LD supervised the statistical and methodological analyses. All
authors have reviewed, edited, and approved the final version of the manuscript.

Acknowledgments

The authors would like to express their gratitude to the Universidad de Caldas and the SES Hospital Universitario
de Caldas for their support in conducting this research. This manuscript is dedicated to the memory of Dr.
Beatriz Helena Aristizabal Zuluaga, whose contributions to research and education in the region deserve to be
remembered and honored.

Ethical Considerations

This research adheres to the ethical principles governing studies involving human subjects, in accordance with
national and international regulations and current Colombian legislation. This manuscript is based on the results of
the principal investigator’s thesis conducted as part of the specialization program in Gynecology and Obstetrics.
The study protocol was approved by the Ethics Committee of the Universidad de Caldas. Data confidentiality
was ensured in accordance with applicable legal standards for the protection of privacy.

Conflict of Interest

The authors declare that they have no conflicts of interest.

Funding

This study received no specific funding.

Al technological support

During the preparation of this work, the authors did not use artificial intelligence. The authors reviewed and

edited the content according to academic standards and assume full responsibility for the final content of the

manuscript.

References

I. World Health Organization. 2018 Global reference list of 100 core health indicators (plus health-related SDGs).
Geneva: WHO; 2018. [Internet] [Accessed 8 April 2025] Available from: https://www.who.int/publications/i/
item/20 | 8-global-reference-list-of- | 00-core-health-indicators-(-plus-health-related-sdgs)

2. World Health Organization. WHO recommendations for care of the preterm or low-birth-weight infant. Ge-

neva: WHO; 2022. [Internet] [Accessed 8 April 2025] Available from: https://iris.who.int/bitstream/hand
le/10665/363697/9789240058262-eng.pdf


https://doi.org/10.18273/saluduis.58.e26v58a15
https://www.who.int/publications/i/item/2018-global-reference-list-of-100-core-health-indicators-(-p
https://www.who.int/publications/i/item/2018-global-reference-list-of-100-core-health-indicators-(-p
https://iris.who.int/bitstream/handle/10665/363697/9789240058262-eng.pdf
https://iris.who.int/bitstream/handle/10665/363697/9789240058262-eng.pdf

https://doi.org/10.18273/saluduis.58.e26v58al5 :S ALUD UlS

3. Grillo MA, Mariani G, Ferraris |R. Prematurity and Low Birth Weight in Neonates as a Risk Factor for Obesity,
Hypertension, and Chronic Kidney Disease in Pediatric and Adult Age. Front Med (Lausanne). 2022; 8: 769734.
doi: https://doi.org/10.3389/fmed.2021.769734

4. de Mendonca ELSS, de Lima Macéna M, Bueno NB, de Oliveira ACM, & Mello CS. Premature birth, low birth
weight, small for gestational age and chronic non-communicable diseases in adult life: A systematic review with
meta-analysis. Early Hum Dev. 2020; 149: 105154. doi: https://doi.org/10.1016/j.earlhumdev.2020.105154

5. Eves R, Mendonca M, Baumann N, Ni Y, Darlow BA, Horwood |, et al. Association of Very Preterm Birth or Very
Low Birth Weight With Intelligence in Adulthood: An Individual Participant Data Meta-analysis. JAMA Pediatr.
2021; 175 (8): €211058. doi: https://doi.org/10.100|/jamapediatrics.2021.1058

6. World Health Organization. Global nutrition targets 2025: low birth weight policy brief. Geneva: WHO; 2014.
[Internet] [Accessed 7 April 2025] Available from: https://iris.who.int/bitstream/handle/10665/149020/WHO _
NMH_NHD_14.5_eng.pdf

7. Damhuis SE, Ganzevoort W, Gordijn §J. Abnormal Fetal Growth: Small for Gestational Age, Fetal Growth Res-
triction, Large for Gestational Age: Definitions and Epidemiology. Obstet Gynecol Clin North Am. 2021; 48 (2)
:267-279. doi: https://doi.org/10.1016/j.0gc.2021.02.002

8. Papageorghiou AT, Kennedy SH, Salomon LJ, Altman DG, Ohuma EO, Stones W, et al. The INTERGROWTH-
2| st fetal growth standards: toward the global integration of pregnancy and pediatric care. Am ] Obstet Gynecol.
2018; 218 (2) :S630-S640. doi: https://doi.org/10.1016/j.ajog.2018.01.01 |

9. Figueras F, Gratacés E. An integrated approach to fetal growth restriction. Best Pract Res Clin Obstet Gynaecol.
2017; 38: 48-58. doi: https://doi.org/10.1016/j.bpobgyn.2016.10.006

10. Unterscheider |, Daly S, Geary MP, Kennelly MM, McAuliffe FM, O’Donoghue K, et al. Optimizing the definition
of intrauterine growth restriction: The multicenter prospective PORTO study. Obstet Gynecol Surv. 2013; 68
(8): 549-551. doi: https://doi.org/10.1016/j.ajog.2013.02.007

I'l. Kiserud T, Benachi A, Hecher K, Perez RG, Carvalho ], Piaggio G, et al. The World Health Organization fetal
growth charts: concept, findings, interpretation, and application. Am ] Obstet Gynecol. 2018; 218 (2S): S619-
$629. doi: https://doi.org/10.1016/j.ajog.2017.12.010

12. Risnes KR, Vatten LJ, Baker JL, Jameson K, Sovio U, Kajantie E, et al. Birthweight and mortality in adulthood:
a systematic review and meta-analysis. Int ] Epidemiol. 201 I; 40 (3): 647-661. doi: https://doi.org/10.1093/ije/
dyq267

I3. Ministry of Health and Social Protection. Health Situation Analysis (ASIS). Directorate of Epidemiology and De-
mography. Bogota: Ministry of Health and Social Protection; 2018. [Internet] [Accessed 8 April 2025] Available
from:https://www.minsalud.gov.co/sites/rid/Lists/BibliotecaDigital/RIDE/VS/ED/PSP/asis-nacional-20 1 7.pdf

14. Castelblanco Nino ML, Cerquera Guerrero L, Vélez Alvarez C, Vidarte Claros JA. Characterization of the
social determinants of health and the components of disability in the city of Manizales, Colombia. Diversitas.
2014;10(1):87-102. doi: https://doi.org/10.15332/s1794-9998.2014.0001.06

I5. Chandia-Poblete D, Cole-Hunter T, Haswell M, Heesch, KC. The influence of air pollution exposure on the
short- and long-term health benefits associated with active mobility: A systematic review. Sci Total Environ. 2022;
850: 157978. doi: https://doi.org/10.1016/j.scitotenv.2022.157978

16. Lipfert FW. Long-term associations of morbidity with air pollution: A catalog and synthesis. | Air Waste Manag
Assoc. 2018; 68 (I): 12-28. doi: https://doi.org/10.1080/10962247.2017.1349010


https://doi.org/10.18273/saluduis.58.e26v58a15
https://doi.org/10.3389/fmed.2021.769734
https://doi.org/10.1016/j.earlhumdev.2020.105154
https://doi.org/10.1001/jamapediatrics.2021.1058
https://iris.who.int/bitstream/handle/10665/149020/WHO_NMH_NHD_14.5_eng.pdf
https://iris.who.int/bitstream/handle/10665/149020/WHO_NMH_NHD_14.5_eng.pdf
https://doi.org/10.1016/j.ogc.2021.02.002
https://doi.org/10.1016/j.ajog.2018.01.011
https://doi.org/10.1016/j.bpobgyn.2016.10.006
https://doi.org/10.1016/j.ajog.2013.02.007
https://doi.org/10.1097/OGX.0b013e3182a8a5c4
https://doi.org/10.1016/j.ajog.2017.12.010
https://doi.org/10.1093/ije/dyq267
https://doi.org/10.1093/ije/dyq267
https://www.minsalud.gov.co/sites/rid/Lists/BibliotecaDigital/RIDE/VS/ED/PSP/asis-nacional-2017.pdf
https://doi.org/10.15332/s1794-9998.2014.0001.06
https://doi.org/10.1016/j.scitotenv.2022.157978
https://doi.org/10.1080/10962247.2017.1349010

https://doi.org/10.18273/saluduis.58.e26v58al5 :S ALUD UlS

I7. Brunekreef, B, Strak M, Chen ], Andersen ZJ, Atkinson R, Bauwelinck M, et al. Mortality and morbidity effects
of long-term exposure to low-level PM2.5, BC, NO2, and O3: an analysis of European cohorts in the ELAPSE
Project. Res Rep Health Eff Inst. 2021; (208): |-127. https://pmc.ncbi.nlm.nih.gov/articles/PMC9476567/

18. Park J, Kim W], Kim |, Jeong CY, Park H, Hong YC, et al. Prenatal Exposure to Traffic-Related Air Pollution and
the DNA Methylation in Cord Blood Cells: MOCEH Study. Int ] Environ Res Public Health. 2022; 19 (6) :3292.
doi: https://doi.org/10.3390/ijerph 19063292

19. Bearblock E, Aiken CE, Burton GJ. Air pollution and pre-eclampsia; associations and potential mechanisms.
Placenta. 2021; 104: 188-194. doi: https://doi.org/10.1016/j.placenta.2020.12.009

20. Morris RH, Counsell §J, McGonnell IM, Thornton C. Early life exposure to air pollution impacts neuronal and
glial cell function leading to impaired neurodevelopment. Bioessays. 2021; 43 (9): €2000288. doi: https://doi.
org/10.1002/bies.202000288

21. Zhang H, Zhang X, Wang Q, Xu Y, Feng Y, Yu Z, et al. Ambient air pollution and stillbirth: An updated syste-
matic review and meta-analysis of epidemiological studies. Environ Pollut. 2021; 278: |1 16752. doi: https://doi.
org/10.1016/j.envpol.2021.116752

22. Fussell JC, Jauniaux E, Smith RB, Burton GJ. Ambient air pollution and adverse birth outcomes: A review of
underlying mechanisms. BJOG. 2024; 131 (5): 538-550. doi: https://doi.org/10.1111/1471-0528.17727

23. World Health Organization. Air Pollution. Geneva: WHO; 2023. [Internet] [Accessed || April 2025] Available
from: https://www.who.int/health-topics/air-pollution#tab=tab 2

24. Chen Y, Hodgson S, Gulliver |, Granell R, Henderson AJ, Cai Y, et al. Trimester effects of source-specific PM 10
on birth weight outcomes in the Avon Longitudinal Study of Parents and Children (ALSPAC). Environ Health.
2021; 20 (1): 4. doi: https://doi.org/10.1186/s12940-020-00684-w

25. Cuadrado-Grisales LT, Ruiz-Murcia FA, Henao-Navarro LD, Aristizabal-Zuluaga BH. Birth Defects and Prenatal
Exposure to Particulate Matter in a Colombian Population. Rev Peru Ginecol Obstet. 2023; 69 (3): |-7. http://
www.scielo.org.pe/scielo.php?pid=52304-51322023000300005&script=sci_arttext&ting=en

26. Gémez CD, Gonzalez CM, Osses M, Aristizabal BH. Spatial and Temporal Disaggregation of the On-road Ve-
hicle Emission Inventory in a Medium-sized Andean City: Comparison of GIS-based Top-down Methodologies.
Atmos Environ. 2018; 179: 142-155. doi: https://doi.org/10.1016/j.atmosenv.2018.01.049

27. Wang X, Ding H, Ryan L, Xu X. Association between air pollution and low birth weight: a community-based
study. Environ Health Perspect. 1997; 105 (5): 514-520. https://pmc.ncbi.nlm.nih.gov/articles/PMC1469882/

28. Dickson MA, Peterson N, McRae KE, Pudwell |, Tayade C, Smith GN. Carbon monoxide increases utero-
placental angiogenesis without impacting pregnancy specific adaptations in mice. Reprod Biol Endocrinol. 2020;
18 (1): 49. https://link.springer.com/article/ 0.1 186/s12958-020-00594-z

29. Orellano B, Quaranta N, Reynoso |, Balbi B, Vasquez J. Effect of outdoor air pollution on asthma exacerbations
in children and adults: Systematic review and multilevel meta-analysis. PLoS One. 2017; 12 (3): e0174050. doi:
https://doi.org/10.137 | /journal.pone.0174050

30. Clasen TF, Chang HH, Thompson LM, Kirby MA, Balakrishnan K, Diaz-Artiga A, et al. Liquefied Petroleum Gas
or Biomass for Cooking and Effects on Birth Weight. N Engl ] Med. 2022; 387 (19): 1735-1746. doi: https://doi.
org/10.1056/NEJM0oa2206734

31. Wan X, Wei S, Wang Y, Jiang ], Lian X, Zou Z, et al. The association between maternal air pollution exposure
and the incidence of congenital heart diseases in children: A systematic review and meta-analysis. Sci Total Envi-

10


https://doi.org/10.18273/saluduis.58.e26v58a15
https://pmc.ncbi.nlm.nih.gov/articles/PMC9476567/
https://doi.org/10.3390/ijerph19063292
https://doi.org/10.1016/j.placenta.2020.12.009
https://doi.org/10.1002/bies.202000288
https://doi.org/10.1002/bies.202000288
https://doi.org/10.1016/j.envpol.2021.116752
https://doi.org/10.1016/j.envpol.2021.116752
https://doi.org/10.1111/1471-0528.17727
https://www.who.int/health-topics/air-pollution%2525252523tab=tab_2
https://doi.org/10.1186/s12940-020-00684-w
http://www.scielo.org.pe/scielo.php?pid=S2304-51322023000300005&script=sci_arttext&tlng=en
http://www.scielo.org.pe/scielo.php?pid=S2304-51322023000300005&script=sci_arttext&tlng=en
https://doi.org/10.1016/j.atmosenv.2018.01.049
https://pmc.ncbi.nlm.nih.gov/articles/PMC1469882/
https://link.springer.com/article/10.1186/s12958-020-00594-z
https://doi.org/10.1056/NEJMoa2206734
https://doi.org/10.1056/NEJMoa2206734

https://doi.org/10.18273/saluduis.58.e26v58al5 :S ALUD UlS

ron. 2023; 892: 16443 1. doi: https://doi.org/10.1016/j.scitotenv.2023.16443 |

32. Li C, Yang M, Zhu Z, Sun S, Zhang Q, Cao J, et al. Maternal exposure to air pollution and the risk of low birth
weight: a meta-analysis of cohort studies. Environ Res. 2020; 188: 109970. doi: https://doi.org/10.1016/j.en-
vres.2020.109970

33. Rengarajan A, Mauro AK, Boeldt DS. Maternal disease and gasotransmitters. Nitric Oxide. 2020; 96: |-12. doi:
https://doi.org/10.1016/j.niox.2020.01.001

34. Guerra DD, Hurt KJ. Gasotransmitters in pregnancy: from conception to uterine involution. Biol Reprod. 2019;
101 (I): 4-25. doi: https://doi.org/10.1093/biolre/ioz038

35. Qian Z, Liang S., Yang S, Trevathan E, Huang Z, Yang R, et al. Ambiental Air pollution and preterm birth: A
prospective birth cohort study in Wuhan, China. Int ] Hyg Environ Health. 2016; 219: 195-203. doi: https://doi.
org/10.1016/j.ijheh.2015.11.003

36. Guo B, Chen Y, Wu H, Zeng |, Zeng Z, Li W, et al. Ambient air pollution and markers of fetal growth: A retros-
pective population-based cohort study of 2.57 million term singleton births in China. Environ Int. 2020; 135:
105410. doi: https://doi.org/10.1016/j.envint.2019.105410

37. Céandido da Silva AM, Moi GP, Mattos IE, Hacon, S.deS. Low birth weight at term and the presence of fine par-

ticulate matter and carbon monoxide in the Brazilian Amazon: a population-based retrospective cohort study.
BMC Pregnancy Childbirth. 2014; 14: 309. doi: https://doi.org/10.1186/1471-2393-14-309

38. Gonzalez-Lozano D, Henao-Navarro LD, Aristizabal-Zuluaga BH, Ruiz-Murcia FA. Antenatal exposure to vehi-
cular pollutants and association with preterm birth in Colombia. Rev Obstet Ginecol Venez. 2023;83(2):160-168.
doi: https://doi.org/10.51288/00830207

39. Narvaez-Enriquez NE, Henao-Navarro LD, Ruiz-Murcia A, Aristizabal-Zuluaga BH. Prenatal exposure to car-
bon monoxide and particulate matter and its association with preeclampsia in Colombia. Ginecol Obstet Mex.
2022;90(9):715-725. doi: https://doi.org/10.24245/gom.v90i9.7886

40. Escobar DA, Martinez S, Moncada CA. Relationship between PM|10 and urban territorial accessibility conditions in
Manizales (Colombia). Inf Tecnol. 2016;27(6):273-284. doi: https://doi.org/10.4067/S07 18-07642016000600027

41. Arteaga-Botero GA. Analysis of density indicators in the municipality of Manizales, Colombia. Rev Ciudad Estados
y Politica. 2015; 2 (1): 44-53. https://perfilesycapacidades.javeriana.edu.co/es/publications/an%C3%A | lisis-de-
indicadores-de-densidad-en-el-municipio-de-manizales-/

42. Cortés |, Gonzalez CM, Morales L, Abalos M, Abad E, Aristizabal BH. PCDD/PCDF and dI-PCB in the ambient
air of a tropical Andean city: Passive and active sampling measurements near industrial vehicular pollution sour-
ces. Sci Total Environ. 2014; 491-492: 67-74. doi: https://doi.org/10.1016/j.scitotenv.2014.01.113

43. Gonzalez CM, Gémez CD, Rojas NY, Acevedo H, Aristizabal BH. Relative impact of on-road vehicular and
point-source industrial emissions of air pollutants in a medium-sized Andean city. Atmos Environ. 2017; 152:
279-289. doi: https://doi.org/10.1016/j.atmosenv.2016.12.048

44. Cortés |, Cobo M, Gonzalez CM, Abalos, M., Aristizabal, BH. Environmental variation of PCDD/Fs and dI-PCBs
in two tropical Andean Colombian cities using passive samplers. Sci Total Environ. 2016; 568: 614-623. doi:
https://doi.org/10.1016/j.scitotenv.2016.02.094

45. Sigurdsson H, Carey S. Volcanic disasters in Latin America and the |3th November 1985 eruption of Nevado
del Ruiz volcano in Colombia. Disasters. 1986; 10 (3): 205-216. doi: https://doi.org/10.1111/j.1467-7717.1986.
tb00590.x


https://doi.org/10.18273/saluduis.58.e26v58a15
https://doi.org/10.1016/j.scitotenv.2023.164431
https://doi.org/10.1016/j.envres.2020.109970
https://doi.org/10.1016/j.envres.2020.109970
https://doi.org/10.1016/j.niox.2020.01.001
https://doi.org/10.1093/biolre/ioz038
https://doi.org/10.1016/j.ijheh.2015.11.003
https://doi.org/10.1016/j.ijheh.2015.11.003
https://doi.org/10.1016/j.envint.2019.105410
https://doi.org/10.1186/1471-2393-14-309
https://doi.org/10.51288/00830207
https://doi.org/10.24245/gom.v90i9.7886
https://doi.org/10.4067/S0718-07642016000600027
https://perfilesycapacidades.javeriana.edu.co/es/publications/an%C3%A1lisis-de-indicadores-de-densid
https://perfilesycapacidades.javeriana.edu.co/es/publications/an%C3%A1lisis-de-indicadores-de-densid
https://doi.org/10.1016/j.scitotenv.2014.01.113
https://doi.org/10.1016/j.atmosenv.2016.12.048
https://doi.org/10.1016/j.scitotenv.2016.02.094
https://doi.org/10.1111/j.1467-7717.1986.tb00590.x
https://doi.org/10.1111/j.1467-7717.1986.tb00590.x

https://doi.org/10.18273/saluduis.58.e26v58al5 :S ALUD UlS

46. Ramirez-Loaiza V, Zambrano-Hernandez LA, Gutiérrez-Rodriguez MC, Carvajal A, Armijos T. Thirty years after
the Nevado del Ruiz volcano eruption: Memories, voices, reparation, and scenarios of participation. Rev Colomb
Sociol. 2017;40:45-64. doi: https://doi.org/10.15446/rcs.v40n|.61948

47. Grant ID, Giussani DA, Aiken CE. Fetal growth and spontaneous preterm birth in high-altitude pregnancy:
A systematic review, meta-analysis, and meta-regression. Int ] Gynaecol Obstet. 2022; 157 (2): 221-229. doi:
https://doi.org/10.1002/ijgo.13779

48. Ha S, Zhu Y, Liu D, Sherman S, Mendola P Ambient temperature and air quality in relation to small for ges-
tational age and term low birthweight. Environ Res. 2017; 155: 394-400. doi: https://doi.org/10.1016/j.en-
vres.2017.02.021

49. Kingsley SL, Eliot MN, Glazer K, Awad YA, Schwartz |D, Savitz DA, et al. Maternal ambient air pollution, pre-
term birth and markers of fetal growth in Rhode Island: results of a hospital-based linkage study. ] Epidemiol
Community Health. 2017; 71 (12): 1131-1136. doi: https://doi.org/10.1 136/jech-2017-208963

50. Choe SA, Jang J, Kim M), Jun YB, Kim SY. Association between ambient particulate matter concentration and
fetal growth restriction stratified by maternal employment. BMC Pregnancy Childbirth. 2019; 19 (I): 246. doi:
https://doi.org/10.1186/s12884-019-2401-9

51.Jia L, Liu Q, Hou H, Guo G, Zhang T, Fan S, et al. Association of ambient air pollution with risk of preeclamp-
sia during pregnancy: a retrospective cohort study. BMC Public Health. 2020; 20 (I): 1663. doi: https://doi.
org/10.1186/s12889-020-09719-w

52. van den Hooven EH, de Kluizenaar Y, Pierik FH, Hofman A, van Ratingen SW, Zandveld, PY, et al. Air pollution,
blood pressure, and the risk of hypertensive complications during pregnancy: the generation R study. Hyperten-
sion. 201 1; 57 (3): 406-412. doi: https://doi.org/10.1161/HYPERTENSIONAHA.I10.164087

53. Pearce N. Analysis of matched case-control studies. BMJ. 2016; 352: i969. doi: https://doi.org/10.1 136/bmj.i9%9

54. Rose S, Laan MJ. Why match? Investigating matched case-control study designs with causal effect estimation. Int
J Biostat. 2009; 5 (1). doi: https://doi.org/10.2202/1557-4679.1 127


https://doi.org/10.18273/saluduis.58.e26v58a15
https://doi.org/10.15446/rcs.v40n1.61948
https://doi.org/10.1002/ijgo.13779
https://doi.org/10.1016/j.envres.2017.02.021
https://doi.org/10.1016/j.envres.2017.02.021
https://doi.org/10.1136/jech-2017-208963
https://doi.org/10.1186/s12884-019-2401-9
https://doi.org/10.1186/s12889-020-09719-w
https://doi.org/10.1186/s12889-020-09719-w
https://doi.org/10.1161/HYPERTENSIONAHA.110.164087
https://doi.org/10.1136/bmj.i969 
https://doi.org/10.2202/1557-4679.1127

	_Hlk224150368
	_Hlk224204362
	_Hlk224204608

