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Abstract

Introduction: Evidence has accumulated that exposure to ambient air pollution during pregnancy
may influence preterm birth (PTB) in urban settings. Conversely, this relation has barely been
investigated in rural areas where individual characteristics (demographic, socioeconomic, and

psychosocial factors) and environmental co-exposures may differ.

Objective: We examined the association between prenatal exposure to traffic-related air
pollution and PTB among pregnant women from the PELAGIE mother-child cohort (Brittany,
France, 2002-2006) living in urban (n=1550) and rural (n=959) settings.

Methods: Women’s residences were classified as either urban or rural according to the French
census bureau rural-urban definitions. Nitrogen dioxide (NO;) concentrations at home addresses
were estimated from adjusted land-use regression models as a marker of traffic-related pollution.
Associations between NO; concentrations and PTB were assessed with logistic regression

models.

Results: Prevalence of PTB was similar among women living in urban (3.2%) and in rural
(3.5%) settings. More positive socioeconomic characteristics and health behaviors but more
single-parent families were observed among urban women. NO; exposure averaged 20.8 + 6.6
wg.m” for women residing in urban areas and 18.8 + 5.6 pg.m™ for their rural counterparts. A
statistically significant increased risk of PTB was observed among women exposed to NO,

concentrations > 16.4 pg.m” and residing in urban areas but not among their rural counterparts.

Discussion: The results of this study, conducted in a region with interspersed urban-rural areas,
are in line with previous findings suggesting an increased risk of PTB associated with higher NO,
concentrations for women living in urban areas. The absence of association among their rural
counterparts for whom exposure levels were similar suggests that environmental mixtures and

psychosocial inequalities might play a role in this heterogeneity.
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Introduction

Preterm birth (PTB) has been identified as an important public health issue due to its major
contribution to mortality rates during both the perinatal and early neonatal periods '. PTB has
also been associated with notable lifelong health consequences™ including increased risks of
adulthood morbidity'. The World Health Organization has recently estimated that worldwide 15
million babies are born preterm each year®, with prevalence rates in 184 countries ranging from
5% to 18%. Their apparent increase, including in developed countries, is a cause of concern. In
France, this prevalence was estimated at 6.6% in 2010 (versus 6.3% in 2003) for an estimated
55000 PTBs’. Although some portion of this increase may be attributed to technological
advances in neonatal care, maternal risk factors including pregnancy at later ages and

environmental and social factors are also suggested as potential contributors® .

Ambient air pollution has been identified as a potential risk factor for PTB''. Although results
vary substantially between epidemiological studies'', the underlying biological mechanisms are
likely to be complex and multiple, given the chemical and physical heterogeneity of air pollutants
and the various stages of fetal vulnerability during pregnancy'’. Researchers have however
highlighted two principal mechanisms that induce either systemic inflammation or oxidative
stress, or both". The first potential biological mechanism involves an inflammatory cascade
(with proinflammatory cytokines and prostaglandin detected in the placenta, choriodecidual
space, amniotic fluid, and fetal blood) that has been associated with preterm labor, with or
without preterm premature rupture of membranes'>'*. Conjointly, maternal inflammation may
increase her susceptibility to both systemic and genital tract infection, which is also considered a
direct explanation of PTB". The second mechanism includes an oxidative stress pathway that
may activate or reinforce this inflammatory mechanism. The reactive oxygen species produced
may also directly target amniotic and chorionic membranes, leading either to their preterm
premature rupture'® or to endothelial and angiogenic dysfunction of the placenta'. These

16,17

modifications also play a central role in the pathogenesis of preeclampsia and gestational

hypertension'®, each associated with both spontaneous and medically induced preterm delivery’.



Most studies investigating the impact of air pollution on PTB have been conducted in urban
areas, although rural areas are characterized by different levels and different mixtures of air
pollutants. Population characteristics, including health behaviors (diet, smoking status),
socioeconomic (occupation, educational level) and psychosocial factors (stress, social support),
and environmental and social characteristics of places (neighborhood deprivation, health care
access, traffic noise, natural spaces) may also vary along the urban-rural continuum and increase
confounding or mediate bias'**’. Furthermore, a growing body of evidence indicates that living

. . 21-26
near green spaces may improve birth outcomes”

and more specifically decrease the risk of
PTB*. Although green spaces may reduce harmful environmental exposures to air pollutants and
traffic noise, for example, the association of PTB with either residential greenness or other road

traffic nuisance, also appears to be independent of air pollution exposure’**.

Socially
disadvantaged areas, suggested to have higher burdens of pollution exposure®*’, have also been
associated with increased risk of PTB®®. Accordingly, these physical and social environmental
factors must be considered, like individual characteristics, to be potential confounders of the

relation between air pollution and PTB.

In this study we examine the association between prenatal exposure to traffic-related air pollution
and the risk of PTB, and we assess whether place of residence during pregnancy (urban or rural

area) modifies this association in the PELAGIE mother-child cohort.

1 Methods

1.1  Study population

The PELAGIE cohort included 3421 pregnant women living in the Brittany region (France) from
2002 to 2006. They were recruited during prenatal care visits to gynecologists, obstetricians, or
ultrasonographers before the 19" week of gestation. They were asked to complete a self-
administered questionnaire at home concerning family, social, and demographic characteristics,
diet, and lifestyle. This analysis is restricted to the 3226 women who gave birth to singleton
liveborn infants without any major congenital malformation. Home address geocoding at

inclusion was manually checked, and its accuracy was estimated at 15 to 250 m. To exploit the
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fine resolution of the exposure data, we excluded women whose address could not be geocoded
or who lived outside Brittany (n = 44) and those who reported only their town of residence
(n=661). After we excluded the 12 with missing gestational age data, we were able to consider
2509 women in this analysis.

The study was reviewed and approved by the relevant ethics committees, and all participating

women gave informed written consent for themselves and their children.

1.2 Assessment of PTB

Gestational age at delivery (in weeks) was assessed by a midwife or obstetrician, who considered
both the date of the last menstrual period and the ultrasound results during pregnancy.
Discrepancies were resolved by clinical judgment. PTB was defined as birth occurring before 37

completed weeks of gestation.

1.3 Air pollution exposure assessment

Nitrogen dioxide (NO,) concentrations, which are a well-recognized marker of traffic-related
pollution®, were estimated from a land-use regression model (LUR) on a 100-m grid across

Western Europe for the years 2005-2007, as previously described elsewhere?".

To validate the extrapolation of the NO, concentrations (2005-2007) to the four preceding years
(n=2061 women with pregnancies between 2002 and 2004), we calculated a Pearson correlation
coefficient between NO, concentrations at their homes from the 100-m grid over the 2005-2007
period and the annual NO, concentrations from two other datasets: the nationwide French NO,
concentrations at a 4-km grid established in 2000** and European-wide NO, concentrations at a
1-km grid established in 2001 (European APMoSPHERE project)®. The latter are described in
the Supplementary material (Supplement Appendix 1). In addition, data collected at 12 air
monitoring sites across Brittany were available to examine annual mean NO, concentrations and
explore their temporal evolution during the 2002-2006 period (Supplement Figurel).

The high correlations between NO, concentrations estimated from different modeling approaches
and periods (Supplement Table 1) and the temporal stability of the annual mean NO,

concentrations during the 2002-2006 period at the air monitoring sites reinforced the relevance of
6



the more precise NO, concentrations estimated over the 2005-2007 period with LUR. Geocoded
maternal home addresses at birth were then matched to the appropriate 100*100-m grid across

Brittany with ARCGIS (version 10.2).

1.4 Definition of the urban-rural status of maternal residence

Municipalities from Brittany were classified according to the French Census Bureau rural-urban
definition. An “urban unit” is a municipality or a group of municipalities that includes a built-up
area of at least 2,000 inhabitants and in which no building is farther than 200 m away from its
nearest neighbor. Urban units are further categorized as “highly urban”, “suburban”, or “isolated”
municipalities depending on the municipalities involved (and their populations). All other
municipalities are considered rural. Due to statistical constraints, highly urban, suburban, and

isolated municipalities were aggregated into a single urban category for this study.
1.5 Covariates

1.5.1 Maternal characteristics

This study considered various maternal and infant characteristics previously shown to be
potential risk factors of PTB in the literature. Therefore, we initially considered as covariates:
maternal education (primary or secondary school, high school diploma (passed baccalaureate
examination), or under- or postgraduate diploma), single-mother families (no or yes), maternal
age (<25, 25-30, 30-35, or >35 years), parity (nulliparous or multiparous), smoking status at
enrolment (nonsmoker at inclusion, or light smoker < 10 cigarettes/day, or heavy smoker > 10
cigarettes/day), alcohol consumption at enrolment (abstinent, occasional, > 1 drink/day), high
blood pressure before/during pregnancy (no or yes), gestational diabetes (no or yes), season of
conception (spring, summer, autumn, or winter) as well as usual fish intake (< 1 per month, <1
per week, or >2 per week) which has previously been associated with birth outcomes in the
PELAGIE cohort™, and prepregnancy body mass index (BMI) (<18.5, 18.5- <25, 25- <30, or >30
kg/m?)



1.5.2 Environmental covariates

Neighborhood deprivation

We used a neighborhood deprivation index estimated at the census block level in France that has
previously been described elsewhere® and shown to discriminate deprived areas appropriately in
both urban and rural sectors of Brittany®®. This quantitative neighborhood deprivation index was

then categorized into tertiles, with the highest tertile the most deprived.

Green space assessment

To determine surrounding green space, we used the TOPO database® (French National Institute
of Geographic and Forest Information - IGN), which describes woods (if surface >500 m?),
forests, moorland, and orchards (if surface >5000 m?). Coverage of green spaces within a 500-m

buffer around the maternal residential address was categorized in tertiles.

Distance to the coast

Distance to the coast was used as a proxy to determine surrounding blue spaces. The GEOFLA®
database (IGN), which includes coastal and inland boundaries, was used to calculate the distance
from the mother’s residence to the coast. A binary variable was created to define whether women

lived within or more than 500 m from the coast.

Road traffic nuisance

Distance to a major road network was used as a proxy for exposure to road traffic nuisance (other
air pollutants and noise). Using the CARTO database® (IGN), we considered major roads to be
the principal regional roads and highways. A binary variable indicated whether a maternal

residential address was situated within or more than 200 m from the nearest major road.

1.6  Statistical analysis

Multivariate logistic regression models were carried out to examine associations between tertiles
of NO, exposure and PTB. Odds ratios (ORs) with their 95% confidence intervals (Cls) were
estimated. P-values for linear trends across exposure tertiles were calculated coding the different
categories as 1, 2, or 3. Potential confounding factors (maternal and environmental covariates, as
described above) were introduced in the multivariate models if they were associated with PTB
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risk in bivariate models (p-value <0.20 based on Fisher’s exact test) (Table 1). Analyses stratified
for urban-rural status or including interaction terms were also conducted to determine how
associations between NO; exposure and PTB risk were modified according to this status.

We also conducted sensitivity analyses excluding women with high blood pressure, for it might
be part of a physiological pathway through which ambient air pollution may be related to PTB'®,
Finally, we repeated analyses considering only those women for whom address geocoding
accuracy was estimated <100 m (n = 1856).

Statistical analyses were performed with STATA SE version 12 (College Station, TX: StataCorp
LP).

2 Results

2.1  Characteristics of the study population

Table 1 summarizes the descriptive and bivariate statistics. PTB accounted for 3.3% of the births
in the study population. The proportions of women with hypertension or gestational diabetes,
either before or during pregnancy, were higher among women with PTB as compared to women
with a term delivery (22.9% vs 5.1%, and 7.2% vs 3.5%, respectively). Women with PTB were
more frequently nulliparous than those who gave birth at term (57.8% vs 43.3%). They also had a
lower educational level (26.5% vs 18.4%), and lower fish intakes (21.7% vs 17.3%). Conversely,
women with term births or PTB shared similar residential characteristics (i.e., neighborhood
deprivation, surrounding green spaces, distance to the nearest road and coast).

The prevalence of PTB was similar among women residing in urban (3.2%) and rural (3.5%)
areas (Supplement Table 2). However, compared to those in urban areas, mothers residing in
rural areas had a lower educational level, were younger, more frequently overweight, and ate fish
less often. They were more likely to live with a partner, to smoke, and to reside in a
socioeconomically disadvantaged neighborhood, which was also further from a major road and

from the coast.



2.2 Characteristics of NO; exposure

Figure 1 presents the distribution of modeled NO, concentrations in Brittany for the year 2005.
The correlations between these concentrations and green space coverage around maternal
residence, their distance to the nearest coast and road are reported in Supplement Table 3. Annual
mean NO, concentration was slightly higher in urban (mean + SD: 20.8 + 6.6 pg.m”) than in
rural areas (18.8 + 5.6 pg.m”) and decreased with the level of neighborhood deprivation for
women in both (Figure 2). NO, concentration also decreased for women whose homes were
surrounded by more green space, for women living closer to the coast, and those further from

major roads, regardless of whether their residence was urban or rural.

2.3 Association of NO, and PTB

The associations between NO, exposure levels and PTB risk are shown in Table 2. High blood
pressure before/during pregnancy, gestational diabetes, maternal educational level, maternal
BMI, and maternal fish consumption were introduced into the models as confounders. We found
that some of these effects were modified by urban-rural status (interaction p-value: 0.11). Among
women living in urban areas, the risk of PTB was higher for those exposed to the two highest
tertiles of NO, concentrations (OR (16.43 -21.18 ug.m’3): 2.46, 95% CI: 1.06-5.81; OR (> 21.18
pg.m®): 2.35,95% CI: 1.02-5.42, respectively). Conversely, no association was found for women
living in rural areas. When high blood pressure was excluded from the model, trends remained
similar, but the strength of the association was attenuated (Supplement Table 4). Similar
observations were also found after we excluded the subjects for whom address geocoding

accuracy exceeded 100 m (Supplement Table 5).
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3 Discussion

This study uses data collected in the PELAGIE mother-child cohort to examine the effect of
maternal exposure to NO, on PTB and investigate whether the urban/rural location of the
mother’s home modifies this relation. We found an increased risk of PTB associated with higher

NO; concentrations only for women living in urban areas.

To our knowledge, this is the first study exploring whether and how the urban or rural nature of a
mother’s home environment can modify the effect of ambient air pollution on PTB. Despite the
low rate of PTB reported in this study, compared with national rates (3.2% vs 6.6%)’, our results
are consistent with several studies highlighting a positive and significant association between

prenatal NO, exposure and PTB in urban areas "'

. We are unaware of any previous study
that explored the influence of NO, exposure on PTB in rural areas and therefore lack data to

assess and put into perspective these findings for women living in the rural areas of Brittany.

Pregnant women in both urban and rural areas were exposed to relatively low levels of NO;
concentrations. Very few women living in either urban (1.3%, n=20) or rural (0.8%, n=8) areas
were exposed to NO, concentrations exceeding the 40 pg/m’ annual mean threshold set by
French and international authorities. Although a previous study has shown an increased risk of
PTB at a threshold of concentration around 46 pg.m™ (*), our findings suggest that in urban
areas pregnant women exposed at a lower level (around 20 pg.m” ) might also be at higher risk
of PTB. This low concentration of NO, has also been associated with an increased risk of PTB in

two urban areas of California'®.

Because women from urban and rural areas were exposed to relatively similar levels of NO,
concentrations, it is likely that other pathways or confounders may account for the greater
vulnerability to traffic-related air pollution of women living in urban areas. NO; is a precursor for
a number of harmful secondary air pollutants, including nitric acid, the nitrate part of secondary
inorganic aerosols (PM) and photo oxidants (including ozone (O3))**. The chemical compositions
45.46,13,18

and concentration levels of those secondary pollutants depend on the sources and location

potentially leading to different levels of toxicity and health consequences among population
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ST 46,47,49,50
residing in urban or rural areas*®**

. Moreover, social stress and psychological disorders have
been specifically associated with urban environments®', and have been shown to interact with
chemical exposures to exacerbate their toxic effects and increase physiological response’®. Stress
and proinflammatory immune reactions induced by exposure to air pollutants may have an
influence on health similar to that of maternal psychological stressors™. This cumulative
exposure to both urban stress and air pollution might synergistically affect maternal health and

thereby increase the risk of PTB for women living in urban areas™.

The main strengths of this study come from its design and the large, diverse geographical area it
covers. The PELAGIE mother-child cohort is a region-wide cohort study that collected detailed
information on potential maternal socioeconomic, behavioral, and physiological risk factors at an
early stage of pregnancy. The precise geocoding of the mother’s home and the use of fine-scale
modeled concentrations enabled us to assess NO; exposure even for women living in remote rural
areas. We also took potential individual and environmental confounders into account, including
the surrounding natural space (both green and blue), neighborhood deprivation, and road traffic
nuisance, all of which have previously been shown to be associated with both PTB and ambient

- . 8242755
air pollution®***">°,

Some limitations must be considered in interpreting our results. NO, concentrations were used as
a marker of traffic-related air pollution exposure as in previous studies’®’. However, NO, forms
part of a complex and dynamic mixture of pollutants that itself depends on the season and the
location (e.g. urban versus rural settings)”. As a result, the risk of PTB associated with air
pollution could vary differentially according to the degree of urbanization because of the different
pollutant mixture compositions and not because of the only NO, concentrations. Unfortunately,
fine-scale data were not available for co-pollutant exposures (e.g., ozone, secondary aerosols)
over this time period to control for their potential effects. Second, we used spatial estimates of air
pollutant levels generated by LUR models across the 2005-2007 periods to extrapolate NO,
concentrations at each maternal residence recruited from 2002 to 2004. This discrepancy between
measurements of NO, concentrations and the study inclusion period may create some temporal
ambiguity, although complementary analyses using different temporal sources of NO;
concentrations confirmed the stability of NO, concentrations across Brittany during the entire

study period. Because of the relatively small number of PTB cases (n=83) in the study
12



population, it was not possible to restrict the analyses to the women included only in 2005 and
2006 in the PELAGIE cohort (n=455, including 12 women with preterm offspring). Third, the
annual assessment of traffic-related air pollution at women’s homes in early pregnancy did not
consider their possible residential and work mobility during pregnancy or any particular critical
windows of exposure during the gestational period. However, contrary to birth defects,
toxicological research has not yet identified any critical window for PTB'% Fourth, after
adjusting for maternal characteristics to limit the potential for sociological bias, the differential
impact of traffic-related air pollution on PTB remained across urban and rural settings and raises
the possibility of residual confounding by psychosocial factors®®. Unfortunately the PELAGIE

mother-child cohort did not collect such data.

Conclusion

In this cohort study conducted in a region with interspersed urban and rural areas, we observed an
increased risk of PTB associated with higher NO, concentrations for women living in urban but
not in rural areas. Although the importance of comparing different places when studying the
harmful impact of air pollution is now thoroughly understood, most studies thus far have been
carried out in urban areas. Beyond variations in exposure levels, differences in pollutants
mixtures and chemical composition, in socioeconomic and psychosocial factors across urban and
rural settings may modulate the impact of air pollution on PTB. Further studies are thus required
to explore how residential and personal characteristics may modify the influence of air pollution

on PTB.
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Table 1: Characteristics of the study population (PELAGIE mother-child cohort, Brittany,

France, 2002-2006)

Whole cohort  Term births a
(n=2509) (n=2426) PTB (n=83) p-Value
n % n % n %
Maternal and infant characteristics

Infant sex
Boy 1268  50.5 1222 50.4 46 55.4 0.37
Girl 1241 49.5 1204  49.6 37 44.6
Maternal age, years
<25 270 10.8 258 10.6 12 14.5 0.69
25-30 986 393 954 393 32 38.6
30-35 877 35.0 851 35.1 26 313
>35 376 15.0 363 15.0 13 15.7
Multiparous 1410  56.2 1375 56.7 35 42.2 0.01
High blood pressure before/during pregnancy

143 5.7 124 5.1 19 22.9 <0.01
Gestational diabetes 91 3.6 85 3.5 6 7.2 0.07
Maternal level of education
Primary/secondary school 469 18.7 447 18.4 22 26.5 0.18
high school diploma 446 17.8 433 17.9 13 15.7
University degree 1594  63.5 1546  63.7 48 57.8
Fish intake
< 1/month 438 17.5 420 17.3 18 21.7 0.17
< 1/week 1366 544 1317 54.3 49 59.0
>2/week 705 28.1 689 28.4 16 19.3
Single parent-family 63 2.5 61 2.5 2 2.4 0.95
Maternal smoking status at enrolment
Nonsmoker 2164  86.3 2094 86.3 70 84.3 0.84
Smoker (< 10 cig/d) 254 10.1 244 10.1 10 12.1
Smoker (>= 10 cig/d) 91 3.6 88 3.6 3 3.6
Maternal drinking status at enrolment
Abstinent 2137 852 2063 85.0 74 89.2 0.58
Occasional ( <1 drink/d) 323 12.9 315 13.0 8 9.6
> 1 drink/d 49 2.0 48 2.0 1 1.2
Prepregnancy BMI (kg/m?)
<18.5 1865 7.4 1811 74.7 54 65.1 0.12
18.5-25 458 74.3 437 18.0 21 25.3
>25 132 18.3 129 5.3 3 3.6
Season at early pregnancy
Spring 614 24.5 598 24.7 16 19.3 0.55
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hol hort Term birth a
W (1:):2;39;) ?n=222 6 ®  PTB(n=83) p-Value
n % n % n %
Summer 693 27.6 671 27.7 22 26.5
Autumn 563 224 544 22.4 19 22.9
Winter 639 25.5 613 25.3 26 313
Socioeconomic and environmental factors
Neighborhood deprivation
Q1- Wealthiest 810 32.3 785 324 25 30.1 0.73
Q2 861 343 829 34.2 32 38.6
Q3- Poorest 838 334 812 33.5 26 313
Tertiles of surrounding green spaces (500-m buffer)
Q1- Lowest 836 333 805 33.2 31 37.4 0.41
Q2 835 333 814 33.6 21 25.3
Q3- Highest 838 334 807 333 31 37.4
Distance to the nearest coast
> 500 m 2443 974 2361 97.3 82 98.8 0.41
<500 m 66 2.6 65 2.7 1 1.2
Distance to nearest major road
>200 m 1700  67.8 1644  67.8 56 67.5 0.96
<200 m 809 322 782 32.2 27 32.5
Type of area
Urban 1550 61.8 1501 61.9 49 59.0 0.60
Rural 959 38.2 925 38.1 34 41.0

Abbreviations: PTB, Preterm birth

*Two-sided p-value for differences between term births and PTB (Fisher’s exact test).
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Table 2: Associations® between exposure to NO, at maternal residence and preterm birth,

for the whole cohort and stratified by the urban-rural status (PELAGIE mother-child
cohort, Brittany, France, 2002-2006)

Tertiles of NO,

concentration Whole cohort (n=2509) Urban (n=1550) Rural (n=959)
(ng/m)

OR 95%CI  p-value’ OR  95%CI  p-value® OR  95%CI  p-value’
<16.43 Ref 0.27 Ref 0.06 Ref 0.61
>1643t0<21.18 1.49 0.85,2.60 2.48  1.06,5.81 0.93  0.42,2.05
>21.18 139 0.79,2.45 235 1.02,5.42 0.78  0.30,1.99

Abbreviations: N, total number; n, number of preterm birth

*adjusted for high blood pressure before/during pregnancy, gestational diabetes during pregnancy,
maternal educational level, maternal body mass index, and maternal fish consumption, all associated with
preterm birth in the bivariate model, with a p-value < 0.20.

® p-values are p for trends across tertiles of NO, concentrations

22



Figure 1: NO; concentrations estimated in 2005 based on a land-use regression model in

Brittany.
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Figure 2: Mothers’ prenatal exposure to NO; concentrations according to their place of
residence (urban or rural) and according to: A, the green space surrounding their residence
(500-m buffer); B, distance from their home to the nearest coast; C, neighborhood
deprivation tertiles; and D, distance from maternal home to the nearest major road

(PELAGIE mother-child cohort, Brittany, France, 20002-2006).
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