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fetal death, 33 withdrew from the study or were lost to follow up, and 787 delivered a live, singleton infant.
Exposure to outdoor NO, was assessed for 785 of the 787 mother-child pairs in the study, thus making up
the final study population. Deliveries took place between May 2004 and February 2006. The study area
covered the home addresses of all participants. Approximately 10% lived in a typically urban zone (city of
Valencia), 50% lived in the metropolitan zone, 35% in a semi-urban zone, and the rest in a typically rural
zone. The study area covers 1372 km?” including 34 municipalities and has a reference population of
almost 300,000 inhabitants with a broad socio-demographic and environmental heterogeneity. The study
protocol was approved by the Ethics Committee of the reference hospital and informed consent was
obtained from every participating woman. The mothers’ recruitment and follow up procedures have been

previously reported [19].

Birth outcome assessment

Outcome variables were birth weight (in grams), birth length and head circumference (in centimetres).
Birth weight was measured by the midwife that attended the birth, whereas birth length and head
circumference were measured by a nurse when the newborn arrived in the hospital ward within the first
twelve hours of life. The three measures were standardized for gestational age and sex using the
residuals method [20]. An early ultrasound of the crown-rump length was also available and used for
gestational dating when the difference with the last menstrual period was equal to or greater than 7 days.
This happened in 11.9% of the cases. We defined small for gestational age (SGA) as a birth weight or
length below the 10" percentile according to standard percentile charts for sex and gestational age in the
Spanish population [21]. We did not classify SGA in terms of head circumference because our
measurement procedure was different from that used in the published charts. Of all the births, 6.4% were

classified as preterm births (i.e. gestational age < 37 weeks) in the studied cohort.

Assessment of air pollution exposure

A procedure was designed to assess individual exposure to NO, as a marker of outdoor air pollution
considering both spatial and temporal variations on exposure. Ambient NO, concentrations for 93
sampling points covering the study area were obtained using radial symmetry passive samplers

(Radiello®, Fondazione Salvatore Maugeri, Padua /Italy) which remained exposed for four sampling









The spatial distribution of NO, levels throughout the study area showed a gradient from the urban zone to
the rural one with the two motorways crossing the area playing an important role (Figure 1). The mean
residential outdoor NO, level corresponding to the 785 pregnancy periods was 36.9 g/m3 (Table 1). For
43.2% of the women, the outdoor NO, levels at their residences during the pregnancy period were above
40 g/m3, the World Health Organization guideline for annual NO, concentration [24]. Individual NO, levels
for each trimester correlated well with NO, levels for the whole pregnancy, and moderately between

themselves (Table 1).

Air pollution exposure and anthropometric measures

Unadjusted analysis considering the variables in their continuous form showed a negative relationship
between individual exposures to ambient NO, and anthropometric measures at birth (Table 2). This
relation was statistically significant for first trimester exposure and for both birth length and head
circumference, as well as for second trimester exposure and head circumference. After adjustment for
covariates and potential confounders, the same temporal pattern persisted (Table 2). Although 95%
confidence intervals yielded results that do not reject the null hypothesis, birth head circumference and
NO, exposure in the first trimester were marginally associated. Specifically, an increase in 10 g/m? in
NO, levels during the first trimester of pregnancy was associated with a decrease in head circumference

by -0.07 cm (95% CI: -0.14 to 0.005).

When the shape of the relation between NO, exposure and anthropometric measures was assessed, a
non-linear relationship was observed. In most cases in the multivariate analysis, the best fit was obtained
when NO, was introduced as a cubic smoothing spline with 3 or 4 degrees of freedom (Table 2). Graphic
examination of the relation between NO, exposure during the first trimester and birth weight and length,
and between NO, exposure during the second trimester and head circumference suggested a change in
slope around 40 g/m3 (Figure 2). For this reason, the association between NO, exposure and weight,
length, and head circumference at birth was also analyzed considering NO, as a categorical variable, i.e.
>40 g/m®versus 40 g/m® (Table 3). Results of the multivariate analysis indicated that NO, exposure
above 40 g/m® during the first trimester was associated with a reduction in birth length of -0.27 cm

(95%CI -0.51 to -0.03). Birth weight was just marginally associated with NO, exposure; i.e. a reduction of -






exposure during the entire pregnancy plays the most important role for reduction in the growth of the infant

head.

Very few studies have completely assessed the shape of the relationship between air pollution exposure
and reproductive outcomes. Instead, most have analyzed the relation using air pollution variables in the
continuous form or comparing only two levels. Some have attempted to examine the shape using tertiles
or quartiles and observed an increased risk of LBW at higher quartiles [12, 28]. Regarding NO, exposure
and birth weight, only Ha et al. [25] examined this relationship using GAM models, as did we in the
present study. In the former study, although the authors considered the relationship to be relatively linear,
a change in the slope may be observed in the figures, with a higher negative gradient after NO, values of
around 32 ppb (60 g/m®). In our study, we found some indication of a reduction in birth length starting at
a threshold of approximately 40 g/m°. For HC and the risk of SGA we found a monotonic relationship

with air pollution exposure.

The biological mechanisms by which air pollutants may affect fetal growth are still unclear. There is some
evidence that NO, alters fetal growth and thus may play a causal role. NO, is a potent oxidant and
increased lipid peroxidation in the maternal and/or fetal compartment has been found in preterm births
[39]. Tabacova et al. investigated the relationship between exposure to nitrogen-oxidizing species and
pregnancy complications in an area in Bulgaria highly polluted by oxidized nitrogen compounds [40].
Methemoglobin, a biomarker of individual exposure, was determined, and glutathione balance and lipid
peroxide levels were used as measures of oxidant/antioxidant status. A high percentage of women
suffered from pregnancy complications, the most common being anaemia (67%), threatened
abortion/premature labour (33%), and signs of preeclampsia (23%). Methemoglobin was significantly
elevated in all three conditions, in comparison with normal pregnancies. Reduced:total glutathione, an
indicator of maternal antioxidant reserves, decreased, whereas cell-damaging lipid peroxide levels
increased. More recently, Mohoroviz found similar results for methemoglobin in a polluted area of Croatia
[41]. These results suggest that maternal exposure to environmental oxidants can increase the risk of
pregnancy complications through stimulation of methemoglobin formation, which may lead to hypoxia and
hypoxemia in pregnant women and has an important influence on maternal health as well as on placental

and fetal development.
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Figure legends

Figure 1: Spatial distribution of the NO, levels in the study area and addresses of the women in the

cohort.

Figure 2: Relationship between individual NO, exposure during the first trimester and anthropometric
measures at birth. Graphical estimation of the association and 95% confidence intervals for the non-linear
model with lower AIC (degrees of freedom: df). (A). Birth weight (gr) and NO, exposure (3 df) B). Birth
length (cm) and NO, exposure (4 df). (C). Birth head circumference (cm) and NO, exposure (4 df)
Footnote for Figure 2(C): For birth head circumference the model with the best adjustment was the linear

model.

Figure 3: Relationship between individual NO, exposure during the second trimester and small for
gestational age, in birth weight and in birth length in a multivariate analysis. Graphical estimation of the
association and 95% confidence intervals for the non-linear model with lower AIC (degrees of freedom:
df). A). Logit of small for gestational age in birth weight and NO, exposure (2 df).

Footnote for Figure 3(A): For SGA (in birth weight) the model with the best adjustment was the linear
model. (B). Logit of small for gestational age in birth length and NO, exposure (2 df)

Footnote for Figure 3(B): For SGA (in birth length) the model with the best adjustment was the linear

model.
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