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Abstract

Little is known about the impacts of green spaces on pregnancy outcomes. The relationship
between green space exposure and preeclampsia has never been studied. We used a hospital-based
perinatal database including more than 80,000 births to study the relationships between greenness
exposure and three pregnancy outcomes: birth weight in term born infants, preterm deliveries

and preeclampsia. Greenness was characterized using the normalized difference vegetation index
(NDVI) within circular buffers surrounding maternal homes. Analyses were conducted using
generalized estimating equations, adjusted for potential confounders. We observed an increase in
birth weight in term born infants and a reduced risk of preterm births associated with an increase
in NDVI. No significant association was observed between greenness and preeclampsia. This
study provides modest support for beneficial effects of greenness exposure on pregnancy outcomes
and calls for confirmation in other study settings.
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1. Introduction

In a context of rapid urbanization at the global scale, there is growing interest in the
relationships between green spaces and health (Bowler et al., 2010; Lee and Maheswaran,
2011; Maas et al., 2009). Greenness exposure has been associated with reductions in risks
of various health outcomes, including self-perceived health (Maas et al., 2006; Mitchell and
Popham, 2007), blood pressure (Agyemang et al., 2007) and mortality (Villeneuve et al.,
2012). The causal nature of these associations is not established to date (Bowler et al., 2010;
Lee and Maheswaran, 2011) and the biological mechanisms potentially in play are not clear,
but possible pathways include reduction of exposure to noise, air pollution (Dadvand et al.,
2012b) and urban heat (Jenerette et al., 2011), as well as stress relief (Fan et al., 2011; van
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den Berg et al., 2010). Such an array of modifications might also be beneficial to pregnancy
outcomes.

So far, the relationships between greenness and pregnancy outcomes have been investigated
in only three studies (Dadvand et al., 2012a, 2012c; Donovan et al., 2011). All reported
increases in birth weight associated with exposure to greenness, and no association with
the length of gestation (Dadvand et al., 2012a; 2012c; Donovan et al., 2011). These
pioneering findings from studies of 2000 to 8000 subjects need confirmation, ideally from
larger studies. No study has examined the relation between greenness and preeclampsia

so far, although exposure to green spaces has been associated with decreases in blood
pressure (Agyemang et al., 2007) and chronic hypertension is a risk factor for preeclampsia
(Hutcheon et al., 2011).

This study examines the relation between greenness exposure and three pregnancy
outcomes: birth weight, preterm deliveries and preeclampsia.

2. Methods

Neonatal records from 1997 to 2006 were extracted from a perinatal research database
constituted by a network of four hospitals located in Los Angeles and Orange counties, in
California, United States (Wu et al., 2009). Residential addresses of mothers at delivery
were geocoded with a 93% success rate. Subjects missing important covariate information
used in previous studies were excluded (12%) (Wu et al., 2009), as were multiple
pregnancies (5%), leaving 81,186 subjects for analysis.

The normalized difference vegetation index (NDVI) (Tucker, 1979) was used to characterize
greenness exposure (Dadvand et al., 2012c; Villeneuve et al., 2012). NDVI1 is the ratio of
the difference between the near-infrared region and red reflectance to the sum of these two
measures, calculated as follows:

NDVI = (band 4 — band 3)/(band 4 + band 3)

where band 4 and band 3 are the surface reflectances acquired by the near infrared and

red bands, respectively, of Landsat sensors. We used a set of mostly cloud-free Landsat
scenes from the Global Land Survey 2005 (GLS, United States Geological Survey) dataset
covering Southern California. The GLS 2005 consists of orthorectified Landsat 5 and gap-
filled Landsat 7 data at a spatial resolution of 30 m acquired during the leaf-on season

for the location. The GLS 2005 has acquisition dates from 2005 and 2006. Scenes of low
quality or excessive cloud cover were replaced with scenes acquired in 2004, 2007 or
2008. All the Landsat scenes were processed for atmospheric correction and converted to
surface reflectance with the Landsat Ecosystem Disturbance Adaptive Processing System
(LEDAPS) algorithm (Masek et al., 2012) prior to calculating the normalized difference
vegetation index (NDVI). Maternal exposure to greenness was estimated by calculating the
average NDVI value in circular buffers of 50, 100 and 150 m radii around homes.
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As part of previous studies, several indicators of exposure to air pollution were estimated,
and found to be associated with pregnancy outcomes (Wu et al., 2011). They include traffic
density in proximity to maternal homes (50, 150 or 300 m) and pollutant concentration
measurements from the nearest monitoring station, for nitrogen oxides (NO,), carbon
monoxide (CO), ozone (O3) and particulate matter of less than 10 or 2.5 um in aerodynamic
diameter (PM1g and PM, 5). Local traffic-generated NO, concentrations were also estimated
using the CALINE4 dispersion model (Benson, 1989). Pollutant concentrations were
averaged across the whole pregnancy period (details available in a freely accessible
publication (Wu et al., 2011)).

We studied the relations between exposure to greenness and (1) birth weight in infants

born at term (=37 weeks of gestation) (2) preterm birth (<37 weeks of gestation) and

(3) preeclampsia (defined as blood pressure >140/90 mmHg and proteinuria or hemolysis,
elevated liver enzyme levels, and low platelet count (HELLP) syndrome during pregnancy),
using generalized estimating equations to take into account within-hospital correlations. We
estimated (1) the mean change in birth weight and (2) odds ratios for preterm birth or
preeclampsia, associated with an inter-quartile range (IQR) increase in NDV1 exposure. We
also conducted similar analyses by quartile of NDVI exposure, taking the lowest exposure
quartile as a reference. Analyses were conducted using the GENMOD procedure in SAS 9.3
(SAS Institute, Cary NC).

Models were adjusted for potential confounders selected on the basis of previous knowledge
and exploratory data analyses. Maternal age, poverty (defined as the percentage of
population living below the federal poverty line by Census Block Group of maternal
residence) and length of gestation (the latter for the birth weight analyses only) were
adjusted for using both linear and quadratic terms. Other potential confounders were
introduced as categorical variables: maternal race/ethnicity, insurance status (public/private),
parity (first child or not), infants gender (birth weight analyses only), pyelonephritis
(preterm birth analysis only) and diabetes (preeclampsia and birth weight analyses only). To
evaluate the potential influence of air pollution on the relationships between greenness and
pregnhancy outcomes (that might be either confounding or mediating since greenness may
reduce levels of air pollution (Novak, 2000)), we assessed the impact of further adjustment
of the above models for our nine complementary air pollution indicators (introduced as
linear variables, one at a time).

We explored the use of multiple imputation techniques (5 simulations) to impute missing
values for the variables race/ethnicity (4% missing values) and insurance status (4% missing
values). Since this had no major impact on the study results, we present results based on
complete-case analyses.

This study has been approved by the Institutional Review Board of the University of
California, Irvine.
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3. Results

Table 1 describes the characteristics of the study population, separately for all births and for
term births. Supplementary Material Table S1 describes the NDVI and air pollution variables
and their correlations. In term born infants, significant increases in mean birth weight are
associated with an IQR increase in NDVI exposure within 50 m and 100 m buffers (Table

2). Significance persists for the 50 m buffer after adjustment for air pollution indicators, but
disappears for the 100 m buffer after adjustment for NO,, O3 or CO. Analyses by exposure
quartile show a significant association in the upper quartile of NDVI exposure as measured
within a 50 m buffer, which persists after adjustment for air pollution (Supplementary
Material Table S2).

A significantly decreased risk of preterm birth is associated with an IQR increase in NDVI
within 150 m buffers (Table 3). Significance disappears after adjustment for PM, 5 or traffic
density. Conversely, significantly decreased risks are observed for 50 m and 100 m buffers
only after adjustment for NO, or CO. Analyses by exposure quartile reveal significantly
decreased risks for the two upper quartiles of NDVI within the 100 and 150 m buffers, but
an increase in the second quartile for the 100 m buffer. Significant or borderline significant
(0 < 0.06) decreased preterm birth risks are observed for the highest quartile of NDVI within
150 m of home, even after adjusting for any air pollution indicator (Supplementary Material
Table S3).

There is no significant association between an IQR increase in NDVI and preeclampsia with
and without adjustment for air pollution indicators (Table 4).

4. Discussion

We observed a modest increase "in" birth weight and a slightly reduced risk "of" preterm
birth associated with greenness surrounding maternal homes. No consistent association was
observed for preeclampsia.

Our finding of increased birth weights associated with greenness exposure is consistent with
previous studies (Dadvand et al., 2012a, 2012c; Donovan et al., 2011). However, in our
study the most robust findings are limited to a 50 m radius around homes, whereas Davdan
et al. found increases in birth weight for NDVI up to 100 (Dadvand et al., 2012a) or 500 m
(Dadvand et al., 2012c) (even after adjustment for NO, for the latter study). Donovan et al.
(2011) reported results for a 50 m radius only, which were qualitatively similar to ours. To
our knowledge our study is the first that shows a decreased risk of preterm birth associated
with greenness (Dadvand et al., 2012a, 2012c; Donovan et al., 2011). However, for both
birth weight and preterm birth, associations are weak and patterns by NDVI quartile are not
clearly indicative of dose-response relationships. We may therefore not exclude chance as a
possible explanation for our findings.

Confounding might also affect our results. We could not adjust for maternal smoking and
body mass index. Smoking, but not body mass index, has been inversely associated with
greenness in Canada (Villeneuve et al., 2012), and residual confounding might persist even
after adjustment for socioeconomic variables, maternal age and race/ethnicity. We had no
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data on noise or heat in the vicinity of homes, or on maternal stress (Fan et al., 2011).

These factors might be on the pathway of relationships between greenness and pregnancy
outcomes, thus not necessarily confounders to adjust for. This is also possibly the case of
air pollution (Dadvand et al., 2012b). Our findings of increased term birth weight associated
with NDVI are not affected by adjustment for any air pollution variable, which suggests
that this association is independent from air pollution. However, our results for preterm
birth and NDVI considered as a continuous variable are sensitive to adjustment for PM5 g
and traffic density. Sensitivity analyses suggest that the loss of a statistically significant
association between NDVI and preterm birth after adjustment for PM, 5 might be due to a
loss of statistical power or selection bias since PM> 5 had 10% missing data (Supplementary
Material Table S4). However, potential confounding by PM> 5 cannot be totally excluded.

We further explored whether adjusting for PM, 5 and traffic density would over-adjust the
NDVI effect since air pollution exposure might be on the plausible causal pathway between
NDVI and preterm birth. We found odds ratios for the association between preterm birth
and traffic density (but not PM, 5) decreased with the increase in the levels of surrounding
NDVI (Supplementary Material Table S5). Provided that exposure to traffic-related air
pollution likely increases the risk of preterm birth (Wilhelm and Ritz, 2003; Wu et al.,
2011), this observation suggests the reduction of air pollution exposure (here, exposure
resulting from traffic density) by NDVI as a plausible pathway between NDVI and preterm
birth. However, since greenness may mitigate exposure to air pollution but not totally
suppress it, confounding by traffic density cannot totally be ruled out considering NDV1 as
a continuous variable. Still, we observed decreased preterm birth risk for the upper quartile
of NDVI exposure (p< 0.06), even after adjusting for PM 5 or traffic density. Finally,

we acknowledge that our air pollution indicators also have limitations that were discussed
extensively elsewhere (Laurent et al., 2013; Wu et al., 2011) and that they cannot reflect
accurately the amount of air pollution removed by the vegetal cover (Novak, 2000).

Our NDVI exposure indicators were restricted to circular buffers of limited radii around
maternal homes. While access to green spaces can foster physical activities and social
contacts that are health beneficial, such mechanisms are most likely related to access to large
green spaces such as parks (Dadvand et al., 2012a). Our NDVI metrics rather reflect a less
polluted, more quiet and generally more appeasing residential environment (van den Berg et
al., 2010). The use of 30 m resolution raster data to calculate the average NDVI within small
buffers might have led to imprecise exposure estimate in case of irregular greenness patterns
due to fragmented land uses, especially for the 50 m buffers. This seems unlikely to produce
non-random errors in exposure estimate, however. Besides, NDVI carries no information
about the nature and use of the vegetation (grass, trees, kitchen gardens) (Richardson et al.,
2012) Despite these limitations, it has the advantage of being an objective indicator. NDVI
and air pollution exposures could only be estimated for maternal homes at the time of birth.
Characterizing them throughout pregnancy would be a desirable improvement for future
studies. A finer characterization of vegetation type and its spatial distribution would also be
useful, notably to better quantify the amount of air pollution locally removed by vegetation
(Novak, 2000).
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5. Conclusion

In the largest study of greenness and pregnancy outcomes ever conducted, we found modest
support for increased birth weight in term born babies and a slight reduction of the risk of
preterm birth associated with exposure to greenness. No association with preeclampsia was
observed. These findings call for confirmation in other study settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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