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ABSTRACT 

Background: Recent studies have reported inconsistent associations between maternal residential 
green space and preterm birth (PTB, born < 37 completed gestational weeks). In addition, 
windows of susceptibility during pregnancy have not been explored and potential interactions of 
green space with air pollution exposures during pregnancy are still unclear. 

Objectives: To evaluate the relationships between green space and PTB, identify windows of 
susceptibility, and explore potential interactions between green space and air pollution. 

Methods: Birth certificate records for all births in California (2001–2008) were obtained. The 
Normalized Difference Vegetation Index (NDVI) was used to characterized green space 
exposure. Gestational age was treated as a time-to-event outcome; Cox proportional hazard 
models were applied to estimate the association between green space exposure and PTB, 
moderately PTB (MPTB, gestational age < 35 weeks), and very PTB (VPTB, gestational age < 
30 weeks), after controlling for maternal age, race/ethnicity, education, and median household 
income. Month-specific green space exposure was used to identify potential windows of 
susceptibility. Potential interactions between green space and air pollution [fine particulate 
matter < 2.5 μm (PM2.5), nitrogen dioxide (NO2), and ozone (O3)] were examined on both 
additive and multiplicative scales. 

Results: In total, 3,753,799 eligible births were identified, including 341,123 (9.09%) PTBs, 
124,631 (3.32%) MPTBs, and 22,313 (0.59%) VPTBs. A reduced risk of PTB was associated 
with increases in residential NDVI exposure in 250m, 500 m, 1000 m, and 2000 m buffers. In the 
2000 m buffer, the association was strongest for VPTB [adjusted hazard ratio (HR) per 
interquartile range increase in NDVI: 0.959, 95% confidence interval (CI): 0.942–0.976)], 
followed by MPTB (HR=0.970, 95% CI: 0.962–0.978) and overall PTB (HR=0.972, 95% CI: 
0.966–0.978). For PTB, green space during the 3rd − 5th gestational months had stronger 
associations than those in the other time periods, especially during the 4th gestational month 
(NDVI 2000 m: HR=0.970, 95% CI: 0.965–0.975). We identified consistent positive additive 
and multiplicative interactions between decreasing green space and higher air pollution. 

Conclusion: This large study found that maternal exposure to residential green space was 
associated with decreased risk of PTB, MPTB, and VPTB, especially in the second trimester. 
There is a synergistic effect between low green space and high air pollution levels on PTB, 
indicating that increasing exposure to green space may be more beneficial for women with 
higher air pollution exposures during pregnancy. 

 

1. Introduction 

Preterm birth (PTB), defined as birth before 37 completed gestational weeks (March of Dimes, 
2012), is a major cause of infant mortality and morbidity (Liu et al., 2016), and the leading cause 
of childhood mortality (Harrison & Goldenberg, 2016). Globally, preterm birth accounts for 11% 



of all deliveries, and the rate is increasing in most countries, causing a substantial public health 
burden (Harrison and Goldenberg, 2016; Petrou, 2003). Preterm infants remain at higher risk for 
multiple long-term adverse effects later in life, including delay in cognitive development, 
decreased motor function, behavioral disorders, altered cardiovascular and renal functions, as 
well as an increased risk for asthma and other respiratory diseases (Chehade et al., 2018; 
McCormick et al., 2011; Saigal and Doyle, 2008). Additionally, women with a history of PTB 
may have an increased risk of subsequent cardiovascular diseases (Robbins et al., 2014). 

Currently about 55% of the global population lives in urban areas and this percentage is 
predicted to reach 68% by 2050 (United Nations, 2018). Due to rapid urbanization, an increasing 
number of people live in complex environments with many high-rise buildings, high population 
density and low-level green space (Li et al., 2015; Skyscrapercity, 2015; Urban Audit, 2007). 
Concerns are mounting about the association between lack of green space and various adverse 
health outcomes in urban-dwelling populations (Bettencourt et al., 2007; Fong et al., 2018; 
James et al., 2015; Nieuwenhuijsen et al., 2017; World Health Organization, 2016). Underlying 
pathways linking green space to health include stress reduction and psychological restoration; 
encouragement of health-enhancing behaviours, such as physical activity and social cohesion; 
and mitigation of harmful environmental exposures and nuisances caused by air pollution and 
noise (Bowler et al., 2010; Hartig et al., 2014; Lee and Maheswaran, 2011; Markevych et al., 
2017; Twohig-Bennett and Jones, 2018; Vienneau et al., 2017). Green space exposure has been 
associated with a wide range of health benefits, such as reduced risks of all-cause mortality, 
cardiovascular diseases, type 2 diabetes, and improved mental health and some pregnancy 
outcomes, including decreased risks of low birth weight (Fong et al., 2018; Gascon et al., 2016; 
James et al., 2015; Laurent et al., 2019; Laurent et al., 2016a; Twohig-Bennett and Jones, 2018; 
World Health Organization, 2016). Only few studies have examined the associations between 
PTB and green space, showing heterogeneous results. While a possible protective effect of green 
space against PTB has been reported in previous studies (Casey et al., 2016; Grazuleviciene et 
al., 2015; Hystad et al., 2014; Laurent et al., 2013), other findings are inconsistent (Abelt and 
McLafferty, 2017; Agay-Shay et al., 2014; Cusack et al., 2017; Dadvand et al., 2012a; 
Dzhambov et al., 2019; Glazer et al., 2018), likely due to the variation in study design, exposure 
measurement, study location (e.g. urban vs. rural area), study population, and other factors. 
Therefore, this study endeavors to investigate the relationship between green space and PTB. 

Pregnancy is a sensitive time period during which intrauterine exposures can modulate 
fetal development and confer a long-lasting effect on the offspring (Marques et al., 2013). 
Considering different time windows of exposure during pregnancy with an appropriate temporal 
scale (e.g., months or trimesters) could be as important as considering the intensity of exposure 
(Ballester and Iniguez, 2011). Exploring critical windows of exposure could help design 
experimental studies to explore the underlying mechanisms and provide guidance to pregnant 
women by developing timely interventions (e.g. promote behavior changes focusing the most 
effective time windows) (Bennett et al., 2019; Sheridan et al., 2019; Wang et al., 2018). 
Therefore, it is prudent to identify the susceptible window of green space exposure associated 
with PTB. In parallel, exposure to air pollution during pregnancy is increasingly recognized as a 
risk factor for PTB (Kloog et al., 2012; Lamichhane et al., 2015; Laurent et al., 2016c; Li et al., 



2017; Malley et al., 2017; Olsson et al., 2013; Pereira et al., 2014; Stieb et al., 2012 Wang et al., 
2018; Wilhelm et al., 2011). Many studies showed that ambient air pollution exposure during 
pregnancy increases the risk of PTB in California (Laurent et al., 2016c; Ritz et al., 2000; 
Sheridan et al., 2019; Wu et al., 2009). Investigating the potential interactions between green 
space and air pollution exposure during pregnancy may contribute to better understanding how to 
maximize the potential benefits of increasing exposure to residential green space on PTB (Kloog, 
2019). A joint intervention on green space and air pollution during pregnancy may lead to more 
important benefits than isolated efforts. Moreover, the effect modification may be different 
depending on different air pollutants. To our knowledge, no study investigated interactions 
between green space and air pollutants during pregnancy and their joint impact on PTB as a 
time-to-event outcome (Kumar et al., 2019). 

In this study, we aimed to 1) investigate the relationships between PTB and green space 
using 2001–2008 birth certificate data from a large study population of the state of California, 
U.S., 2) identify windows of susceptibility to green space exposure during pregnancy, and 3) 
examine the potential joint effects of green space and air pollution exposures during pregnancy. 

 

2. Methods 

2.1. Study population 

Birth certificate records for all births occurring from January 1, 2001 to December 31, 
2008 in California (n = 4,385,997) were obtained from the California Department of Public 
Health. Maternal addresses of residence recorded on birth certificates were geocoded with the 
Texas A&M, NAACCR, Automated Geospatial Geocoding Interface Environment (AGGIE) 
Geocoder (Goldberg et al., 2008). In total, 4,370,371 births were included in this study after 
excluding infants whose address of record could not be geocoded (n = 1,361, 0.03%), who were 
born to women residing outside of California (n = 7,512, 0.17%), or who had State File Number 
information missing which prevented data linkage (n = 8,119, 0.19%). 

After the address linkages were completed, a series of exclusions were made sequentially. 
Births with multiple gestations (n = 132,369) were excluded as well as infants with recorded 
birth defects or unknown birth defects status (n = 18,811 and n = 675, respectively). We also 
excluded births with missing information for gestational age (n = 196,247), estimated gestational 
age < 121 or > 319 days (n = 2,051 and 43,187, respectively), implausible combinations of birth 
weight and gestational age (n = 17,026) (Alexander et al., 1996), and infants born to women > 60 
years of age (n = 43). Lastly, infants conceived > 19 weeks before 1 January 2001 (n = 389,611), 
or < 43 weeks before 31 December 2008 (n = 38,598) were excluded to avoid fixed cohort bias 
(Laurent et al., 2016c; Strand et al., 2011). The time of conception and resulting gestational age 
were estimated based on the first day of the last menstrual period (LMP) reported by mothers on 
the birth certificate (Barradas et al., 2014). These exclusions were made a priori to avoid 
accusations of p-hacking. After all exclusions, several of which were overlapping, 3,753,799 
births from the source population were eligible for the analysis. 



2.2. Green space exposure 

The Normalized Difference Vegetation Index (NDVI) (Tucker, 1979) was used to 
characterize green space exposure as has been done in previous studies (Dadvand et al., 2012a; 
Laurent et al., 2019; Villeneuve et al., 2012). The NDVI captures the vegetation density on the 
ground from satellite data, which is calculated based on land surface reflectance of near-infrared 
(NIR) and visible red (VIS R) wavelengths: NDVI = (NIR – VIS R) / (NIR + VIS R). Values for 
NDVI range between − 1 and 1, with higher values indicating a higher density of greenness. 
Negative values, representing water bodies, were removed smoothed and gap-filled composite 
Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI data that combined 
measurements from both the Terra and the Aqua satellite instruments (Spruce et al.,2016). The 
data were generated using the NASA Stennis Time Series Product Tool that produced NDVI data 
less affected by clouds and bad pixels. The data had a spatial resolution of 250 m × 250 m and a 
temporal resolution of every 8-days (46 time-points annually). Average NDVI values were 
calculated based on circular buffers of 250 m, 500 m, 1000 m, and 2000 m of each residential 
location. We temporally interpolated the every eight-day NDVI to generate daily NDVI values 
using the TIMESERIES Procedure of the SAS 9.4 software. We then calculated both month-
specific and entire-pregnancy exposures by averaging the NDVI measurements in each specific 
time period. Gestational month was defined as every 30 consecutive days starting from the date 
of conception. Entire pregnancy was defined for the period from the date of conception to  
delivery. 

2.3. Air pollution exposure 

The air pollution metrics used in this study have been extensively described in previous 
papers (Laurent et al., 2013, 2014, 2016a, 2016b, 2019) and a report (Wu et al., 2016). Briefly, 
hourly air pollution measurements for fine particulate matter with diameter < 2.5 μm (PM2.5), 
nitrogen dioxide (NO2) and ozone (O3) were obtained for the entire State of California from 
2000 to 2008 from U.S. EPA’s monitoring stations. Daily averages (24 h for PM2.5 and NO2 
and an eight-hour window of 10 AM − 6 PM for O3) (Medina-Ramon et al., 2006), and then 
monthly averages were calculated. Monthly averaged concentrations of PM2.5, NO2, and O3 
were spatially interpolated between stations using an empirical Bayesian kriging (EBK) model, 
which is a spatial interpolation approach that automates variogram modeling in a kriging model 
through a process of sub-setting and simulation. Compared to the common kriging approaches, 
the EBK model accounts for the uncertainties in estimating the underlying semivariogram. Thus, 
EBK has several advantages, including automatic variogram modeling (minimal manual 
interaction); standard error estimation; more accurate predictions of moderately nonstationary 
data; and more accurate prediction for small datasets (Krivoruchko, 2012; Pilz and Spöck, 2007). 
ArcGIS 10.1 (ESRI, Redlands, CA) was used to generate surface predictions of air pollutants at a 
200 m × 200 m grid resolution. 

2.4. Statistical analyses 

In this study, the association between gestational age and green space exposure was 
examined using time-to-event regression models, and term births were censored at week 37. 



Specifically, Cox proportional hazard models were applied to estimate the hazard ratios (HRs) 
and 95% confidence intervals (CIs) for per interquartile range (IQR) increase in NDVI during the 
entire pregnancy in California. Preterm birth was further categorized into moderately preterm 
birth (MPTB, born < 35 weeks), and very preterm birth (VPTB, born < 30 weeks). Time point 
beyond week 35 and 30 were excluded for MPTB and VPTB, respectively. Pearson's correlation 
was used to examine the correlation between NDVI and air pollution exposures. 

Confounders in the relationship between green space and PTB were identified by a causal 
diagram based on the existing literature (Appendix A) (Greenland et al., 1999). In our primary 
analysis, we adjusted for a minimal set of potential confounders: maternal age, race/ethnicity 
(African American, Asian, Hispanic, non-Hispanic white, and others including Hawaiian/Pacific 
Islanders, American Indian/Alaskan native and mothers with multiple race/ethnicities specified), 
educational level (≤8th grade, 9th grade to high school, college < 4 years, and college ≥ 4 years), 
and median household income by census block group (U.S. et al., 2004). Given the large spatial 
scale of the data, we tested for spatial clustering using Moran’ I. The Moran’s I was 0.047 (z = 
14.119, p < 0.001). The spatial correlation is very weak despite its significance. ZIP codes were 
fitted as a random effect in the models to account for potential spatial clustering for PTB. 
Furthermore, we performed sensitivity analyses to examine the influence of adjusting for season 
of conception (warm: May-October; cool: November–April), year of birth (2001–2008), 
maternal smoking status during pregnancy, and maternal comorbidities (chronic hypertension, 
diabetes, preeclampsia, and gestational diabetes). Data for maternal smoking during pregnancy 
were only available years 2007 and 2008. We also performed analyses stratified by region to 
explore the differences between rural and urban population. Cochran Q tests were used to 
measure the heterogeneity among subgroups. 

Since entire pregnancy or trimester-specific exposures may not be sufficiently refined to 
identify windows of susceptibility, gestational month-specific exposure was used to assess 
impacts of maternal residential green space on PTB. Potential interactions of green space and air 
pollution were measured on both multiplicative and additive scales. Multiplicative interactions of 
green space and air pollution were evaluated by introducing a product term (“NDVI * air 
pollutant”) in our models. Additive interactions were quantified by calculating the relative excess 
risks due to interactions (RERIs) (Li and Chambless, 2007). Both decreasing green space (1-
NDVI) and air pollutant concentrations were treated as continuous exposures. HRs of interaction 
term > 1 indicate positive multiplicative interaction; RERI values above 0 indicate a positive 
additive effect modification. A positive additive effect measure modification would mean that if 
we were to intervene on exposure to green space during pregnancy on the study population, those 
with higher levels of air pollution would benefit more than participants with lower exposure to 
air pollution (in our case the contrast is expressed for a 10 μg/m3 unit change in PM2.5, 10 parts 
per billion unit change in NO2 and O3, and 0.1 unit change in NDVI). All analyses were 
performed with SAS version 9.4 (SAS Institute, Inc., Cary, NC). 

This study was approved by the Institutional Review Board of the University of 
California, Irvine. 

 



Table 1 
Description of the study population and green space exposure levels by maternal characteristics. 

 

SD, standard deviation. 

 

3. Results 

Among 3,753,799 births included in our study population, 341,123 (9.09%) PTBs, 
124,631 (3.32%) MPTBs, and 22,313 (0.59%) VPTBs were identified. The distribution of 
selected population characteristics and green space exposure levels is presented in Table 1. 
Compared to term births, PTBs were observed more frequently among younger or older mothers, 
African American or Hispanic mothers, mothers with low education, and mothers who lived in 
low-income neighborhoods. On average, residential surrounding NDVI levels for the entire 
pregnancy increased with maternal age, education, and neighborhood median income. 
Residential NDVI levels were the highest among Non-Hispanic white women and lowest among 
African American or Hispanic women. In addition, NDVI levels were lower in urban areas than 
in rural areas. NDVI was negatively correlated with all air pollution indicators (Appendix B). For 
the 2000 m buffer, the negative correlations were most pronounced with NO2 (r = -0.44), 
followed by PM2.5 (-0.29) and O3 (r = -0.13). The negative correlations were stronger with 
increasing green space buffer size for NO2 and PM2.5; the correlations with O3 were similar 
across different buffer sizes. 

Fig. 1 shows adjusted hazard ratios of PTB associated with average NDVI exposure 
during the entire pregnancy. HRs for overall PTB in association with IQR increases (Appendix 

B) in green space exposure were precisely<1 for all buffers. The association was strongest for the 



largest buffer size (NDVI 2000 m: HR = 0.972, 95% CI: 0.966–0.978). We found similar 
patterns for MPTB (NDVI 2000 m: HR = 0.970, 95% CI: 0.962–0.978) and VPTB (NDVI 2000 
m: HR = 0.959, 95% CI: 0.942–0.976). In sensitivity analyses, associations between green space 
and overall PTB were slightly stronger after further adjusting for season of conception and year 
of birth, maternal smoking status during pregnancy, and maternal comorbidities, respectively 

(Appendix C). In subgroup analyses, HRs for overall PTB in association with IQR increases in 
green space exposure were found to be protective for all buffer sizes in both rural and urban 

areas (NDVI 2000 m: HR = 0.969, 95% CI: 0.959–0.980 and HR = 0.967, 95% CI: 0.960–0.974, 
respectively) (Appendix D). Cochrane’s Q tests did not reveal any heterogeneity between the two 

subgroups.

 

Fig. 1. Hazard ratios (HRs) of PTB associated with average green space exposure during the 
entire pregnancy. HRs and 95% confidence intervals (CIs) were calculated for per interquartile 
range (IQR) increment for green space (NDVI); PTB, preterm birth; MPTB, moderately PTB; 
VPTB, very PTB. All models adjusted for maternal age, race/ethnicity, educational level, and 
median household income at census block-group level; maternal address ZIP code was fitted as a 
random effect. 

In the monthly time window analyses (Fig. 2), the NDVI levels showed protective effects 
on the three outcome variables (PTB, MPTB, and VPTB) and for all gestational months. Overall, 
relatively stronger protective associations were observed for the 3rd − 5th gestational months 
(late first trimester and early second trimester) than the other time periods. For PTB, the 



strongest association was observed for the 4th gestational month within a 2000 m buffer around 
the maternal home (HR = 0.970, 95% CI: 0.965–0.975). Cochrane’s Q tests showed that there 
were statistically significant differences across the monthly HRs for PTB and MPTB (Appendix 
E), but no significant heterogeneity across time windows for VPTB. 

 

Fig. 2. Hazard ratios (HRs) of PTB associated with month-specific green space exposure. HRs 
and 95% confidence intervals (CIs) were calculated for per interquartile range (IQR) increment 
for green space (NDVI); PTB, preterm birth; MPTB, moderately PTB; VPTB, very PTB. All 
models adjusted for maternal age, race/ethnicity, educational level, and median household 
income at census block-group level; maternal address ZIP code was fitted as a random effect. 

 

Results from the interaction analysis are presented in Table 2. For all the air pollutants in 
our study (PM2.5, NO2, and O3), we observed consistent positive multiplicative and additive 
interactions between decreasing green space (1- NDVI) and higher air pollution. HRs of the 
product term > 1 indicated positive multiplicative interaction, and RERIs > 0 indicated the 
presence of positive additive interaction. Both of them indicated joint effects of decreasing green 
space and air pollution on PTB that are greater than expected (i.e., synergistic) based on the 
estimated effects of each exposure alone, suggesting decreasing green space may have more 
deleterious effects on PTB for women who are exposed to higher air pollution levels. 

 
 
 
 
 



Table 2 
Interactions of green space and air pollution exposure on PTB during the entire pregnancy. 

 
RERI: Relative excess risks due to interaction; HR: hazard ratio. 
* The interaction term in Cox proportional hazard models. 
 
4. Discussion 

In this large population covering the State of California from 2001 to 2008, maternal 
exposure to residential NDVI-based green space was associated with a decreased risk of PTB in 
both urban and rural areas. These protective effects of green space were stronger during the 3rd − 
5th gestational month for PTB and MPTB. We also found consistent positive interaction between 
decreasing green space and air pollution on both multiplicative and additive scales. This 
indicates that mothers who are exposed to more air pollution during pregnancy may benefit more 
from an increase in green space exposure, when compared with mothers exposed to less air 
pollution. 

Green space may have a positive effect on health outcomes through several pathways, 
including reducing stress, increasing social cohesion, promoting physical activity, improving 
immune status, and lowering levels of environmental nuisances such as air pollution, ambient 
noise, and outdoor temperature (Bowler et al., 2010; Hartig et al., 2014; Lee and Maheswaran, 
2011; Markevych et al., 2017; Twohig-Bennett and Jones, 2018; Vienneau et al., 2017). Reduced 
PTB risk has been associated with maternal green space exposure in a few previous studies 
(Casey et al., 2016; Grazuleviciene et al., 2015; Hystad et al., 2014; Laurent et al., 2013). To our 
knowledge, this is the first study applying the time-to-event analysis to examine the association 
between residential surrounding green space and PTB. We found consistent protective effects 
between green space exposure and PTB after controlling for maternal age, race/ethnicity, 
education, and neighborhood income. In contrast, several other studies found inconsistent 
association (Abelt and McLafferty, 2017; Agay-Shay et al., 2014; Cusack et al., 2017; Dadvand 
et al., 2012a; Glazer et al., 2018). Reasons that may partially explain the variation in results 
include differences in study design, methods used to assess green space exposure, study location 
(urban vs. rural area), study population, and other factors. Grazuleviciene et al. found NDVI 
within 100 m, 300 m, and 500 m of residences was not associated with PTB, however an 
association was found between the distance to city park and the risk of PTB (Grazuleviciene et 
al., 2015), indicating inconsistent results caused by various exposure measures reflecting 



different potential pathways. The higher maternal physical activity during pregnancy, such as 
park use, might explain beneficial effect of green space in this study. Contact with ambient green 
space (such as road side trees, and small lawns) might be important if green space has the 
greatest influence on health via restorative properties and stress reduction (Mitchell et al., 2011). 
Another study reported a protective association between green space and PTB in urban areas 
[odds ratio (OR) = 0.78, upper tertiles vs. lowest tertile, 95% CI: 0.61–0.99], but not in rural 
areas (Casey et al., 2016), indicating urban and rural differences. However, we observed similar 
protective associations between green space and PTB in both rural and urban areas. Hystad et al. 
reported a decreased risk of moderate PTB (30–36 gestational weeks) with higher green space 
exposure (OR=0.95, 95% CI: 0.91–0.99 for an IQR increase in NDVI within 100 m buffer), but 
no association for VPTB (Hystad et al., 2014). Our results showed protective effects of green 
space exposure on PTB, MPTB, and VPTB. The strongest associations were observed for VPTB, 
suggesting green space may have stronger protective effects for more serious conditions. 

In time window analysis, we found protective associations between green spaces and 
PTB in each of the gestational months, with the stronger associations during the 3rd − 5th 
gestational months (from the end of the first trimester to the middle of second trimester). In early 
pregnancy, women experience biological changes associated with hormonal fluctuations and to 
accommodate a growing baby (Kumar and Magon, 2012). Nausea, vomiting and other pregnancy 
symptoms might be due to the high levels of human chorionic gonadotropin (hCG) during the 
first trimester (Lee and Saha, 2011). For most women, the early pregnancy symptoms gradually 
disappear at the end of the first trimester largely because hCG tends to plateau at a lower level 
for the remainder of pregnancy (Kumar and Magon, 2012). For the majority of pregnant women, 
the second trimester might be the most comfortable time during pregnancy when they are not 
bothered by early pregnancy symptoms and are less physically challenged compared to late 
pregnancy with rapidly-growing fetus, increased weight, volume, and loss of balance 
(Committee on Obstetric Practice, 2018; Takeda et al., 2015). Therefore, pregnant women may 
be more likely to walk or exercise outdoors and be in contact with green space during this period 
of time. Thus, green space might benefit pregnant women most during this period through 
reduced stress and enhanced physical activity. Green space has been shown to reduce depressive 
symptoms in pregnant women, and physical activity partially mediated the association of green 
space and PTB (McEachan et al., 2016). In addition, previous studies associated prenatal 
maternal stress with PTB (Hobel et al., 2008), and stress in the second trimester appears most 
strongly associated with PTB (Hoffman et al., 2016). There is also evidence suggesting that 
stress-related alterations in the hypothalamic–pituitaryadrenal-placental system in mid-
pregnancy, but not in early or late pregnancy, may be predictive of postpartum depressive 
symptoms, suggesting a possible window or vulnerability at that time (Yim et al., 2009; Yim et 
al., 2015). Furthermore, higher leisure-time physical activity could reduce the risk of PTB (Aune 
et al., 2017). Mild physical activity during the second trimester of pregnancy such as walking has 
a protective effect on PTB (Takito and Benicio, 2010). Our results support the previous findings 
that the second trimester is likely the most influential time window for green space-related 
factors, such as stress and physical activity. 



The interaction of green space and air pollution on PTB may imply potential biological 
mechanisms. In our study, we found consistent positive interactions of green space and air 
pollution during pregnancy on the risk of PTB. This is likely because air pollution may add 
oxidative stress and inflammatory responses in the body (Vadillo-Ortega et al., 2014), which 
may counter the benefits of green space exposure during the pregnancy. Findings suggested that 
an imbalance between oxidants and antioxidants may be associated with PTB. Analyses of 
reactive oxygen species or by-products of oxidative stress reported higher levels of these 
molecules for preterm maternal and fetal blood, amniotic membranes and fluid, and placental 
specimens compared to term birth specimens (Moore et al., 2018). Maternal lifestyle and health 
status may influence oxidative stress resulting in PTB. For instance, moderate exercise and an 
active lifestyle have been demonstrated to be useful in reducing oxidative stress (Baltaci et al., 
2016; Tarquini et al., 2018). Further, chronic psychological stress promotes oxidative damage 
through frequent and sustained activation of the hypothalamic–pituitaryadrenal axis (Aschbacher 
et al., 2013). Therefore, green space may reduce oxidative stress by promoting physical activity 
and reducing stress. In the interaction analysis, all the air pollution metrics showed positive 
interactions with green space on PTB, indicating that increasing exposure to green space may be 
more beneficial for women who are exposed to higher levels of air pollution during pregnancy. 
Our results suggest that targeting women exposed to high levels of air pollution when 
implementing interventions to increase green space exposure may lead to a more pronounced 
reduction of PTBs in California. Given the documented social inequalities in exposure to air 
pollution (Hajat et al., 2015) and its role on the risk of PTB (Benmarhnia et al., 2017), such 
targeted interventions on green space have the potential to reduce important social inequalities in 
PTB in California. 

Relationships between green space and air pollution are complex. Studies without 
considering combined exposures may overestimate the influence of only one exposure, while 
underestimate their joint effects (Klompmaker et al., 2019b; Klompmaker et al., 2019a). 
Although we focused on the effect modification of air pollution on green space associated with 
PTB in this study, air pollution may play different roles on how green space affects health 
outcomes, as confounder, and mediator. Air pollution has been associated with both green space 
and PTB. Ignoring the potential confounding by air pollution may lead to distortion of the true 
effect. In addition, green space affects air pollution levels. In greener areas, air pollution levels 
may be lower due to the competitive land use between green space and sources of air pollution. 
Green space is also linked to air quality by various mechanisms (Nowak et al., 2006). Gaseous 
air pollutants can be directly removed by absorption through leaf stomata (Salmond et al., 2016), 
and filtering/intercepting and dry deposition of vegetation is one of the major mechanisms in 
removing particulate matter (Givoni, 1991; Janhäll, 2015). Vegetation also influences air quality 
by changing dispersion or local air flow and ventilation patterns (Abhijith et al., 2017; Givoni, 
1991; Janhäll, 2015), which may positively or negatively affect personal air pollution exposure 
and thus health outcomes (Abhijith et al., 2017; Dadvand et al., 2012b). Further studies are 
warranted to investigate the relationships between green space and air pollution and their  
combined effects on birth outcomes. 



The major strengths of our study include the large size and diversity of our study 
population, the wide range of green space exposure buffer size, and the time to event analytical 
framework. In logistic regression models, where PTB is treated as a binary outcome, time-
varying exposures (e.g. green space) can’t be account for, which may lead to bias in the 
estimates, since the duration of exposure differs between preterm births and term births. This 
kind of bias could be avoided with the survival approach, in which gestational age is treated as a 
time-to-event variable and green space was included as a time-varying exposure variable. 
Moreover, the critical exposure windows can be examined within the time-to-event framework. 
We also conducted analyses using logistic regression model. The associations between green 
space and overall PTB in logistic regression models were slightly smaller than those in cox 
models (Appendix F). To the best of our knowledge, this is the first study investigating 
interactions between green space and air pollutants during pregnancy and their joint impact on 
PTB as a time-to-event outcome. However, several limitations should be considered when 
interpreting the study findings. First, although NDVI is the most commonly-used metric in 
remote sensing for green space exposure in epidemiological studies (Fong et al., 2018), it cannot 
reflect the use and its composition, such as the proportion of trees and grass, might have different 
impacts on health through different pathways (Astell-Burt and Feng, 2019). Different green 
space species could also influence the air pollution levels (Alonso et al., 2011; Tallis et al., 2011; 
Tiwary et al., 2009). For example, a study in Australia reported urban tree canopy may be a good 
option for promotion of community mental health rather than any other urban greening (Astell-
Burt and Feng, 2019). Coniferous trees are found to be the best for capturing particulate matter 
over evergreen broadleaf and deciduous species (Tallis et al., 2011; Tiwary et al., 2009), while 
evergreen broadleaf and deciduous tree species could remove more atmospheric ozone than 
conifer forests (Alonso et al., 2011). Further research is needed using more informative and 
multiple green space indicators to represent different aspects of green space exposure and 
potentially help in identifying the pathways. For instance, street view image in combination with 
machine learning approach may be valuable tools for green space assessment (Helbich et al., 
2019; Lu, 2018). Nieuwenhuijsen et al. evaluated multiple urban exposures simultaneously, 
including the built environment, air pollution, road traffic noise, meteorology, natural space, and 
road traffic, to provide a holistic view of environmental exposures and their effects on birth 
weight (Nieuwenhuijsen et al., 2019). In addition, our air pollution exposure assessment relied 
on the measurements from monitoring stations that are relatively sparsely distributed, which 
could not capture local-scale pollutant variation from emission sources. Moreover, we relied 
solely on estimated exposures at maternal residential address reported on the infant birth 
certificate for both green space and air pollution exposure. The mobility of women during 
pregnancy were unavailable from birth certificate data. A recent study in Washington State found 
that moving during the first trimester of pregnancy may be a risk factor for preterm birth and low 
birth weight (Bond et al., 2019). However, we could not account for its influence without 
information on residential change. Further, indoor and personal exposure levels could not be 
estimated without time-location and physical activity data. Future studies may include maternal 
addresses prior to and throughout pregnancy and use global positioning system tracking and 
personal monitors to examine real-time personal-level green space and air pollution exposures, 
although the latter option would be very costly. Another limitation of using the administrative 



dataset is the lack of information on individual lifestyle and behavioral factors, such as physical 
activity, social cohesion, noise exposure, and stress reduction, which may be important mediators 
linking green space to PTB. More research is needed to examine these potential mediators to 
develop a more comprehensive understanding of the beneficial effects of green space on birth 
outcomes. Most recent studies were limited to America and Europe (Abelt and McLafferty, 
2017; Agay-Shay et al., 2014; Casey et al., 2016; Cusack et al., 2017; Dadvand et al., 2012a; 
Glazer et al., 2018; Grazuleviciene et al., 2015; Hystad et al., 2014; Laurent et al., 2013a). Green 
space and air pollution exposure levels could vary in different regions and might cause different 
health impacts. Thus, there is also a strong need for studies conducting in other geographical 
settings (Dzhambov et al., 2019), particularly in low-income and middle-income countries, 
where air pollution exposure is most severe and require better urban planning in mega cities. 

5. Conclusions 

This large study found that maternal exposure to residential green space was associated 
with a decreased risk of PTB, including overall, moderately, and very PTB. The stronger 
associations were observed for larger green space buffer size, especially during the 3rd − 5th 
gestational months. Our findings also suggest that there are potential positive interactions 
between green space exposure and air pollution indicators during pregnancy. Further multi-
disciplinary studies would be needed to examine this association in other settings and fully 
understand how the complexity of the pregnant woman’s biopsychosocial andenvironmental 
experience influences PTB. 
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