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Abstract

Background: Exposure to high air temperature in late pregnancy is increasingly recognized as a
risk factor for preterm birth (PTB). However, the combined effects of heatwaves with air pollution
and green space are still unexplored. In the context of climate change, investigating the interaction
between environmental factors and identifying communities at higher risk is important to better
understand the etiological mechanisms and design targeted interventions towards certain women
during pregnancy.

Objectives: To examine the combined effects of heatwaves, air pollution and green space
exposure on the risk of PTB.

Methods: California birth certificate records for singleton births (2005-2013) were obtained.
Residential zip code-specific daily temperature during the last week of gestation was used to
create 12 definitions of heatwave with varying temperature thresholds and durations. We fit
multi-level Cox proportional hazard models with time to PTB as the outcome and gestational week
as the temporal unit. Relative risk due to interaction (RERI) was applied to estimate the additive
interactive effect of air pollution and green space on the effect of heatwaves on PTB.

Corresponding author Yi Sun, MPH, 100 Theory Drive, Irvine, CA 92617, USA., sunyl6@uci.edu, Dr Tarik Benmarhnia, PhD,
8880 Biological Grade, #1665, La Jolla, CA 92037, USA., thenmarhnia@ucsd.edu.
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Results: In total, 1,967,300 births were included in this study. For PM5 5, PM1g and Os, we
found positive additive interactions (RERIs >0) between heatwaves and higher air pollution levels.
Combined effects of heatwaves and green space indicated negative interactions (RERIs <0) for
less intense heatwaves (i.e., shorter duration or relatively low temperature), whereas there were
potential positive interactions (RERIs >0) for more intense heatwaves.

Conclusion: This study found synergistic harmful effects for heatwaves with air pollution, and
potential positive interactions with lack of green space on PTB. Implementing interventions, such
as heat warning systems and behavioral changes, targeted toward pregnant women at risk for high
air pollution and low green space exposures may optimize the benefits of reducing acute exposure
to extreme heat before delivery.

Preterm birth; heatwave; temperature; air pollution; green space; built environment; interaction

INTRODUCTION

Preterm birth (PTB), defined as birth before 37 weeks of gestation (March of Dimes et

al., 2012), occurs in 11% of births globally, and the rate is increasing in most countries
(Harrison & Goldenberg, 2016; Petrou, 2003). PTB is a leading cause of infant mortality
and morbidity (Liu et al., 2016), and child mortality (Harrison & Goldenberg, 2016; Liu

et al., 2016); it is also associated with an increased risk of multiple long-term adverse
effects, including physical, cognitive, behavioral, and developmental problems (Chehade et
al., 2018; McCormick et al., 2011; Saigal & Doyle, 2008).

In epidemiological studies, exposure to high ambient air temperature is increasingly
recognized as a risk factor for PTB (Arroyo et al., 2016; Auger et al., 2014; Bekkar et

al., 2020; Kent et al., 2014; Schifano et al., 2013; Sun et al., 2019; Vicedo-Cabrera et al.,
2015; Wang et al., 2013; Wang et al., 2020; Zhang et al., 2017). We recently reported that
acute exposure to extreme heat during the last week of gestation may trigger an earlier
delivery with important variability according to distinct heat wave definitions (llango et

al., 2020). The potential biological mechanism by which heat stress leads to PTB is that
high temperature could cause dehydration and stimulate secretion of antidiuretic hormone
and oxytocin. These may reduce uterine blood flow, which could affect fetal metabolic
responses and trigger contractions, and result in PTB (Dreiling & Carman, 1991; Stan et al.,
2013). It is expected that the frequency, intensity, and duration of heatwaves will increase
due to climate change (Hoegh-Guldberg et al., 2018; Schar, 2015), which will add to the
existing PTB burden. Understanding the effect of heatwaves on PTB and identifying optimal
thresholds to activate interventions targeting pregnant women is particularly important in the
context of climate change.

In addition to the direct effect of heat on PTB, climate change could indirectly threaten
population health through several pathways (Watts et al., 2015). For example, heat stress
can increase concentrations of tropospheric ozone (O3) and exacerbate the toxicity of
ground-level airborne pollutants such as particulate matter (PM) and O3 (Ebi & McGregor,
2008; Gordon et al., 2014; Hou & Wu, 2016). Air pollution may increase oxidative stress
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and inflammatory responses, cause endocrine disruption, and change hemodynamic status
in the body (Feng et al., 2016; Kannan et al., 2006; Moore et al., 2018; Vadillo-Ortega et
al., 2014), which may be associated with PTB. Several studies have reported that ambient
air pollution exposure during pregnancy increases the risk of PTB (Kloog et al., 2012;
Lamichhane et al., 2015; Laurent et al., 2016; X. Li et al., 2017; Malley et al., 2017; Olsson
et al., 2013; Pereira et al., 2014; Sheridan et al., 2019; Stieb et al., 2012; Wang et al., 2018;
Wilhelm et al., 2011; Wu et al., 2009) particularly toward the end of gestation. Zanobetti and
Peters called for further studies on the combined adverse health effects of air pollution and
weather since their joint effects may be larger than estimated for single exposure (Zanobetti
& Peters, 2015). Investigating their joint effects may contribute to better understanding

of etiological mechanisms and the ability to identify high risk communities for which
targeted interventions could be designed (Kloog, 2019). However, previous studies on the
combined effect of air pollution and temperature have predominantly focused on mortality,
hospitalization rates, cardiovascular disease, and respiratory outcomes (Benmarhnia et al.,
2014; De Sario et al., 2013; J. Li et al., 2017; Shaposhnikov et al., 2014). Only one

recent study in Guangzhou, China reported moderately intensive heatwaves (i.e., shorter or
with relatively low temperature thresholds) may act synergistically with ambient particulate
matter < 2.5 pm (PM, 5) exposure to increase the risk of PTB (Wang et al., 2020). Further
studies in other geographical regions and considering other air pollutants would provide
insight toward the combined effect between heatwaves and air pollutants on PTB.

Furthermore, effective adaptation measures to climate changes, such as the development

of green infrastructure, may help reduce the burden of heatwaves (Mimura et al., 2014).
Green space influences ambient temperature through transpiration, shading and modified
convection. Green spaces could provide substantial cooling benefits for their surroundings,
especially when urban heat islands are most intense (Gunawardena et al., 2017). The
protective associations of green space on PTB have been shown in previous studies (Casey
et al., 2016; Grazuleviciene et al., 2015; Hystad et al., 2014; Laurent et al., 2013; Sun et

al., 2020). A recent study in Rome observed no effect modification for the Normalized
Difference Vegetation Index (NDVI) on the relationship between maximum apparent
temperature and PTB (Asta et al., 2019). To our knowledge, no prior study has examined
interactions between heatwaves and green space exposure during pregnancy and their joint
impact on PTB. Understanding their potential interactions could help confirm the benefits of
green space on mitigating the effects of climate change and the need to enhance green space
infrastruture, especially in urban areas (Kloog, 2019).

To expand our understanding of heatwave in relation to PTB, we aimed to examine the
potential interaction of heatwaves, air pollution and green space exposure on the risk of
PTB, using data from California births between 2005 and 2013.

METHODS

Study Population

We created a cohort of mothers who gave birth in California between 2005 and 2013 using
Birth Data Files 2005-2013, maintained and provided by the California Department of
Public Health. We focused on births during the warm season (May through September) as

Environ Res Lett. Author manuscript; available in PMC 2021 October 14.
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defined in previous studies of extreme heat and health in California (Avalos et al., 2017;
Basu et al., 2017; Basu et al., 2010; Gershunov & Guirguis, 2012; llango et al., 2020).
This analysis was restricted to live, singleton births and excluded mothers with missing
residential zip code and births with missing gestational age. Mothers who gave birth after
September 30 were considered at-risk for preterm birth in September but were not included
as events. Further details of the cohort have been previously described (llango et al., 2020).
The final sample included 1,967,300 mother/infant pairs (Appendix A). This study was
approved by the University of California, Irvine (IRB #2019-5242).

The outcome of interest for this analysis was time-to-preterm birth, with gestational weeks
as the time scale. Preterm birth was defined as gestational age less than 37 weeks. Preterm
birth was further categorized into extremely PTB (<28 weeks gestation), very PTB (28-<32
weeks gestation), and late PTB (32-<37 weeks gestation) in sensitivity analyses. Clinical
estimates of gestational age were obtained from the Birth Data Files and were reviewed for
implausible combinations of birth weight and gestational age (Alexander et al., 1996). Births
that occurred outside of the risk period were censored.

Heatwave—Our classification of heatwave has been previously described (llango et al.,
2020). Briefly, we created 12 definitions of heatwave with varied temperature thresholds
(75th, 90th, 95th, and 98th percentiles) and durations (at least 2, 3, or 4 consecutive

days) for each Zip Code Tabulation Area (ZCTA), representing zip codes defined by the
U.S. Census Bureau. Temperature data were derived from National Ocean and Atmosphere
Administration Cooperative Observer stations and then assigned to population-weighted zip
code centroids for zip code-specific daily estimates of maximum temperature (Livneh et al.,
2015). For each definition of a heatwave, exposure was dichotomized and mothers were
considered exposed if they experienced an extreme heat episode the week before birth (i.e.,
the six days preceding delivery and date of birth).

Air Pollutants—PM), 5 and O3 were the main air pollutants of interest in this analysis.
PM, 5 and O3 were estimated using 24-hour daily means and 8-hour daily maximums,
respectively, sampled and analyzed by the US Environmental Protection Agency Air Quality
System. Measured concentrations within a 20 km radius of each population-weighted
centroid were used for interpolation. Values were interpolated using an inverse distance
weighting approach, where monitoring stations closer to the point of interest contributed
more to the estimated concentration than stations farther away. Exposure was set to missing
if there was no measured concentration within 20 km of the zip code centroid. Daily-, zip
code-specific pollutant estimates were then linked to each participant’s residential zip code
with a moving average exposure from the week before birth. In addition, we conducted
analyses regarding PM1g and nitrogen dioxide (NOy) and we used the same source of data
and a similar interpolation approach to assign exposure to these pollutants during pregnancy
to our study participants.

Environ Res Lett. Author manuscript; available in PMC 2021 October 14.
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Green Space—Green space was evaluated using NDVI, a measure that estimates
surrounding green space from a satellite-derived index of vegetation. Details on estimation
of NDVI has been previously published (Sun et al., 2020). Briefly, NDVI ranges from -1

to 1 and describes the difference between visible and near-infrared reflectance of vegetation
cover, where higher values indicate more greenness. The NDVI estimates were based on
every eight-day MODIS products with a spatial resolution of 250 m x 250 m. Average
NDVI was calculated and assigned to each zip code based on the NDVI values in all 250

m grids within the zip code. Annual-, zip code-specific NDVI estimates were linked to each
participant zip code and date of birth and were evaluated per 0.1 unit increase in regression
analyses. Tree canopy, measured as the population-weighted percentage of the zip code
with tree canopy, was used as an alternative estimate of green space in sensitivity analyses
(Delaney et al., 2018). The tree canopy data was obtained from the California Healthy Places
Index (HPI) that was modeled from the National Land Cover Database (Homer et al., 2015).

Covariates included in the regression model were selected a priori as potential confounders
and well documented risk factors of preterm birth. We ascertained information on covariates
from birth data. All models included the following maternal characteristics: age, race/
ethnicity (American Indian/Alaskan Native, Asian, Hispanic, Native Hawaiian/Pacific
Islander, Non-Hispanic Black, Non- Hispanic White, and other), education (less than high
school, high school diploma, less than four years of college, four years of college, and more
than four years college), health insurance (Medicaid, private health insurance, and other),
parity (1, 2, 3, 24), plus sex of infant (female or male), and season of birth (spring, summer,
fall).

Statistical Analysis

Descriptive statistics of maternal, infant, and environmental characteristics were computed
for the total study population and stratified by preterm (<37 weeks) and term (=37 weeks)
births.

A time-to-event framework was implemented for the main analysis. We fit multi-level Cox
proportional hazard models with time to PTB as the outcome and gestational week as the
temporal unit. Mothers with term births were censored and their zip codes were included
as a random effect to account for any spatial clustering of PTB. We ran separate models
for each heat wave definition. Exposure was assigned using week before birth, as seen in
previous work (Auger et al., 2014; Ilango et al., 2020). All models included an interaction
term between heatwave and air pollutant or green space and were adjusted for maternal
age, race/ethnicity, education, health insurance, parity, infant sex and season of birth. We
generated hazard ratios and 95% confidence intervals for each heat wave definition.

In this analysis, we used the relative risk due to interaction (RERI) to estimate the additive
interactive effect of heatwave exposure on PTB with respective two-way interactions with
one week of air pollution exposure (PM1g, PM5 5 per 10 ug/m3 and O3, NO, per 10 ppb)
and annual green space (per 0.1 decrease in NDVI) (VanderWeele & Knol, 2014). This
qualitative measure represents interaction departure from additivity, which is a priority when

Environ Res Lett. Author manuscript; available in PMC 2021 October 14.
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evaluating etiologic research questions. For example, preventing the effect of heat waves
among mothers exposed to high air pollution or low NDVI may have a greater benefit by
reducing PTB risk. RERI = HR11 — HR1g - HRq1 + HRqp, Where HR,, = (D=1|X=x,Y
= y) the risk of the outcome D when X is value x and Y is value y.

Sensitivity Analyses

First, we applied the Cox proportional hazard models considering the interaction of green
space and heatwaves on PTB restricting to only urban zip codes as a sensitivity analysis.
Urban zip codes were defined as those with a rural-urban commuting area of less than

three, which indicates that at least 30% of the population commutes to an urban area for
work (Cromartie, 2005). Next, we considered varying exposure windows of 4 days and 2
weeks prior to delivery to consider more acute and less acute periods of exposure to heat
wave and air pollution. We also considered tree canopy, as an alternative estimate of green
space (Ulmer et al., 2016). The RERIs were calculated per one unit increase in tree canopy
percentage, which was a population-weighted percentage of the census tract area with tree
canopy defined by the Healthy Places Index (Delaney et al., 2018), averaged by zip code.
Lastly, chronic exposure to each air pollutants were considered as alternative measures of air
pollution exposure, which was the average exposure concentration over the entire gestational
period. All analyses were performed with SAS version 9.4 (SAS Institute, Inc., Cary, North
Carolina).

RESULTS

Among 1,967,300 births included in our study population, 127,039 (6.72 %) PTBs, 4,975
(0.25%) extremely PTBs, 11,894 (0.60%) very PTBs, and 114,949 (5.84%) late PTBs

were identified. The distribution of selected population characteristics and environmental
conditions is presented in Table 1. The ZCTA-specific mean temperatures, PM, 5 and O3
concentrations, and NDVI values are depicted in Figure 1. Overall, ambient temperature and
air pollution levels in southern California were higher than those in northern California.

Heatwave definitions used in this study are shown in Table 2. During the warm season
(May-September), the maximum proportion of days using different heatwave definitions
was 17.97% [least conservative definition: mean maximum temperature = 88.11 °F (the
75th percentile) lasting for at least 2 days] and the minimum proportion was 0.20% [most
conservative definition: mean maximum temperature = 98.11 °F (the 98th percentile) lasting
for at least 4 days].

Results of the combined effects of heat waves, air pollution, and green space are presented in
Figure 2 and Appendix B. Independent effects of heat waves have been previously published
and independent effects of air pollution and green space are described in Appendix C (llango
et al., 2020). For PM, 5, PM1q and O3, we found consistent positive additive interactions
between heatwaves and higher air pollution levels. RERIs >0 indicated the presence of
positive additive interaction, suggesting joint effects of heatwaves and air pollution on

PTB are greater than expected based on the estimated effects of each exposure alone

(i.e., synergistic). However, the RERIs for NO, were consistently negative (see Appendix
B). Overall, estimates for additive interactions of heatwaves and NDVI-based green space

Environ Res Lett. Author manuscript; available in PMC 2021 October 14.
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indicated negative additive interactions (RERIs <0) for less intense heatwaves (HWD1-7),
whereas there was a potential synergistic effect of more intense heatwaves (HWD8-12) and
green space exposure (RERIs >0).

In sensitivity analyses, interaction analyses were performed using varying exposure
windows, four days and two weeks prior to the delivery date, to investigate the acute effects
of heatwave exposures on PTB. Results of RERI indicated similar trend for the shorter
exposure window of four days, whereas the combined effects of heatwaves with PM and
NDVI were weaker and imprecise for longer exposure period of two weeks (Appendix D).
We also examined the combined effects of heatwaves and chronic exposure to air pollution
over the full gestational period. RERIs suggested similar pattern for the long-term effects
compared to the acute effects during the final gestational week (Appendix E). Furthermore,
we calculated the RERIs of heatwave and lack of green space on PTB restricted to urban
zip codes and found the joint effects were similar between urban population and the whole
population (Appendix F). When considering tree canopy as a measure of green space in the
sensitivity analysis, potential additive interactions were observed between relatively intense
heatwaves and decreasing tree canopy levels (Appendix G). RERIs stratified by PTB type
were shown in Appendix H. Results for late PTB were similar to PTB, but no precise trends
were observed for extremely PTB and very PTB.

DISCUSSION

To the best of our knowledge, this is the first study to examine the potential combined
effects of heatwaves, air pollutants, and green space exposure on the risk of PTB. In this
large obstetric population from the entire state of California from 2005 to 2013, we found
synergistic effects for heatwaves with high air pollution (PM, 5, PM1g and O3) and potential
interaction with low green space exposures, indicating that those with higher levels of

air pollution and lower green space may benefit more from preventing acute exposure to
extreme heat before birth.

Relationships between environmental factors are complex. Studies which do not consider
combined exposures may have underestimated their effects (Klompmaker et al., 2019b;
Klompmaker et al., 2019a). An increasing number of epidemiological studies have
suggested that an elevated risk of PTB were associated with high temperature exposure
toward the end of gestation (Arroyo et al., 2016; Asta et al., 2019; Bekkar et al., 2020; He

et al., 2016; Schifano et al., 2013; Sun et al., 2019; Vicedo-Cabrera et al., 2015; Wang et al.,
2013; Wang et al., 2020; Zhang et al., 2017). In a recent review and meta-analysis (Bekkar et
al., 2020), five US studies (Avalos et al., 2017; Basu et al., 2017; Basu et al., 2010; Ha et al.,
2017; Kloog et al., 2015) examined the association between heat exposure and PTB. Four
of the 5 studies (80%) found a positive association between heat exposure during pregnancy
and PTB, and PTB risk increased 11.6% per 5.6 °C increase. In our previous work, we

also found consistent evidence of an effect of acute exposure to heat stress before delivery
and PTB (llango et al., 2020). However, the potential interactions of heatwave exposure and
other environmental factors have not been studied extensively.

Environ Res Lett. Author manuscript; available in PMC 2021 October 14.
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Air quality is highly sensitive to extreme meteorological events. For instance, heatwaves
can increase ozone concentrations by affecting the production and transport of air pollutants
(Carmichael et al., 1998; Hou & Wu, 2016; Jacob et al., 1993). To date, only one study in
Guangzhou, China evaluated the interactive effects of heatwaves and PM; 5 on PTB. The
authors reported that the joint effects of PM, 5 and heatwaves appeared to be synergistic
(RERIs >0) for less extreme heatwaves but were less than additive (RERIs <0) for more
intense heatwaves in their study population (Wang et al., 2020). In our study, we observed
consistent positive additive interactions (RERIs >0) between heatwaves and PM and O3

on PTB for all heatwave definitions, suggesting that acute exposure to heatwaves may be
more harmful for women who are exposed to higher levels of air pollution during the last
week of gestation. We also found similar combined effects of acute exposure to heatwaves
and long-term exposure to air pollution over the full gestational period. This synergistic
effect of heatwave and air pollution on PTB may imply underlying biological mechanisms.
Heat stress can worsen toxic outcome in humans through a variety of mechanisms. For
example, air pollution may add oxidative stress and inflammatory responses in the body
that may lead to preterm labor (Moore et al., 2018; Vadillo-Ortega et al., 2014), and raising
ambient temperature may accelerate the intake of air pollutants, such as PM and Oz, through
heat-induced sweating, elevation in skin blood flow, and pulmonary ventilation. Moreover,
heat stress combined with work or exercise is likely to worsen toxicity (Gordon et al.,
2014). We also found that RERIs for NO, and heat were negative for most heatwave
definitions, suggesting the effect of heat on PTB is lower when NO, exposure increases

in late pregnancy. Such result can be explained by the fact that nitrogen oxides act as
precursors for ozone. Indeed, as O3 levels are expected to increase during heat events and
that we found synergistic effects between O3 and heat events, it can explain such pattern.
Yet, it would be interesting in future work to explore modern statistical approaches to study
environmental exposure mixtures (Hamra & Buckley, 2018; Keil et al., 2020).

The combined effects of heatwaves and green space on PTB have not been studied
previously. A previous review reported that micro-urban heat islands that mostly use NDVI
to capture lack of greenness have been shown to exacerbate the effects of extreme heat on
mortality and hospital admissions (Schinasi et al., 2018). Green space from remotely sensed
imagery, such as NDVI, cannot reflect types of vegetation (e.g., tree canopy, low-lying
vegetation, grass), which might have varying impacts on health through different pathways
(Astell-Burt & Feng, 2019; Zhang & Tan, 2019). For instance, NDVI may be relatively
insensitive to changes in canopy structure due to variations between vegetation types (e.g.,
shrubs and grassland) and canopy types (e.g., evergreen vs. deciduous) (Gamon et al., 1995).
We used NDVI and tree canopy to capture different aspects of green space exposure. A
study in Rome reported no effect modification for NDVI within 100 m from residential
address on the relationship between maximum apparent temperature and PTB (Asta et al.,
2019). In our study, we found some interesting interaction patterns between heatwaves and
green space on PTB. Although RERIs were mostly imprecise, the results implied potential
positive interactions between heatwaves and low NDVI-based green space exposure for
more conservative heatwave definitions. Further, RERIs of the tree canopy cover showed
positive additive interactions, even for less conservative heatwave definitions. Green space
can offer substantial cooling benefits to the surrounding area and tree-dominated green space

Environ Res Lett. Author manuscript; available in PMC 2021 October 14.
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(i.e., canopy-layer) provides greater heat stress relief when most required (Gunawardena et
al., 2017).

The main strengths of our study include the large size and diversity of the obstetric
population; a broad set of definitions that capture heatwaves of varying intensity and
duration; and the time-to-event analytical framework that could account for the impacts

of time-varying temperature, air pollution and green space exposures, and different exposure
windows.

However, this study has limitations, which suggest avenues for further research. First,
estimated exposures were assessed solely based on the maternal residential zip code reported
on the infant birth certificate, which could not capture local-scale exposure. Exposure
misclassification could also be caused by lack of information on the residential mobility
during pregnancy, individual activity patterns, and heterogeneity in indoor and outdoor
exposures. Future studies may include the exact maternal addresses, residential change,

and use personal monitors to examine real-time personal-level heatwave, air pollution and
green space exposures. Next, although we conducted interaction analyses using two green
space indicators, they do not allow us to distinguish between different vegetation species
and types of green space (e.g., street trees, gardens, and parks). Further research is needed
using more informative and multiple green space indicators, such as proximity to green
spaces and greenness based on street view image, to represent different aspects of green
space exposure and explore the potential roles of different green space exposures on the
associations between heat and health. Moreover, future research may take into account
health status, behaviors and other individual factors, such as chronic diseases, maternal
complications, physical activity, and smoking status, which may modify the effect of heat,
air pollution, and green space on the risk of PTB. Further, the meteorological characteristics
and environmental factors could vary across regions and might cause different health
impacts. Thus, there is also a need to conduct studies in other geographical settings with
different climate, air pollution and green space levels.

This study found synergistic effects for heatwaves with air pollution, and potential positive
interactions with lack of green space on PTB, suggesting that reducing acute exposure

to extreme heat before delivery may be more beneficial for pregnant women with high

air pollution and low green space exposures. Targeted interventions, such as extreme

heat warning systems, reduced outdoor activities, increased cooling zones, and protective
behaviors, conducted among women who are exposed to more air pollution and less green
space may optimize the potential benefits of reducing heat exposure during pregnancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mean temperature, NDVI, air pollution, California, May-September, 2005-2013.

Number of zip codes: Temperature: 1759; NDVI: 1759; PM, 5: 1202; O3: 1356.
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Figure 2. RERI of heatwave and PM» 5, O3, NDVI inverse on preterm birth.
RERI: Relative excess risks due to interaction.

All models adjusted for maternal age, race/ethnicity, education, insurance, parity, infant sex,
season; maternal residential ZIP code was fitted as a random effect.

RERI calculated for 10 pg/m?3 increase in PM, 5; 10 parts per billion (ppb) increase in Os;
0.1 unit decrease in NDVI.
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Description of the study population and environmental conditions, by gestational age category in California,

May-September 2005 — 2013.

Preterm birth (< 37 weeks) n =

Term birth (= 37 weeks) n =

Characteristics 127039 1,763,247 Total births™ n = 1,967,300
Maternal age, years, mean (SD) 28.36 (6.7) 28.29 (6.2) 28.30 (6.3)
Maternal race/ethnicity, n (%)

American Indian/Alaskan Native 667 (0.5) 7582 (0.4) 8557 (0.4)
Asian 14630 (11.5) 220431 (12.5) 244711 (12.4)
Hispanic 69499 (54.7) 896736 (50.9) 1005799 (51.1)
Native Hawaiian/Pacific Islander 804 (0.6) 8918 (0.5) 10138 (0.5)
Non-Hispanic Black 10723 (8.4) 94844 (5.4) 109931 (5.6)

Non-Hispanic White 28635 (22.5)

Maternal education, n (%)

< 8th grade 37341 (30.5)
9th grade — high school 33139 (27.1)
At least come college 51979 (42.5)

Health insurance, n (%)

Medicaid 66787 (52.8)
Private health insurance 51910 (41.0)
Other 7847 (6.2)
Parity, n (%)

1 48634 (38.6)
2 35146 (27.9)
3 22001 (17.5)
4 or more 20093 (16.0)
Sex of infant, n (%)

Female 56891 (44.8)
Male 70139 (55.2)

Season of birth, n (%)

Spring (May - June) 50647 (39.9)

Summer (July - September) 76392 (60.1)
Fall (October) NA
Environmental condition during the week preceding birth, mean (SD)

Temperature, °F 83.52 (9.9)
PM; 5, pg/m? 11.48 (4.7)
PMyg, pg/m3 30.34 (12.6)
03, ppb 50.36 (12.7)
NO,, ppb 12.68 (6.2)
NDVI 0.37 (0.1)

505522 (28.7)

425993 (25.0)
435511 (25.6)
841046 (49.4)

815952 (46.4)
829836 (47.1)
114598 (6.5)

699535 (39.7)
561898 (31.9)
299279 (17.0)
201457 (11.4)

863502 (49.0)
899741 (51.0)

668504 (37.9)
1094743 (62.1)
NA

83.00 (9.8)
11.19 (4.6)
29.48 (12.3)
49.37 (12.5)
12.27 (6.1)
0.37 (0.1)

555511 (28.2)

482210 (25.4)
487902 (25.7)
929120 (48.9)

918890 (46.8)
917391 (46.7)
127523 (6.5)

779126 (39.7)
620926 (31.6)
334441 (17.0)
230483 (11.7)

958057 (48.7)
1009228 (51.3)

719151 (36.6)
1171135 (59.5)
77014 (3.9)

83.12 (9.8)
11.26 (4.7)
29.69 (12.4)
49.39 (12.5)
12.58 (6.4)
0.37 (0.1)

SD, standard deviation; F, Fahrenheit.; ppb, parts per billion.
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*
Birth outcomes are censored if the mother was at-risk during the study period (May to September) but gave birth outside this window. This study
included 1,890,286 births and 77,014 fetus-at-risk.
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Table 2.

Description of heatwave definitions used in these analyses.
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Heatwave Definition

Threshold percentile and mean maximum temperature (°Fahrenheit)

Duration (days)

Number of days (%)

HWD1
HWD2
HWD3
HWD4
HWD5
HWD6
HWD7
HWD8
HWD9
HWD10
HWD11
HWD12

75 (88.11)
75 (88.11)
75 (88.11)
90 (92.46)
90 (92.46)
90 (92.46)
95 (95.14)
95 (95.14)
95 (95.14)
98 (98.11)
98 (98.11)
98 (98.11)

B O B I R L N \C B - OV I N ]

489,140 (17.97)
351,812 (12.93)
257,301 (9.45)
166,943 (6.13)
103,197 (3.79)
6,4824 (2.38)
75,787 (2.78)
42,406 (1.56)
23,797 (0.87)
26,336 (0.97)
11,886 (0.44)
5,553 (0.20)
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