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Abstract

Background: The effect of heatwaves on adverse birth outcomes is not well understood and may vary by how
heatwaves are defined. The study aims to examine acute associations between various heatwave definitions and
preterm and early-term birth.

Methods: Using national vital records from 50 metropolitan statistical areas (MSAs) between 1982 and 1988,
singleton preterm (< 37 weeks) and early-term births (37-38 weeks) were matched (1:1) to controls who completed
at least 37 weeks or 39 weeks of gestation, respectively. Matching variables were MSA, maternal race, and maternal
education. Sixty heatwave definitions including binary indicators for exposure to sustained heat, number of high
heat days, and measures of heat intensity (the average degrees over the threshold in the past 7 days) based on the
97.5" percentile of MSA-specific temperature metrics, or the 85" percentile of positive excessive heat factor (EHF)
were created. Odds ratios (OR) for heatwave exposures in the week preceding birth (or corresponding gestational
week for controls) were estimated using conditional logistic regression adjusting for maternal age, marital status,
and seasonality. Effect modification by maternal education, age, race/ethnicity, child sex, and region was assessed.

Results: There were 615,329 preterm and 1,005,576 early-term case-control pairs in the analyses. For most
definitions, exposure to heatwaves in the week before delivery was consistently associated with increased odds of
early-term birth. Exposure to more high heat days and more degrees above the threshold yielded higher
magnitude ORs. For exposure to 3 or more days over the 97.5" percentile of mean temperature in the past week
compared to zero days, the OR was 1.027 for early-term birth (95%Cl: 1.014, 1.039). Although we generally found
null associations when assessing various heatwave definitions and preterm birth, ORs for both preterm and early-
term birth were greater in magnitude among Hispanic and non-Hispanic black mothers.

Conclusion: Although associations varied across metrics and heatwave definitions, heatwaves were more
consistently associated with early-term birth than with preterm birth. This study’s findings may have implications for
prevention programs targeting vulnerable subgroups as climate change progresses.
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Background

Preterm birth (birth less than 37 weeks of gestational
age) is a leading cause of infant mortality and long-term
neurological disabilities in children [1]. Children born
preterm are more likely to experience other adverse out-
comes, such as respiratory illnesses [2], lower cognitive
abilities [3, 4], and increased behavioral problems [3, 4].
Maternal and neonatal adverse outcome rates reach the
lowest point between 39 and 40 weeks gestation [5, 6].
Early-term birth (37-38 weeks of gestational age) also
poses a measurable impact on an infant’s survival,
growth, and development relative to those born at 39—
40 weeks [5, 6]. In the United States (US) during 1982—
1988, about 9.8% of live births were born preterm and
17.8% were born early-term [7]. In 2018, while there was
a slight increase in preterm births (10%), early-term
births increased significantly, affecting 26.5% of live
births [8]. Despite this public health relevance, early-
term birth has been understudied.

Recent studies suggest that higher ambient tempera-
tures are associated with an increase in preterm birth
[9-16] and a decrease in mean gestational age [17, 18].
However, the magnitude of association varied consider-
ably, and it is unclear what factors influence this rela-
tionship. A few studies also found that heatwaves,
conceptually defined as consecutive days of high ambient
temperature, were positively associated with preterm
birth in the last week before delivery [19-22], and that
these associations persisted even after adjusting for
current day temperatures [23]. Unfortunately, synthesiz-
ing results from heatwave studies is challenging due to
differences in location, study design, and heatwave
definition.

Broadly, there are two major frameworks for defining
heatwaves commonly used in the literature. One widely
used framework is based on a temperature metric (e.g.,
maximum temperature, apparent temperature) exceed-
ing a pre-specified threshold, which can be absolute
(e.g., 35°C) or relative (e.g., 95th percentile) for more
than a certain number of consecutive days [20, 24]. The
other prominent heatwave definition framework, known
as excessive heat factor (EHF) [25], has also been used in
several studies [26-28]. EHF is a compound value that
identifies and quantifies three-day periods in relation to
both the historical 95" percentile of temperature and to
temperatures over the past 30days. The choice of
temperature metrics may be important, because different
metrics measure different aspects of heatwaves. For ex-
ample, minimum temperatures may reflect the lack of
overnight cooling [29], whereas apparent temperature
incorporates humidity, which may better reflect how hot
it feels outside [30]. It is unclear which temperature
metric may be most relevant for adverse health out-
comes. Few studies have systematically evaluated how
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the choice of temperature metrics and threshold of con-
secutive days affects estimated associations [20]. In
addition, previous US studies of high temperatures and
preterm birth have focused on single study cites [15, 31,
32], which have limited ability to investigate more ex-
treme regional heatwave events.

To address these literature gaps, we used US birth data
from 1982 to 1988 to assess how various heatwave defi-
nitions using temperature metrics, the heatwave defin-
ition framework, and the number of consecutive hot
days were each associated with preterm and early-term
birth in the 50 most populous metropolitan areas.

Methods

Study population and locations

Data from all births in the US were obtained from the
National Center for Health Statistics (NCHS, https://
www.cdc.gov/nchs/data_access/vitalstatsonline.htm) for
the years 1982-1988, years for which location and exact
birth date are publicly available. A total of 25,328,335
births occurred during 1982-1988. We selected births
from the 50 most populous metropolitan statistical areas
(MSA), accounting for 52% of all births in the US. Delin-
eation of MSAs was based on the 2010 Census. The 50
MSAs contained 416 counties. 20% of births were in the
two most populous MSAs (Los Angeles-Long Beach-
Santa Ana, CA and New York-Northern New Jersey-
Long Island, NY-NJ-PA); because of the disproportion-
ate number of births in those two MSAs, we split them
into smaller areas. Los Angeles-Long Beach-Santa Ana,
CA was split into two parts (Los Angeles county and Or-
ange county, Figure S1), and New York-Northern New
Jersey-Long Island, NY-NJ-PA was split into three parts
(Long Island areas, New York City area, and other New
York-New Jersey counties, Figure S2). Thus, there were
53 MSA/sub-MSAs (Fig. 1) included in the study;
throughout, we refer to these MSAs and sub-MSAs as
the “study locations.” The study protocol was approved
by the University of Nevada, Reno Institutional Review
Board (IRB#: 1164285-8).

Exclusion criteria

Fixed cohort bias can occur in retrospective birth cohort
studies that define inclusion based on birth dates within
a fixed start and end date, which means shorter preg-
nancies are missed at the start of the study, and longer
pregnancies are missed at the end [33]. To avoid this
bias, we defined our study population by conception
dates and limited our study population to women whose
last menstrual period (LMP) dates were between
October 1, 1981 and February 29, 1988 to ensure that
both the shortest and the longest pregnancies were in-
cluded. For comparison with previous studies, we
focussed our analysis on the warm season [9, 16].


https://www.cdc.gov/nchs/data_access/vitalstatsonline.htm
https://www.cdc.gov/nchs/data_access/vitalstatsonline.htm
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Fig. 1 Map of geographic centroids of 53 selected study locations in the US

Analogous to the fixed cohort bias described above, se-
lection bias might also occur in this setting when shorter
or longer pregnancies, which could have been exposed
to heatwaves and were at risk for preterm birth, are ex-
cluded as a consequence of limiting the analysis to ba-
bies born in the warm season. To prevent this potential
bias, we included all births whose at-risk window (28
weeks and 0 days — 36 weeks and 6 days for preterm and
37 weeks and 0 days-38 weeks and 6 days for early-term)
overlapped with the warm season (May 1 — September
30) for at least 1day (calculation illustrated in Figure
S3). This corresponded to yearly conception dates be-
tween August 16 and March 18 (of the following year)
and August 2 and January 14 (of the following year) for
preterm and early-term birth, respectively (selection
process and study flow diagram illustrated in Figure S4).
In addition, we limited the analysis to singleton births.

Meteorological data

We obtained 1kmx 1km gridded estimates of daily
meteorological parameters from Daymet [34] sup-
ported by NASA through the Earth Science Data and
Information System (ESDIS) and the Terrestrial Ecol-
ogy Program. Daymet uses surface meteorological ob-
servations in a spatial interpolation algorithm that
also incorporates elevation, solar radiation, and pre-
cipitation factors to provide the gridded estimates. It
provides seven surface weather parameters (minimum
temperature (Tmin), maximum temperature (Tmax),
precipitation, shortwave radiation, vapor pressure
(VP), snow water equivalent, and day length) for
North America. For this study, we calculated county-
level daily Tmin, Tmax, and VP by averaging all grid
estimates within a county in the US for each day be-
tween January 1, 1982 and December 31, 1988. Daily
mean temperature (Tmean) was the mean of daily
Tmin and Tmax. Because relative humidity is a

qualitative indicator of moisture in the atmosphere
that changes with ambient temperature, we instead
use dew-point temperature, which is a quantitative
measure of the amount of moisture. To provide a hu-
midity value, dew-point temperature was calculated
from Tmean and VP [35, 36]. We also calculated ap-
parent temperature (AT) metrics including ATmin,
ATmax, ATmean as follows [30]:

AT = -2.653 +0.994 x T, + 0.0153 x T?, (1)

where T, is ambient temperature (minimum, max-
imum, or mean) and 7, is mean dew-point temperature.

For study locations comprised of more than one
county, we calculated daily meteorological variables for
each location by linking county-level population size ob-
tained from the 1980 Census (https://www2.census.gov/
programs-surveys/popest/tables/1980-1990/counties/
totals/e8089co.xls) to the meteorological data and calcu-
lating population-weighted mean of the county-level es-
timates within a location.

Heatwave definitions

We used two major heatwave definition frameworks
(Fig. 2) from the existing literature to identify hot days
in each location over the study period. One framework
(Arrow 1, Fig. 2) is referred to as the relative
temperature threshold. Because climate differs across
study locations, we set temperature thresholds specific
to each study location [37]. Since this was a national
study with a relatively large sample size, we were able to
examine the impact of more extreme heatwave events.
Therefore, we used the 97.5™ percentile [20, 38—40] (de-
noted as Tg;5) as the cut-off value for six temperature
metrics: Tmin, ATmin, Tmax, ATmax, Tmean, and
ATmean.


https://www2.census.gov/programs-surveys/popest/tables/1980-1990/counties/totals/e8089co.xls
https://www2.census.gov/programs-surveys/popest/tables/1980-1990/counties/totals/e8089co.xls
https://www2.census.gov/programs-surveys/popest/tables/1980-1990/counties/totals/e8089co.xls
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Temperature metrics:
Tmin, Tmax, Tmean,
ATmin, ATmax, and

ATmean

: ; >97.5% percentile

EHlycer =

Heatwave definitions for each day in each MSA

Excessive Heat Factor (EHF)

T;+Ti 1+ T
EHIsig — i 131 i—2

— Tos
T;+Ti_1+T;_,

3
Tig+Tip+ -+ Tig
30

EHF = EHlg, x max(1, EHly.q)

>85% percentile of
positive EHF

1) HW1: total hot days in the past week; sum the number of days meeting the
definition (ranging from 0-7, categorized as 0, 1, 2, and 3 or more days);

2) HW2cx: yes/no there are x consecutive hot days during the past week (choices of
x are 2, 3, or 4; separate models used to estimate associations with birth outcomes);

2.1) HW2c,. there are 22 consecutive hot days during the past week;
2.2) HW2cs. there are >3 consecutive hot days during the past week;

2.3) HW2ca. there are 24 consecutive hot days during the past week;

3) HW3: area under the curve (AUC) during the previous week, calculated by
subtracting the 97.5%tile of temperature from the daily temperature (or the 85%tile
of positive EHF from the daily EHF), and averaging these daily values over the last
week. If the 7-day average was < 0, the AUC was set to 0. AUC was analyzed as a

continuous variable.

definitions listed in the figure

Fig. 2 lllustration of heatwave definitions. Sixty heatwave variables were generated with the combination of temperature metrics and heatwave

The other framework (Arrow 2, Fig. 2) is the excessive
heat factor (EHF) [25], which is derived from the
temperature metrics using formulas 2—4. In addition to
performing these calculations using mean air
temperature, we also performed them using Tmin,
ATmin, Tmax, ATmax, and ATmean. We used the rela-
tive threshold recommended by Nairn and Facett to de-
fine extreme heatwave (85" percentile of all positive
EHF, denoted as EHF" g5). Specifically, the calculations
are given as

Ti+Tia+Tio

EHlg, = 3

~Tos, (2)

where % is the 3-day average of daily

temperature and Tos is the 95th percentile (location-spe-
cific) of daily temperature for the climate reference
period 1982-1988;

Ti+Tin+Tio Tia+Tiat +Tiz (3)

EHI e = 3 30

where EHI,. is the difference between 3-day average
temperature and 30-day average temperature; and

EHF = EHIy, x max(1, EHI ), (4)

where the unit of EHF is °C?,

Heatwave indicators were linked to women based on
their MSA codes and gestational exposure window.
Using the above 12 indicators for hot days (6
temperature metrics x 2 thresholds: Ty, 5 or EHF" gs),
we operationalized heatwave exposures in each location
on each day in three different ways (Fig. 2):

1) HW1: focuses on the total number of single hot
days in the previous week (sum of the number of
days exceeding the threshold (ranging from 0 to 7),
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categorized as 0, 1, 2, and 3 or more days, 3—7 days
were grouped together to gain more precision;

2) HW2cx: emphasizes the impact of sustained heat,
indicator variables for >x consecutive (denoted as
subscript CX) hot days in the past week (choices of
x are 2, 3, or 4; separate models were used to
estimate associations with birth outcomes);

3) HW3: area under the curve (AUC) during the
previous week is a continuous metric incorporating
both intensity and duration, calculated by
subtracting the Tg; 5 threshold value from the daily
temperature (or the EHF" g5 value from the daily
EHF) and averaging these daily differences over the
last week. If the 7-day average was less than 0, the
AUC was set to 0. AUC values were analyzed as a
non-negative continuous variable.

Statistical analysis

We used a 1:1 matched case-control design with cumu-
lative sampling [41], which enabled us to align the ex-
posure window in the case (the 7 days preceding birth)
to the corresponding gestational week in the control.
We selected controls from births that were > 36 weeks
and > 38 weeks by the time of delivery for preterm and
early-term birth cases, respectively. Matching factors
were maternal race/ethnicity and education, which are
strong predictors of preterm birth and early-term birth,
as well as location. Since all subjects in the same loca-
tion would be assigned the same exposure on a given
day, the exposure contrasts in the study were temporal.
Individuals with missing information on these factors
(maternal race/ethnicity and education) were also
matched; all individuals included in the analysis had
complete data for location and gestational age. Odds ra-
tios (OR) for HW1, HW2.,, HW2., HW2., and HW3
were estimated using conditional logistic regression
adjusting for maternal age (<20, 21-34, and > 35 years)
[14, 21], marital status (married and unmarried), and
LMP month and year (Eq.5). To retain every sampled
pregnancy in the analysis, we created an indicator vari-
able for missing values of marital status (0.03% of the
sample). The exposure period for each case was the 7
days leading up to birth; the same 7-day gestational
period was used as the exposure period for each
matched control. Detailed model specifications for each
heatwave indicator are presented in Table S1. HW1 was
modeled as a categorical variable (0 (reference), 1, 2, and 3
or more days (Table S1); to test for a linear trend, these
categories were modeled using a linear term (Table S1);
HW2cx was modeled as a binary variable (1 = there was
a>X (where X =2, 3, or 4) consecutive-day heatwave in
the past week, 0= otherwise, Table S1); and HW3 was
modeled as a continuous variable (°C for temperature or
°C? for EHF, Table S1) .
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To examine possible effect modification by maternal
characteristics on the associations of heatwaves with pre-
term and early-term births, we conducted analyses
stratified by maternal education (< 12years, 12 years,
and > 13 years), maternal race/ethnicity (Hispanic, non-
Hispanic white, and non-Hispanic black), child sex (male
and female), and region (Northeast, Midwest, South, and
West) and tested interaction by adding an interaction
term with heatwave indicators to our primary model
(Table S1). To examine the robustness of our results, in-
stead of matching on location and adjusting for LMP
month and year (as was done in the primary analysis),
we instead matched on LMP month and year and ad-
justed for location. In addition, we conducted a sensitiv-
ity analysis restricted to complete observations (i.e.,
excluding observations missing matching factors or co-
variates). All statistical analyses were conducted using
SAS (SAS version 9.4; SAS Institute Inc., Cary, NC).

Results
Table 1 shows descriptive statistics for heatwave indica-
tors using the various definitions. The frequency of heat-
waves was highly dependent on the choice of heatwave
indicator. For example, having 1day in the past week
above the 97.5% percentile (HW1) was 18 times more
common than having 4 or more consecutive days above
the 850 percentile for EHF (HW2). In general, the 97.5th
percentile of temperature metrics (Tg;5) resulted in
more heatwave days compared to the 85™ percentile of
positive EHF (EHF" g5). For example, the mean number
of days per year (across years and locations) which had 3
or more days over the threshold in the past week was
between 8.5-9.9 days (depending on the temperature
metric when Tg; 5 was used), whereas it ranged between
2.0-2.4 days for EHF" g5 (Table 1). For the most extreme
heatwave definition (>4 consecutive days above the
threshold), there were 3.2—4.4 days per year per location
using Tg;5 compared to 0.8-1.2 days per year per loca-
tion using EHF'gs. The mean area under the curve
(AUC) for EHF" g5 was larger than Tg; 5 due to the infla-
tion factor by extreme temperature relative to the past
30 days (i.e., EHI,.) in the EHF calculation. The mean
AUC was between 0.52-0.91°C and 1.2-3.8°C2 for Ty, 5
and EHF" g5, respectively, varying by temperature met-
rics used (Table 1). Fewer extreme events were found
using minimum temperature (Tmin and ATmin) com-
pared to maximum temperature and mean temperature.
For instance, on average, there were 14.6 days per year
with >2 consecutive days over To;5 in the past week
using minimum temperature and 16.0 days per year
using maximum temperature (Table 1).

1,005,576 case-control pairs were included in the
early-term birth analysis. Most early-term matching
pairs were non-Hispanic white (59.0%); 28.8% of
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Table 1 Mean number of days per year defined as heatwave days (across 53 locations) for various heatwave definitions

97.5'™" percentile of temperature

85t percentile of EHF (+)

Tmin ATmin  Tmax ATmax Tmean ATmean Tmin ATmin  Tmax ATmax Tmean ATmean
HW1 (n? SD)
0 3344 3344 3377 3382 3380 3370 3573 3575 357.1 357.1 357.1 3574
(3.7) (3.8) (43) (4.2) (4.0) (4.0) (1.5) (1.5) (1.8) (1.6) (1.9) (1.8)
1 142 (34) 14335 107(34) 10332 103332 116@33) 370104 3815 31013 33015 3306 3305
2 78200 8020 7022 7223 7222 7420 2309 20010 28(12) 26010 2612 24(13)
3 or more 89 (15 85(15 9920 9615 99016 93(15 2006 20(06) 23010 2309 2409 22(09
HW?2 (n? SD")
22 consec. Days 146 (1.8) 146 (18) 160 (20) 16.1(22) 161 (24) 154(23) 4209 40(1.1) 50(1.1) 4809 48(1.1) 45(09
23 consec. Days 69 (15 65(16) 87019 82(15 8415 78(15 1906 1906 23010 2309 2308 2109
24 consec. Days 32(12)  32(1.1) 44(06) 42015 43015 38(13) 0804 0803 1004 1205 1005 0904
HW3
n?(SD°) 33(1.2)  33(11) 4508 41015 43014 4002 0904 0905 1206 1106 1005 0905
AUC (°C/°C%, mean 052 0.78 0.76 091 057 0.83 12(1.1) 2423 37@43) 38@1) 1405 2627
(SD9) (0.52) (0.81) 0.67) (0.78) 0.51) (0.80)

Note: Excessive heat factor (EHF); HW1: the total number of hot days in the previous week (sum the number meeting the definition (ranging from 0 to
7)); HW2: number of consecutive hot days in the past week (binary indicators for 2, 3 and 4 consecutive days); HW3: area under the curve (AUC) during

the previous week

@ n is the mean annual number of days meeting the exposure definition across 53 locations
b Standard deviation (SD), describes the variation of number of days per year across 53 locations
¢ Standard deviation (SD), describes the variation of area under the curve (AUC) across 53 locations and all years

mothers completed exactly 12 years of education, and
30.8% were from southern study locations (Table 2).
Proportions of risk factors that were not matched on,
such as mothers age > 35 years and proportion unmar-
ried, were higher among cases (8.7 and 26.3%, respect-
ively) than among controls (7.1 and 25.9%, respectively;
Table 2).

There were 615,329 case-control pairs in the preterm
birth analysis. Most case-control pairs in the preterm
birth analysis were non-Hispanic white, accounting for
48.6% of the sample, and 29.0% completed exactly 12
years of education (Table 2). A large percentage (33.7%)
of preterm cases came from southern study locations
(Table 2). The percentage of mothers aged 20-34 years
was lower among cases (74.5%) than controls (77.9%),
and the proportion of unmarried mothers was higher
among cases (39.0%) than controls (33.1%; Table 2).

In our primary analyses (model refer to Table S1) for
sixty heatwave indicators and early-term birth, we found
that increases in the duration and intensity (the average
degrees over the threshold in the past 7 days) of heat-
waves were associated with increased odds of early-term
birth. For example, for HW1 (defined as any days ex-
ceeding the 97.5™ percentile of local Tmean in the 7
days prior to birth), the OR for early-term birth was
1.027 (95%CI, 1.014, 1.039) for mothers who experi-
enced 3 or more hot days during the week before deliv-
ery, compared to those who experienced zero hot days
(Table S2). We also tested the linear trend across ordinal
categories of HW1 (0, 1, 2, and 3 or more days). We

observed that the OR increased with an increase in the
number of hot days in the previous week (linear trend
test, p <0.0001; Table S2). For HW2 (defined as >2, >3,
or >4 consecutive days of heat in the last 7 days before
delivery, evaluated in separate models), we observed a
pattern of increasing ORs with increasing heatwave dur-
ation: OR =1.014, 95%CI = 1.004, 1.024 for >2 consecu-
tive days; OR=1.026, 95%CI=1.013, 1.039 for =3
consecutive days; OR =1.040, 95%CI = 1.022, 1.059 for
>4 consecutive days (Fig. 3a, Table S2). In addition, for a
1°C increase in HW3 (average number of degrees that
7-day average Tmean higher than Tmeany;s), the OR
was 1.045 (95%CI, 1.022, 1.068; Fig. 3a, Table S2). Simi-
lar patterns were found when we used other temperature
metrics such as Tmin, ATmin, and Tmax, and EHF" g
as the threshold for the EHF metric. However, there was
larger uncertainty in the associations when using the
EHF metric (Fig. 3a, right panel, Table S3) because, in
this dataset, EHF" g5 resulted in a stricter threshold com-
pared to Tg; 5, and consequently, fewer pregnancies were
classified as being exposed to a heatwave.

When assessing the association between heatwaves
and preterm birth in the primary models (model refer
to Table S1), there was less evidence of an association
with these heatwave definitions. There was a slight in-
crease in the OR with an increase in HW1 categories
(0, 1, 2, and 3 or more days, defined as any days ex-
ceeding the 97.5™ percentile of local temperature in
the 7 days prior to birth) in the week before delivery.
For example, when exposed to 1, 2, or 3 or more
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Table 2 Maternal and child characteristics of 1: 1 matched cases and controls for preterm birth (PTB) and early-term birth (ETB),

1982-1988

Outcome Preterm birth assessment

Early-term birth assessment

PTB Case (N=615,329)

Control (N=615,329)

ETB Case (N =1,005,576)

Control (N=1,005,576)

Maternal race/ethnicity, n (%)

88,103 (14.3)
299,096 (48.6)
202,327 (32.9)

Hispanic
Non-Hispanic white

Non-Hispanic black

Other 23,868 (3.9)

Missing 1935 (0.3)
Maternal years of education, n (%)

<12 130,493 (21.2)

12 178,579 (29.0)

213 131,850 (214)

Missing 174,407 (284)
Region of residence, n (%)

Northeast 141,127 (23.0)

Midwest 135,587 (22.0)

South 207,442 (33.7)

West 131,173 (213)
Maternal age (year), n (%)

<20 109,251 (17.8)

21-34 458,365 (74.5)

235 47,713 (7.7)
Child sex, n (%)

Male 328,851 (534)

Marital status, n (%)

Married 375,376 (61.0)
Unmarried 239,779 (39.0)
Missing 174 (0.03)
Month of last normal menses, n (%)
January 80,971 (13.2)
February 88,635 (14.4)
March 40,652 (6.6)
August 39,018 (6.3)
September 78,975 (12.8)
October 97,016 (15.8)
November 96,203 (15.6)
December 93,859 (15.3)

88,103 (14.3)
299,096 (48.6)
202,327 (32.9)
23,868 (3.9)
1935 (0.3)

130,493 (21.2)
178,579 (29.0)
131,850 (214)
174,407 (284)

141,127 (23.0)
135,587 (22.0)
207,442 (33.7)
131,173 213)

94,273 (15.3)
479,083 (77.9)
41,973 (6.8)

313,212 (50.9)

411,275 (66.8)
203,842 (33.1)
212 (0.03)

88,654 (14.4)
82,874 (13.5)
44,981 (7.3)
36,480 (5.9)
76,831 (125
95,043 (154
92,861 (15.1

)
)
)
97,677 (15.9)

137,747 (13.7)
593,439 (59.0)
225,067 (22.4)
46,115 (4.6)
3208 (0.3)

150,163 (14.9)
289,889 (28.8)
280,117 (27.9)
285,407 (284)

245,385 (24.4)
222,753 (22.2)
310,046 (30.8)
227,392 (22.6)

117,589 (11.7)
800,633 (79.6)
87,354 (8.7)

533,361 (53.0)

740,573 (73.7)
264,718 (26.3)
285 (0.03)

84,520 (84)
0°

0°

153,484 (12.3)
163,803 (16.3)
198,497 (19.7)
198,761 (19.8)
206,511 (20.5)

137,747 (13.7)
593,439 (59.0)
225,067 (22.4)
46,115 (4.6)
3208 (0.3)

150,163 (14.9)
289,889 (28.8)
280,117 (27.9)
285,407 (284)

14.9

245,385 (24.4)
222,753 (22.2)
310,046 (30.8)
227,392 (22.6)

120,210 (12.0)
813,498 (80.9)
71,868 (7.1)

507,237 (504)

745,228 (74.1)
260,062 (25.9)
286 (0.03)

91,597 (9.1)
0°

0°

153,115 (15.2)
162,379 (16.2)
199,641 (19.9)
193,311 (19.2)
205,533 (20.4)

Note: Matching factors are maternal race/ethnicity, maternal education, and MSA of residence of the mother
? Women whose LMP date between April-July (and February-July for early-term) were not eligible for the study because the at-risk window for preterm birth was

not in the warm season

days with Tmax over Tmaxg; 5 in the week before de-
livery compared to 0days, ORs were 1.002 (95%ClI,
0.986, 1.018), 1.017 (95%CI, 0.996, 1.037), and 1.018
(95%CI, 1.000, 1.035), respectively (Fig. 3b, Table S4,).
However, most effect estimates were consistent with
no association.

We compared OR estimates from our primary models
using different temperature metrics and EHF to quantify
the duration and intensity (the average degrees over the
threshold in the past 7 days) of heatwaves for each out-
come and found that using apparent temperature pro-
duced results similar to those using temperature only
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per 1 unit-

Fig. 3 Odds ratio estimates for heatwave indicators: HW1 (top horizontal strip), HW2 (middle strip), and HW3 (bottom strip) for 975" percentile
for temperature metrics (left column) and 85" percentile of positive EHF for EHF metric (right columns) for early-term (panel A) and preterm birth
(panel B). Temperature metrics were grouped based on apparent temperature (AT, square) and temperature (T, solid circle) and minimum
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(Fig. 3, squares vs. solid circles). In addition, we did not
find substantial differences in OR estimates among Tmin
(Fig. 3, orange solid circles), Tmean (Fig. 3, blue solid
circles), and Tmax (Fig. 3, black solid circles) (or for
ATmin, ATmax, and ATmean, also shown in Fig. 3). To
examine the robustness of our matched case-control
study design, we conducted a sensitivity analysis where
instead of matching on study location we matched on
LMP month and year and adjusted for study location
using indicator variables; the results were similar across
heatwave definitions and outcomes (Table S6-S9). We
also found similar results to those from our primary ana-
lyses after we excluded matched pairs with missing ma-
ternal race/ethnicity (0.3%), education (28.4%), and/or
marital status (0.03%; Table S10-S11).

We conducted stratified analyses using the same
model specification as our primary models for early-
term and preterm matching pairs by race/ethnicity, ma-
ternal education, child sex, and region. Large uncertainty
was present for stratified analyses using EHF, which had
fewer days defined as heatwaves. Thus, we present effect
modification results only for Tmean over Tmeany;s.

Results from the stratified analysis by maternal race/eth-
nicity suggested that associations of heatwaves and
early-term birth tended to be of larger magnitude for
Hispanic and non-Hispanic black mothers compared to
non-Hispanic white mothers. When exposed to HW2¢,
(>4 consecutive days of heat in the week before delivery
vs otherwise), the ORs for Hispanic and non-Hispanic
black mothers were 1.100 (95%CI 1.048, 1.154) and
1.054 (95%CI, 1.016, 1.093), respectively, whereas the
OR for non-Hispanic white mothers was 1.019 (95%CI,
0.995, 1.043; Fig. 4). The joint test for interaction was
statistically significant (p =0.011). Although we did not
observe a significant overall association with preterm
birth, we found a higher OR among Hispanic and non-
Hispanic black mothers. For example, per 1°C increase
in HW3 (average number of degrees that 7-day average
Tmean higher than Tmeany;5), the ORs for Hispanic
and non-Hispanic black mothers were 1.064 (95%ClI,
0.970, 1.168) and 1.060 (95%CI, 1.005 1.119), respect-
ively, whereas it was 0.977 (95%CI, 0.933, 1.023) for
non-Hispanic white mothers (p = 0.030 for the joint test
for interaction; Fig. 5). In the analyses stratified by
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Hispanic  Non-Hispanic white  Non-Hispanic black
Maternal race/ethnicity
W Hispanic
OR[95%Cl] OR[95%Cl] OR[95%CI] P-value Non-Hispanic white
# Non-Hispanic black

HW1(# of extreme heat days)

0 ref ref ref  0.506 :
1 1.015[0.983, 1.049] 1.018[1.003, 1.034] 1.016 [0.991, 1.041] 77:7
2 1.026 [0.989, 1.064] 0.993[0.976, 1.011] 1.002[0.973, 1.031] - =
3 or more 1.044 [1.011, 1.078] 1.020 [1.004, 1.037] 1.034 [1.008, 1.061] ’.
HW?2(consecutive days of heat)
22 consec. days 1.033[1.007, 1.060] 1.007 [0.995, 1.020] 1.019 [0.998, 1.040] 0.128 74 -
>3 consec. days 1.035[1.001, 1.070] 1.020 [1.003, 1.037] 1.032 [1.004, 1.059]  0.556 :
24 consec. days 1.100 [1.048, 1.154] 1.019 [0.995, 1.043] 1.054 [1.016, 1.093] 0.011 =
HW3(AUC)
per 1°C 1.062[0.999, 1.129] 1.034 [1.005, 1.063] 1.059[1.012, 1.108] 0.521 :
T 1
0.95 1.05 1.15
Odd Ratio

Fig. 4 Odds ratio estimates for heatwave indicators on early-term birth by maternal race/ethnicity: Hispanic (blue square), non-Hispanic white
(solid yellow circle), and non-Hispanic black (green diamond) using mean temperature over 97.5™ percentile to quantify heatwave. P-values were
obtained from the joint test for interaction

Hispanic  Non-Hispanic white  Non-Hispanic black
Maternal race/ethnicity
W Hispanic
OR[95%CI] OR[95%ClI] OR[95%CI] P-value Non-Hispanic white
# Non-Hispanic black

HW1(# of extreme heat days)

0 ref ref ref  0.023 s
*
1 1.017 [0.971, 1.066] 0.991[0.968, 1.015] 1.044 [1.013, 1.075] .7‘7
2 1.039 [0.986, 1.094] 0.991[0.963, 1.020] 1.006 [0.972, 1.041] o .
3 or more 1.012[0.966, 1.059] 1.004 [0.979, 1.029] 1.051[1.019, 1.083] .7 -—
HW?2(consecutive days of heat)
22 consec. days 1.019[0.982, 1.056] 1.001[0.981, 1.022] 1.026 [1.002, 1.052] 0.096 .‘
L}
>3 consec. days 1,003 [0.956, 1.053] 1.006 [0.980, 1.033] 1.039[1.007,1.073]  0.041 —
>4 consec. days 0.985[0.918, 1.056] 1.010[0.973,1.048] 1.051[1.006, 1.098]  0.045 = %
HW3(AUC)
L]
per1°C 1.064 [0.970, 1.168] 0.977 [0.933, 1.023] 1.060 [1.005, 1.119] 0.030 +
r T 1
0.95 1.05 1.15
Odd Ratio

Fig. 5 Odds ratio estimates of heatwave indicators on preterm birth by maternal race/ethnicity: Hispanic (blue square), non-Hispanic white (solid
yellow circle), and non-Hispanic black (green diamond) using mean temperature over 97.5™ percentile to quantify heatwave. P-values were
obtained from the joint test for interaction
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maternal education and child sex, no interaction was
observed for either preterm birth or early-term birth
(Fig. S5-S8). Results from the stratified analysis by region
suggested that associations of heatwaves tended to be of
larger magnitude in the Northeast and Midwest for
early-term birth (Fig. S9), and in the Midwest and South
for preterm births (Fig. S10).

Discussion

In the present study, we developed sixty heatwave indi-
cators to systematically evaluate how parameters in heat-
wave definitions (i.e., temperature metric and
consecutive days) impacted the association between
heatwave and preterm and early-term birth using data
from 50 metropolitan areas in the US during 1982-
1988. Across definitions, exposure to heatwaves in the
week before delivery was consistently associated with in-
creased odds of early-term birth. Specifically, we found
that exposure to 3 or more single hot days in the past
week, >3 consecutive days of a sustained heatwave, and
increased heatwave intensity (the average degrees over
the threshold in the past 7 days) were associated with
early-term birth. Associations with preterm birth were
weaker compared to early-term birth. Heatwaves defined
using maximum temperature showed the most elevated
ORs, but the elevation was modest, and most estimates
were close to the null. However, effect modification by
maternal race/ethnicity was found for both preterm and
early-term birth. Specifically, heatwave associations were
larger in magnitude among Hispanic and non-Hispanic
black mothers compared to non-Hispanic white
mothers. In several previous studies, investigators re-
ported positive associations between heatwaves and pre-
term birth, with larger magnitudes compared to our
study [9, 11, 13, 19-22, 42]. In the current study, we ob-
served only a slight overall increase in the risk of pre-
term birth for certain heatwave definitions, and most
estimates were close to the null. Differences might be
explained by variation in study design, geographic loca-
tions, and time period. One possible explanation might
be that our analysis generated estimates of the average
effect of heatwaves across multiple states in the US, even
though the temperature distributions and population
characteristics differed meaningfully across study loca-
tions. The overall association might be attenuated by
populations less vulnerable to heatwaves.

In the existing literature, early-term birth has re-
ceived less attention in temperature and heatwave
studies. Our findings on early-term birth were con-
sistent with previous findings that exposure to heat-
waves or high ambient temperature in the last week
before delivery was associated with an increase in the
rate of early-term birth [13, 43]. Even so, the magni-
tude of these associations varied across studies. For
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example, Auger et al. [43] found a hazard ratio (HR)
of 1.27 for early-term pregnancies exposed to 4 to 7
days of 32°C or higher, while Ha et al. [13] found an
OR of 1.04 for temperate exposure above the 90™
percentile. Based on our results we expect modest dif-
ferences in association based on heatwave definition
between these studies, but a HR of 1.27 is a consider-
ably higher than any estimate observed in our study.

Heat-related mechanisms are plausible to explain the
early onset of labor during extreme heat. Some studies
suggest that heat stress increases uterine contraction
[44, 45], and dehydration due to heatwaves could re-
duce uterine blood flow, potentially increasing pituitary
hormone levels which induce labor [46]. The sensitivity
to heat is greater in late gestation age when thermo-
regulation may be less efficient [9, 46]. However, no
consistent epidemiological evidence suggests that ex-
treme temperature should have a greater impact on
births later in gestational age (e.g., late preterm (34—36
weeks) and early-term birth (37-38 weeks)) compared
to those in early gestation (e.g., extremely preterm (<
28 weeks) and very preterm (28-32 weeks)). Some stud-
ies observed stronger associations of temperature
among early preterm birth [11, 14, 19], while others
found the opposite [22, 43].

We observed that heatwaves were more strongly asso-
ciated with both early-term and preterm birth among
non-Hispanic black and Hispanic mothers. These find-
ings are in-line with those from previous studies [31,
47, 48]. Minority groups might be more vulnerable to
heatwave events due to a lack of a cooling system in
the household and less access to neighborhood green-
ness. According to the American Housing Survey in
1985, about 40% of the homes did not have air condi-
tioners, and this percentage was disproportionately
higher among black and Hispanic households [49].
Green spaces in metropolitan cities can help mitigate
urban heat islands by absorbing solar radiation and
cooling through evapotranspiration and can possibly
create differential heat patterns within a city, especially
at night [50, 51]. A national-level study found that
African-Americans, Asians, and Hispanics were more
likely than non-Hispanic whites to live in areas with
less tree cover [52]. We did not find large differences in
heatwave associations across education levels; however,
heatwave associations with early-term birth were some-
what stronger among mothers who had completed less
than 12years of education, consistent with previous
studies [9, 11, 16, 53].

Although previous physiological research has shown
that high humidity increases the risk of heat-related ill-
ness associated with high temperatures [54, 55], when
we used apparent temperature (which incorporates hu-
midity) in our analysis, the heatwave associations were
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similar in magnitude to those using temperature only.
This finding is supported by previous epidemiologic
studies that found little evidence for improved predic-
tion of mortality and preterm birth by incorporating hu-
midity in the heatwave definitions [20, 56]. Although
previous epidemiologic studies have reported a positive
association with preterm birth using apparent
temperature [9, 32, 57], there is a lack of strong evidence
supporting the premise that apparent temperature better
predicts preterm birth compared to temperature.

In our study, no single temperature metric best pre-
dicted health outcomes. Overall, the use of mean, max-
imum, minimum temperature, as well as apparent
temperature variants, showed similar patterns of associa-
tions with the outcomes. When they differed from each
other, the associations were not always stronger for a
specific temperature metric, indicating that the specific
temperature metric might not be an important factor
impacting the magnitude of the association between
heatwaves and early-term and preterm birth.

Heatwaves defined using EHF were more intense and
rare. We observed larger associations in heatwave indi-
cators using EHF with early-term birth; however, due to
the rarity of heatwaves based on this framework, esti-
mates were discernibly more uncertain compared to
heatwaves defined based on the 97.5™ percentile of
temperature, even in our large dataset. Broadly, using
EHF as a metric to define heatwaves generally produced
similar patterns but a larger magnitude in the ORs for
most heatwave definitions. Reasons why including an ac-
climation factor in the calculation might help to identify
heatwaves that most strongly impact birth outcomes re-
mains an outstanding question.

This was a nationwide study evaluating the impact of
heatwaves on adverse birth outcomes across 50 metro-
politan areas covering different climate zones in the US.
We systematically evaluated various heatwave definitions
to examine how changing those parameters would affect
the effect estimates of heatwaves on preterm and early-
term birth. To estimate the acute impact of heatwaves
while also accounting for seasonality in conception rates,
we used a matched case-control study to compare ex-
posure during the same gestational window for cases
and controls. To be a confounder in our analysis, a risk
factor for these outcomes would have to be correlated
with heatwaves, and we controlled tightly for the season-
ality and longer-term time trends using indicators for
the month of study (based on LMP) to reduce this possi-
bility. The results were robust to matching on LMP
month and year instead of location and exclusion of
observations with missing covariates.

A study limitation is that our data are from the 1980s,
which is some time in the past. Even so, our findings
could enable researchers to compare the impact of

Page 11 of 14

heatwaves on health changes across decades, when fac-
tors such as air conditioning prevalence as well as the
frequency, duration, and intensity of heatwaves were dif-
ferent. In addition, we investigated a variety of heatwave
definitions, which increases the probability of type one
error due to multiple comparisons. However, our inter-
pretations focus on the holistic trends across definitions
instead of isolated statistically significant associations. In
addition, maternal education was missing for 28% of the
birth records. However, maternal education not expected
to be a confounder because it is not associated with
heatwaves, which lessens concerns about missingness.
We also examined the associations of heatwave indica-
tors and preterm and early-term birth among those with
missing education; we did not find differences in odds
ratios between those missing an education value and
other education groups.

Conclusions

Our results suggest that heatwave duration and intensity
are positively associated with an increase in early-term
births. The association with preterm birth was slightly
elevated for some heatwave definitions, but most of the
results suggested no association. However, subgroup
analyses by race/ethnicity yielded evidence of positive as-
sociations; heatwaves had stronger associations with
both early-term and preterm birth for Hispanic and
non-Hispanic black mothers, which could help guide
intervention programs to mitigate heatwave impacts for
vulnerable populations. Our findings suggest that esti-
mated associations based on apparent temperature were
similar to those based on temperature. We found no
consistent indication that minimum, maximum, or mean
temperature was most strongly associated with the out-
comes, suggesting that any of these metrics may be ap-
propriate for future research. Finally, relative to the
97.5th percentile threshold cut-off, the EHF measures
yielded higher ORs with increased uncertainty.

Abbreviations

PTB: preterm birth; ETB: early-term birth; MSA: metropolitan statistical area;
US: United States; EHF: excessive heat factor; OR: odds ratio; 95%Cl: 95%
confidence interval; LMP: last menstrual period; NASA: National Aeronautics
and Space Administration; ESIDS: Earth Science Data and Information System;
Tmin: minimum temperature; Tmax: maximum temperature; Tmean: mean
temperature; VP: vapor pressure; ATmin: minimum apparent temperature;
ATmax: maximum apparent temperature; ATmean: mean apparent
temperature; AUC: area under the curve; HW: heatwave

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512940-021-00733-y.

Additional file 1: Figure S1. Map of Los Angeles-Long Beach-Santa
Ana MSA. The MSA was split into Los Angeles county (mint green) and
Orange county (light orange). Figure S$2. Map of New York-North New
Jersey-Long Island MSA. The MSA was split into the Long Island area



https://doi.org/10.1186/s12940-021-00733-y
https://doi.org/10.1186/s12940-021-00733-y

Huang et al. Environmental Health (2021) 20:47

(blue), New York City area (pink), and other New York and New Jersey
counties (green). Figure S3. lllustration of the selection of pregnancies
whose at-risk windows overlap with the warm season for preterm (blue)
and early-term birth (orange) where pregnancy 1-4 (four arrow lines) are
extreme examples determining the range of the eligible LMP dates. The
at-risk window was defined as 28 weeks and 0 days to 36 weeks and 6
days for preterm birth and 37 weeks and 0 days to 38 weeks and 6 days
for early-term birth. Figure S4. Flow chart of identification of preterm
and early-term cases and matching control. Table S1. Detailed model
specification for the analyses of preterm and early-term birth for different
types of heatwave indicators. Table $2. Odds ratio estimates of heat-
wave indicators based on definition framework 1 (97.5"" percentile of
temperature) on early-term birth matching on maternal race, maternal
education, and location. Table $3. Odds ratio estimates of heatwave in-
dicators based on definition framework 2 (85" percentile of positive ex-
cessive heat factor) on early-term birth matching on maternal race,
maternal education, and location. Table S4. Odds ratio estimates of heat-
wave indicators based on definition framework 1 (97.5"" percentile of
temperature) on preterm birth matching on maternal race, maternal edu-
cation, and location. Table S5. Odds ratio estimates of heatwave indica-
tors based on definition framework 2 (85" percentile of positive
excessive heat factor) on preterm birth matching on maternal race, ma-
ternal education, and location. Table $6. Odds ratio estimates of heat-
wave indicators based on definition framework 1 (97.5"" percentile of
temperature) on preterm birth matching on maternal race, maternal edu-
cation, and month and year of the last menstrual period. Table S7. Odds
ratio estimates of heatwave indicators based on definition framework 2
(85" percentile of positive excessive heat factor) on preterm birth match-
ing on maternal race, maternal education, and month and year of the last
menstrual period. Table $8. Odds ratio estimates of heatwave indicators
based on definition framework 1 (97.5th percentile of temperature) on
early-term birth matching on maternal race, maternal education, and
month and year of the last menstrual period. Table $9. Odds ratio esti-
mates of heatwave indicators based on definition framework 2 (85" per-
centile of positive excessive heat factor) on early-term birth matching on
maternal race, maternal education, and month and year of the last men-
strual period. Table $10. Odds ratio estimates of heatwave indicators
based on definition framework 1 (97.5" percentile of temperature) on
preterm birth matching on maternal race, maternal education, and loca-
tion, excluding those with missing matching factors and covariates.
Table S11. Odds ratio estimates of heatwave indicators based on defin-
ition framework 1 (97.5" percentile of temperature) on early-term birth
matching on maternal race, maternal education, and location, excluding
those with missing matching factors and covariates. Figure S5. Odds ra-
tio estimates of heatwave indicators on early-term birth by maternal edu-
cation (<12 years, 12 years, and 213 years) using mean temperature over
975" percentile to quantify heatwave. P-values were calculated from the
joint test for interaction. Figure $6. Odds ratio estimates of heatwave in-
dicators on preterm birth by maternal education (<12 years, 12 years, and
213 years) using mean temperature over 97.5" percentile to quantify
heatwave. P-values were calculated from the joint test for interaction.
Figure S7. Odds ratio estimates of heatwave indicators on early-term
birth by child sex (male and female) using mean temperature over 975"
percentile to quantify heatwave. P-values were calculated from the joint
test for interaction. Figure $8. Odds ratio estimates of heatwave indica-
tors on preterm birth by child sex (male and female) using mean
temperature over 975" percentile to quantify heatwave. P-values were
calculated from the joint test for interaction. Figure S$9. Odds ratio esti-
mates of heatwave indicators on early-term birth by region (Northeast,
Midwest, South, and West) using mean temperature over 97.5" percentile
to quantify heatwave. P-values were calculated from the joint test for
interaction. Figure $10. Odds ratio estimates of heatwave indicators on
preterm birth by region (Northeast, Midwest, South, and West) using
mean temperature over 975" percentile to quantify heatwave. P-values
were calculated from the joint test for interaction.
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