
Environmental Research 216 (2023) 114607

Available online 22 October 2022
0013-9351/© 2022 Elsevier Inc. All rights reserved.

Critical windows of susceptibility for the effects of prenatal exposure to 
heat and heat variability on gestational growth 

Jeffrey M. Carlson a,*, Antonella Zanobetti b, Stephanie Ettinger de Cuba c,d, Ana P. Poblacion d,e, 
Patricia M. Fabian a, Fei Carnes a, Jongeun Rhee b, Kevin J. Lane a, Megan T. Sandel a,c, 
Patricia A. Janulewicz a 

a Department of Environmental Health, Boston University School of Public Health, Boston, MA, USA 
b Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston, MA, USA 
c Department of Pediatrics, School of Medicine, Boston University, Boston, MA, USA 
d Children’s HealthWatch, USA 
e Department of Pediatrics, Boston Medical Center, Boston, MA, USA   

A R T I C L E  I N F O   

Keywords: 
Prenatal exposures 
Heat 
Climate change 
Birthweight 
Small for gestational age 
Distributed lag non-linear model 
Temperature 

A B S T R A C T   

Background: Studies have shown that prenatal heat exposure may impact fetal growth, but few studies have 
examined the critical windows of susceptibility. As extreme heat events and within season temperature vari-
ability is expected to increase in frequency, it is important to understand how this may impact gestational 
growth. 
Objectives: We investigated associations between various measures of weekly prenatal heat exposure (mean and 
standard deviation (SD) of temperature and heat index (HI), derived using temperature in ◦C and dew point) and 
term birthweight or odds of being born small for gestational age (SGA) to identify critical windows of 
susceptibility. 
Methods: We analyzed data from mother-child dyads (n = 4442) in the Boston-based Children’s HealthWatch 
cohort. Birthweights were collected from survey data and electronic health records. Daily temperature and HI 
values were obtained from 800 m gridded spatial climate datasets aggregated by the PRISM Climate Group. 
Distributed lag-nonlinear models were used to assess the effect of the four weekly heat metrics on measures of 
gestational growth (birthweight, SGA, and birthweight z-scores). Analyses were stratified by child sex and 
maternal homelessness status during pregnancy. 
Results: HI variability was significantly associated with decreased term birthweight during gestational weeks 
10–29 and with SGA for weeks 9–26. Cumulative effects for these time periods were − 287.4 g (95% CI: − 474.1 g, 
− 100.8 g for birthweight and 4.7 (95% CI: 1.6, 14.1) for SGA. Temperature variability was also significantly 
associated with decreased birthweight between weeks 15 and 26. The effects for mean heat measures on term 
birthweight and SGA were not significant for any gestational week. Stratification by sex revealed a significant 
effect on term birthweight in females between weeks 23–28 and in males between weeks 9–26. Strongest effects 
of HI variability on term birthweight were found in children of mothers who experienced homelessness during 
pregnancy. Weekly HI variability was the heat metric most strongly associated with measures of gestational 
growth. The effects observed were largest in males and those who experienced homelessness during pregnancy. 
Discussion: Given the impact of heat variability on birthweight and risk of SGA, it is important for future heat 
warnings to incorporate measure of heat index and temperature variability.   

1. Introduction 

Low birthweight is a risk factor for adverse outcomes during infancy 
and adulthood, including infections, respiratory distress syndrome, 

sudden infant death syndrome (Belbasis et al., 2016; Hakeem et al., 
2015), neurodevelopmental delay (Mikkola et al., 2005; Mercier et al., 
2010; Morley et al., 2004), as well as metabolic (Castanys-Muñoz et al., 
2017; Huang et al., 2018; Silveira and Horta, 2008; Newsome et al., 
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2003), immunologic (Mcdade et al., 2011), and cardiac dysregulation 
(Belbasis et al., 2016; Crispi et al., 2012). Research exploring the etiol-
ogy of low birthweight is expansive and includes links to genetic factors, 
disease states, nutrition status, and maternal environmental exposures, 
such as infections, smoking and alcohol consumption, weight gain 
during pregnancy, air pollution, and other chemical exposures (Hendrix 
and Berghella, 2008; Llanos and Ronco, 2009). In recent years, research 
suggests that meteorological variables may also impact fetal growth 
(Sun et al., 2019; Son et al., 2019; Li et al., 2018; Kloog et al., 2018; Basu 
et al., 2018; Ngo and Horton, 2016; ItaiMelly Steven et al., 2015). It is 
hypothesized that ambient heat exposures during pregnancy may cause 
a reduction in placental blood flow, restricting the oxygen and nutrient 
capacity of the placenta, ultimately resulting in decreased intrauterine 
growth (Samuels et al., 2022). Several observational studies have found 
inverse associations between measures of prenatal heat exposure and 
birthweight (Sun et al., 2019; Kloog et al., 2018; Basu et al., 2018). Most 
of these studies, however, utilize average trimester heat values, limiting 
researcher’s ability to identify and intervene on more temporally 
resolved critical windows of susceptibility for the effect of heat on 
gestational growth. Additionally, since trimester averages cannot ac-
count for windows of susceptibility that span trimester-based intervals, 
their use potentially results in biased effect estimates even when 
adjusting for exposures during other gestational periods (Samuels et al., 
2022). 

To address bias in the effect estimates and obtain a more temporally 
resolved assessment of critical windows of susceptibility to prenatal 
exposures, researchers have used distributed lag non-linear models 
(DLNMs) or distributed lag linear models (DLMs) (Wilson et al., 2017; 
Yitshak-Sade et al., 2021; Jakpor et al., 2020; Wu et al., 2018). DLNMs 
allow for flexibly modeling non-linear exposure-response functions and 
capturing the impact of delayed effects of exposure on health outcomes 
(Xu et al., 2018; Gasparrini et al., 2010). Among studies using DLMN, 
only two observational studies have used it to assess the impact of 
weekly average heat exposure on birthweight. Jakpor et al. (2020) 
evaluated the effect of weekly average temperature, temperature vari-
ability, and humidity on birthweight in 4771 male and female infants 
(Yitshak-Sade et al., 2021). They found that increases in weekly tem-
perature variability and humidity, but not average temperature, were 
associated with lower birthweight, with stronger effects detected in 
males than females. Critical windows of susceptibility, however, varied 
by exposure metric. For temperature variability, the greatest effects on 
lowering birthweight were observed during gestational weeks 6–20, 
whereas increasing humidity had the most prominent effects during 
weeks 26–37. In a study of 712,438 singleton births in Massachusetts, 
Yitshak-Sade et al. (2021), found that higher temperatures were asso-
ciated with lower birthweights, with the most pronounced effects 
observed in females and at the beginning and near the end of pregnancy 
(Wilson et al., 2017). 

Different exposure metrics may also explain the discordance between 
previously cited studies of heat exposure on birthweight. Common 
methods for measuring heat include average ambient external temper-
ature, humidity, or heat index (HI) (Wilson et al., 2017; Yitshak-Sade 
et al., 2021; Gasparrini, 2014; Bekkar et al., 2020; Zhang et al., 2017). 
Heat index, which combines ambient external temperature and hu-
midity, provides the most physiologically relevant metric. As external 
ambient temperatures increase, bodily perspiration and increased 
dermal vasodilation enable heat dissipation from the skin through 
evaporation. Humidity, however, restricts the evaporative capacity of 
the air, resulting in a bodily loss of cooling capability (Samuels et al., 
2022; Cramer and Jay, 2016). As a result, HI may provide a better es-
timate of the effect of heat strain on fetal growth than the use of tem-
perature or humidity alone. The physiological response to heat exposure 
is also dependent on acclimatization, a thermoregulatory process for 
dealing with sustained heat exposure that typically occurs over 10 days 
of repeated exposure (Soultanakis-Aligianni and During, 2003). Conse-
quently, greater variability in heat exposure in a short period of time 

may limit the capacity of the body to acclimatize and handle extreme 
heat stress (Soultanakis-Aligianni and During, 2003). Previous obser-
vational research has used standard deviation in weekly temperature to 
assess the impact of temperature variability on birthweight (Jakpor 
et al., 2020). 

The impact of heat exposure on health outcomes also varies by access 
to mitigation measures (Sailor et al., 2021; Grundstein and Williams, 
2018). Inadequate housing increases vulnerability to meteorological 
variables, including heat. For example, individuals who are homeless 
(unsheltered or live in a shelter) constitute a disproportionate percent-
age of heat-related illnesses (Putnam et al., 2018; Iverson et al., 2020). 
As expected, homelessness during pregnancy is also a risk factor for low 
birthweight, which may occur from lack of prenatal care, inadequate 
nutrition, stress, and/or substance use, as well as meteorological con-
ditions (Cutts et al., 2015; Carrion et al., 2015; Rhee et al., 2019; Leifheit 
et al., 2020; Himmelstein and Desmond, 2021; Stein et al., 2000; Little 
et al., 2005; Richards et al., 2011). The effect of heat exposure on 
birthweight in this population, however, is unknown. 

To our knowledge, no studies have measured the impact of average 
weekly HI exposure and variability in weekly HI on birthweight and 
odds of being born small for gestational age (SGA) using the DLNM 
framework. This study aims to identify critical windows of susceptibility 
to prenatal heat exposure on measures of term birthweight and odds of 
SGA and compare the use of HI and temperature on weekly effect esti-
mates. Further, it explores the impact of heat on term birthweight and 
odds of SGA in children of mothers who experienced homelessness at 
some point during pregnancy. 

2. Methods 

2.1. Study population 

The study population included mother-child pairs recruited into the 
Boston-based Children’s HealthWatch (CHW) site between 2005 and 
2015 (n = 4442). CHW is an ongoing sentinel study started in 1998, 
surveilling economic hardships, public assistance programs, and the 
health of children and their caregivers in five U.S. cities, including the 
Boston metro area. Families were recruited when seeking care for a 
young child under age 48 months in the Boston Medical Center (BMC) 
pediatric emergency department (ED) and eligible for participation if 
they were a Massachusetts resident, had a caregiver able to speak En-
glish or Spanish, and consented to be interviewed. A trained CHW 
interviewer collected clinical and interview data about participants 
during ED visits. The survey includes information on maternal charac-
teristics (age, self-identified race/ethnicity, education, smoking history, 
marital status, homelessness during pregnancy, maternal participation 
in The Special Supplemental Nutrition Program for Women, Infants, and 
Children (WIC)) and child characteristics (sex, gestational age, birth-
weight). Institutional Review Board approval was obtained from the 
Boston University Medical Campus (H-34069). 

2.2. Birthweight outcome data 

CHW survey data were matched to children’s electronic health re-
cords (EHR) based on the date of survey interview, sex, and date of birth. 
Term birthweight (g) was obtained from the EHR. Missing EHR birth-
weights were assigned the parent-reported birthweight from the CHW 
survey data. Birthweight was used to create indicator variables for SGA 
(<10% weight for gestational age and sex) and birthweight z-score. 
Birthweight z-score and weight for age and sex percentile was calculated 
using the Centers for Disease Control and Prevention SAS program for 
CDC growth charts (SAS Program, 2019). 

2.3. Geocoding 

Maternal residential address from the EHR at the time of birth was 
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geocoded in a multi-step process using software algorithms in ArcGIS 
10.7 (ESRI, ArcGIS, Redlands, CA, USA). Briefly, initial address geo-
coding was done with the MassGIS 911 geocoder (MassGIS , 2021). 
Unmatched addresses were geocoded against the ESRI world geocoder 
to produce cleaner addresses and then reprocessed with the 911 geo-
coder to enhance match precision. Address flags were created for 
homeless shelters (Massachusetts Homeless Shelters, 2021) and afford-
able housing units in the following databases: HUD Low-Income Hous-
ing Tax Credit Properties, HUD Public Housing Buildings (HUD Local 
Housing Authorities), MassHousing Primary and Additional Addresses - 
Mixed Income GeoCoded No Unit Data with AMI info (corresponds to 
project-based Section 8 housing), and MassHousing Primary and Addi-
tional Addresses - PBCA GeoCoded No Unit Data. 

Geocoded addresses were also used to assign block group level 
covariates from the United States Census Bureau and American Com-
munity Survey 5-year estimates (2006–2010) on population density 
(people per square kilometer), median household income (United States 
Dollars), and the percentage of families living below the poverty line. 

2.4. Heat exposure data 

Estimates of daily mean ambient temperatures and dew points were 
obtained from spatial climate datasets aggregated by the PRISM Climate 
Group from Oregon State University (http://www.prism.oregonstate. 
edu/). Daily data covers the conterminous United States beginning 
January 1, 1981, to December 31, 2018, at a native gridded 800 m 
spatial resolution. We assigned daily mean temperature (◦C) and dew 
point (◦C) using the nearest available temperature grid to the geocoded 
address. HI was derived from temperature in ◦C and dew point mea-
surements using an equation designed by Kalkstein and Valimont 
(1986). Average mean temperature and HI values for each week of 
gestation anchored to the exact birth date were calculated. To assess the 
impact of variability in weekly temperature and HI on birthweight and 
risk of being born SGA, we calculated the standard deviation (SD) of 
these weekly values (SD temperature and SD HI). 

2.5. Statistical analysis 

Subjects were excluded if they had missing data for birthweight, 
gestational age, or residential address, were born to mothers under the 
age of 18, or had a birthweight of less than 500 g (Fig. 1). The analysis 
was restricted to full term (Obstetricians and Gynecologistsothers, 2013) 
births (37≤ and ≤42 weeks’ gestation) because the DLNM model 
method requires complete (no missing) exposure values for each week of 
gestation. Maternal and child characteristics by infant sex were sum-
marized. All analyses were performed using R statistical software (R 
Core Team. R, 2020). 

To estimate the association between weekly heat metrics (mean 
temperature, mean HI, SD temperature, SD HI) and birthweight out-
comes (birthweight, SGA, birthweight z-score) we used distributed lag 
non-linear models DLNM fitted from a generalized additive model 
(GAM) (Gasparrini, 2014; Hastie and Tibshirani, 2017). After checking 
for non-linearity of the exposure–response relationship between each 
exposure and outcome, we modelled mean HI and mean temper-
ature–response relationship linearly, and the lag-response relationship 
using natural splines with three degrees of freedom. We modelled HI and 
temperature variability – response relationship non-linearly, with a 
natural spline with two degrees of freedom and the lag-response rela-
tionship using natural splines with three degrees of freedom. 

DLNM estimates the effect of an increase in heat exposure (5 ◦C for 
mean heat and 1 ◦C for SD heat) during each week of gestation on 
birthweight and risk of SGA compared to the mean. Effect estimates for 
change in birthweight (g), odds SGA, and change in birthweight z-score 
are expressed graphically as point estimates and 95% confidence in-
tervals for each week of gestation. DLNM also allows for the calculation 
of cumulative effects of exposure over several weeks by summing the 

coefficients of each week (lag) within that timeframe (Zanobetti et al., 
2000; Bhaskaran et al., 2013). We computed the cumulative effect of 
weekly increases in each heat metric for each trimester of gestation and 
for significant windows. We adjusted the models for potential con-
founders selected a priori using a directed acyclic graph (Fig. S1). 
Covariates included maternal age, education, smoking status in the past 
5 years, marital status, homelessness during pregnancy, WIC participa-
tion, child characteristics (sex and season of birth), as well as block 
group level data (population density, median household income, and 
percent poverty). We then examined effect modification by applying 
DLNM on the data stratified by sex and by homelessness. 

2.6. Sensitivity analysis 

The DLNM requires participant exposure histories that are complete 
and equivalent in length, creating a potential problem for causal infer-
ence. Since prenatal heat exposure has been shown to impact the 
duration of gestation, which in turn is strongly correlated with birth-
weight, restricting to term birth children creates the possibility of 
collider stratification bias by gestational age. The two studies that uti-
lized DLNM to assess the effect of prenatal heat on fetal growth have 
focused on birthweight as the outcome, potentially biasing their effect 
estimates. To determine the impact of restricting by gestational age on 
the critical windows of susceptibility, we ran the same analyses but with 

Fig. 1. Analytical sample selection. Number of children excluded. Gray cells 
indicate exclusion and restriction criteria. 
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z-score birthweight as the outcome and compared the output to the 
models for birthweight. Z-score birthweight, or weight-for-age, mea-
sures the distance in standard deviations from the average weight of 
children of the same age and sex. Using this metric removes the possi-
bility of gestational age-related collider stratification bias on the asso-
ciation between heat exposure and birthweight. 

3. Results 

3.1. Study population and heat exposure 

Maternal, child, and neighborhood characteristics are shown in 
Table 1. Male infants tended to be heavier than females (3350 g vs. 3240 
g). Male and female infants were born approximately the same week of 
gestation. Females were more likely born SGA (13.7% vs 10.4%). The 
mean gestational age at birth was 39.3 weeks (SD ± 1.22 weeks) and 
mean weight was 3300 g (SD ± 484 g). Most mothers in the study were 
single (52.2%), Black (48.5%), and had more than a high school edu-
cation (44.6%). During pregnancy, many mothers participated in WIC 

(83.8%), were nonsmokers (73.1%), and did not experience homeless-
ness (81.4%). 

The mean HI and temperature over the entire pregnancy were 
10.3 ◦C (SD ± 3.05 ◦C, Min: 3.89, Max:16.3) and 11.1 ◦C (SD ± 2.79 ◦C, 
Min: 5.21, Max: 16.7), respectively. Weekly mean SD HI and tempera-
ture were 3.29 ◦C (SD ± 1.40 ◦C, Min: 0.42 ◦C, Max: 9.3 ◦C) and 3.07 ◦C 
(SD ± 1.34 ◦C, Min: 0.33 ◦C, Max: 9.4 ◦C). Heat exposures was similar 
across sex. The correlation between mean temperature and mean HI was 
0.99, whereas for HI and temperature variability it was 0.76. 

3.2. Main results 

Among all individuals (n = 4442), we observed a significant asso-
ciation between SD HI and term birthweight for gestational weeks 10 
through 29 (Fig. 2B) and for SD temperature and term birthweight for 
gestational weeks 15–26 (Fig. 2D). The other heat metrics were not 
significantly associated with term birthweight at any gestational week 
(Fig. 2A and C). For weeks 10–29, a 1 ◦C increase in SD HI was associated 
with up to a 16.3 g (95% CI: 5.4, 27.4) decrease in BW (Fig. 2B). The 
cumulative change in birthweight for this period was − 287.4 g (95% CI: 
− 474.1 g, − 100.8 g). Similarly, the relation between SD HI and SGA was 
significant between gestational weeks 9 and 26, such that a 1 ◦C increase 
in weekly SD HI was associated with up to an approximately 10% (95% 
CI: 2%, 18%) increase in the risk of being born SGA (Fig. 3B). The cu-
mulative risk for SGA over this period was 4.7 (95% CI: 1.6, 14.1). 

Cumulative changes by trimester are in Table S1. Cumulative effect 
estimates for term birthweight were largest for the second trimester 
(weeks 14–26). The effect of a 1 ◦C increase in SD HI for each week in the 
second trimester was associated with a 201 g decrease in term birth-
weight (95% CI: − 334 g, − 69 g), which was larger than the effect size for 
SD temperature (1 ◦C increase in SD temperature: − 151 g, 95% CI: 
− 283 g, − 18 g). For SGA, the largest cumulative effect was found in the 
second trimester (weeks 14–26, Odds: 3.2, 95% CI: 1.4, 7.4). 

These effects of SD HI exposure, however, differed by sex. In females 
(n = 2067), the association was significant for weeks 23–28, and there 
was a trend of decreasing term birthweight (Fig. 4C) and increasing risk 
SGA in the first and second trimesters (Fig. 4D), such that an increase in 
1 ◦C SD HI was associated with the largest effect estimates during the 
second trimester (weeks 4–26, term birthweight mean = − 170 g, 95% 
CI: − 353 g, 12 g; SGA odds = 2.3, 95% CI: 0.7, 7.1). In males (n = 2375), 
the observed effect was similar to the total population (Figs. 2 and 3). A 
1 ◦C increase in SD HI for each week during gestational weeks 9–27 was 
associated with a significant decrease in term birthweight (Fig. 4A) and 
was associated with an increased risk of SGA from weeks 6–22 (Fig. 4B). 
In the model assessing the impact of SD HI, the cumulative change in risk 
of being born SGA was significant for the first and second trimesters 
(weeks 0–13, odds = 4.5, 95% CI: 1.1, 18.2; weeks 14–26, odds = 4.4, 
95% CI: 1.2, 15.4), whereas the cumulative effect of birthweight was 
significant for the second trimester only (weeks 14–26, mean = − 219 g, 
95% CI: − 394 g, − 45 g) (Table S2). 

Results from the model stratified by homeless status during preg-
nancy are provided in Fig. 5 and Table S3. For mothers who experienced 
homelessness (n = 598), the association between SD HI and term 
birthweight and birthweight z-score trended downward throughout 
gestation (Fig. 5A), whereas the odds of SGA increased through the 
second trimester. For these individuals, an increase in 1 ◦C SD HI during 
the second and third trimesters was associated with lower term birth-
weights (2nd trimester mean = − 429, 95% CI: − 748, − 92; 3rd trimester 
mean = − 419, 95% CI: − 757, − 81, Table S3) and an increased risk of 
having a child born SGA (2nd trimester odds = 47.7, 95% CI: 4.9, 460.0; 
3rd trimester odds = 12.7, 95% CI: 1.5, 109.8, Table S3). Additionally, 
changes in z-score were clinically significant (z-score > |0.67|) for 
weekly increases of 1 ◦C SD HI exposure in the second and third tri-
mesters (2nd trimester mean = − 0.78, 95% CI: − 1.39, − 0.16; 3rd 
trimester mean = − 0.79, 95% CI: − 1.43, − 0.16, Table S3). 

Table 1 
Maternal, child, and block group demographic characteristics by child sex.  

Maternal Characteristics Male (n =
2375) 

Female (n =
2067) 

Total (n =
4442) 

Age (years), mean, ± SD 28.3 ± 6.3 28.4 ± 6.2 28.3 ± 6.2 
Race/Ethnicity, n (%) 
Hispanic 837 (35.2) 725 (35.1) 1562 (35.2) 
Black/non-Hispanic 1164 (49.0) 992 (48.0) 2156 (48.5) 
White/non-Hispanic 229 (9.6) 210 (10.2) 439 (9.9) 
Other/Multiple Races 129 (5.4) 124 (6.0) 253 (5.7) 
Missing 16 (0.7) 16 (0.8) 32 (0.7) 
Marital Status, n (%) 
Single 1236 (52) 1081 (52.3) 2317 (52.2) 
Married/Cohabiting/Partnered 855 (36.0) 752 (36.4) 1607 (36.2) 
Separated/Divorced/Widowed 283 (11.9) 233 (11.3) 516 (11.6) 
Missing 1 (0.0) 1 (0.0) 2 (0.0) 
Educational Attainment, n (%) 
< High School 526 (22.1) 471 (22.8) 997 (22.4) 
High School degree 784 (33.0) 679 (32.8) 1463 (32.9) 
> High School 1063 (44.8) 916 (44.3) 1979 (44.6) 
Missing 2 (0.1) 1 (0.0) 3 (0.1) 
Smoked (last 5 years), n (%) 
Yes 544 (22.9) 542 (26.2) 1086 (24.4) 
No 1766 (74.4) 1480 (71.6) 3246 (73.1) 
Refused 1 (0.0) 0 (0.0) 1 (0.0) 
Missing 64 (2.7) 45 (2.2) 109 (2.5) 
Participated in WIC while pregnant, n (%) 
Yes 1997 (84.1) 1724 (83.4) 3721 (83.8) 
No 365 (15.4) 330 (16.0) 695 (15.6) 
Refused 12 (0.5) 11 (0.5) 23 (0.5) 
Missing 1 (0.0) 2 (0.1) 3 (0.1) 
Homeless while pregnant, n (%) 
Yes 317 (13.3) 281 (13.6) 598 (13.5) 
No 1952 (82.2) 1664 (80.5) 3616 (81.4) 
Refused 4 (0.2) 2 (0.1) 6 (0.1) 
Missing 102 (4.3) 120 (5.8) 222 (5.0) 
Block Group Characteristics 
Median Household Income 

(USD), 
Block Group, mean, ± SD 

47400 ±
29100 

48400 ±
28600 

47800 ±
28900 

Population Density (p/sqkm), 
Block Group, mean, ± SD 

8860 ±
5560 

8610 ± 5450 8740 ±
5510 

Poverty, Block group (%), mean, 
± SD 

22.8 ± 17.0 22.6 ± 17.6 22.7 ± 17.3 

Child Characteristics 
Birthweight (g), mean, ± SD 3350 ± 485 3240 ± 474 3300 ± 484 
Weight for Age Z-score, mean, ±

SD 
− 0.22 ±
0.86 

− 0.27 ± 0.96 − 0.24 ±
0.91 

Gestational Age at Birth (weeks), 
mean, ± SD 

39.3 ± 1.2 39.2 ± 1.2 39.3 ± 1.2 

Small for Gestational Age, n (%) 246 ± 10.4 284 ± 13.7 530 ± 11.9 

Note: WIC, Special Supplemental Nutrition Program for Women, Infants, & 
Children; SD, standard deviation; p/sqkm, people per square kilometer. 
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Fig. 2. Change in term birthweight by week of gestation for each exposure metric (n. = 4442) using a distributed lag non-linear model. (A) Mean Heat Index (HI) (B) 
Standard Deviation Heat Index (SD HI) (C) Mean temperature (D) SD temperature. Models were adjusted for maternal age, education, smoking status in the past 5 
years, marital status, homelessness during pregnancy, WIC participation, child characteristics (sex and season of birth), as well as block group level data (population 
density, median household income, and percent poverty). Points indicate adjusted weekly effect estimates and bars represent 95% confidence intervals. 

Fig. 3. Change in risk of being born SGA by weeks of gestation for each exposure metric (N = 4442) using a distributed lag non-model. (A) Mean Heat Index (HI) (B) 
Standard Deviation Heat Index (SD HI) (C) Mean temperature (D) SD temperature. Models were adjusted for maternal age, education, smoking status in the past 5 
years, marital status, homelessness during pregnancy, WIC participation, child characteristics (sex and season of birth), as well as block group level data (population 
density, median household income, and percent poverty). Points indicate adjusted weekly effect estimates and bars represent 95% confidence intervals. 
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3.3. Sensitivity analysis 

The shape of the associations between weekly measures of heat and 
birthweight z-score (Fig. S2) were similar to those obtained for term 
birthweight (Figs. 3 and 4). Additionally, the models utilizing birth-
weight z-scores identified similar windows of susceptibility as the model 
using birthweight as the outcome. In all individuals, the window of 
susceptibility for the impact of SD HI on birthweight was gestational 
weeks 10–29 (Fig. 2), and for z-score it was weeks 10–30 (Fig. S2). 
Similar results between birthweight and birthweight z-score were 
observed for the effect of SD HI in males (weeks 9–27 vs. 9–27) and 
females (weeks 23–28 vs. 23–28) and in individuals who experienced 
homelessness during pregnancy (weeks 12–34 vs. 13–34) (Fig. S3). 

4. Discussion 

Weekly heat and temperature variability (SD) measures produced 
larger effects on term birthweight and SGA than mean temperature and 
HI. Additionally, HI was a stronger predictor of term birthweight and 
SGA for mean and SD measures than temperature (Table S1 and Fig. 2). 
To our knowledge, this is one of the first studies to examine the impacts 
of heat exposure on term birthweight and SGA using different measures 
of heat exposure, including HI. Jakpor et al. (2020) (n = 4771) assessed 
the difference in the effect of increases in temperature, humidity, and 
variability of both on term birthweight, finding that temperature vari-
ability was the strongest predictor of change in term birthweight in the 
second trimester (mean = − 54.5, 95% CI: − 106.7, − 2.2) (Jakpor et al., 
2020). Comparatively, we observed larger effect estimates for the effect 
of temperature variability on term birthweight (mean = − 150.5, 95% 
CI: − 283.2, − 17.8), which may reflect demographic differences be-
tween populations, such as income, that impact access to heat mitigation 
strategies. Yitshak-Sade et al. (2021) (n = 712,438) also evaluated the 
effect of temperature on birthweight using DLMN but found a different 

critical widow of susceptibility than Jakpor et al. and this study (Yit-
shak-Sade et al., 2021). Neither study, however, evaluated the impact of 
HI. 

Use of the DLNM allowed for the identification of critical windows 
that spanned trimester intervals. Using a trimester-based method, we 
would have identified the second and third trimester as most susceptible 
to HI variability for term birthweight and SGA. Comparatively, the 
DLNM identified a much longer impact of HI on term BW, from weeks 
10–29, and a window for SGA that is also longer in length than a 
trimester spanning from weeks 9–26. 

We observed a non-significant but consistent downward trend 
throughout gestation between mean HI and temperature and term 
birthweight for all individuals, suggesting that as gestation proceeds, the 
impact of mean heat exposure results in larger decreases in birthweight. 
This finding is in accordance with previous research indicating that heat 
exposure later in gestation, specifically in the third trimester, is most 
strongly associated with lower birth weights (Sun et al., 2019; Basu 
et al., 2018; Jakpor et al., 2020). However, we also observed a critical 
window of susceptibility for SD HI and SD temperature on term birth-
weight approximately equivalent to the second trimester of pregnancy, 
in which the fetus is growing in length. Taken together, these findings 
indicate that windows of susceptibility may be dependent on the heat 
metric being examined, possibly reflecting differences in physiological 
responses to heat strain captured by each metric, namely the reduction 
in the evaporative capacity of the air and the resulting in a bodily loss of 
cooling capability captured by the HI metric. Accordingly, future studies 
assessing heat-related impacts should utilize HI as a more physiologi-
cally relevant and a potentially more outcome-predictive heat metric. 

The effect of heat measures on term birthweight differed by sex. After 
stratification, the effect of SD HI on birthweight and risk of SGA 
remained statistically significant only in males. For males, the critical 
window of susceptibility to variability in HI on birthweight and SGA was 
similar to the entire population (BW: weeks 9–27 vs 10–29; SGA: weeks 

Fig. 4. Change in term birthweight (BW) and risk of small for gestational age (SGA) associated with a 1 ◦C increase in standard deviation Heat Index (SD HI) 
stratified by child sex (Male N = 2375, Female N = 2067). (A) Male BW (B) Male risk SGA (C) Female BW (D) Female risk SGA. Distributed lag non-linear models 
were adjusted for maternal age, education, smoking status in the past 5 years, marital status, homelessness during pregnancy, WIC participation, child characteristics 
(season of birth), as well as block group level data (population density, median household income, and percent poverty). Points indicate adjusted weekly effect 
estimates and bars represent 95% confidence intervals. 
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6–22 vs 7–26). Comparatively, the strongest effects in females occurred 
during the second trimester as well. The magnitude of sex-specific ef-
fects of heat on birthweight and SGA may reflect differences in physi-
ological mechanisms. 

The mechanism and timing for the effect of prenatal heat exposure 
on birthweight remains unknown. However, exploration of animal- 
based literature yields a number of plausible physiological processes 
at play. In pregnant sheep, exposure to high external temperature in-
creases maternal body temperature resulting in a compensatory redis-
tribution of blood flow away from the uterus toward peripheral tissues 
in order to reduce body temperature (Yates et al., 2018). Core body 
temperature increases of 1 ◦C can reduce uterine blood flow by 20–30%. 
Over time, this level of blood flow restriction can lead to placental hy-
perplasia and a reduction in the transport capacity of oxygen, glucose, 
and other essential nutrients across the placenta to the developing fetus 
(Yates et al., 2018; Tao and Dahl, 2013). These alterations in uteropla-
cental and fetal-placental blood flow may affect fetal weight (Krishna 
and Bhalerao, 2011). Heat exposure has also been shown to impact 
circulating levels of pro- and anti-inflammatory cytokines and oxidative 
stress levels, which have been associated with alterations placental 
function and intrauterine growth (Raqib et al., 2007; Burton and Jau-
niaux, 2018), likely resulting in lower birthweights. Both mechanisms 
potentially demonstrate sex-specificity. Previous research indicates that 
mothers with male fetuses produce higher inflammatory and lower 
anti-inflammatory markers than mothers with female fetuses (Ramir-
o-Cortijo et al., 2020). Finally, differing levels of sex hormones, intro-
duced by the developing fetus, may impact thermoregulation such that 
estrogens are associated with lower body temperatures (Charkoudian 
and Stachenfeld, 2016). The combination of heat-induced inflammatory 
cytokine expression and sex-dependent expression may offer one 
mechanism for the difference in effect by sex. 

In this study, we also observed a significant impact of homelessness 
during pregnancy on the association between heat exposure and mea-
sures of gestational growth. For mothers who experienced homelessness, 
a 1 ◦C increase in weekly SD HI over the entire second trimester was 
associated with ten times the odds of being born SGA and a 420 g 
decrease in term birthweight compared to those who experienced the 
mean SD HI during that period. Comparatively, those who did not 
experience homelessness had 0.76 times the odds of being born SGA and 
a 9.5 g decrease in birthweight during the second trimester. The 
disparity in effects likely results from differences in access to heat 
mitigation measures, namely fans or air conditioning. Mothers who 
experienced homelessness during pregnancy also demonstrated clini-
cally significant reductions in birthweight z-scores during the second 
trimester when exposed to increases in SD HI and during the second and 
third trimester for exposures to mean HI. This finding suggests that HI 
exposures in this population during these trimesters result in meaningful 
reductions in birthweight even when accounting for gestational age and 
sex. Accordingly, efforts should be made to mitigate HI exposures during 
the second and third trimester, especially for mothers experiencing 
homelessness. 

4.1. Strengths and limitations 

The major advantage of this study is our use of spatially and 
temporally resolved heat measures. Most previous studies rely on 
trimester averages to identify the effects of heat on gestational growth. 
The DLNM allowed us to distinguish specific gestational weeks that are 
associated with birthweight and SGA, which is important as our results 
suggest that the critical windows of susceptibility to heat exposure span 
the typical trimester-based interval. 

The study has several additional strengths. We were able to 

Fig. 5. Change in birthweight (BW) and risk of SGA associated with a 1 ◦C increase in standard deviation HI stratified by homeless status during pregnancy 
(Homeless N = 598, Not Homeless N = 3616. (A) Homeless BW (B) Homeless SGA (C) Not Homeless BW (D) Not Homeless SGA. Distributed lag non-linear models 
were adjusted for maternal age, education, smoking status in the past 5 years, marital status, homelessness during pregnancy, WIC participation, child characteristics 
(season of birth), as well as block group level data (population density, median household income, and percent poverty). Points indicate adjusted weekly effect 
estimates and bars represent 95% confidence intervals. 
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demonstrate the differences in effect estimates for various heat metrics. 
Some previous studies utilize the more physiologically relevant HI but 
do not account for the impact of variability in this measure on birth-
weight. Our study included a large sample size from an ethnically and 
racially diverse cohort, which are often understudied, increasing the 
representativeness to more marginalized populations and possibly 
helping to explain the differences in effect estimates observed in pre-
vious studies using DLNM (Yitshak-Sade et al., 2021; Jakpor et al., 
2020). Last, we used z-score birthweight, which was not subject to po-
tential confounding by gestational age, to compare to the results ob-
tained for birthweight. 

Our study has several limitations. First, there is the possibility of 
unmeasured confounding due to covariate data insufficiencies. Our 
study lacked additional individual-level data such as access to nutrition 
and prenatal care during pregnancy, maternal body mass index and 
weight gain during gestation, and other environmental exposure vari-
ables, which may influence intrauterine growth. Similarly, although we 
accounted for neighborhood-level socioeconomic status, median 
household income and poverty, individual-level data would have further 
reduced misclassification of these covariates. Second, we did not have 
access to time-activity patterns, time spent outdoors, and use of heat 
mitigation strategies such as air-conditioning, resulting in some amount 
of non-differential exposure misclassification, which would have likely 
biased our results toward the null. Last, we would expect some 
misclassification of birthweight as healthcare providers may inconsis-
tently record weight. 

5. Conclusion 

Our results suggest that variability of heat exposure, especially HI, is 
a stronger predictor of term birthweight and risk of being born SGA than 
mean heat values alone and occurs in a sex-dependent manner. Future 
studies assessing the impact of heat on birth outcomes should include 
this more physiologically relevant heat metric. This study also indicates 
that homelessness or housing insecurity experienced during pregnancy 
is a major risk factor for the effect of heat variability on measures of 
gestational growth. Gestational growth, resulting in differences in term 
birthweight, in turn, has implications for infant survival, childhood 
health and development, and health across the lifespan. As the risk for 
extreme variability in heat due to climate change increases, it is 
important to understand the potential implications on the developing 
fetus. 
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