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BACKGROUND: Extreme heat exposures are increasing with climate change. Health effects are well documented in adults, but the risks to children are
not well characterized.
OBJECTIVES: We estimated the association between warm season (May to September) temperatures and cause-specific emergency department (ED)
visits among U.S. children and adolescents.
METHODS: This multicenter time-series study leveraged administrative data on 3:8million ED visits by children and adolescents ≤18 years of age to
the EDs of 47 U.S. children’s hospitals from May to September from 2016 to 2018. Daily maximum ambient temperature was estimated in the county
of the hospital using a spatiotemporal model. We used distributed-lag nonlinear models with a quasi-Poisson distribution to estimate the association
between daily maximum temperature and the relative risk (RR) of ED visits, adjusting for temporal trends. We then used a random-effects meta-
analytic model to estimate the overall cumulative association.

RESULTS: Extreme heat was associated with an RR of all-cause ED visits of 1.17 (95% CI: 1.12, 1.21) relative to hospital-specific minimum morbidity
temperature. Associations were more pronounced for ED visits due to heat-related illness including dehydration and electrolyte disorders (RR= 1.83;
95% CI: 1.31, 2.57), bacterial enteritis (1.35; 95% CI: 1.02, 1.79), and otitis media and externa (1.30; 95% CI: 1.11, 1.52). Taken together, tempera-
tures above the minimum morbidity temperature accounted for an estimated 11.8% [95% empirical 95% confidence interval (eCI): 9.9%, 13.3%] of
warm season ED visits for any cause and 31.0% (95% eCI: 17.9%, 36.5%) of ED visits for heat-related illnesses.

CONCLUSION: During the warm season, days with higher temperatures were associated with higher rates of visits to children’s hospital EDs. Higher
ambient temperatures may contribute to a significant proportion of ED visits among U.S. children and adolescents. https://doi.org/10.1289/EHP8083

Introduction
High ambient temperature or heat leads to substantial excess mor-
bidity and mortality (Hess et al. 2014; Sarofim et al. 2016). This
assessment is based on a large body of evidence, predominantly
among older adults, documenting associations between heat ex-
posure and mortality, as well as health care utilization for heat-
related illness, cardiovascular events, and suicide, among other
conditions (Bobb et al. 2014; Chen et al. 2017; Gronlund et al.
2014; Guo et al. 2017; Hess et al. 2014; Kim et al. 2019;
Lavados et al. 2018; Madrigano et al. 2013; Sun et al. 2019b).

Children have often been identified as vulnerable to heat
given their physiologic differences in thermoregulatory capacity
in comparison with adults and their dependence on adults for
protection from heat exposure (Falk and Dotan 2008; Stanberry
et al. 2018; Vanos 2015). However, relatively few studies have
quantified the association between heat and health in children
(Iñiguez et al. 2016; Knowlton et al. 2009; Sheffield et al. 2018;
Son et al. 2019; van Loenhout et al. 2018; Xu et al. 2014a), and
none of these studies have done so on a large scale across the

United States. The limited existing evidence suggests that heat
is associated with higher risk of sudden death among infants
(Basu and Ostro 2008), emergency department (ED) visits for
heat-related illnesses (Knowlton et al. 2009; Sheffield et al.
2018), injuries (Sheffield et al. 2018), and diarrheal diseases
(Xu et al. 2014b), with the magnitude of the associations vary-
ing by age. The consequences of heat exposure in infants, chil-
dren, and adolescents may differ from those in adults given the
relatively higher prevalence of specific conditions in children
(e.g., ear infections, diarrheal disease), as well as the unique
susceptibility of children due to their developing organ systems
and different behavior patterns vs. adults (American Academy
of Pediatrics Council on Environmental Health 2018).

Identifying the health risks to children from heat is of partic-
ular importance given the growing number of extreme heat days
due to continued climate change (Vose et al. 2017). To charac-
terize the relevance of heat to children’s health, we analyzed
data on more than 3million ED visits from May to September
from 2016 to 2018 to standalone children’s hospitals in
27 states. We estimated the relative risk (RR) of ED visits for
any cause and for specific causes and evaluated the fraction and
number of these visits attributable to warm season days with
nonoptimum ambient temperature for each location during May
to September.

Methods

Study Population
The institutional review board at Boston Children’s Hospital
determined that this project did not constitute human subjects
research and was granted a waiver of informed consent on that
basis. We obtained data on ED visits between May and
September from 2016 to 2018 from 47 children’s hospitals that
were participating in the Pediatric Health Information System
(PHIS) (https://www.childrenshospitals.org/phis) during this
interval. PHIS is a pediatric database that includes clinical and
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resource utilization data for inpatient, observation, ambulatory
surgery, and ED patient encounters for 50 children’s hospitals in
27 states (https://www.childrenshospitals.org/phis).

For each visit, we obtained data on admission date, primary
discharge diagnosis code from the International Classification of
Diseases, Tenth Revision, Clinical Modification (ICD-10-CM)
(National Center for Health Statistics 2019), age, sex, race, health
insurance status, and hospital name. We restricted the analyses to
children and adolescents ≤18 years of age, who accounted for
96.2% of all ED visits over the study period. Administrative staff
at each hospital assigned codes for race during the clinical en-
counter based upon patient or guardian self-report using PHIS-
designated categories that included “White,” “Black or African
American,” “Asian,” “Native Hawaiian or Pacific Islander,”
“American Indian or Alaskan Native,” or “Other.” Ethnicity was
similarly assigned as “Hispanic or Latino,” “Not Hispanic or
Latino,” or “Other.” Some states prohibit hospitals from asking
families about race and ethnicity and, in these places, hospital
staff used their judgment to assign race and ethnicity codes. We
defined a priori broad categories of ED visit cause based upon
primary discharge diagnosis using a combination of findings
from prior research and pathophysiologically plausible but previ-
ously unexplored links, with the intent of considering a broad
scope of potential health impacts of heat (Table 1). Groupings of
ED visit causes were mutually exclusive, with the exception of
asthma (also included in diseases of the respiratory system), bac-
terial enteritis (also included in infectious and parasitic diseases),
and suicidality and depression (also included in mental, behav-
ioral, and neurodevelopmental disorders, as well as other signs
and symptoms). We calculated the daily number of ED visits to
each hospital, overall and aggregated by cause, age (0–5, 6–12,
and 13–18 y), sex (male or female), and insurance status (public,
private, other/unknown). Race was grouped as White or other
race group (i.e., those identified as “Black or African American,”
“Asian,” “Native Hawaiian or Pacific Islander,” “American
Indian or Alaskan Native,” or “Other”) given uncertainty in the
correct assignment of race by hospital staff.

Assessment of Ambient Temperature
We estimated daily maximum ambient temperature using the
Parameter-elevation Relationships on Independent Slopes Model
(PRISM), an established spatiotemporal model with approxi-
mately 4-km horizontal grid spacing (Daly et al. 2008). This
model provides spatially resolved estimates of meteorological
variables, in contrast to point-based observations at individual
weather stations, which may not always adequately represent the
temperature across large and geographically heterogenous areas
(Spangler et al. 2019). Because we did not have information on
patients’ residential addresses, we calculated the population-
weighted mean of daily maximum temperatures (Tmax) in the
county in which the hospital is located as a proxy for patients’ ex-
posure (Sun et al. 2019b; Weinberger et al. 2020). Specifically,
we calculated the spatially resolved county mean by first extract-
ing the PRISM pixels at the population centroids for each census
tract within a county and multiplied this daily value by the pro-
portion of the county population falling within that census tract
(Spangler et al. 2019). We then summed the resulting values
across all census tracts within each county of interest to obtain
the county population-weighted mean value. We used an analo-
gous approach to obtain population-weighted estimates of maxi-
mum, minimum, and mean daily temperature and heat index. For
heat index, we used the weathermetrics R package, which fol-
lows the calculations used by the National Weather Service
(Anderson et al. 2013). We computed Pearson correlation coeffi-
cients among different temperature metrics to determine whether
alternative metrics should be considered.

Assessment of Air Pollution
We obtained daily mean fine particulate matter [PM ≤2:5 lm in
aerodynamic diameter (PM2:5)] and ozone (O3) from the air pol-
lution monitoring station network of the U.S. Environmental
Protection Agency (U.S. EPA 2020). We obtained daily mean
PM2:5 and O3 concentrations from the monitoring station that
was closest to each hospital. If air pollution data were missing,

Table 1.Mean number of daily ED visits for all and specific causes across 47 participating children’s hospitals, May to September from 2016 to 2018.

Causes of ED visits ICD-10 codes Mean (SD)

Percentile

25th 50th 75th

All-cause A00–U99 8,306 (802) 7,622 8,236 8,867
Infectious and parasitic diseases A00–B99 586 (67) 541 582 624
Bacterial enteritis A00–A09 90 (16) 79 88 98

Blood and immune system disorders D50–D89 72 (10) 64 71 79
Endocrine, nutritional, and metabolic diseases E00–E85, E88–E89 56 (13) 46 56 64
Mental, behavioral, and neurodevelopmental disordersa F00–F99 152 (54) 113 134 194
Nervous system diseases G00–G99 147 (28) 126 143 164
Otitis media and externa H60, H65–H67 295 (56) 252 289 328
Cardiovascular diseases I00–I99 40 (8) 34 40 45
Respiratory system diseases J00–J99 1,277 (355) 937 1,266 1,572
Asthma J45 256 (103) 162 241 342

Digestive system diseases K00–K93 570 (51) 534 562 599
Skin and soft tissue infections L00–L08 210 (28) 192 209 229
Other skin and soft tissue diseases L09–L99 201(24) 184 198 215
Musculoskeletal system diseases M00–M99 224 (42) 192 214 251
Genitourinary system diseases N00–N99 236 (22) 220 236 249
Perinatal conditions P00–P96 101 (14) 92 101 110
Other signs and symptomsa R00–R99 1,632 (157) 1,512 1,599 1,726
Injury and poisoning S00–T66, T68–T88 2,025 (147) 1,908 2,017 2,126
External causes and other health factors V01–Z99 182 (27) 164 179 196
Heat-related illness T67, E86, E87 63 (11) 56 62 69
Suicidality and depressiona R45.85, R45.86, R45.87, R45.1, R45.4,

R45.5, R45.6, F32, F33
72 (37) 46 60 94

Note: Sample sizes for specific causes are the same as indicated in Figure 2. ED, emergency department; ICD-10, International Classification of Diseases, Tenth Revision, Clinical
Modification; SD, standard deviation.
aDiagnoses included in “suicidality and depression,” “mental, behavioral, and neurodevelopmental disorders,” and “other signs and symptoms” partially overlap.

Environmental Health Perspectives 017001-2 130(1) January 2022

https://www.childrenshospitals.org/phis


we imputed missing values by linear interpolation using the na.
approx function in the R zoo package (Pun et al. 2015; Sun et al.
2019a).

Statistical Analysis
We used a well-established two-stage analytic approach (Gasparrini
et al. 2015, 2016) to quantify the association between maximum
daily temperature and RR of all-cause and cause-specific ED visits
between May and September from 2016 to 2018. In the first-stage
analysis, we used distributed-lag nonlinear models with a quasi-
Poisson distribution to estimate the association between day-to-day
variation in maximum temperature and the RR of ED visits sepa-
rately for each of the 47 hospitals participating in PHIS at the time of
analysis, adjusting for temporal trends. We modeled the exposure–
response function using a quadratic B-spline with one internal knot
placed at the 50th percentile of hospital-specific warm season tem-
perature distribution and modeled the time–response function using
a natural cubic B-spline with two knots placed at equal intervals on
the log scale with lags up to 7 d.We controlled for seasonality using
a natural cubic B-spline of day of the warm season (May to
September) with 4 degrees of freedom (df) per year; controlled for
long-term trends using a natural cubic B-spline of time with approx-
imately 1 df every 10 y; adjusted for same-day maximum relative
humidity using a natural cubic spline with 3 df; and adjusted for day
ofweek and federal holidays using indicator variables.

In the second stage of the analyses, we used a random-effects
meta-analytic model to estimate the overall cumulative association
between heat and ED visits across the 47 hospitals (Gasparrini et al.
2012). To account for residual interhospital heterogeneity due to
differing temperature distributions across hospitals, we included
hospital-specific median high daily temperature and range of Tmax
over the 3 y studied as predictors in the second-stage meta-regres-
sion. From thismodel, we extracted the best linear unbiased predic-
tion (BLUP) of the temperature–morbidity association for each
hospital. The BLUP approach allows estimates for locations with
less information to borrow from locations with more information.
For ease of communication, we defined days of extreme heat as
those at or above the 95th percentile of the cause-specific, hospital-
specific warm season Tmax distribution and defined days of moder-
ate temperature as those days with temperatures between the
cause-specific, hospital-specific minimum morbidity temperature
(MMT) and the 95th percentile of the hospital-specific warm sea-
son Tmax distribution. The MMT was derived from the BLUP of
the overall cumulative exposure–response association in each hos-
pital and corresponds to an MMT percentile between the first and
the 99th percentiles.

Sensitivity Analysis
We conducted a series of sensitivity analyses to assess the robust-
ness of our findings. First, to assess potential confounding air pol-
lution, we adjusted for PM2:5 and O3 (in separate models) as
linear continuous variables. We note that it may or may not be
appropriate to adjust for air pollutants when considering the
health effects of temperature (Buckley et al. 2014; Reid et al.
2012). Second, to ensure appropriate control for seasonality, we
repeated the analyses using a natural cubic B-spline of the day of
the season with 6 df/y rather than 4 df.

Estimation of Attributable Risk
We estimated the fraction and number of ED visits attributable
[(i.e., attributable fraction (AF) and attributable number (AN)] to
ambient temperatures above the MMT, as previously described
(Gasparrini and Leone 2014). Briefly, for each location, we first

calculated the number of ED visits attributable to heat (ANit) as
follows:

ANit = ðRRit − 1Þ=RRitAve caseit,

where RRit is the cumulative RR of ED visits for hospital i on
day t associated with Tmax vs. MMT for hospital i during May to
September, and Ave caseit is the moving average of daily ED vis-
its in hospital i on day t (lag 0) and the 7 d after day t (lags 1–7).
We then estimated the total number of ED visits attributable to
heat by summing the attributable number of ED visits each day
with maximum temperature above the MMT for hospital i during
May to September.

We subsequently estimated the AF by dividing the AN associ-
ated with Tmax s above the MMT by the total number of ED visits
for the corresponding cause. To quantify the uncertainty in these
estimates, we derived empirical 95% confidence intervals (eCIs)
for the AN and AF using Monte Carlo simulations (5,000 random
samples), assuming a multivariate normal distribution of the
BLUP of the reduced coefficients.

We applied the Bonferroni-Holm method to control for type I
error due to multiple comparisons and an adjusted p<0:05 was
considered statistically significant (Holm 1979). The 95% confi-
dence intervals (CIs) were corrected by using a=0:05=D, where
D is the number of disease groups considered (Dunn 1961).

Subgroup Analyses
Using fully stratifiedmodels, we evaluated whether the association
between temperature and risks of ED visits varied across sub-
groups defined by age (0–5, 6–12, and 13–18 y), sex (male vs.
female), race (White vs. other groups), and insurance status (pub-
lic, private, other/unknown). These subgroups were chosen
because we expected that age, sex, race, and insurance status might
all influence the likelihood that a childmay be brought to an ED for
medical care. Children of different races, ethnicities, ages, and gen-
ders present to EDs at different rates (National Center for Health
Statistics 2019) Differences observed by race and ethnicity may
reflect structural racism that has resulted in differential access to
care (Bailey et al. 2017). Insurance status also has been associated
with ED utilization. Notably, children onMedicaid and children in
households at <100% of the federal poverty level as compared
with those in households at >400% of that level use EDs at about
twice the rate as children with private insurance (National Center
for Health Statistics 2019). This suggests that ED use may be
driven more by social determinants of health, such as income and
health literacy, than out-of-pocket costs or insurance status per se
(Morrison et al. 2014; Schlichting et al. 2017). We implemented a
Wald statistic to test whether the association between ED visits and
daily temperature was homogeneous across strata. We considered
a p<0:05 as heterogeneous across strata.

We conducted all analyses in R (version 3.4.3; R Development
Core Team).We used the dlnm package for the distributed-lag non-
linear time-series analysis and themvmeta package for the second-
stage meta-analysis (Gasparrini 2011; Gasparrini et al. 2012).
Annotated R code for this analysis is provided at the end of the
SupplementalMaterial.

Results
Between May and September from 2016 to 2018, there were
>3:8million ED visits to 47 participating children’s hospitals in
27 states across the United States (Figure 1). Patients were
slightly more likely to be male (53.1% vs. 46.9%) and younger
(54.4%, 0–5; 27.8%, 6–12; and 17.8%, 13–18 years of age)
(Table S1). Of the patients with ED visits, 64.2% had public in-
surance and 26.9% had private insurance (Table S1). Among the
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groupings of discharge codes considered, ED visits for injury and
poisonings were most common, followed by those for nonspecific
signs and symptoms and those for diseases of the respiratory sys-
tem (Table 1).

The shape of the exposure–response curves was approxi-
mately linear, with some variation across categories of causes,
suggesting a continuum of risk across the warm season tempera-
ture range (Figures S1 and S2). The exposure–response curve
was not monotonic for bacterial enteritis, and outcomes that were
not as strongly associated with heat were less likely to have mon-
otonic associations (e.g., musculoskeletal system diseases, injury,
poisoning) when a quadratic B-spline was applied (Figure S1).
Associations were usually strongest with the maximum daily
temperature on the day of the ED visit (lag 0). However, for
some specific causes, higher maximum daily temperatures were
associated with ED visits 1–7 d later (Figure S3). For illustration,
we present the RR at the hospital-specific 95th percentile of max-
imum daily temperature vs. the MMT. Extreme heat was posi-
tively associated with a higher rate of ED visits for all causes
(RR= 1.17; 95% CI: 1.12, 1.21) over the next 7 d, as well as
higher rates of ED visits for a number of specific causes (Figure
2). Days of extreme heat were most strongly associated with
higher rates of ED visits for heat-related illness (RR= 1.83, 95%
CI: 1.31, 2.57), bacterial enteritis (RR= 1.35, 95% CI: 1.02,
1.79), and otitis media and externa (RR= 1.30, 95% CI: 1.11,
1.52). ED visits for several conditions, including “asthma,” “re-
spiratory system diseases,” and “mental, behavioral, and neurode-
velopmental disorders,” were not clearly associated with higher
temperatures (Figure 2; Figure S1).

RRs were very similar in sensitivity analyses that additionally
included adjustment for air pollutants or controlling for seasonality
using a natural cubic B-spline of the day of the season with 6 df/y
(Figure S4).Minimum,mean, andmaximumdaily values of tempera-
ture and heat indexweremoderately to highly correlated (Figure S5).

To characterize the potential burden of disease, we estimated
the fraction and number of ED visits potentially attributable to
hot days using a distributed-lag nonlinear model with estimated
numbers of visits summed over 0–7 d (Table 2; Table S2).
Temperatures greater than the MMT accounted for 11.8% (95%
eCI: 9.9, 13.3) of all warm season ED visits, 31% (95% eCI:
17.9, 36.5%) of visits for heat-related illnesses, and 25.2% (95%

eCI: 13.2, 31.1%) of visits for bacterial enteritis. More common
causes of ED visits were associated with a greater absolute num-
ber of visits attributable to heat, notably all-cause ED visits and
visits for injuries and poisonings.

We assessed whether the association between days of heat
and risk of all-cause and heat-related ED visits varied across sub-
groups defined by age, sex, race, or health insurance (Figure 3).
Days of extreme heat were more strongly associated with ED vis-
its for all causes among children who belonged to minority racial
groups (RR=1.21; 95% CI: 1.15, 1.28) vs. White children
(RR=1.12; 95% CI: 1.05, 1.19; pHeterogeneity = 0:052), and in chil-
dren with public health insurance (RR=1.18; 95% CI: 1.09,
1.27) or other/unknown insurance (RR=1.14; 95% CI: 0.94,
1.37) than in children with private insurance (RR=1.12; 95% CI:
1.06, 1.17; pHeterogeneity < 0:24).

For specific causes of ED visitation, days of extreme heat
were more strongly associated with ED visits in teenagers for
otitis media and externa (RR 0–5 years of age= 1.24; 95%
CI: 1.1, 1.39; RR 6–12 years of age= 1.7; 95% CI:1.5, 1.93;
RR 13–18 years of age= 1.68; 95% CI: 1.39–2.04; pHeterogeneity <
0:001), whereas children 0–5 years of age were more likely to
visit an ED for an infectious or parasitic disease (RR 0–5
years of age= 1.32; 95% CI: 1.21, 1.44; RR 6–12 years
of age= 1.11; 95% CI: 1.01, 1.22; RR 13–18 years of age= 1.09;
95% CI: 0.89, 1.32; pHeterogeneity = 0:01) (Table S3). Minority
racial-group children were more likely to visit EDs than White
children for otitis media and externa; nervous system diseases;
endocrine, neurological, and metabolic diseases; mental, behav-
ioral, and neurodevelopmental disorders; injury and poisoning;
and external causes and other health factors (Table S4). Children
with public or other nonprivate insurance were more likely to
visit EDs on days with extreme heat for bacterial enteritis and
musculoskeletal system diseases (Table S5).

Discussion
Children are thought to be more vulnerable to heat exposure than
adults (Stanberry et al. 2018; Vanos 2015; Xu et al. 2014a), but rel-
atively few empirical studies have evaluated this hypothesis. To
address this knowledge gap, we analyzed data from >3:8million
ED visits during the warm season to 47 children’s hospitals across
27 states in the United States. Our results suggest that higher maxi-
mum daily temperatures during the warm season may increase the
risk of ED visits among children and adolescents. Specifically, we
found that hotter dayswere associatedwith higher RRs of ED visits
for all causes and for specific groups of causes, including heat-
related illnesses, bacterial enteritis, otitis media and externa, infec-
tious and parasitic diseases, and nervous system diseases, among
others. These findingswere robust to alternativemodeling choices.

Our results are broadly consistent with the limited number of
prior studies that suggest that heat is associated with higher risk
of ED visits, hospitalizations, and ambulance dispatches among
children (Corcuera Hotz and Hajat 2020; Sheffield et al. 2018;
van Loenhout et al. 2018; Xu et al. 2014a). For example, a large
study leveraging data on hospital admissions from across the
Netherlands between 2002 and 2007 found that, among children
<15 years of age, heat was associated with a higher risk of hospi-
talization for heat-related illnesses and respiratory diseases (van
Loenhout et al. 2018). Sheffield et al. (2018) found that, among
children 0–4 years of age living in New York City, summertime
Tmax was associated with a higher risk of ED visits for heat-
related illnesses, general symptoms, injuries, and viral and ear
infections but not for digestive or respiratory diseases.

Most prior studies of children have been limited to a single or
small number of locations and none have comprehensively eval-
uated a wide range of potential causes of morbidity. In the

Figure 1.Map showing the locations of participating children’s hospitals
(n=47), median numbers of ED visits among children and adolescents
≤18 years of age, and mean daily maximum temperatures during May to
September from 2016 to 2018. Note: ED, emergency department; Tmax;
mean daily maximum temperature.
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present study, heat was associated with higher risk of ED visits
for any cause and for heat-related illness. Consistent with past
studies, we found that heat was associated with ED visits for bac-
terial enteritis, and otitis media and externa (Sheffield et al. 2018;
Xu et al. 2014b). We also identified ailments—such as nervous
system diseases, skin and soft tissue diseases, and digestive sys-
tem diseases—that have not previously been found to be associ-
ated with heat exposure in children. Additional large-scale
studies are needed to confirm or refute these novel findings.

The unique physiology, behaviors, and social standing of chil-
dren may heighten the risk for these outcomes. Bacterial enteritis,
for example, can be a greater risk to children than adults, and espe-
cially to infants or children with chronic medical problems given
their potentially limited ability to remain hydrated or their greater
likelihood to develop complications when sick. Otitis media is a
disease of childhood because the eustachian tubes are smaller in
children than adults, the immune systemmay be less able to control
the causative bacteria than adults, and the adenoid lymph nodes
(which involute by adulthood) can serve as repositories for bacteria

to ascend into the middle ear. Both bacterial enteritis and otitis
media infections may be caused by Gram-negative organisms,
which in some settings have been found to be more prevalent in
summermonths (Schwab et al. 2014).

Asthma is among the most common diagnoses for children
presenting to the ED during the summer months, and heat may
provoke lung irritation and worsen lung function (Bernstein and
Rice 2013; Lepeule et al. 2018). Some (Corcuera Hotz and Hajat
2020; van Loenhout et al. 2018; Winquist et al. 2016; Xu et al.
2013, 2014b), but not all (Sheffield et al. 2018), prior studies
have found an association between heat and asthma or other re-
spiratory diseases. Our results suggest ED visits for asthma spe-
cifically, and respiratory diseases broadly, are not associated with
higher temperatures during the warm season, even in sensitivity
analyses with additional adjustment for ambient PM2:5 and O3
(Figure S4).

In older adolescents and adults, temperature has previously
been associated with greater mental health symptoms and risk of
suicidality (Basu et al. 2018; Burke et al. 2018; Thompson et al.
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Figure 2. RRs and 95% CIs of the association of specific causes of emergency department visits with Tmax. RRs contrast the 95th percentile of the hospital-spe-
cific warm season (May to September) Tmax distribution to the hospital-specific minimum morbidity temperature (MMT) over lag 0–7 d among 47 participating
children’s hospitals from May to September from 2016 to 2018. The temperature–ED visit association was modeled with a quasi-Poisson regression with dis-
tributed-lag nonlinear model for each hospital, controlling for temporal trends, seasonality, relative humidity, federal holidays, and day of the week. RRs are
then pooled across the 47 participating hospitals using multivariate random-effect meta-analyses with hospital-specific mean and range of temperatures as the
predictors. Note: CI, confidence interval; RR, relative risk; Tmax, mean daily maximum temperature.
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2018). Although many studies have found heat to be associated
with suicides in adolescents and young adults (Basu et al. 2018;
Burke et al. 2018; Thompson et al. 2018), we did not identify a
clear association between heat and ED visits for suicidality and
depression, which is consistent with the findings of Wang et al.
(2014). We also did not find a strong association with the larger
category of “mental, behavioral, and neurodevelopmental disor-
ders” (Figure 2).

In evaluating the relationship between heat and ED visits, we
considered a suite of demographic variables. We found that visits
to the ED for all-causes among minority racial-group children
and children with public insurance showed a stronger association
with heat compared with White children or those with private in-
surance, respectively. In stratified analyses, no clear pattern
emerged for greater risk of ED visit with heat exposure based on
race or insurance status. However, minority racial-group children
had a much greater likelihood of ED visitation for some specific
causes, including “bacterial enteritis,” “endocrine, nutritional,
and metabolic diseases,” “mental, behavioral, and neurodevelop-
mental disorders,” and “injury and poisoning.” These findings are

consistent with other data showing disparities in ED utilization in
the United States with more visits from low-income children and
children of color, particularly Black children. (McDermott et al.
2018; Schlichting et al. 2017).

Our results offer important insights for clinicians caring for
children. First, children and adolescents may present on or after
hot days with a variety of ailments that may not be intuitively
linked to heat, including injuries, infections, and digestive dis-
eases. Second, although heat was most strongly associated with
ED visits on the same day, the elevated risk of ED visits was
apparent even in the subsequent 2 or 3 d. Lagged effects of heat
have been well documented in adults and previously noted in
children as well (Sheffield et al. 2018; van Loenhout et al. 2018).
Third, associations between high-temperature days and ED visita-
tion were not confined to the hottest days but, rather, were evi-
dent across a range of warm season temperatures. The shape of
the curve describing the association with heat varied by cause of
ED visit. For example, we observed an approximately linear
association for all-cause ED visits vs. an association that grew
steeper at higher temperatures for heat-related illnesses and otitis
media and externa. A vast literature in adults indicates a U- or
V-shaped relationship between outdoor temperature and morbid-
ity and mortality, whereby the risk of adverse health events
increases monotonically (but not necessarily linearly) as daily
temperatures deviate from the MMT (Song et al. 2017).

Our results suggest that a significant proportion of illness was
attributable to days that are between the MMT and the 95th per-
centile of Tmax and not extremely hot. Pediatric care providers
may not consider temperatures in this range as a risk to child
health. Children with comorbid health conditions or genetic sus-
ceptibilities, or who are subject to adverse social determinants of
health, may be at particular risk of heat exposure and the ensuing
health effects (Liem 2018; Ziad et al. 2005).

The findings here are limited in several ways. First, the
patient sample may not fully represent the underlying health sta-
tus or demographics of the communities in which they live
because PHIS hospitals primarily serve children, whereas most
U.S. children receive emergency care at community hospitals
that primarily treat adults (Gausche-Hill et al. 2007). Second, ED
visits may be a more sensitive marker of heat-related illnesses
than inpatient hospitalizations, but primary care visits may, in
some instances, be a yet more sensitive end point. Third, patients
in large counties may be exposed to different temperatures than
are represented by the population-weighted county average and
exposure misclassification may, therefore, have influenced our
findings. Fourth, our findings may not be generalizable to coun-
tries with more universal or consistent access to health care
because ED utilization in the United States is strongly related to
health insurance (Schlichting et al. 2017), and our findings sug-
gest that health insurance may modify the association between
heat and ED visits. Fifth, rates of ED visitation for specific causes
are seasonal (e.g., respiratory conditions are more prevalent from
October to March) (McDermott et al. 2018). Our findings are lim-
ited to days of moderate and extreme heat from May to
September and do not address risks outside these months.
Finally, our results cannot address differential risks associated
with race and ethnicity given the limitations in how race and eth-
nicity data were obtained.

On the other hand, to our knowledge this is the largest and
most comprehensive analysis of the association between heat and
ED visits in children in the United States, leveraging data from
3:8million ED visits across 27 states. The geographic diversity
and large size of our study sample is uncommon in studies of
children’s environmental health. The large sample size led to esti-
mates of associations that were relatively precise, even in

Table 2. The attributable number and fraction for specific causes of ED vis-
its attributable to temperatures above the minimum morbidity temperature
over lag 0–7 d during May to September from 2016 to 2018 in 47 participat-
ing U.S. children’s hospitals.

Causes of ED visits

Attributable
fraction

(95% eCI) (%)

Attributable
number

(95% eCI)

Heat-related illness 31.0 (17.9, 36.5) 8,895 (5,152, 10,494)
Otitis media and externa 13.5 (8.4, 17.0) 18,204 (11,433, 23,008)
Bacterial enteritis 25.2 (13.2, 31.1) 10,443 (5,457, 12,896)
Infectious and parasitic

diseases
13.8 (11.6, 15.6) 37,269 (31,263, 41,863)

Blood and immune sys-
tem disorders

17.1 (11.2, 21.7) 5,614 (3,672, 7,139)

Nervous system diseases 14.5 (6.1, 19.3) 9,797 (4,112, 13,028)
Skin and soft tissue

infections
17.7 (15.1, 20.1) 17,119 (14,603, 19,404)

Other skin and soft tissue
diseases

16.7 (13.3, 19.4) 15,408 (12,256, 17,814)

Other signs and
symptoms

11.3 (8.4, 13.7) 84,794 (62,995, 102,441)

Endocrine, nutritional,
and metabolic diseases

19.2 (8.8, 24.2) 4,922 (2,243, 6,185)

Cardiovascular diseases 10.7 (−3:9, 16.8) 1,967 (−711, 3,074)
Digestive system diseases 11.7 (8.1, 14.7) 30,738 (21,129, 38,540)
All-cause 11.8 (9.9, 13.3) 448,096 (378,388, 508,309)
Mental, behavioral, and

neurodevelopmental
disorders

9.9 (6.2, 12.7) 6,937 (4,315, 8,858)

Injury and poisoning 17.7 (14.9, 20.0) 164,894 (138,089, 185,536)
Genitourinary system

diseases
9.5 (6.2, 12.4) 10,343 (6,716, 13,470)

External causes and other
health factors

12.0 (3.4, 16.9) 10,063 (2,857, 14,114)

Respiratory system
diseases

8.7 (5.0, 11.5) 50,925 (29,056, 67,599)

Musculoskeletal system
diseases

10.6 (4.5, 14.8) 10,912 (4,591, 15,157)

Asthma 11.7 (6.3, 15.5) 13,813 (7,364, 18,172)
Perinatal conditions 6.7 (−1:3, 11.6) 3,118 (−610, 5,410)
Suicidality and depression 3.8 (−1:2, 7.3) 1,263 (−407, 2,409)

Note: We fitted a time-series Poisson regression for each hospital, controlling for tem-
poral trends, seasonality, relative humidity, federal holiday, and day of the week. We
estimated temperature–ED visits associations with a distributed-lag nonlinear model
with 7 d of lag, and then pooled them in a multivariate random-effect meta-analyses
with hospital-specific mean and range of Tmax as the predictors. We then calculated the
attributable number and fraction of ED visits based on the best linear unbiased predic-
tion of the overall cumulative exposure–response association in each hospital. eCI, em-
pirical confidence interval; ED, emergency department; Tmax, mean daily maximum
temperature.
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analyses by cause of ED visits or within subgroups of the popula-
tion, whereas the geographic extent of the study suggests that
these results may be more broadly generalizable vs. prior studies
that were limited to one or a few locations in the country.

The results of the analysis must be interpreted in the context
of continued climate change. Greenhouse gas emissions have
led to higher average temperatures globally and in the United
States over the past century, accompanied by more frequent and
intense days of extreme heat (Vose et al. 2017). The growing
evidence that heat presents substantial risk to children under-
scores the need for more aggressive adaptation measures and
suggests that continued climate change will have important
implications for the health and well-being of children in the
years ahead.
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