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Abstract

High ambient temperatures have become more likely due to climate change and are linked to
higher rates of heat-related illness, respiratory and cardiovascular diseases, mental health disorders,
and other diseases. To date, far fewer studies have examined the effects of high temperatures on
children versus adults, and studies including children have seldom been conducted on a national
scale. Compared to adults, children have behavioral and physiological differences that may give
them differential heat vulnerability. We acquired medical claims data from a large database of
commercially insured US children aged 0-17 from May to September (warm-season) 2016—2019.
Daily maximum ambient temperature and daily mean relative humidity estimates were aggregated
to the county level using the Parameter-elevation Relationships on Independent Slopes dataset, and
extreme heat was defined as the 95th percentile of the county-specific daily maximum temperature
distribution. Using a case-crossover design and temperature lags 0—5 days, we estimated the
associations between extreme heat and cause-specific emergency department visits (ED) in
children aged <18 years, using the median county-specific daily maximum temperature
distribution as the reference. Approximately 1.2 million ED visits in children from 2489 US
counties were available during the study period. The 95th percentile of warm-season temperatures
ranged from 71 °F to 112 °F (21.7 °C to 44.4 °C). Comparing 95th to the 50th percentile, extreme
heat was associated with higher rates of ED visits for heat-related illness; endocrine, nutritional and
metabolic diseases; and otitis media and externa, but not for all-cause admissions. Subgroup
analyses suggested differences by age, with extreme heat positively associated with heat-related
illness for both the 6—12 year (odds ratio [OR]: 1.34, 95% confidence interval [CI]: 1.16, 1.56) and
13—17 year age groups (OR: 1.55, 95% CI: 1.37, 1.76). Among children with health insurance across
the US, days of extreme heat were associated with higher rates of healthcare utilization. These
results highlight the importance of individual and population-level actions to protect children and
adolescents from extreme heat, particularly in the context of continued climate change.

Abbreviations 1. Introduction

ED emergency department event The adverse health impacts of exposure to days of

OLDW Optum Labs Data Warehouse high ambient temperatures (i.e. ‘heat’) have been

PRISM parameter-elevation relationships on widely studied in adults. Heat has been linked to
independent slopes a higher risk of various adverse health outcomes,

© 2022 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2752-5309/ac78fa
https://crossmark.crossref.org/dialog/?doi=10.1088/2752-5309/ac78fa&domain=pdf&date_stamp=2022-11-1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-6879-7149
https://orcid.org/0000-0002-8904-7280
https://orcid.org/0000-0001-6340-7754
https://orcid.org/0000-0003-1703-1041
https://orcid.org/0000-0001-6001-0081
https://orcid.org/0000-0002-3708-1225
https://orcid.org/0000-0003-0427-7376
mailto:stowellj@bu.edu
http://doi.org/10.1088/2752-5309/ac78fa

10P Publishing

Environ. Res.: Health 1 (2023) 015002

including death and/or healthcare utilization for
heat-related illnesses, renal, cardiovascular, and
respiratory diseases, and mental health conditions
[1-13]. However, most of this research has been
conducted among adults, with relatively less known
regarding the impacts of heat on children [14-19].
There is evidence suggesting that, in the context
of extreme heat, children may have different heat
tolerance compared to adults [20]. Moreover, chil-
dren’s perception of heat may differ from those of
adults and, coupled with their dependence on care-
givers, limit their ability to identify signs or symptoms
related to excess heat exposure or protect themselves
appropriately [21, 22]. Providing those who care for
children with a better understanding of the potential
adverse health impacts of heat may help protect chil-
dren’s health during periods of extreme heat [23, 24].

A growing body of literature suggests that mul-
tiple pediatric conditions may be sensitive to heat,
including heat-related illnesses, injuries, gastrointest-
inal illnesses, and general symptoms [25]. For
example, Knowlton et al observed that rates of emer-
gency department (ED) visits in children 0—4 years
of age were 5% higher during a severe heatwave in
California in 2006 versus a cooler reference period
[26]. In New York City, Sheffield et al showed that,
among children 0—4 years old, summertime temper-
atures were positively associated with higher rates of
ED visits for all-cause and select specific causes [14].
In subsequent analyses using the same data source,
Niu et al confirmed these findings in the youngest
children (0—4 years) and showed similar associations
in both older children (5-12 years) and adolescents
(13-18 years) [27]. A large study across 18 cities in
China showed that temperature was more strongly
associated with ED visits in those aged <18 years
versus older individuals, suggesting that children are
a particularly susceptible subpopulation [4]. Stud-
ies in other locations have provided similar insights,
albeit with some heterogeneity in results across stud-
ies [28-32]. Of note, very few studies have investig-
ated this issue beyond a specific city, state, or region.
One exception is a recent study that leveraged admin-
istrative claims for ED visits from 47 children’s hos-
pitals across the US and found significant increases
in ED visits for multiple causes [19].

Here we seek to replicate and expand the evid-
ence of heat-health effects in children across the
US, leveraging a very large healthcare claims data-
base with information on ED visits in children with
health insurance living across the US. Specifically,
we sought to characterize the association between
warm-season temperatures and risk of ED visits for
all causes and a series of specific causes among chil-
dren aged <18 years with commercial health insur-
ance. We additionally evaluated whether the observed
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associations varied by age, sex, and geographic
region.

2. Materials and methods

2.1. Study population

We obtained de-identified medical claims records
from 1 January 2016, to 31 December 2019, from
the Optum Labs Data Warehouse, which includes
medical and pharmacy claims, laboratory results,
and enrollment records for commercially insured
and Medicare Advantage enrollees [33]. The database
contains longitudinal health information on enrollees
representing a range of ages, ethnicities, and geo-
graphical regions. We identified claims for ED visits
based on the International Classification of Diseases
(ICD-10), revenue, Current Procedural Terminology,
and place of service codes. For each claim, we then
extracted information on the age, sex, and county
of residence of the individual, as well as the admis-
sion date (defined as the date of service performed in
the ED) and diagnosis codes. We limited our analysis
to ED visits occurring among children (individuals
aged <18 years). This study involved analysis of pre-
existing, de-identified data and was approved by the
Institutional Review Board of Boston University (IRB
number: H-40274).

In addition to ED visits for any cause (including
accidental), we considered a range of specific causes
for ED visits based on principal ICD diagnosis codes
(table 1). Groupings are mutually exclusive, with the
exception of asthma, bacterial enteritis, and suicidal-
ity/depression, which are included in more than one
group. We additionally classified ED visits as heat-
related based on any mention of relevant codes. We
aggregated the daily number of ED visits in each
county by age (0-5, 6-12, or 13—17 years), sex (male
or female), and geographic region of the country
as defined by the US Global Change Research Pro-
gram’s Fourth National Climate Assessment (NCA4,
figure 1) [34].

2.2. Ambient temperature

We estimated daily maximum ambient temperature
(hereafter, simply ‘temperature’) and relative humid-
ity using the Parameter-elevation Relationships on
Independent Slopes (PRISM) dataset [35, 36]. The
PRISM dataset is a publicly available gridded climate
dataset that includes daily estimates of temperature,
dew point, vapor pressure deficit, and precipitation
with a horizontal grid spacing (spatial resolution)
of approximately 4 km. To represent population
exposure to temperature, we calculated a population-
weighted average of daily maximum temperature for
each day in each county, as previously described
[37]. Briefly, we extracted individual temperature
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Figure 1. Climate regions in the United States. Locations of climate regions in the conterminous US based on the Fourth National
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pixels from the PRISM dataset at the population
centroids for each census tract and aggregated to the
county level using a weighted average based on pro-
portion of county population within each tract. To
account for missing data, the weighting relied on the
proportion of the population within each county with
non-missing data: county-days with more than 20%
missing data were excluded from the estimates (this
affected <0.01% of county-days). We restricted this
analysis to the months of May to September each year
(henceforth referred to as ‘warm-season’ for brevity)
and calculated percentiles of maximum temperature
and relative humidity by day and county during the
study period. Specifically, we defined a day of extreme
heat as one where the daily maximum temperature
exceeded a location-specific threshold based on the
95th percentile of the county-specific distribution of
warm-season daily maximum temperatures during
the study period.

2.3. Statistical approach

Using a case-crossover modeling framework, we
estimated the relationship between county-specific
daily maximum temperature percentile and all-cause
and cause-specific ED visits among children dur-
ing the warm seasons of 2016-2019. Under certain
assumptions and conditions, the case-crossover ana-
lysis provides results that are similar to those of tra-
ditional time-series studies with Poisson regression
[38-40]. In the case-crossover design, each parti-
cipant serves as their own control, with inference

based on the comparison of exposures over time
within the same individual [41, 42]. This design
has the advantage of controlling for all known and
unknown individual- and county-level confounders
that are time-invariant or vary relatively slowly over
time, including, for example, age, sex, socioeco-
nomic status, and population density [42]. We used
a time-stratified approach to select control periods
such that ambient temperature during the case period
was compared to ambient temperature on other days
within the same year, month, and day of the week
as the case day [43]. This approach to selecting con-
trol periods serves to minimize confounding by sea-
sonal and long-term time trends, as well as day of the
week [43].

We used a conditional logistic regression model
to estimate the association between daily maximum
temperature percentile and the relative risk of ED
visits. We applied a well-established distributed lag
non-linear modeling framework to allow for both
non-linear exposure-response functions and non-
linear lag-response functions [44]. As in prior stud-
ies, we modeled exposure-response functions using
a quadratic B-spline with one internal knot placed
at the 50th percentile of the county-specific warm-
season temperature distribution and modeled the lag-
response function using a natural cubic B-spline with
two knots placed at equal intervals on the log scale
of lags up to five days [45]. We additionally adjusted
for a natural spline function with 3° of freedom for
daily mean relative humidity and federal holidays (as
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an indicator variable) in all models. We report odds
ratios (OR) and 95% confidence intervals (CI) of ED
visits associated with a day of extreme heat (defined as
ambient temperature above the county-specific 95th
percentile temperature distribution) versus a typ-
ical daily temperature (defined as the 50th percentile
county-specific temperature) [44, 45].

We performed several sensitivity analyses to assess
the robustness of our findings. First, we varied the key
modeling parameters, including modeling exposure-
response functions using a quadratic B-spline with
two and three internal knots and modeling the
lag-response function using a natural cubic B-spline
with three knots placed at equal intervals on the log
scale of lags up to five days. Second, to assess whether
our results were robust to the choice of exposure met-
ric, we repeated the main analyses using exposure
based on county-specific percentiles of daily mean
rather than daily maximum temperatures. Finally, to
assess the impact of temperature alone, we repeated
the main analyses without controlling for relative
humidity.

2.4. Subgroup analyses

To examine potential differences in susceptibility, we
evaluated whether the association between warm-
season temperature and risk of ED visits varied
across strata defined by age, sex, and NCA4 region,
as defined above. We used the Wald test to assess
whether the associations were homogeneous across
strata [46]. All analyses were conducted using R ver-
sion 4.0.2 with the ‘survival’ (version 3.1.12) and
‘dlnm’ (version 2.4.2) statistical packages [47, 48].

3. Results

3.1. Temperature and population

Warm-season daily maximum temperatures vary
considerably across the US, with higher temperat-
ures typically observed across the Southwest and
Southeastern regions of the US (figure 2(A)). Our
study population included approximately 4.7 million
unique children with commercial health insurance
on any given day, accounting for approximately 6.5%
of the 2019 US resident population aged <18 years.
We recorded approximately 1.2 million ED visits dur-
ing the warm seasons between 2016 and 2019 among
beneficiaries residing in 2489 of the 3109 counties
in the contiguous US (figure 2(B)). Approximately
97% of the total US population <18 years lived in the
counties in which we identified at least one ED visit in
the Optum Labs administrative claims data. The most
common causes of ED visits included injury and pois-
oning, non-specific signs and symptoms, and diseases
of the respiratory system (table 1). ED visits specific-
ally coded as ‘heat-related’ accounted for 2.6% of all
ED visits.

] D Stowell et al

3.2. Impact of warm-season temperatures
Warm-season temperatures were not positively asso-
ciated with higher rates of all-cause ED visits but were
associated with higher rates of ED visits for heat-
related illnesses (figure 3(A)). For example, a day of
extreme heat was associated with a 30% (95% CI:
20%, 40%) higher rate of ED visits for heat-related ill-
nesses versus the local median warm-season temper-
atures cumulatively over five days of lag. Exposure-
response curves for all outcomes by temperature
percentile are shown in supplemental figure 1. The
increase in risk was highest on the same day (lag 0),
with minimal evidence of lagged effects (figure 3(B)
and supplemental figure 2).

Warm-season temperatures were also associated
with higher rates of ED visits for endocrine, nutri-
tional, and metabolic diseases and otitis media and
externa (figure 4). Specifically, a day of extreme heat
versus the local median warm-season temperature
was associated with a 25% (95% CI: 3%, 50%) higher
rate of ED visits for endocrine, nutritional, and meta-
bolic diseases and a 9% (95% CI: 3%, 16%) higher
rate for otitis media and externa. We did not observe
evidence of a positive association between extreme
heat and rates of ED visits for any other specific
cause. On the other hand, days of extreme heat were
associated with lower rates of ED visits for diseases
of the respiratory system, injury and poisoning, and
asthma. For ease of comparison to other studies, res-
ults were recalculated comparing the 95th percentile
to both the 1st percentile and mean of warm-season
maximum temperatures (supplemental figures 3 and
4). Results were not materially different in sensitivity
analyses in which we varied model parameters (sup-
plemental figure 5).

3.3. Stratified analyses

We assessed whether the associations between warm-
season temperature and ED visits for all-cause and
heat-related illness varied across subgroups defined
by age, sex, and region (figures 5(A) and (B)). Warm-
season temperatures were not associated with higher
rates of all-cause ED visits in any subgroup (age,
sex, and climate region), except in the Midwest.
Indeed, in several subgroups, warm-season temperat-
ures were associated with lower rates of all-cause ED
visits.

On the other hand, the association between tem-
perature and ED visits for heat-related illnesses var-
ied across strata defined by age, with increasing relat-
ive risks across strata of increasing age. For example, a
day of extreme heat was associated with relative risks
of heat-related ED visits of 1.06 (95% CI: 0.93, 1.20),
1.34 (1.16, 1.56), and 1.55 (1.37, 1.76) for children
aged 0-5 years, 6—12 years, and 13-17 years, respect-
ively. The association between temperature and heat-
related ED visits were not materially different across
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Figure 2. Maps showing the spatial distribution of the definition of days of extreme heat (A) and the number of ED visits included
in the analyses (B). Figure (A) shows the warm- season (MJJAS) 95th percentile of daily maximum temperature (°F) observed at
the same location from 2016 to 2019. Figure (B) shows the total number of warm-season ED visits per county among children

aged <18 years of age with commercial health insurance during the same time period.

subgroups defined by sex. Associations with heat-
related ED visits varied somewhat across regions of
the country, with stronger associations observed in
the Midwest and Northeast. However, estimates in
some regions were imprecise and overall heterogen-
eity was modest.

4. Discussion

Despite ample evidence that extreme heat poses a
significant public health risk in adults, relatively few
studies have evaluated the impact of warm-season
temperatures on children. We leveraged a large,
national dataset of healthcare utilization claims to

quantify the association between warm-season tem-
peratures and rates of ED visits for any cause and
for specific causes among a large sample of chil-
dren and adolescents <18 years old with commer-
cial health insurance. We found that higher temper-
atures were not associated with higher rates of ED
visits overall but were associated with higher rates
of ED visits for heat-related illness; endocrine, nutri-
tional, and metabolic diseases; and otitis media and
externa.

The limited number of prior studies available
in children collectively suggests that extreme heat
is associated with higher rates of ED visits for a
range of causes [15, 26, 27, 30, 49]. For example,
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Table 1. Number of ED visits for any cause or specific causes among US children aged <18 with commercial health insurance, May thru

September 2016-2019.

Health outcome ICD-10° Number of ED visits % of total
All-cause A00-Z99 1188 438 —
Infectious and parasitic diseases A00-B99 48472 4.08
Bacterial enteritis A00-A09 7111 0.60
Blood and immune system disorders D50-D89 4550 0.38
Endocrine, nutritional, metabolic diseases E00-E85, E88-E89 4521 0.38
Mental, behavioral disorders F00-F99 26 366 2.22
Nervous system diseases G00-G99 16 309 1.37
Otitis media and externa H60, H65-H67 48245 4.06
Cardiovascular diseases 100-199 5699 0.48
Respiratory system diseases J00-J99 157 927 13.29
Asthma J45 21754 1.83
Digestive system diseases K00-K93 56 498 4.75
Skin and soft tissue infections L00-L08 24 458 2.06
Other skin and soft tissue diseases L09-L99 24 699 2.08
Musculoskeletal system diseases MO00-M99 42181 3.55
Genitourinary system diseases NO00-N99 34 000 2.86
Perinatal conditions P00-P96 9026 0.76
Other signs and symptoms R00-R99 268 317 22.58
Suicidality and depression R45.85-R45.87, R45.1, 16 579 1.40
R45.4-R45.6, F32, F33

Injury and poisoning S00-T66, T68-T88 467 762 39.36
Heat-related illness® T67, E86, E87 25362 2.13
External causes and other health factors V01-799 25835 2.17

2 Diagnosis codes as defined by the 10th revision of the International Statistical Classification of Diseases and Related Health Problems.

b Based on principal or secondary diagnosis codes for heat-related illness, and principal diagnosis codes otherwise.

Bernstein et al, used a national dataset of 3.8 million
ED visits from 47 children’s hospitals across the US,
regardless of health insurance coverage, and found
an 83% increase in heat-related ED visits associated
with days of extreme heat (comparing the 95th versus
Ist percentiles of location-specific daily maximum
temperature). Similar positive associations between
warm-season temperatures and healthcare utilization
have been documented among children <15 years of
age in London [15].

Few studies have been published regarding the
effects of high temperatures on otitis media and
externa, as well as endocrine, nutritional, and meta-
bolic diseases. For example, Bernstein et al estimated
a 30% increase in otitis media and externa ED vis-
its associated with days of extreme heat but did not
observe a significant relationship between temperat-
ure and endocrine, nutritional, and metabolic dis-
ease in children [19]. The authors of a study focused
on relative humidity also investigated the potential
effects of temperature on otitis media-related ED vis-
its and failed to find a statistically significant asso-
ciation [50]. Finally, Xu et al, investigated a rela-
tionship between high temperatures and ED visits
for endocrine, nutritional and metabolic diseases in
Australian children and found statistically significant
associations for cumulative lags 0-21 days [49].

Our finding that warm-season temperatures were
not associated with higher rates of all-cause ED
visits stands in contrast with most prior studies

[19, 26, 31, 32]. For example, Bernstein et al found a
17% increase in rates of ED visits for any cause on days
of extreme heat (comparing the 95th versus 1st per-
centile of daily maximum temperatures) [19]. Simil-
arly, among children aged <17 years of age in South-
western Ontario, Wilk et al found 22% higher rates
of all-cause ED visits comparing 99th percentile max-
imum temperature with a reference absolute temper-
ature of 21 °C [31]. Knowlton et al found higher rates
of all-cause ED visits in California for two age categor-
ies that included children, with a 5% increase in ED
visits for ages 0—4 years and a 3% increase for indi-
viduals 5-64 years of age when comparing a heatwave
period to a non-heatwave reference period [26]. Davis
et al investigated the impact of heat waves in Virginia
and found higher rates of ED visits for all causes in
children 14 years and 10-19 years (20% and 13%,
respectively) [32]. Of note, our definition of all-cause
ED visits included visits for external causes such as
injury and poisoning, whereas some other studies
have excluded external causes from their definition of
‘all-cause’. Variation in the definition of the outcome
may account for some of the heterogeneity seen across
studies.

On the other hand, we observed a negative asso-
ciation between heat and respiratory illness, a finding
that warrants further investigation. Multiple studies
have found positive associations between temperat-
ure and respiratory illness [51-54]. For example, in
Tchidjou et al, maximum temperature was positively
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Figure 3. Association between daily maximum temperature and all-cause (left) and heat-related (right) ED visits. The top row of
plots (A) depicts the non-linear association between percentiles of daily maximum temperature and the relative risk of ED visits,
centered at the 50th percentile. The bottom row of plots (B) depicts the non-linear lag-response function for days at the 95th
versus 50th percentile of daily maximum temperature.

associated with hospital admissions for all respir-
atory diagnoses in children 0-17 years [51]. Other
studies have found either no association or a negat-
ive association; for example, Grech et al found neg-
ative associations between temperature and asthma
for children 0-14 years old, and Loh et al simil-
arly found a protective effect of temperature in chil-
dren 0-5 years [52, 54]. One potential explanation
for these discrepant results is that higher temperat-
ures have a differential impact on individual behavior
in different locations or populations. For example,
although many of the design and analysis details were
similar, the results of this study (limited to chil-
dren with commercial health insurance seen at any
ED in the US) are somewhat different than those
of Bernstein et al (limited to US children visiting
one of 47 children’s hospitals, regardless of insurance
status). This reinforces the notion that vulnerability

to heat can vary substantially across subgroups of the
population.

Children may respond differently to heat than
adults. In a previous study, we utilized the same
source population and similar methodology to look
at the impact of warm-season temperatures on adults
[5]. Comparing the results of these two studies reveals
both similarities and differences in the impacts of
heat. While both studies indicated statistically sig-
nificant positive associations between temperature
and heat-related illness, the excess relative risk was
slightly higher in adults versus children (66% vs. 50%,
respectively, when comparing 95th vs 1st percentile
of temperature). On the other hand, in children, heat
was not associated with all-cause ED visits and negat-
ively associated with ED visits for mental health dis-
orders, while in adults heat was positively associated
with both endpoints.




10P Publishing

Environ. Res.: Health 1 (2023) 015002

] D Stowell et al

Cause of ED Visit

Odds Ratio
(95% CI)
95th vs. 50th

Heat-related illness

Endocrine, nutritional, and metabolic diseases
Otitis media and externa

Blood and immune system disorders

External causes and other health factors
Bacterial enteritis

Suicidality and depression

Infectious and parasitic diseases

1.30 (1.20, 1.40)
1.25 (1.03, 1.50)

Cardiovascular diseases

Mental, behavioral, and neurodev. disorders
Nervous system diseases

Other signs and symptoms

Digestive system diseases

Skin and soft tissue infections

Perinatal conditions

All causes

e 1.09 (1.03, 1.16)

1.06 (0.88, 1.28)

——— 1.05 (0.97, 1.14)
1.04 (0.89, 1.21)

——— 1.04 (0.93, 1.15)
—_— 1.02 (0.96, 1.08)
1.02 (0.86, 1.21)

—— 1.01 (0.93, 1.10)

1.01(0.91, 1.12)
—e— 1.00 (0.98, 1.03)
0.99 (0.94, 1.04)
0.98 (0.91, 1.06)
0.98 (0.86, 1.11)
o 0.97 (0.96, 0.98)

Genitourinary system diseases —e—— 0.96 (0.90, 1.03)

Musculoskeletal system diseases —— 0.95 (0.89, 1.01)

Other skin and soft tissue diseases — 0.95 (0.88, 1.03)

Injury and poisoning e 0.93 (0.92, 0.95)

Respiratory system diseases —— 0.93 (0.90, 0.96)

Asthma —_— 0.89(0.81, 0.98)
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Figure 4. Odds ratios and 95% confidence intervals of the association between temperature and cause-specific ED visits,
expressed as a comparison between the 95th to the 50th percentile of the daily maximum temperature.

Our findings suggest that risk for heat-related
illness may depend on the age of the child, with
heat being more weakly associated with ED visits
in younger children (0—4 year) versus older children
(5-12 year) and adolescents (13—17 year). Older chil-
dren and adolescents may tend to spend more time
outdoors with less adult supervision, potentially con-
tributing to higher or prolonged exposures to heat
and/or fewer protective actions such as seeking shade
or staying hydrated. Vulnerability to heat may also
vary across geographic regions based on typical cli-
mate, and a host of related factors such as distribu-
tion of green space, severity of urban heat islands, and
availability of residential air conditioning. We did find
some evidence of variability in the impacts of temper-
ature on the risk of heat-related ED visits, but wide
confidence intervals in some regions make it hard to
draw many conclusions from these findings.

The data used in this study were obtained from
children and adolescents with commercial health
insurance, excluding children with public health
insurance or no health insurance who may be more
vulnerable to the health impacts of heat. Thus, our
results may not be generalizable to children without
commercial health insurance. The propensity for
seeking care in an ED may also vary by insur-
ance status, with children on public insurance or no

insurance being more likely to seek care in the ED
[55]. Other potential limitations of this study include
exposure misclassification due to aggregation to the
county level, lack of data on individual time-activity
patterns (e.g. time spent outside), and lack of data on
access to air-conditioned spaces either at home or at
school. Moreover, lack of information on individual
level socio-economic or other characteristics limited
our ability to investigate differences in vulnerability
across subgroups of the population.

Nonetheless, the findings from this comprehens-
ive study in a very large population across the US
provide further evidence that heat poses an import-
ant risk to children and adolescents, as well as
adults. The differences between the findings of this
and some prior studies also highlight the need for
additional research to better understand how vul-
nerability to heat in children varies by individual
and neighborhood-level characteristics as well as the
pathophysiologic processes underlying the observed
associations. More importantly, additional research
on the effectiveness of existing and new interven-
tions is needed to reduce the impacts of heat on chil-
dren’s health. The need for this research is urgent
as extreme heat events are expected to increase
in frequency and severity with continued climate
change [56].
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A. All-cause ED
Subgroup O st ve. s0th . Heterogenaity
Overall rel 0.97 (0.96, 0.98)
Age 0-5 years o 0.99 (0.97, 1.01) 0.001
6-12 years et 0.94 (0.92, 0.96)
13-17 years e 0.99 (0.97, 1.01)
Sex Female e 0.97 (0.96, 0.99) 0.913
Male el 0.97 (0.96, 0.99)
Climate Region Northeast —e— 0.97 (0.94, 1.00) <0.001
Midwest e 1.03 (1.00, 1.05)
Northern Great Plains e 0.97 (0.89, 1.07)
Northwest i 0.88 (0.80, 0.96)
Southeast e 0.98 (0.95, 1.00)
Southern Great Plains —e—i 0.93 (0.90, 0.96)
Southwest —e—i 0.94 (0.91, 0.97)
0.8 1.0 11
B. Heat-related ED
ShaRiofekal  Phater
Overall ot 1.30 (1.20, 1.40)
Age 0-5 years e 1.06 (0.93, 1.20) <0.001
6-12 years —e—i 1.34 (1.16, 1.56)
13-17 years —e—i 1.55 (1.37, 1.76)
Sex Female o 1.27 (1.14, 1.41) 0.456
Male e 1.34 (1.20, 1.50)
Climate Region Northeast —— 1.43(1.14, 1.78) 0.052
Midwest —o—i 1.61(1.36, 1.90)
Northern Great Plains 0.89 (0.46, 1.70)
Northwest L a— 1.05 (0.57, 1.94)
Southeast —e—i 1.11 (0.94, 1.31)
Southern Great Plains —e—i 1.29 (1.09, 1.53)
Southwest —e—i 1.25(1.03, 1.51)
0.5 10 15 20
Figure 5. Odds ratios and 95% confidence intervals of the association between temperature and all-cause (A) or heat-related (B)
ED visits, overall and within subgroups defined by age, sex, or climate region.

5. Conclusions

In summary, exposure to high ambient temperatures
can be detrimental to children’s health. In a large pop-
ulation of children and adolescents with commer-
cial health insurance, we found that days of extreme
heat were associated with higher rates of healthcare
utilization for heat-related illnesses; endocrine, nutri-
tional and metabolic diseases; and otitis media and
externa. For heat-related illnesses, children above the
age of four may experience a greater risk of an ED
event after exposure to high temperatures. Additional

research to better understand the health impacts of
heat on children, and how to reduce these effects,
is essential.

Data availability statement

The exposure data that support the findings of this
study are available upon reasonable request from the
authors. Health data used in this study are only avail-
able by contacting Optum Labs to obtain access to the
insurance claims data.




10P Publishing

Environ. Res.: Health 1 (2023) 015002

Acknowledgments

This study was supported by Grants R01-ES029950
from the U.S. National Institute of Environmental
Health Sciences awards (NIEHS, NIH) and Grant
216033-Z-19-Z from the Wellcome Trust. The spon-
sors had no role in the design and conduct of the
study: collection, management, analysis, and inter-
pretation of the data; preparation, review, or approval
of the manuscript; and decision to submit the manu-
script for publication. For the purpose of open access,
the author has applied a CC-BY public copyright
license to any Author Accepted Manuscript version
arising from this submission.

Conflict of interest

Dr Wellenius serves as a consultant for Google, LLC
(Mountain View, CA) and the Health Effects Institute
(Boston, MA). The authors declare that they have no
known competing financial interests or personal rela-
tionships that could have influenced the work repor-
ted in this paper.

Author contributions

Stowell J D: Conceptualization, Visualization, Pro-
ject administration, Writing-Original draft prepara-
tion; Sun Y: Formal analysis, Writing-Review & Edit-
ing; Spangler K R: Conceptualization, Data curation,
Writing-Review & Editing; Bernstein A: Concep-
tualization, Writing-Review & Editing; Weinberger
K R: Conceptualization, Writing-Review & Editing,
Sun S: Conceptualization, Formal analysis, Writing-
Review & Editing; Wellenius G A: Conceptualiza-
tion, Writing-Review & Editing, Supervision, Fund-
ing acquisition.

ORCID iDs

Jennifer D Stowell
6879-7149

Keith R Spangler
8904-7280

Chad W Milando
6340-7754

Aaron Bernstein
1703-1041

Kate R Weinberger
6001-0081
Shengzhi Sun
1225

Gregory A Wellenius
0427-7376

https://orcid.org/0000-0001-
https://orcid.org/0000-0002-
https://orcid.org/0000-0001-
https://orcid.org/0000-0003-
https://orcid.org/0000-0001-
https://orcid.org/0000-0002-3708-

https://orcid.org/0000-0003-

References

[1] Weinberger K R, Harris D, Spangler K R, Zanobetti A and
Wellenius G A 2020 Estimating the number of excess deaths

10

] D Stowell et al

attributable to heat in 297 United States counties Environ.
Epidemiol. 4 €096

Anderson B, Dominici F, Wang Y, Bell M, McCormack M
and Peng R 2013 Heat-related emergency hospitalizations for
respiratory diseases in the medicare population Am. J.
Epidemiol. 177 S64

Bobb J F, Obermeyer Z, Wang Y and Dominici F 2014
Cause-specific risk of hospital admission related to extreme
heat in older adults JAMA-J. Am. Med. Assoc. 312 2659-67
Wang Y, Liu Y, Ye D, Li N, Bi P, Tong S, Wang Y, Cheng Y,
LiY and Yao X 2020 High temperatures and emergency
department visits in 18 sites with different climatic
characteristics in China: risk assessment and attributable

[2

[3

[4

fraction identification Environ. Int. 136 105486
Sun S, Weinberger K R, Nori-Sarma A, Spangler KR, Sun Y,
Dominici F and Wellenius G A 2021 Ambient heat and risks
of emergency department visits among adults in the United
States: time stratified case crossover study BMJ 375 065653
[6] Guo Y M et al 2017 Heat wave and mortality: a multicountry,
multicommunity study Environ. Health Perspect. 125 087006
[7] Guo Y M et al 2018 Quantifying excess deaths related to
heatwaves under climate change scenarios: a multicountry
time series modelling study PLoS Med. 15 1002629
[8] Vicedo-Cabrera A M et al 2021 The burden of heat-related
mortality attributable to recent human-induced climate
change Nat. Clim. Change 11 492
[9] Lin S, Luo M, Walker R ], Liu X, Hwang S A and Chinery R
2009 Extreme high temperatures and hospital admissions for
respiratory and cardiovascular diseases Epidemiology
20 738-46
[10] Hajat S, O’Connor M and Kosatsky T 2010 Health effects of
hot weather: from awareness of risk factors to effective health
protection Lancet 375 856—63
[11] Michelozzi P et al 2009 High temperature and
hospitalizations for cardiovascular and respiratory causes in
12 European cities Am. J. Respir. Crit. Care Med. 179 383-9
[12] Alsaiqali M, De Troeyer K, Casas L, Hamdi R, Faes C and
Van Pottelbergh G 2022 The effects of heatwaves on human
morbidity in primary care settings: a case-crossover study
Int. J. Environ. Res. Public Health 19 832
[13] Sherbakov T, Malig B, Guirguis K, Gershunov A and Basu R
2018 Ambient temperature and added heat wave effects on
hospitalizations in California from 1999 to 2009 Environ.
Res. 160 83-90
[14] Sheffield P E, Herrera M T, Kinnee E J and Clougherty ] E
2018 Not so little differences: variation in hot weather risk to
young children in New York City Public Health 161 119-26
[15] Hotz I C and Hajat S 2020 The effects of temperature on
accident and emergency department attendances in London:
a time-series regression analysis Int. . Environ. Res. Public
Health 17 1957
[16] Bobrowska-Korzeniowska M, Jerzynska J, Polanska K,
Kaleta D, Stelmach I, Kunert A and Stelmach W 2021 The
effect of air pollution on the respiratory system in preschool
children with contribution of urban heat islands and
geographic data—the aim of the study and methodological
assumptions Int. J. Occup. Med. Environ. Health
34 453-60
Lanza K, Alcazar M, Hoelscher D M and Kohl IIT H W 2021
Effects of trees, gardens, and nature trails on heat index and
child health: design and methods of the Green schoolyards
project BMC Public Health 21 98
[18] Iniguez C, Schifano P, Asta F, Michelozzi P,
Vicedo-Cabrera A and Ballester F 2016 Temperature in
summer and children’s hospitalizations in two
Mediterranean cities Environ. Res. 150 236—44
[19] Bernstein A S, Shengzhi S, Wenberger K R, Spangler K R,
Sheffield P E and Wellenius G A 2022 Summer heat and
emergency department visits to US children’s hospitals
Environ. Health Perspect. 130 0170001-1:0710001-9
Falk B and Dotan R 2008 Children’s thermoregulation
during exercise in the heat—a revisit Appl. Physiol. Nutr.
Metab. 33 420-7

[5

(17

[20


https://orcid.org/0000-0001-6879-7149
https://orcid.org/0000-0001-6879-7149
https://orcid.org/0000-0001-6879-7149
https://orcid.org/0000-0002-8904-7280
https://orcid.org/0000-0002-8904-7280
https://orcid.org/0000-0002-8904-7280
https://orcid.org/0000-0001-6340-7754
https://orcid.org/0000-0001-6340-7754
https://orcid.org/0000-0001-6340-7754
https://orcid.org/0000-0003-1703-1041
https://orcid.org/0000-0003-1703-1041
https://orcid.org/0000-0003-1703-1041
https://orcid.org/0000-0001-6001-0081
https://orcid.org/0000-0001-6001-0081
https://orcid.org/0000-0001-6001-0081
https://orcid.org/0000-0002-3708-1225
https://orcid.org/0000-0002-3708-1225
https://orcid.org/0000-0002-3708-1225
https://orcid.org/0000-0003-0427-7376
https://orcid.org/0000-0003-0427-7376
https://orcid.org/0000-0003-0427-7376
https://doi.org/10.1097/EE9.0000000000000096
https://doi.org/10.1097/EE9.0000000000000096
https://doi.org/10.1164/rccm.201211-1969oc
https://doi.org/10.1164/rccm.201211-1969oc
https://doi.org/10.1001/jama.2014.15715
https://doi.org/10.1001/jama.2014.15715
https://doi.org/10.1016/j.envint.2020.105486
https://doi.org/10.1016/j.envint.2020.105486
https://doi.org/10.1136/bmj-2021-065653
https://doi.org/10.1136/bmj-2021-065653
https://doi.org/10.1289/EHP1026
https://doi.org/10.1289/EHP1026
https://doi.org/10.1371/journal.pmed.1002629
https://doi.org/10.1371/journal.pmed.1002629
https://doi.org/10.1038/s41558-021-01058-x
https://doi.org/10.1038/s41558-021-01058-x
https://doi.org/10.1097/EDE.0b013e3181ad5522
https://doi.org/10.1097/EDE.0b013e3181ad5522
https://doi.org/10.1016/S0140-6736(09)61711-6
https://doi.org/10.1016/S0140-6736(09)61711-6
https://doi.org/10.1164/rccm.200802-217OC
https://doi.org/10.1164/rccm.200802-217OC
https://doi.org/10.3390/ijerph19020832
https://doi.org/10.3390/ijerph19020832
https://doi.org/10.1016/j.envres.2017.08.052
https://doi.org/10.1016/j.envres.2017.08.052
https://doi.org/10.1016/j.puhe.2018.06.004
https://doi.org/10.1016/j.puhe.2018.06.004
https://doi.org/10.3390/ijerph17061957
https://doi.org/10.3390/ijerph17061957
https://doi.org/10.13075/ijomeh.1896.01651
https://doi.org/10.13075/ijomeh.1896.01651
https://doi.org/10.1186/s12889-020-10128-2
https://doi.org/10.1186/s12889-020-10128-2
https://doi.org/10.1016/j.envres.2016.06.007
https://doi.org/10.1016/j.envres.2016.06.007
https://doi.org/10.1289/EHP8083
https://doi.org/10.1289/EHP8083
https://doi.org/10.1139/H07-185
https://doi.org/10.1139/H07-185

10P Publishing

Environ. Res.: Health 1 (2023) 015002

[21] Teli D, Jentsch M F and James P A B 2012 Naturally
ventilated classrooms: an assessment of existing comfort
models for predicting the thermal sensation and
preference of primary school children Energy Build.

53 166-82

[22] Ter Mors S, Hensen J L, Loomans M G and Boerstra A C
2011 Adaptive thermal comfort in primary school
classrooms: creating and validating PMV-based comfort
charts Build. Environ. 46 2454—61

[23] Helldén D, Andersson C, Nilsson M, Ebi K L, Friberg P and
Alfvén T 2021 Climate change and child health: a scoping
review and an expanded conceptual framework Lancet
Planet. Health 5 e164-75

[24] Sheffield P E and Landrigan P J 2011 Global climate change
and children’s health: threats and strategies for prevention
Environ. Health Perspect. 119 291-8

[25] Xu Z, Etzel R A, Su H, Huang C, Guo Y and Tong S 2012
Impact of ambient temperature on children’s health: a
systematic review Environ. Res. 117 120-31

[26] Knowlton K, Rotkin-Ellman M, King G, Margolis H G,
Smith D, Solomon G, Trent R and English P 2009 The 2006
California heat wave: impacts on hospitalizations and
emergency department visits Environ. Health Perspect.

117 61-67

[27] Niu L, Herrera M T, Girma B, Liu B A, Schinasi L,
Clougherty J E and Sheffield P E 2022 High ambient
temperature and child emergency and hospital visits in New
York City Paediatr. Perinat. Epidemiol. 36 36—44

[28] Linares C and Diaz ] 2008 Impact of high temperatures on
hospital admissions: comparative analysis with previous
studies about mortality (Madrid) Eur. J. Public Health
18 317-22

[29] Green RS, Basu R, Malig B, Broadwin R, Kim J J and Ostro B
2010 The effect of temperature on hospital admissions in
nine California counties Int. J. Public Health 55 11321

[30] van Loenhout J, Delbiso T D, Kiriliouk A,
Rodriguez-Llanes ] M, Segers ] and Guha-Sapir D 2018 Heat
and emergency room admissions in the Netherlands BMC
Public Health 18 108

[31] Wilk P, Gunz A, Maltby A, Ravichakaravarthy T,

Clemens K K, Lavigne E, Lim R and Vicedo-Cabrera A M
2021 PMC8318534; Extreme heat and paediatric emergency
department visits in Southwestern Ontario Paediatr. Child
Health 26 305-9

[32] Davis R E et al 2020 The impact of heat waves on emergency
department visits in Roanoke, Virginia Acad. Emerg. Med.
27 614-7

[33] OptumLabs 2020 OptumLabs and OptumLabs data
warehouse (OLDW) descriptions and citation Reproduced
with permission from OptumLabs

[34] Jay A et al 2018 Overview Impacts, Risks, and Adaptation in
the United States: Fourth National Climate Assessment ed
D R Reidmiller e al (Washington, DC: U.S. Global Change
Research Program) pp 33-71

[35] Daly C, Smith J I and Olson K V 2015 Mapping atmospheric
moisture climatologies across the conterminous United
States PLoS One 10 e0141140

[36] PRISM 2017 Parameter-elevation relationships on
independent slopes model (PRISM) (available at:
http://prism.oregonstate.edu)

[37] Spangler K R, Weinberger K R and Wellenius G A 2019
PMC6559872; suitability of gridded climate datasets for use
in environmental epidemiology J. Expo. Sci. Environ.
Epidemiol. 29 777-89

[38] LuY and Zeger S L 2007 On the equivalence of
case-crossover and time series methods in environmental
epidemiology Biostatistics 8 33744

11

] D Stowell et al

[39] Tong S L, Wang X Y and Guo Y M 2012 Assessing the
short-term effects of heatwaves on mortality and morbidity
in Brisbane, Australia: comparison of case-crossover and
time series analyses PLoS One 7 €37500

[40] Basu R, Dominici F and Samet ] M 2005 Temperature and
mortality among the elderly in the United States—a
comparison of epidemiologic methods Epidemiology
16 58-66

[41] Maclure M 1991 The case-crossover design _ a method for
studying transient effects on the risk of acute events Am. J.
Epidemiol. 133 144-53

[42] Carracedo-Martinez E, Taracido M, Tobias A, Saez M and
Figueiras A 2010 Case-crossover analysis of air pollution
health effects: a systematic review of methodology and
application Environ. Health Perspect. 118 117382

[43] Levy D, Lumley T, Sheppard L, Kaufman J and Checkoway H
2001 Referent selection in case-crossover analyses of acute
health effects of air pollution Epidemiology 12 186-92

[44] Gasparrini A et al 2015 Mortality risk attributable to high
and low ambient temperature: a multicountry observational
study Lancet 386 369-75

[45] Sun S Z, Weinberger K R, Spangler K R, Eliot M N,

Braun ] M and Wellenius G A 2019 Ambient temperature
and preterm birth: a retrospective study of 32 million US
singleton births Environ. Int. 126 7-13

[46] Rothman K, Greenland S and Lash T L 2008 Modern
Epidemiology 3rd edn (Philadelphia, PA: Lippincott Williams
& Wilkins)

[47] Gasparrini A 2011 Distributed lag linear and
non-linear models in R: the package dlnm J. Stat. Softw.

43 1-20

[48] Therneau T M 2020 A package for survival analysis in R
(available at: https://CRAN.R-project.org/package=survival)

[49] XuZ W, Hu W B, Su H, Turner L R, Ye X F, Wang ] ] and
Tong S 2014 Extreme temperatures and paediatric
emergency department admissions J. Epidemiol. Community
Health 68 304-11

[50] Jiang Y, Luo W, Zhang X, Ren D and Huang Y 2021 Relative

humidity affects acute otitis media visits of preschool

children to the emergency department Ear Nose Throat J.

18 01455613211009151

Tchidjou H K, Vescio F, Boros S, Guemkam G, Minka E,

Lobe M, Cappelli G, Colizzi V, Tietche F and Rezza G 2010

Seasonal pattern of hospitalization from acute respiratory

infections in Yaounde, Cameroon J. Trop. Pediatr.

56 317-20

[52] Loh T P, Lai E, Tan E S, Thoon K C, Tee N, Cutter J and
Tang ] W 2011 Correlations between clinical illness,
respiratory virus infections and climate factors in a
tropical paediatric population Epidemiol. Infect.

139 1884-94

[53] Nastos P T, Paliatsos A G, Papadopoulos M, Bakoula C
and Prifris K N 2008 The effect of weather variability on
pediatric asthma admissions in Athens, Greece J. Asthma
45 59-65

[54] Grech V, Balzan M, Asciak R P and Buhagiar A 2002
Seasonal variations in hospital admissions for asthma in
Malta J. Asthma 39 2638

[55] Hunt K A, Weber E J, Showstack J A, Colby D C and

Callaham M L 2006 Characteristics of frequent

users of emergency departments Ann. Emerg. Med.

48 1-8

Bell ] E, Brown C L, Conlon K, Herring S, Kunkel K E,

Lawrimore J, Luber G, Schreck C, Smith A and Uejio C

2018 Changes in extreme events and the potential

impacts on human health J. Air Waste Manage. Assoc.

68 265-87

(51

[56


https://doi.org/10.1016/j.enbuild.2012.06.022
https://doi.org/10.1016/j.enbuild.2012.06.022
https://doi.org/10.1016/j.buildenv.2011.05.025
https://doi.org/10.1016/j.buildenv.2011.05.025
https://doi.org/10.1016/S2542-5196(20)30274-6
https://doi.org/10.1016/S2542-5196(20)30274-6
https://doi.org/10.1289/ehp.1002233
https://doi.org/10.1289/ehp.1002233
https://doi.org/10.1016/j.envres.2012.07.002
https://doi.org/10.1016/j.envres.2012.07.002
https://doi.org/10.1289/ehp.11594
https://doi.org/10.1289/ehp.11594
https://doi.org/10.1111/ppe.12793
https://doi.org/10.1111/ppe.12793
https://doi.org/10.1093/eurpub/ckm108
https://doi.org/10.1093/eurpub/ckm108
https://doi.org/10.1007/s00038-009-0076-0
https://doi.org/10.1007/s00038-009-0076-0
https://doi.org/10.1186/s12889-017-5021-1
https://doi.org/10.1186/s12889-017-5021-1
https://doi.org/10.1093/pch/pxaa096
https://doi.org/10.1093/pch/pxaa096
https://doi.org/10.1111/acem.13919
https://doi.org/10.1111/acem.13919
https://doi.org/10.1371/journal.pone.0141140
https://doi.org/10.1371/journal.pone.0141140
http://prism.oregonstate.edu
https://doi.org/10.1038/s41370-018-0105-2
https://doi.org/10.1038/s41370-018-0105-2
https://doi.org/10.1093/biostatistics/kxl013
https://doi.org/10.1093/biostatistics/kxl013
https://doi.org/10.1371/journal.pone.0037500
https://doi.org/10.1371/journal.pone.0037500
https://doi.org/10.1097/01.ede.0000147117.88386.fe
https://doi.org/10.1097/01.ede.0000147117.88386.fe
https://doi.org/10.1093/oxfordjournals.aje.a115853
https://doi.org/10.1093/oxfordjournals.aje.a115853
https://doi.org/10.1289/ehp.0901485
https://doi.org/10.1289/ehp.0901485
https://doi.org/10.1097/00001648-200103000-00010
https://doi.org/10.1097/00001648-200103000-00010
https://doi.org/10.1016/S0140-6736(14)62114-0
https://doi.org/10.1016/S0140-6736(14)62114-0
https://doi.org/10.1016/j.envint.2019.02.023
https://doi.org/10.1016/j.envint.2019.02.023
https://doi.org/10.18637/jss.v043.i08
https://doi.org/10.18637/jss.v043.i08
https://CRAN.R-project.org/package=survival
https://doi.org/10.1136/jech-2013-202725
https://doi.org/10.1136/jech-2013-202725
https://doi.org/10.1177/01455613211009151
https://doi.org/10.1177/01455613211009151
https://doi.org/10.1093/tropej/fmp127
https://doi.org/10.1093/tropej/fmp127
https://doi.org/10.1017/S0950268810002955
https://doi.org/10.1017/S0950268810002955
https://doi.org/10.1080/02770900701815818
https://doi.org/10.1080/02770900701815818
https://doi.org/10.1081/JAS-120002476
https://doi.org/10.1081/JAS-120002476
https://doi.org/10.1016/j.annemergmed.2005.12.030
https://doi.org/10.1016/j.annemergmed.2005.12.030
https://doi.org/10.1080/10962247.2017.1401017
https://doi.org/10.1080/10962247.2017.1401017

	Warm-season temperatures and emergency department visits among children with health insurance
	1. Introduction
	2. Materials and methods
	2.1. Study population
	2.2. Ambient temperature
	2.3. Statistical approach
	2.4. Subgroup analyses

	3. Results
	3.1. Temperature and population
	3.2. Impact of warm-season temperatures
	3.3. Stratified analyses

	4. Discussion
	5. Conclusions
	Acknowledgments
	References


