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Abstract

Global climate change is leading to higher ambient temperatures, and more frequent heatwaves.
To date, impacts of ambient extreme heat on childhood morbidity have been understudied,
although - given children’s physiologic susceptibility, with smaller body surface-to-mass ratios,
and many years of increasing temperatures ahead - there is an urgent need for better information
to inform public health policies and clinical approaches. In this review, we aim to: (1) identify
pediatric morbidity outcomes previously associated with extreme heat, (2) to identify predisposing
co-morbidities which may make children more susceptible to heat-related outcomes, and (3) to
map the current body of available literature.

A scoping review of the current full-text literature was conducted using the Arksey and O’Malley
framework (2015). Search terms for (1) pediatric population, (2) heat exposures, (3) ambient
conditions, and (4) adverse outcomes were combined into a comprehensive PubMed and Medline
literature search. Of the 1753 publications identified, total of 20 relevant studies were ultimately
selected based on selection criteria of relevance to U.S. urban populations.

Most identified studies supported positive associations between high extreme temperature
exposures and Heat-related Iliness, Dehydration/ Electrolyte Imbalance, General Symptoms,
Diarrhea and Digestion Disorders, Infectious Diseases/ Infections, Asthma/ Wheeze, and Injury.
Most studies found no association with Renal Disease, Cardiovascular Diseases, or Diabetes
Mellitus. Results were mixed for Other Respiratory Diseases, and Mental Health/ Psychological
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Disorders. Very few of the identified studies examined susceptibility by pre-existing conditions;
Cystic Fibrosis was the only co-morbidity for which we found significant evidence.

Further research is needed to understand the nuances of associations between extreme heat and
specific outcomes — particularly how associations may vary by child age, sex, race/ ethnicity,
community characteristics, and other pre-existing conditions.

Keywords

Pediatric morbidity; heat wave; extreme heat; climate change; childhood morbidity; hot
temperatures; high ambient temperatures; hot weather; warm season; children; child; vulnerability;
chronic conditions

1. Introduction

Global climate change is a leading public health concern in our world today. It is regarded

as one of the largest impending social, environmental, and health threats we are facing this
century. Climate change will result in an increase in ambient temperatures, more frequent
and extreme heat waves, and more frequent extreme weather events around the world (Meehl
and Tebaldi 2004).

To date, the bulk of the heat-health research has focused on risks to older adults (Bunker

et al 2016). In contrast, a strikingly small number of studies have identified impacts of
heat on morbidity, and especially childhood morbidity. The pediatric population is vastly
understudied yet has specific physiologic and developmental susceptibilities to heat (Blum
et al. 1998; Bunyavanich et al. 2003) — including children’s physiologic susceptibility with
smaller body surface-to-mass ratios, rapidly developing bodies, and long future life with
many years of high temperatures ahead. Because childhood health sets the trajectory for
future adult health and productivity, there is an urgent need for better information to inform
public health policies and clinical approaches.

Children differ greatly from adults in their response to heat due to their rapid growth and
development, smaller body size, greater skin surface area relative to body mass, and lesser
ability to regulate core body temperature (Calkins et al 2016). Some studies investigate
age-stratified mortality rates, but very few investigate specific childhood morbidities, with
even fewer studies stratifying by age group or identifying susceptibility factors among
children. It has been particularly noted that more research is needed within age groups of the
pediatric population, because some impacts may be more pronounced in younger children
(Sheffield et al 2018).

It is also possible that there are several ungiue predisposing conditions that make children
more susceptible to poor health outcomes. Because children differ physioloigcally from
adults, risks posed by well-established adult predisposing diseases, such as cardiovascular
diseases, may differ as well. More research is needed to better understand what conditions
put children at risk for poor health outcomes in high temperatures and heatwave situations.
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There is a great need to understand children’s susceptibility to extreme heat, with an
increasing number of individual studies on this population’s reaction to hot temperatures.
Yet many studies have focused on mortality rather than morbidity, used broad indicators
of morbidity [e.g., emergency department (ED) visits, rather than specific diagnoses], or
not specifically focused on the pediatric populations (Xu et al 2014, Li et al 2015). To
our knowledge, there are no existing reviews specific to pediatric morbidity assocaited
with extreme heat. This scoping review aims to close this gap by detailing the scope

of the published literature documenting assocaitions between extreme heat and pediatric
morbidities.

1.1 Research Question

2.

The primary goal of this study was to comprehensively review the literature to identify
pediatric morbidity outcomes previously associated with ambient extreme heat, to help
inform subsequent quantitative analyses. A secondary goal was to identify any evidence
that specific pre-existing co-morbidities may be associated with greater susceptibility to
heat, among children. Thus, our primary research questions were: For which child health
outcomes is there substantial evidence of an association with extreme ambient heat? And,
are there specific co-morbidities which have been shown to exacerbate impacts of extreme
heat on child health?

Methods

This review followed a standard scoping review methodology (Arksey & O’Malley, 2015).
Two key research questions were identified (stated above), a literature search was conducted
using the defined search terms shown in Table 1, inclusion criteria were applied (Figure 1),
and data from included sources was summarized and reported. This methodology allowed
for the inclusion of multiple types of publications and study designs to produce a more
thorough understanding of the range of pediatric morbidities associated with extreme heat.
The inclusion criteria and methodology for this review were specified in a protocol in
advance of the review.

Extractable data included specific ICD-9 or ICD-10 codes from pediatric populations
exposed to extreme ambient heat, a range of temperature exposures examined, and effect
estimates with confidence intervals. Each study was also reviewed for investigation of
predisposing co-morbidities.

2.1 Database Search

Studies were identified by database searches of PubMed and Medline. No date restrictions
were used in database searches. The search terms were developed with an experienced
librarian with input from the research team. References from included literature were

also searched for relevant studies not identified in the initial search results. The original
electronic database search was conducted in December 2019, and updated in February 2020
and September 2021.
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2.2 Search Terms

The search strategy included search terms for exposure to extreme heat, adverse effects,

and the pediatric population. Both text and MeSH terms were included. Extreme Heat

terms included hot temperature, heat stress, heat stroke, hyperthermia, and heat. Ambient
temperature was specified using the search terms climate, weather, ambient, and heatwave.
Adverse effects were investigated by including emergency department, casualty, hospital
admission, adverse effects, risk, and health effects. The pediatric population was targeted by
utilizing the search terms adolescent, child, and infant. The specific search terms are shown
in Table 1.

2.3 Article Screening and Inclusion Criteria

Studies were included if they reported results specific to children aged O - 18 years of age,
exposure to elevated ambient temperatures, and at least one morbidity outcome. Studies
examining extreme heat and cold were included only if results were presented specifically
for extreme heat, given the very different health outcomes, and very different biologic
mechanisms, which may facilitate impacts of extreme cold and extreme heat on child health.

Studies were included from various settings relevant to the US urban population (i.e., high
income) for relevance to future research in this population. All study designs were included.
Studies containing information about previously-diagnosed conditions that might predispose
children to adverse heat outcomes were also included.

Mortality studies were included in the initial review process but later excluded if they did
not examine at least one morbidity outcome. Other excluded studies were those that were
not published in English; used physiologic temperature therapy; focused solely on preterm
children, premature birth outcomes, and unborn children; focused on pollution as the main
exposure; or did not have extractable ICD-9 Codes (e.g., examining only total emergency
department visits or ambulance call-outs). Also, while review articles were not included

in data analysis, their references were reviewed for any studies that were relevant and not
previously identified in search results; by this criteria, we identified several studies which
included adult populations as well, but we include here only those reported results specific
to children.

2.4 Assessment and Analysis

Electronic search results were downloaded into EndNote bibliographic software. In
consultation with co-authors, the first author screened the titles and abstracts identified by
the search and applied the selection criteria. Data extracted included morbidity outcomes,
country(s) where outcome was experienced, and type of publication, as well as a short
summary and any notes on the study. An overview of the collection process is shown

in Figure 1. Most studies examined multiple outcomes, or examined associations within
varying age strata, which we report here as separate results.
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3 Results

3.1 Description of Included Studies

3.2

A total of 20 articles met the criteria for inclusion in this scoping review. Most (12) were

studies of U.S. or Canadian populations, five based in Australia, and 3 from the U.K. and

Europe. All studies examined data on outcome-specific emergency room visits or hospital
admissions data.

Identified Pediatric Morbidity Outcomes

Relevant results were extracted for all outcomes reported in the original study. Extracted
data included study design, age ranges of interest, exposure metric and interval of
comparison, and effect estimates with confidence intervals.

Where temperature metrics are examined across multiple lag days prior to outcome, we
report these as separate effect estimates or multi-day lags, as reported in the original study.
In many cases, for brevity, we report only the significant lag day or case day results, but
mark those studies where other lag were tested but not found significant.

All extracted results were initially sorted by morbidity (ICD-9/-10 code), and grouped where
similar (i.e., ear infections were grouped under infectious disease/ infections).

As scoping reviews do not normally exclude studies based on design or analytic approach,
comparison of the magnitude of effect size observed is not feasible. Instead, directions

of association were compared to map the literature broadly. The final list of results is
summarized in Table 2.

3.3 Morbidity Outcomes Identified

The most commonly-examined outcome was heat-related illness (HRI), though its definition
varied somewhat across studies. All nine studies reported positive associations with heat
metrics that included daily maximum temperature (Tmax), average temperature (Tmean),
and heatwave vs. non-heatwave periods. In studies reporting associations across multiple
lag days, the strongest associations were found on lag day 0 (case day), and generally
comparable between older and younger children.

Six studies examined Dehydration/ Electrolyte Imbalance, with all but one reporting
significant positive associations. Heat metrics varied across studies, though the only one
that accounted for humidity (using a Humidex index) reported null results. Effects were
stronger on the case day, where lag days were tested, and stronger and more significant, in
several studies, among older vs. younger children.

One study reported positive significant associations between Tmax and general symptoms
among children under age 4 (Sheffield et al., 2018). Two of the three studies examining
diarrhea and digestion disorders found positive significant associations across multiple lag
days among younger children (up to age 5).
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All four studies of Infectious Diseases/ Infections reported positive significant associations
across lag days up to 6 days prior to case days, and among children ranging from 0 to

18 years old. Likewise, all four studies of Asthma/ Wheeze reported significant positive
associations, up to five days prior to case day, and particularly among older children (aged 5
- 18 years). Finally, both studies of injury outcomes reported significant positive associations
with Tmax, particularly on the case day.

Most studies of Renal Disease found no significant association with various heat metrics
with the exception of one Australian study that reported greater risk of ED visits or hospital
admissions for renal disorders during either low- or high-intensity heatwaves, among all
children aged 0 to 14 (Xiao et al., 2017). No studies reported significant associations
between heat and Cardiovascular Diseases or Diabetes Mellitus in children.

Results were mixed for Other Respiratory Diseases (not asthma/ wheeze) as, among six
studies, three were null, one reported consistent positive associations with Tmax across
multiple days (Van Loenhout et al., 2018), and two reported protective associations,
suggesting significantly /owerrisk of ED visit for respiratory disease with higher daily
temperature; one found this protective association only among younger children (0 to 4 years
old) (Basu et al., 2012), and the other found small but consistent protective associations for
both older and younger children, four to five days prior to ED visit (Winquist et al., 2016).

Finally, there were mixed results for Mental Health/ Psychological Disorders, with one study
reporting elevated risk of ED visits for mental health disorders and self-inflicted injury/
suicide with higher daily Tmean among children aged 6 to 18 years (Winquist et al., 2016).
The other study (Isaksen et al., 2016) reported no association.

3.4 Age Reporting

Studies varied greatly in the child age range examined, but many studies reported results
separately for younger (e.g., 0 to 4 years old) and older (e.g., 5 to 18 years old) children.
Some outcomes (e.g., general symptoms) were exclusively examined among younger
children (Sheffield et al., 2018), and some outcomes were examined only among older
children (i.e., associations for asthma/ wheeze were stronger among older children, and
mental health disorders and self-inflicted injury/ suicide were examined in Basu et al., 2017,
only among 6 to 18 year-olds). In most cases, however, associations were fairly comparable
across age ranges.

3.5 Predisposing Disease

Only two studies identified specific predisposing diseases in children, both identifying
Cystic Fibrosis (CF) as a predisposing factor. One study found children with CF were more
vulnerable to hypokalemia and metabolic alkalosis, and the other identified a vulnerability to
Pseudomonas aeruginosa infections in high-heat situations. Results are shown in Table 3.

Discussion

This scoping review aimed to create a comprehensive list of pediatric morbidity outcomes
identified in the literature as associated with extreme heat, and to identify predisposing
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illnesses that make children more vulnerable to morbid heat outcome. Using a scoping
review approach, we were able to identify and combine many types of publications — each
using different study designs, heat metrics, exposure intervals, outcomes, and populations.
As such, our results do not provide a quantitative assessment of a specific question, but
rather summarize the literature to date on heat and child morbidity, to shape research going
forward.

We found predominantly positive associations between high extreme temperature exposures
and Heat-related IlIness, Dehydration/ Electrolyte Imbalance, General Symptoms, Diarrhea
and Digestion Disorders, Infectious Diseases/ Infections, Asthma/ Wheeze, and Injury.

Those studies that considered Renal Disease, Cardiovascular Diseases, or Diabetes Mellitus
generally did not find significant associations. Results were mixed for Other Respiratory
Diseases, and Mental Health/ Psychological Disorders.

For those outcomes with mixed or close-to-null results, this finding could mean that

the association is truly null, that the study was under-powered, or that the outcome
categorization was too broad to identify a true association. Also, many studies were
identified in the search process but later eliminated due to non-specific reporting of
morbidity events, such as total emergency department visits, lacking specific ICD codes.

This review also aimed to identify areas needing more study within this body of literature.
Notably, Cystic Fibrosis was the only pre-existing co-morbidity for which we found
evidence of susceptibility. There is a great need to investigate other co-morbidities, and

to examine other potential susceptibility factors (e.g., sex, race/ ethnicity, community
characteristics, socioeconomic position), to better identify susceptible populations, and tailor
heat-health interventions.

Xu et al (2013) noted that both hot and cold temperatures are associated with increased
ED visits for acute exacerbations of childhood asthma, with male children aged 0-4 most
vulnerable to heat effects (Xu et al 2013). Kenny et al states in a comprehensive review of
diabetes literature that “diabetes tends to place individuals at greater risk for heat-related
illness during heatwaves due to an impaired capacity to dissipate heat”, implying that
diabetes is indeed a predisposing risk factor instead of an outcome (Kenny et al 2016).
Finally, studies like Kramer et al note seasonal trends in pediatric eczema, showing
exacerbations in both summer and winter temperatures, implying that ambient temperature
can play a role in flare-ups in children (Kramer et al 2005).

Identifying specific outcomes associated with extreme heat is somewhat complicated by
having an ICD code for “heat-related illness” (ICD-9 codes 992.0-992.9). This is a unique
ICD-9 code in that, unlike most others, it presupposes the exposure - suggesting ample
room for bias in diagnosis, as clinicians may be more inclined to use this diagnosis on hot
days. Further, the code may entail many more specific outcomes (dehydration, exhaustion,
etc.), and precludes more detailed analysis. More broadly, many of the studies identified
reported results for very broad code ranges, rather than by specific diagnosis, complicating
comparison between studies.
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The use of a scoping design allowed for the inclusion of many different types of study
designs and thus also for the creation of a more comprehensive list of morbidity outcomes
and better identification of areas needing additional study. This mapping will help guide
future research in this understudied field of pediatric morbidity association with extreme
heat.

Included studies had inconsistent age groupings, with some including all children 18 years
and under and others breaking groups of children into different, inconsistent age brackets.
Because the study designs, heat metrics, and age ranges were so varied, any potential
consistent age stratification or meta-analysis is virtually impossible.

The review was also limited to the data collection methods used in included studies when
considering what should count as a predisposing disease risk factor. Future studies using
more detailed health records should aim to distinguish more clearly between risk factors,
including potential risk factors not reported here (e.g., sex, race/ ethnicity) and outcomes. As
a scoping review does not exclude studies based on design or analytic approach, comparison
of the magnitude of effect size observed is not feasible. Instead, we compared the direction
of association to map the literature broadly.

Conclusion

This literature review created the most extensive list to date, to our knowledge, of pediatric
morbidity outcomes associated with extreme heat in the literature as of November 2021. The
prevalent health outcomes in the pediatric population positively associated with extreme heat
were Heat-related Illness, Dehydration/ Electrolyte Imbalance, General Symptoms, Diarrhea
and Digestion Disorders, Infectious Diseases/ Infections, Asthma/ Wheeze, and Injury.

Few to no significant associations were found for Renal Disease, Cardiovascular Diseases,
or Diabetes Mellitus. Results were mixed for Other Respiratory Diseases, and Mental
Health/ Psychological Disorders.

More research is needed as the pediatric population has been identified as vulnerable to
extreme heat, yet it is clear that our understanding is not complete due to lack of specific
results by age category and unclear health outcome coding systems.

This literature review can inform future surveillance and preventive measures during heat
events, and serve as a basis for future researchers hoping to investigate pediatric morbidity
due to extreme heat. With the looming threat of global climate change, studies like this are
necessary to protect children and the public from preventable health burdens.
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Figure 1.
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Table 1.

Search Component

Search Terms

#1 Adverse Outcomes
to focus on morbidity not mortality

(((*emergency department”[Text Word] OR “casualty department”[Text Word] OR “child
health”[Text Word] OR “hospital admission”[Text Word] OR “hospital admissions”[Text Word] OR
“adverse effects”[Text Word] OR “health effects”[Text Word] OR risk[Text Word])))

#2 Heat Exposure
Text and mesh terms

((heat[Text Word] OR temperature[Text Word])))) OR ((“heat stroke”[Text Word] OR
heatstroke[Text Word] OR “heat stress”[Text Word] OR hyperthermi*[Text Word]))) OR ((“Hot
Temperature/adverse effects”[Mesh]) OR “Heat Stress Disorders”[Mesh])))

#3 Ambient Conditions
to exclude acute heat

((climat*[Text Word] OR weather[Text Word] OR ambient[Text Word] OR heatwave[Text Word])))

#4 Pediatric Population
Test and mesh terms excluding preterm
or premature births

((((*Adolescent”’[Mesh]) OR “Child”[Mesh]) OR “Infant”[Mesh:NoExp]) OR “Infant,
Newborn”[Mesh:NoExp])) OR ((adolescen*[Text Word] OR child*[Text Word]))) OR
((((infan*[Text Word] OR neonat*[Text Word] OR newborn*[Text Word]))) NOT ((preterm[Text
Word] OR prematur*[Text Word]))

Summary Search

#1 AND #2 AND #3 AND #4
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Table 3.

Identified Predisposing Factors for Adverse Heat Outcomes.

Predisposing Disease | ICD-9 | ICD-10 | Source Name Heat Effects ICD-9 | ICD-10
Cystic Fibrosis 277 E84 Bates etal 1997 | hypokalemia 276.8 E87.6
Cystic Fibrosis 277 E84 Bates et al 1997 | metabolic alkalosis 276.3 E87.3
Cystic Fibrosis 277 E84 Psoter et al 2015 | Pseudomonas aeruginosa | 8.42 B96.5
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