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Ambient heat and risks of emergency department visits among 
adults in the United States: time stratified case crossover study
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ABSTRACT
OBJECTIVE
To quantify the association between ambient heat and 
visits to the emergency department (ED) for any cause 
and for cause specific conditions in the conterminous 
United States among adults with health insurance.
DESIGN
Time stratified case crossover analyses with 
distributed lag non-linear models.
SETTING
US nationwide administrative healthcare claims 
database.
PARTICIPANTS
All commercial and Medicare Advantage beneficiaries 
(74.2 million) aged 18 years and older between May 
and September 2010 to 2019.
MAIN OUTCOME MEASURES
Daily rates of ED visits for any cause, heat related 
illness, renal disease, cardiovascular disease, 
respiratory disease, and mental disorders based on 
discharge diagnosis codes.
RESULTS
21 996 670 ED visits were recorded among adults 
with health insurance living in 2939 US counties. 
Days of extreme heat—defined as the 95th centile 
of the local warm season (May through September) 
temperature distribution (at 34.4°C v 14.9°C national 
average level)—were associated with a 7.8% (95% 
confidence interval 7.3% to 8.2%) excess relative risk 
of ED visits for any cause, 66.3% (60.2% to 72.7%) 
for heat related illness, 30.4% (23.4% to 37.8%) for 
renal disease, and 7.9% (5.2% to 10.7%) for mental 

disorders. Days of extreme heat were associated 
with an excess absolute risk of ED visits for heat 
related illness of 24.3 (95% confidence interval 22.9 
to 25.7) per 100 000 people at risk per day. Heat 
was not associated with a higher risk of ED visits for 
cardiovascular or respiratory diseases. Associations 
were more pronounced among men and in counties in 
the north east of the US or with a continental climate.
CONCLUSIONS
Among both younger and older adults, days of 
extreme heat are associated with a higher risk of ED 
visits for any cause, heat related illness, renal disease, 
and mental disorders. These results suggest that the 
adverse health effects of extreme heat are not limited 
to older adults and carry important implications for 
the health of adults across the age spectrum.

Introduction
Exposure to high ambient temperature is recognized as 
a major threat to public health and is associated with 
substantial excess morbidity and mortality.1 Extreme 
heat is one of the leading causes of weather related 
deaths in the United States,2 leading to thousands of 
excess deaths annually.3 4 Owing to continued climate 
change, days of extreme heat are projected to become 
more frequent and more intense in the future.5 Thus, 
the burden of disease associated with days of extreme 
heat is already high and expected to increase further.5

Although the adverse health impacts of heat on heat 
related,6 7 renal,6 cardiorespiratory,8 9 and mental10-12 
illnesses are well documented among older adults, 
less is known about the potential health impacts of 
heat on young and middle aged adults. The most 
comprehensive studies of the health effects of heat in 
US adults have focused on either mortality or hospital 
admissions among Medicare beneficiaries aged 65 
years and older,8 13-17 likely owing to the availability 
of national datasets in this population. Moreover, few 
studies have assessed the impacts of heat on rates 
of emergency department (ED) visits on a national 
scale. ED visits might serve as a more sensitive 
indicator of the health impacts of heat and a more 
appropriate signal for syndromic surveillance,10  18 
particularly among young and middle aged adults. 
The available evidence indicates that heat also poses a 
considerable health threat for young and middle aged 
adults, although results from studies have not been 
consistent.6 9 18-27 For example, heat in California has 
been associated with a higher risk of ED admissions for 
any cause among those aged 5 to 64 years18 and in 12 
Chinese cities among those aged 15 to 64 years,25 but 
an association was not found in studies in the US states 
of Rhode Island6 and Texas,27 or in Sydney, Australia.26
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Days of extreme heat are associated with an increased risk of deaths and 
hospital admissions among older adults (age ≥65 years)
Less is known about the adverse health impacts of heat among young and 
middle aged adults
Emergency department (ED) visits might provide a more sensitive marker of the 
adverse health impacts of heat versus hospital admissions, especially in younger 
adults

WHAT THIS STUDY ADDS
In this nationwide study in the US, days of extreme heat were associated with 
a higher risk of ED visits for any cause, heat related illness, renal disease, and 
mental disorders
The adverse health effects of extreme heat are not limited to older adults, with 
important excess risk observed in both young and middle aged adults
The adverse health impacts of heat varied among individuals (with men and low 
income adults at greatest risk) and across communities (with those in the US 
counties in the north east or with continental climates at greatest risk)
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In this study we quantified the risk of ED visits for 
any cause and cause specific conditions associated 
with a range of temperatures observed during the 
warm season among adults aged 18 years and 
older living in the conterminous US. We analyzed 
healthcare utilization deidentified claims data from 
the OptumLabs® Data Warehouse28 and identified 
more than 22 million ED visits among people enrolled 
in commercial and Medicare Advantage health 
insurance plans and residing in 2939 US counties 
between May and September 2010 to 2019. First, we 
examined the associations between heat and rates 
of ED visits for any cause, heat related illness, renal 
disease, cardiovascular disease, respiratory disease, 
and mental disorders. Then we investigated whether 
observed associations of heat with ED visits for any 
cause differed across strata defined by age, sex, low 
income status, climate zone, and geographic region.

Methods
Study population
In this study we used deidentified medical claims 
between 1 May and 31 September 2010 to 2019 from 
the OptumLabs Data Warehouse,28 which includes 
medical and pharmacy claims, laboratory results, 
and enrollment records for commercially insured 
and Medicare Advantage enrollees. The database 
contains longitudinal health information on enrollees 
and patients, representing a diverse mixture of ages, 
ethnicities, and geographical regions across the US. 
We identified claims for ED visits based on ICD-9 and 
ICD-10 (international classification of diseases, ninth 
and 10th revisions, respectively) codes, revenue code, 
Current Procedural Terminology code, and place of 
service code (supplementary table S1). For each claim 
we then extracted information on age, sex, and county 
of residence of the individual, as well as the admission 
date and principal diagnosis code (based on ICD-9 or 
ICD-10). We limited our analysis to ED visits occurring 
among people aged 18 years and older.

We considered a range of causes for ED visits based 
on the principal diagnosis code, including any cause 
(ICD-9: 001-V91 or ICD-10: A00-Z99), heat related 
illness (ICD-9: 276, 992, E900.0, E900.9 or ICD-10: 
T67, E86, E87, X30), renal disease (ICD-9: 580-589 
or ICD-10: N00-N05, N08, N17-N19, N25-N27), 
cardiovascular disease (ICD-9: 390-459 or ICD-
10: I00-I99), respiratory disease (ICD-9: 460-519 
or ICD-10: J00-J99), and mental disorders (ICD-9: 
290-319 or ICD-10: F01-F99).6 29 Additionally we 
included ED visits for epilepsy (ICD-9: 345 or ICD-
10: G40, G41) as a putative negative outcome control 
because of the lack of known biological plausibility 
for the association between heat and epilepsy. We 
aggregated the daily number of ED visits by age (18-
24, 25-34, 35-44, 45-64, 65-74, and ≥75 years); sex 
(men v women); geographic region of the country, as 
defined by the US Global Change Research Program’s 
Fourth National Climate Assessment (NCA4)30; and 
climate zone of the country as defined by the Köppen-
Geiger Climate Classification system (supplementary 

figure S1).31 Among a subset of members (32% 
(n=23 803 556/74 188 445) of unique beneficiaries) 
who were enrolled in Medicare Advantage programmes 
that include pharmacy benefits, we also aggregated the 
daily number of ED visits by low income status (yes v 
no), defined by whether or not members qualified for 
the low income subsidy under the Medicare Part D 
prescription drug programme.

Assessment of ambient temperature
Daily maximum ambient temperature was estimated 
using the Parameter-elevation Relationships on 
Independent Slopes (PRISM) model, a spatiotemporal 
model with horizontal grid spacing of about 2.5 
miles (4 km).32 To represent population exposure to 
temperature, we calculated a population weighted 
average of daily maximum temperature for each day 
in each county, as described previously33 and in the 
supplementary appendix. We used daily maximum 
ambient temperature during the summer months 
(May to September; the warm season) to represent 
heat exposure (fig 1) and calculated temperature 
centiles by day in each county to reflect county specific 
distribution of temperature.34

Statistical analysis
We used a χ2 test to compare beneficiaries in the health 
plans on 1 July 2015 versus the 2015 US population 
for age, sex, and geographic region. To estimate the 
association between county specific daily maximum 
temperature centile and all cause and cause specific 
ED visits for May to September 2010-19, we used a 
time stratified case crossover design.35 36 In this study 
design, participants serve as their own control, and the 
inference is based on the comparison of daily ambient 
temperatures on the case day versus daily ambient 
temperatures on control days.37 Specifically, the case 
day was defined as the admission date of each ED visit, 
and control days were selected at the same year and 
month as the case day to control for seasonal and long 
term time trends. Control days were other days in the 
same month and day of week as the case day. This 
design has the advantage of controlling for potential 
confounding by all known and unknown individual 
and county level covariates that do not vary day to day; 
including, for example, age, sex, race, socioeconomic 
status, and population density, and behavior risk 
factors, such as smoking.35

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.38 As in previous studies,39 we 
modeled exposure-response functions using a quadratic 
B spline with one internal knot placed at the 50th 
centile of county specific warm season’s temperature 
distribution. We 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. In 
all models we additionally adjusted for relative humidity 
and federal holidays. We used conditional logistic 
regression to estimate odds ratios and 95% confidence 
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intervals of ED visits associated with warm season 
temperature. To facilitate communication, we defined 
extreme heat locally in each county as days with a 
maximum daily temperature equal to the 95th centile of 
the warm season temperature distribution in that county 
and report odds ratio for days of extreme heat relative to 
the temperature of minimum morbidity. We identified 
the temperature of minimum morbidity based on the 
temperature centile (bounded between the 1st and 99th 
centiles) associated with the lowest rate of all cause 
ED visits based on the overall cumulative exposure-
response association.38 To more fully characterize the 
adverse health effects of heat, we also report odds ratio 
of ED visits associated with days of moderate heat, 
defined as days when the maximum daily temperature 
was equal to the 85th centile of the local distribution of 
temperatures during the warm season.

Results are expressed in terms of both the excess 
relative risk and the excess absolute risk of ED visits 
associated with heat. Excess relative risk was defined 
as (odds ratio−1)×100%, and excess absolute risk was 
defined as α×(odds ratio−1)/odds ratio, where α is 
the baseline rate of daily cause specific ED visits (see 
supplementary appendix).40 41

We performed a series of 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 metric, 
we repeated the main analyses using exposure based 

95th per T
max

(May to Sep)
44.4 ˚C

Not included

36.1 ˚C
34.4 ˚C
32.8 ˚C
21.1 ˚C

Total emergency
department visits

73 551-388 750

Not included

13 857-73 551
2552-13 857
411-2552
<411

0 250

Miles

500

Fig 1 | Maps of extreme temperature and number of emergency department visits between May and September 2010-
19. (Top panel) Warm season average daily maximum ambient temperature at 95th centile. (Bottom panel) Number of 
emergency department visits. Counties in gray were not included in the analysis because no emergency department 
visits were recorded during the study period
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on daily mean and minimum temperature rather than 
daily maximum temperature. Third, to disaggregate 
the potential effects of daily maximum and minimum 
temperatures, we refit the main analysis based on daily 
maximum temperature, with additional adjustment for 
the daily difference between maximum and minimum 
temperature on the same day (lag 0) modeled as a 
linear continuous variable. Finally, we used a more 
restrictive definition of heat related illness (ICD-9: 992, 
E900.0 or ICD-10: T67, X30).

To examine potential differences in susceptibility, we 
evaluated whether the association between ambient 
heat and risk of ED visits varied across strata defined 
by age, sex, low income status, NCA4 region, and 
Köppen-Geiger climate zone. We used the Wald test to 
assess whether the associations were homogeneous 
across strata.42

All analyses were conducted in R version 3.6.3. 
The “survival” package version 3.2-7 was used for the 
conditional logistic regression and the “dlnm” package 
version 2.4.2 was used for the distributed lag non-
linear model.

Patient and public involvement
As this study used deidentified claims data, no patient 
or member of the public was involved in implementing 
the study design. We have no plans to disseminate the 
results of the research directly to study participants.

Results
Days of extreme heat were defined based on the 
local, county specific distribution of maximum 
daily temperatures during the warm season (May to 
September) in each location (fig 1A). Although the 
definition of extreme heat depends on the location, the 
average temperature of 34.4°C (93.9°F) was considered 
as extreme across the country.

Overall, 21 996 670 ED visits were recorded during 
the warm season between 2010 and 2019 among 
74 188 445 beneficiaries residing in 2939 US counties 
(fig 1). Two hundred and four counties (representing 
about 1% (2 989 017/319 248 785) of the US 
population) with no recorded ED visits during the 
study period were excluded. On 1 July 2015, the study 
population consisted of 20.4 million commercially 
insured and Medicare Advantage beneficiaries, 
accounting for about 6.4% (20 437 195/319 248 785) 
of the US resident population in 2015. Compared with 
the US population, beneficiaries in the study on this 
date were more likely to be young and middle aged 
adults, men, and residing in the Midwest and southern 
great plains (supplementary table S2).

A monotonic association was observed between daily 
maximum temperature and relative risk of ED visits from 
any cause, with no clear evidence of a threshold (fig 
2). For example, a day of extreme heat was associated 
with a 7.8% (95% confidence interval 7.3% to 8.2%) 
excess relative risk of ED visits for any cause compared 
with the temperature of minimum morbidity defined as 
the local temperature corresponding to the first centile 
of the warm season distribution of maximum daily 

temperatures. Warm season temperatures were also 
associated with higher risks of ED visits for heat related 
illness, renal disease, and mental disorders (fig 2). For 
example, days of extreme heat were associated with 
a 66.3% (60.2% to 72.7%) higher relative risk of ED 
visits for heat related illness, 30.4% (23.4% to 37.8%) 
higher relative risk of ED visits for renal disease, and 
7.9% (5.2% to 10.7%) higher relative risk of ED visits 
for mental disorders. Days of moderate heat—defined 
as days with a maximum temperature equivalent to 
the 85th centile of the local temperature distribution 
during the warm season—were also associated with 
a higher risk of ED visits for any cause and for heat 
related illnesses, renal disease, and mental disorders 
(table 1). The association between heat and risk of ED 
visits was most pronounced on the same day (lag 0), 
but with some evidence of continued higher risk over 
the subsequent 1-2 days (fig 3). No evidence was found 
of a positive association between heat and ED visits for 
cardiovascular or respiratory disease (fig 2).

Table 1 presents the association between days of 
moderate or extreme heat and the excess absolute 
risk of ED visits, expressed as the number of expected 
excess ED visits per 100 000 people at risk per day 
compared with the local first temperature centile. For 
example, days of extreme heat were associated with 
8.4 (95% confidence interval 7.9 to 8.8), 24.3 (22.9 to 
25.7), 14.7 (12.1 to 17.4), and 5.9 (4.0 to 7.9) excess 
ED visits per 100 000 people at risk each day for any 
cause, heat related illness, renal disease, and mental 
disorders, respectively. No evidence was found of 
an association between heat and risk of ED visits for 
epilepsy, an outcome selected as a putative negative 
control with no known association with heat. For 
example, days of extreme heat were associated with an 
excess relative risk of −3.3% (95% confidence interval 
−11.2% to 5.3%) and an excess absolute risk of −2.7 
(−9.7 to 4.2) per 100 000 people at risk each day for 
epilepsy (table 1).

A series of sensitivity analyses to assess the 
robustness of the results showed that the results were 
not materially different when an alternative number of 
knots was used for the exposure-response function and 
lag-response function of temperature (supplementary 
figures S2 and S3). Results and conclusions were also 
similar when mean or minimum daily temperatures 
were considered as the exposure metric instead of 
maximum daily temperature (supplementary tables 
S3 and S4), or when models were additionally 
adjusted for daily difference between maximum and 
minimum temperatures (supplementary table S5). 
The association between temperature and heat related 
illness was more pronounced when an alternative, 
more specific, definition of heat related ED visits was 
used (supplementary table S6).

When the association between warm season 
temperatures and ED visits for any cause were 
evaluated within strata defined by age and sex (table 
2), days of extreme heat were associated with a higher 
risk of all cause ED visits in every age group, with 
generally stronger associations evident among young 
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and middle aged adults. For example, a day of extreme 
heat was associated with an excess relative risk of 3.6% 
(95% confidence interval 2.7% to 4.6%) among adults 
aged ≥75 years compared with 10.3% (9.1% to 11.5%) 
among those aged 45 to 54 years. The excess absolute 
risk associated with a day of extreme heat was 10.2 

(95% confidence interval 9.0 to 11.4) excess ED visits 
per 100 000 people at risk per day among adults aged 
25 to 34 years. Both the excess absolute and the relative 
risks were greater among men than among women.

In a subset of individuals (32% 
(n=23 803 556/74 188 445) of unique beneficiaries) 
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Fig 2 | National cumulative exposure-response curves for associations between daily maximum ambient temperature and cause specific emergency 
department visits over lag days 0-5 in 2939 US counties, 2010-19. Solid lines represent mean odds ratios of emergency department visits 
(temperatures versus first centile). Shaded areas represent 95% confidence intervals. Ambient temperature (°F)=(°C×9/5)+32

Table 1 | Excess relative risk and excess absolute risk of cause specific emergency department (ED) visits associated with moderate and extreme 
temperature over lag days 0-5 in 2939 US counties, 2010-19*

Reason for ED visits

Average moderate heat (32.6°C) Average extreme heat (34.4°C)

Excess relative risk (%)
Excess absolute risk  
(No/100 000 people at risk/day) Excess relative risk (%)

Excess absolute risk  
(No/100 000 people at risk/day)

Any cause 7.3 (6.9 to 7.6) 7.9 (7.5 to 8.3) 7.8 (7.3 to 8.2) 8.4 (7.9 to 8.8)
Heat related illness 46.6 (42.1 to 51.2) 19.3 (18.0 to 22.6) 66.3 (60.2 to 72.7) 24.3 (22.9 to 25.7)
Renal disease 24.2 (18.7 to 29.9) 12.3 (10.0 to 14.6) 30.4 (23.4 to 37.8) 14.7 (12.1 to 17.4)
Cardiovascular disease −1.1 (−2.4 to 0.2) −0.8 (−1.7 to 0.1) −2.2 (−3.7 to −0.6) −1.5 (−2.7 to −0.4)
Respiratory disease −4.5 (−5.7 to −3.2) −3.5 (−4.4 to −2.5) −5.0 (−6.5 to −3.4) −3.9 (−5.1 to −2.6)
Mental disorders 7.1 (5.0 to 9.4) 5.4 (3.9 to 7.0) 7.9 (5.2 to 10.7) 5.9 (4.0 to 7.9)
Negative control: epilepsy −1.7 (−8.2 to 5.4) −1.3 (−6.8 to 4.2) −3.3 (−11.2 to 5.3) −2.7 (−9.7 to 4.2)
Ambient temperature (°F)=(°C×9/5)+32.
*Moderate and extreme heat were defined based on the 85th and 95th centiles of local county specific temperature distribution during the warm season, and excess risks are expressed versus 
the local first centile.
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Fig 3 | Overall lag structure in effects of extreme heat on cause specific emergency department visits in 2939 US counties, 2010-19. Extreme heat 
was defined based on 95th centiles of the local county specific warm season temperature distribution and excess risks are expressed versus the 
local first centile. On average across the country, extreme heat was at 34.4°C. Solid lines represent mean estimates. Blue bands represent 95% 
confidence intervals

Table 2 | Excess relative risk and excess absolute risk (95% confidence interval) of emergency department (ED) visits for 
all causes associated with extreme heat over lag days 0-5, by age, sex, and low income status

Characteristics No (%) of ED visits Excess relative risk (%) P value Excess absolute risk  
(No/100 000 people at risk/day) P value

Age (years):
 18-24 2 102 380 (9.6) 9.5 (8.0 to 11.0)

<0.001

8.5 (7.3 to 9.7)

<0.001

 25-34 2 904 132 (13.2) 9.9 (8.6 to 11.1) 10.2 (9.0 to 11.4)
 35-44 2 906 914 (13.2) 7.4 (6.2 to 8.6) 6.9 (5.8 to 7.9)
 45-54 3 183 433 (14.5) 10.3 (9.1 to 11.5) 9.0 (8.0 to 9.9)
 55-64 3 276 096 (14.9) 8.8 (7.6 to 10.0) 8.0 (7.0 to 9.0)
 65-74 3 228 092 (14.7) 7.6 (6.4 to 8.7) 7.6 (6.5 to 8.8)
 ≥75 4 395 623 (20.0) 3.6 (2.7 to 4.6) 4.5 (3.3 to 5.7)
Sex:
 Men 9 314 254 (42.4) 9.5 (8.8 to 10.2) <0.001 9.6 (8.9 to 10.2) <0.001 Women 12 678 437 (57.6) 6.5 (5.9 to 7.1) 7.4 (6.8 to 8.0)
Low income status*:
 Yes 3 111 751 (41.0) 5.6 (4.6 to 6.6) 0.53 12.6 (10.2 to 14.9) <0.001 No 4 476 250 (59.0) 6.1 (4.9 to 7.3) 6.0 (5.0 to 7.0)
Ambient temperature (°F)=(°C×9/5)+32.
Extreme heat was defined based on the 95th centiles of local county specific temperature distribution during the warm season, and excess risks are 
expressed versus the local first centile. On average across the country, extreme heat was 34.4°C. 
*Only among a subset of members (32% (n=23 803 556/74 188 445) of total unique beneficiaries) who were enrolled in Medicare Advantage 
programmes that include pharmacy benefits.
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enrolled in Medicare Advantage programmes (people 
primarily aged ≥65 years) that include pharmacy 
benefits, information was leveraged on qualification 
for prescription drug subsidies as a marker of low 
socioeconomic means. Although beneficiaries had a 
similar excess relative risk of ED visits for any cause 
regardless of low income status (5.6% (95% confidence 
interval 4.6% to 6.6%) v 6.1% (4.9% to 7.3%) in the 
low income yes v no categories), the excess absolute 
risk was substantially higher in the low income yes v 
no groups (12.6 (95% confidence interval 10.2 to 14.9) 
v 6.0 (5.0 to 7.0) per 100 000 people at risk per day in 
the low income yes v no groups) owing to the higher 
baseline risk among the low income group (table 2).

Whether the association between warm season 
temperatures and risk of ED visits for any cause varied 
across counties grouped either geographically or by 
climate region was also evaluated (table 3). US counties 
in the northwest or those with a continental climate 
had the lowest median warm season temperatures, 
whereas those in the southern great plains or with 
tropical climates had the warmest. The excess relative 
and absolute risks associated with days of extreme 
heat were greatest in counties in the north east and 
in the continental climate zone. The association with 
extreme heat was weakest among counties in the 
south east and was not evident among counties with 
a tropical climate.

Discussion
We conducted a nationwide study to estimate the risk 
of ED visits for any cause and cause specific disorders 
associated with temperatures during the warm 
season among more than 74 million adults aged 18 
years and older residing in 2939 counties across the 
conterminous US. We found a monotonic association 
between warm season temperatures and risk of ED 
visits for any cause, as well as for heat related illnesses, 
renal disease, and mental disorders, without any 
evidence of a discernible threshold. These associations 
were robust to varying modeling choices and exposure 

metrics. The excess absolute and relative risks varied 
substantially and statistically significantly across 
strata defined by geographic region, climate zone, age, 
sex, and low income status (an indicator of financial 
need), with the strongest associations observed in the 
north east of the US, in counties with a continental 
climate, and among men, young and middle aged 
adults, and those receiving financial subsidies for 
prescription drugs.

Comparison with other studies
Our results are consistent with a robust body of 
existing evidence indicating that heat increases the 
risk of morbidity and mortality, that this excess risk is 
observed across a range of warm season temperatures 
with no clear threshold, that the strongest associations 
are observed on the same day as the raised 
temperatures, and that the degree of excess risk varies 
across individuals and communities.6 8 9 13-17 24 25 43 44 
However, much of the previous evidence has been 
derived from studies of the impacts of heat either on 
mortality or on hospital admissions among elderly 
people,8 13-17 with few large scale studies examining the 
impacts of heat on adults across the full age range or on 
ED visits rather than hospital admissions. The results 
of the present study extend this previous knowledge 
and indicate that the adverse health impacts of heat 
are at least as important among young and middle 
aged adults as among elderly people, in terms of both 
relative and absolute risks. In addition, these results 
show that ED visits can serve as a sensitive and timely 
marker of the adverse health impacts of heat across the 
age spectrum.

Although our results are consistent with the previous 
literature, it is difficult to directly compare effect 
estimates across studies given the use of different 
exposure metrics, exposure contrasts, time periods, 
study populations, and analytic methods. For example, 
an analysis of US Medicare beneficiaries aged 65 years 
and older in 114 cities between 1992 and 2006 found 
that days of extreme heat (defined as a day with warm 

Table | 3 Excess relative risk and excess absolute risk (95% confidence interval) of emergency department visits for 
any cause associated with extreme heat over lag days 0-5, by US Global Change Research Program’s Fourth National 
Climate Assessment (NCA4) region and Köppen-Geiger climate zone

Characteristics
No of  
counties

Median 
 temperature (°C)

Extreme  
heat* (°C)

Excess relative 
risk† (%) P value

Excess absolute risk† 
(No/100 000 persons 
at risk/day) P value

Climate zone
Continental 1268 26.6 32.9 10.6 (9.8 to 11.3)

<0.001

10.5 (9.9 to 11.2)

<0.001Temperate 1388 30.9 35.4 6.0 (5.3 to 6.6) 6.8 (6.1 to 7.4)
Dry 278 30.3 36.7 5.8 (4.1 to 7.5) 6.0 (4.3 to 7.7)
Tropical 5 31.8 33.6 0.6 (−0.8 to 1.9) 0.7 (−0.9 to 2.2)
NCA4 region
North east 298 26.1 31.8 12.0 (10.8 to 13.2)

<0.001

11.9 (10.8 to 12.9)

<0.001

Midwest 726 27.0 32.9 9.8 (8.9 to 10.8) 9.9 (9.0 to 10.7)
Northern great plains 226 26.4 34.0 9.6 (5.6 to 13.7) 9.6 (5.9 to 13.3)
South west 198 28.9 34.9 7.2 (5.6 to 8.8) 7.0 (5.5 to 8.4)
Southern great plains 401 32.7 38.5 6.8 (5.5 to 8.2) 7.4 (6.0 to 8.7)
North west 113 24.8 33.3 5.9 (2.4 to 9.5) 6.4 (2.8 to 10.1)
South east 977 30.8 34.8 4.3 (3.6 to 5.1) 5.3 (4.4 to 6.2)
On average across the US, extreme heat was at 34.4°C. Ambient temperature (°F)=(°C×9/5)+32.
*Defined based on 95th centiles of the local county specific temperature distribution during the warm season.
†Excess risks are expressed versus the local first centile.
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season apparent temperature at the 99th city specific 
temperature centile v 75th centile) were associated with 
a 3.2% (95% confidence interval 2.4% to 4.0%) higher 
risk of emergency hospital admissions for any cause.14 
It is difficult to compare this result with the result from 
our study, given, for example, the difference in exposure 
metric (apparent temperature v ambient temperature), 
the difference in outcome (hospital admission v 
ED visit), and the time period. In another study in 
California, the authors found that the heatwave period 
(defined as the dates of the first and the last reported 
heat related deaths) was associated with a higher risk 
of ED visits for any cause, with an excess relative risk of 
3% (95% confidence interval 2% to 4%).18 The results 
are also not comparable with ours, primarily because 
of the difference in heat exposure (heatwave period v 
county specific 95th temperature centile).

Our findings of no evidence of a positive association 
between heat and ED visits for cardiovascular and 
respiratory diseases were also consistent with most 
previous studies.14 18 43 For example, in an analysis 
of hospital admissions in 12 European cities, the 
authors reported that the association between high 
temperature and cardiovascular admissions tended to 
be negative and did not reach statistical significance.9 
Some have suggested that these results could indicate 
that during extreme heat events, people are more 
likely to die before being admitted to a hospital.9 45 
This explanation is supported by previous reports of a 
greater burden of dying outside a hospital than inside 
a hospital during extreme heat events.45 46

Previous research has established that some 
individuals or populations are at much greater risk of 
heat related health effects than others, although which 
groups are identified as most susceptible varies across 
studies. We found that the effects of heat on ED visits 
for any cause are more pronounced among young and 
middle aged adults than among older adults. Published 
studies on susceptible populations by age are mixed, 
with some finding stronger associations among older 
adults than among younger adults,43 44 and others 
finding the reverse.6 24 25 47 Our results are consistent 
with analyses of data from the US state of Rhode 
Island,6 18 sites in China,24 and Vietnam,47 which 
found a more pronounced association of heat with ED 
visits among young and middle aged adults compared 
with older adults. For example, a study in Rhode Island 
among 0.5 million heat related ED admissions reported 
that an increase in daily maximum temperature from 
26.7°C to 32.2°C was associated with a 59.6% (95% 
confidence interval 44.7% to 76.0%) higher risk of 
heat related ED visits for adults aged 18-64 years and 
22.6% (11.8% to 34.3%) for those aged 65 years and 
older.6 One possible explanation for these results could 
be that adults of working age are more likely to have 
occupational and recreational activities that increase 
opportunities for exposure to heat. Alternatively, 
increased public awareness of heat related health 
risks among elderly people and public health efforts 
to reduce these dangers might be effective at reducing 
risk in this population.48

Our findings that the adverse health effects of heat 
are more pronounced among men than among women 
is also consistent with findings from studies of hospital 
admissions among US Medicare beneficiaries,17 and 
studies from other countries.49 50 Most previous studies 
find that the adverse health impacts of heat are more 
pronounced among people of lower socioeconomic 
means.17 21 22 In a subset of the population, we found 
that the association between heat and ED visits for 
all causes was similar in relative terms among those 
with compared with those without a marker of low 
socioeconomic means. However, the excess absolute 
risk differed between the groups given that the baseline 
rate of ED visits was higher for those with the marker of 
prescription drug subsidy.

Noticeable geographic differences in vulnerability 
to extreme heat have been well documented, even 
in studies where heat is defined relative to local area 
norms.8 15 For example, people in locations with cooler 
climates or with a lower prevalence of air conditioning, 
or both, have typically been found to have higher 
vulnerability to heat.8 15 We similarly found that the 
associations with heat were more noticeable among 
residents of US counties in the north east, Midwest, 
or with continental climates and relatively weaker in 
counties in the south east or with tropical climates. 
These results are consistent with a hypothesized lesser 
degree of heat adaptation in areas with colder climates, 
which might be related to physiological or behavioral 
factors, such as less availability of air conditioning in 
areas with colder climates.17

Compared with mortality and hospital admissions, 
relatively fewer studies have examined ED visits 
as a marker of the adverse health impacts of heat. 
ED visits are thought to be a sensitive indicator of 
trends for diseases affected by heat18 and are likely 
a more appropriate setting for both public health 
surveillance10 and tertiary prevention. For example, 
during the heatwave in California in July 2006, the 
number of excess ED visits attributable to heat were 
about 13-fold larger than the excess number of hospital 
admissions attributed to heat (16 166 v 1182).

Limitations and strengths of this study
This study has several potential limitations. First, 
we used the population weighted average of daily 
maximum temperature in each county as a proxy for 
personal heat exposure. Some amount of exposure 
misclassification is inevitable because of uncertainty in 
the location and time activity pattern of any individual 
in the study, a limitation shared by all time series 
studies and likely to lead to an underestimation of the 
associations or reduction in statistical power, or both.51 
Exposure misclassification might, however, have been 
lower in this study compared with many previous 
studies given our use of ambient temperature estimated 
from a spatially refined, gridded climate dataset rather 
than data from airport weather stations, which might 
not represent population average exposures.33 Second, 
for most patients we only have individual information 
on age and sex and do not have detailed information 
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on other patient characteristics, such as race, 
occupation, health behaviors, socioeconomic means, 
access to air conditioning, or time activity patterns. 
Thus, we were not able to assess whether the impacts 
of heat differed across these characteristics. Third, our 
study population included only US adults with health 
insurance, a population that might be healthier, of 
higher socioeconomic means, or otherwise potentially 
less susceptible to the adverse health effects of heat 
compared with the general population. We expect 
that the estimated associations might be even more 
noticeable among people without commercial 
health insurance. Indeed, our results might not be 
generalizable to people without health insurance, to 
children and adolescents, to those living in counties 
within the conterminous US where we did not have 
data (in which about 1% of the US population live), or 
to locations outside of the conterminous US.

One strength of our study was the large sample size—
more than 22 million ED visits among enrollees of 
commercial and Medicare Advantage health insurance 
plans aged 18 years or older across different geographic 
regions and climate zones in the conterminous US. We 
were therefore able to comprehensively analyze daily 
ambient temperature and risk of cause specific ED 
visits among this large sample.

Policy implications
Days of extreme heat are a recognized public health 
problem associated with high morbidity and mortality. 
The present study adds to the existing literature on 
the health effects of heat by showing that adults of all 
ages are at increased risk of heat related health effects 
rather than just elderly people, providing estimates 
of the potential impact of heat in terms of both excess 
absolute and relative risk, and documenting that the 
risk of heat associated illness is apparent across every 
region of the conterminous US, particularly for regions 
with cooler climates.

The adverse health impacts of extreme heat 
are thought to be largely preventable through 
any combination of reduced exposure, reduced 
susceptibility, or improved adaptive capacity. For 
example, existing heat early warning and response 
systems typically include dissemination of information 
to the public and key stakeholders, facilitating 
coordination among local agencies, opening 
designated cooling centers, and other strategies for 
communicating and reducing health risks.52 However, 
a fundamental premise of disaster or emergency 
preparedness is that the response in any given location 
should be informed by local factors, including an 
assessment of the expected local impacts of hazards, 
and local assessments of potential exposures, 
vulnerabilities, and adaptive capacity.52 In the context 
of public health preparedness for days of extreme 
heat, it is essential that communities and community 
leaders understand local risks posed by specific locally 
defined temperature thresholds.52 For example, a 
day with a maximum temperature of 35°C might 

be rare and dangerously hot in one community and 
more common or not highly dangerous in a different 
community. Indeed, the maximum daily temperature 
considered as extreme varies substantially across the 
US (fig 1). Moreover, we found that the excess relative 
and absolute risk of ED visits for heat related illness 
on days of locally extreme heat varied substantially 
by location, thus highlighting the importance of 
integrating existing evidence from population scale 
studies such as this one with local knowledge and 
assessments to guide locally appropriate heat early 
warning and response systems. It is also important for 
hospitals and other facilities to adapt their procedures 
to meet the increased demand that extreme heat can 
place on local healthcare systems.

Conclusions
Among US adults with health insurance, days of 
extreme heat were associated with a higher relative risk 
of ED visits for any cause, heat related illness, renal 
disease, and mental disorders. Although everyone 
is at risk of the adverse health impacts of heat, some 
individuals and some communities are more noticeably 
at greater risk than others. This information might be 
useful to clinicians, public health officials, and the 
public considering the potential for more frequent and 
severe extreme heat events attributable to the rapidly 
changing climate.
SS and GAW are joint corresponding authors. GAW can be contact at 
wellenius@bu.edu (or @gwellenius on Twitter)
Contributors: SS, KRW, GAW, and FD designed the study. SS and GAW 
developed the analysis plan. SS and YS performed statistical analyses 
and took responsibility for the accuracy of the data analysis. SS and 
GAW drafted the manuscript. All authors contributed to interpretation 
of the results and the revision and approval of the final manuscript. 
SS is the guarantor. The corresponding author attests that all listed 
authors meet authorship criteria and that no others meeting the 
criteria have been omitted.
Funding: This study is supported by grants R01-ES029950 (SS, ANS, 
KRS, YS, FD, GAW) and F32-ES027742 (KRW) from the US National 
Institutes of Health/National Institute of Environmental Health 
Sciences, and grant 216033-Z-19-Z from the Wellcome Trust (SS, 
ANS, KRS, GAW). The funders had no role in considering the study 
design or in the collection, analysis, interpretation of data, writing of 
the report, or decision to submit the article for publication.
Competing interests: All authors have completed the ICMJE uniform 
disclosure form at http://www.icmje.org/disclosure-of-interest/ and 
declare: support from the US National Institutes of Health/National 
Institute of Environmental Health Sciences and the Wellcome Trust for 
the submitted work; GAW has received consulting income from the 
Health Effects Institute (Boston, MA) and Google (Mountain View, CA). 
No financial relationships with any organizations that might have an 
interest in the submitted work in the previous three years; no other 
relationships or activities that could appear to have influenced the 
submitted work.
Ethical approval: Not required.
Data sharing: No additional data available.
The corresponding author (SS) affirms that the manuscript is an 
honest, accurate, and transparent account of the study being 
reported; that no important aspects of the study have been omitted; 
and that any discrepancies from the study as planned and registered 
have been explained.
Dissemination to participants and related patient and public 
communities: There are no plans to disseminate the results of the 
research directly to study participants. We plan to disseminate the 
results of the research to the general public through media outreach—
for example, press releases by the media departments of the authors’ 
research institutes, and plain language publications in social media.

 on 24 N
ovem

ber 2021 by guest. P
rotected by copyright.

http://w
w

w
.bm

j.com
/

B
M

J: first published as 10.1136/bm
j-2021-065653 on 24 N

ovem
ber 2021. D

ow
nloaded from

 

mailto:wellenius@bu.edu
https://twitter.com/gwellenius
http://www.icmje.org/disclosure-of-interest/
http://www.bmj.com/


RESEARCH

10 doi: 10.1136/bmj-2021-065653 | BMJ 2021;375:e065653 | the bmj

Publisher’s note: Published maps are provided without any warranty 
of any kind, either express or implied. BMJ remains neutral with regard 
to jurisdictional claims in published maps.
Provenance and peer review: Not commissioned; externally peer 
reviewed.
This is an Open Access article distributed in accordance with the 
terms of the Creative Commons Attribution (CC BY 4.0) license, which 
permits others to distribute, remix, adapt and build upon this work, 
for commercial use, provided the original work is properly cited. See: 
http://creativecommons.org/licenses/by/4.0/.

1  Sarofim M, Saha S, Hawkins M, et al. Ch. 2: Temperature-related 
death and illness: US Global Change Research Program, Washington, 
DC, 2016.

2  National Weather Service. Weather Related Fatality and Injury 
Statistics 2019. https://www.weather.gov/hazstat/ accessed 
01/29/2021.

3  Weinberger KR, Harris D, Spangler KR, Zanobetti A, Wellenius GA. 
Estimating the number of excess deaths attributable to heat in 
297 United States counties. Environ Epidemiol 2020;4:e096. 
doi:10.1097/EE9.0000000000000096

4  Shindell D, Zhang Y, Scott M, et al. The effects of heat exposure 
on human mortality throughout the United States. Geohealth 
2020;4(4):e2019GH000234. doi:10.1029/2019GH000234

5  Pachauri RK, Allen MR, Barros VR, et al. Climate change 2014: 
synthesis report. Contribution of Working Groups I, II and III to the 
fifth assessment report of the Intergovernmental Panel on Climate 
Change: IPCC 2014.

6  Kingsley SL, Eliot MN, Gold J, Vanderslice RR, Wellenius GA. Current 
and projected heat-related morbidity and mortality in Rhode 
Island. Environ Health Perspect 2016;124:460-7. doi:10.1289/
ehp.1408826

7  Lippmann SJ, Fuhrmann CM, Waller AE, Richardson DB. Ambient 
temperature and emergency department visits for heat-related 
illness in North Carolina, 2007-2008. Environ Res 2013;124:35-42. 
doi:10.1016/j.envres.2013.03.009

8  Anderson GB, Dominici F, Wang Y, McCormack MC, Bell ML, Peng RD. 
Heat-related emergency hospitalizations for respiratory diseases in 
the Medicare population. Am J Respir Crit Care Med 2013;187:1098-
103. doi:10.1164/rccm.201211-1969OC

9  Michelozzi P, Accetta G, De Sario M, et al, PHEWE Collaborative 
Group. High temperature and hospitalizations for cardiovascular 
and respiratory causes in 12 European cities. Am J Respir Crit Care 
Med 2009;179:383-9. doi:10.1164/rccm.200802-217OC

10  Josseran L, Caillère N, Brun-Ney D, et al. Syndromic surveillance 
and heat wave morbidity: a pilot study based on emergency 
departments in France. BMC Med Inform Decis Mak 2009;9:14. 
doi:10.1186/1472-6947-9-14

11  Liu J, Varghese BM, Hansen A, et al. Is there an association between 
hot weather and poor mental health outcomes? A systematic review 
and meta-analysis. Environ Int 2021;153:106533. doi:10.1016/j.
envint.2021.106533

12  Lõhmus M. Possible biological mechanisms linking mental 
health and heat—a contemplative review. Int J Environ Res Public 
Health 2018;15:1515. doi:10.3390/ijerph15071515

13  Bobb JF, Obermeyer Z, Wang Y, Dominici F. Cause-specific risk 
of hospital admission related to extreme heat in older adults. 
JAMA 2014;312:2659-67. doi:10.1001/jama.2014.15715

14  Gronlund CJ, Zanobetti A, Schwartz JD, Wellenius GA, O’Neill MS. Heat, 
heat waves, and hospital admissions among the elderly in the United 
States, 1992-2006. Environ Health Perspect 2014;122:1187-92. 
doi:10.1289/ehp.1206132

15  Wang Y, Bobb JF, Papi B, et al. Heat stroke admissions during heat 
waves in 1,916 US counties for the period from 1999 to 2010 and 
their effect modifiers. Environ Health 2016;15:83. doi:10.1186/
s12940-016-0167-3

16  Hopp S, Dominici F, Bobb JF. Medical diagnoses of heat wave-related 
hospital admissions in older adults. Prev Med 2018;110:81-5. 
doi:10.1016/j.ypmed.2018.02.001

17  Gronlund CJ, Zanobetti A, Wellenius GA, Schwartz JD, O’Neill MS. 
Vulnerability to renal, heat and respiratory hospitalizations during 
extreme heat among US elderly. Clim Change 2016;136:631-45. 
doi:10.1007/s10584-016-1638-9

18  Knowlton K, Rotkin-Ellman M, King G, et al. The 2006 California heat 
wave: impacts on hospitalizations and emergency department visits. 
Environ Health Perspect 2009;117:61-7. doi:10.1289/ehp.11594

19  Green RS, Basu R, Malig B, Broadwin R, Kim JJ, Ostro B. The effect of 
temperature on hospital admissions in nine California counties. Int J 
Public Health 2010;55:113-21. doi:10.1007/s00038-009-0076-0

20  Lin S, Luo M, Walker RJ, Liu X, Hwang SA, Chinery R. Extreme 
high temperatures and hospital admissions for respiratory 
and cardiovascular diseases. Epidemiology 2009;20:738-46. 
doi:10.1097/EDE.0b013e3181ad5522

21  Ogbomo AS, Gronlund CJ, O’Neill MS, Konen T, Cameron L, Wahl 
R. Vulnerability to extreme-heat-associated hospitalization 
in three counties in Michigan, USA, 2000-2009. Int J 
Biometeorol 2017;61:833-43. doi:10.1007/s00484-016-1261-5

22  Li M, Gu S, Bi P, Yang J, Liu Q. Heat waves and morbidity: current 
knowledge and further direction-a comprehensive literature review. 
Int J Environ Res Public Health 2015;12:5256-83. doi:10.3390/
ijerph120505256

23  Wondmagegn BY, Xiang J, Dear K, et al. Impact of heatwave intensity 
using excess heat factor on emergency department presentations 
and related healthcare costs in Adelaide, South Australia. Sci Total 
Environ 2021;781:146815. doi:10.1016/j.scitotenv.2021.146815

24  Wang Y, Liu Y, Ye D, et al. High temperatures and emergency 
department visits in 18 sites with different climatic characteristics 
in China: Risk assessment and attributable fraction identification. 
Environ Int 2020;136:105486. doi:10.1016/j.envint.2020.105486

25  Zhao Q, Zhang Y, Zhang W, et al. Ambient temperature and 
emergency department visits: Time-series analysis in 12 
Chinese cities. Environ Pollut 2017;224:310-6. doi:10.1016/j.
envpol.2017.02.010

26  Schaffer A, Muscatello D, Broome R, Corbett S, Smith W. Emergency 
department visits, ambulance calls, and mortality associated with 
an exceptional heat wave in Sydney, Australia, 2011: a time-series 
analysis. Environ Health 2012;11:3. doi:10.1186/1476-069X-11-3

27  Zhang K, Chen T-H, Begley CE. Impact of the 2011 heat wave on 
mortality and emergency department visits in Houston, Texas. 
Environ Health 2015;14:11. doi:10.1186/1476-069X-14-11

28  OptumLabs and OptumLabs Data Warehouse (OLDW) Descriptions 
and Citation. Eden Prairie, MN: July 2020. PDF. Reproduced with 
permission from OptumLabs.

29  McTavish RK, Richard L, McArthur E, et al. Association between high 
environmental heat and risk of acute kidney injury among older 
adults in a northern climate: a matched case-control study. Am J 
Kidney Dis 2018;71:200-8. doi:10.1053/j.ajkd.2017.07.011

30  USGCRP. Impacts, risks, and adaptation in the United States: Fourth 
national climate assessment, volume II2018.

31  Peel MC, Finlayson BL, McMahon TA. Updated world map of 
the Köppen-Geiger climate classification. Hydrol Earth Syst 
Sci 2007;11:1633-44. doi:10.5194/hess-11-1633-2007

32  Daly C, Halbleib M, Smith JI, et al. Physiographically sensitive 
mapping of climatological temperature and precipitation across 
the conterminous United States. Int J Climatol 2008;28:2031-64. 
doi:10.1002/joc.1688

33  Spangler KR, Weinberger KR, Wellenius GA. Suitability of gridded 
climate datasets for use in environmental epidemiology. J Expo Sci 
Environ Epidemiol 2019;29:777-89. doi:10.1038/s41370-018-
0105-2

34  Xu R, Zhao Q, Coelho MSZS, et al. The association between 
heat exposure and hospitalization for undernutrition in Brazil 
during 2000-2015: A nationwide case-crossover study. PLoS 
Med 2019;16:e1002950. doi:10.1371/journal.pmed.1002950

35  Carracedo-Martínez E, Taracido M, Tobias A, Saez M, Figueiras 
A. Case-crossover analysis of air pollution health effects: a 
systematic review of methodology and application. Environ Health 
Perspect 2010;118:1173-82. doi:10.1289/ehp.0901485

36  Levy D, Lumley T, Sheppard L, Kaufman J, Checkoway H. Referent 
selection in case-crossover analyses of acute health effects of air 
pollution. Epidemiology 2001;12:186-92. doi:10.1097/00001648-
200103000-00010

37  Maclure M. The case-crossover design: a method for 
studying transient effects on the risk of acute events. Am J 
Epidemiol 1991;133:144-53. doi:10.1093/oxfordjournals.aje.
a115853

38  Gasparrini A, Guo Y, Hashizume M, et al. Mortality risk attributable 
to high and low ambient temperature: a multicountry observational 
study. Lancet 2015;386:369-75. doi:10.1016/S0140-
6736(14)62114-0

39  Sun S, Weinberger KR, Spangler KR, Eliot MN, Braun JM, Wellenius 
GA. Ambient temperature and preterm birth: A retrospective study 
of 32 million US singleton births. Environ Int 2019;126:7-13. 
doi:10.1016/j.envint.2019.02.023

40  Di Q, Dai L, Wang Y, et al. Association of short-term exposure to air 
pollution with mortality in older adults. JAMA 2017;318:2446-56. 
doi:10.1001/jama.2017.17923

41  Wei Y, Wang Y, Di Q, et al. Short term exposure to fine 
particulate matter and hospital admission risks and costs in 
the Medicare population: time stratified, case crossover study. 
BMJ 2019;367:l6258. doi:10.1136/bmj.l6258

42  Rothman KJ, Greenland S, Lash TL. Modern epidemiology. Lippincott 
Williams & Wilkins, 2008.

43  Zhao Q, Li S, Coelho MSZS, et al. Geographic, demographic, and 
temporal variations in the association between heat exposure and 
hospitalization in Brazil: a nationwide study between 2000 and 
2015. Environ Health Perspect 2019;127:17001. doi:10.1289/
EHP3889

 on 24 N
ovem

ber 2021 by guest. P
rotected by copyright.

http://w
w

w
.bm

j.com
/

B
M

J: first published as 10.1136/bm
j-2021-065653 on 24 N

ovem
ber 2021. D

ow
nloaded from

 

http://creativecommons.org/licenses/by/4.0/
https://www.weather.gov/hazstat/
http://www.bmj.com/


RESEARCH

the bmj | BMJ 2021;375:e065653 | doi: 10.1136/bmj-2021-065653 11

44  van Loenhout JAF, Delbiso TD, Kiriliouk A, Rodriguez-Llanes JM, Segers J, 
Guha-Sapir D. Heat and emergency room admissions in the Netherlands. 
BMC Public Health 2018;18:108. doi:10.1186/s12889-017-5021-1

45  Linares C, Díaz J. Impact of high temperatures on hospital admissions: 
comparative analysis with previous studies about mortality (Madrid). 
Eur J Public Health 2008;18:317-22. doi:10.1093/eurpub/ckm108

46  O’Neill MS, Zanobetti A, Schwartz J. Modifiers of the 
temperature and mortality association in seven US cities. Am J 
Epidemiol 2003;157:1074-82. doi:10.1093/aje/kwg096

47  Phung D, Chu C, Rutherford S, Nguyen HLT, Do CM, Huang C. Heatwave 
and risk of hospitalization: A multi-province study in Vietnam. Environ 
Pollut 2017;220(Pt A):597-607. doi:10.1016/j.envpol.2016.10.008

48  Bassil KL, Cole DC. Effectiveness of public health interventions 
in reducing morbidity and mortality during heat episodes: a 
structured review. Int J Environ Res Public Health 2010;7:991-1001. 
doi:10.3390/ijerph7030991

49  Bai L, Cirendunzhu, Woodward A, et al. Temperature, hospital 
admissions and emergency room visits in Lhasa, Tibet: a time-series 

analysis. Sci Total Environ 2014;490:838-48. doi:10.1016/j.
scitotenv.2014.05.024

50  Phung D, Guo Y, Thai P, et al. The effects of high temperature on 
cardiovascular admissions in the most populous tropical city in 
Vietnam. Environ Pollut 2016;208(Pt A):33-9. doi:10.1016/j.
envpol.2015.06.004

51  Zeger SL, Thomas D, Dominici F, et al. Exposure measurement error 
in time-series studies of air pollution: concepts and consequences. 
Environ Health Perspect 2000;108:419-26. doi:10.1289/
ehp.00108419

52  Jay O, Capon A, Berry P, et al. Reducing the health effects of hot 
weather and heat extremes: from personal cooling strategies to 
green cities. Lancet 2021;398:709-24. doi:10.1016/S0140-
6736(21)01209-5

Supplementary information: appendices, tables S1-
6, figures S1-3, and relevant references

 on 24 N
ovem

ber 2021 by guest. P
rotected by copyright.

http://w
w

w
.bm

j.com
/

B
M

J: first published as 10.1136/bm
j-2021-065653 on 24 N

ovem
ber 2021. D

ow
nloaded from

 

http://www.bmj.com/

