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BACKGROUND: Recent record-breaking hot temperatures in Alaska have raised concerns about the potential human health implications of heat expo-
sure among this unacclimated population.
OBJECTIVES: We estimated cardiorespiratory morbidity associated with days above summer (June–August) heat index (HI, apparent temperature)
thresholds in three major population centers (Anchorage, Fairbanks, and the Matanuska-Susitna Valley) for the years 2015–2019.
METHODS:We implemented time-stratified case–crossover analyses of emergency department (ED) visits for International Classification of Diseases,
10th Revision codes indicative of heat illness and major cardiorespiratory diagnostic codes using data from the Alaska Health Facilities Data
Reporting Program. Using conditional logistic regression models, we tested maximum hourly HI temperature thresholds between 21.1°C (70°F) and
30°C (86°F) for a single day, 2 consecutive days, and the absolute number of previous consecutive days above the threshold, adjusting for the daily
average concentration of particulate matter ≤2:5 lg.
RESULTS: There were increased odds of ED visits for heat illness above a HI threshold as low as 21.1°C (70°F) [odds ratio ðORÞ=13:84; 95% confi-
dence interval (CI): 4.05, 47.29], and this increased risk continued for up to 4 d (OR=2:43; 95% CI: 1.15, 5.10). Asthma and pneumonia were the
only respiratory outcomes positively associated with the HI: ED visits for both were highest the day after a heat event (Asthma: HI>27�C ð80�FÞ
OR=1:18; 95% CI: 1.00, 1.39; Pneumonia: HI>28�C ð82�FÞ OR=1:40; 95% CI: 1.06, 1.84). There was a decreased odds of bronchitis-related ED
visits when the HI was above thresholds of 21.1–28°C (70–82°F) across all lag days. We found stronger effects for ischemia and myocardial infarc-
tion (MI) than for respiratory outcomes. Multiple days of warm weather were associated with an increased risk of health impacts. For each additional
preceding day above a HI of 22°C (72°F), the odds of ED visits related to ischemia increased 6% (95% CI: 1%, 12%); for each additional preceding
day above a HI of 21.1°C (70°F), the odds of ED visits related to MI increased 7% (95% CI: 1%, 14%).

DISCUSSION: This study demonstrates the importance of planning for extreme heat events and developing local guidance for heat warnings, even in
areas with historically mild summertime climates. https://doi.org/10.1289/EHP11363

Introduction
Morbidity and mortality from exposure to extreme heat represent
a growing yet preventable public health concern in the United
States.1–4 Excessive temperatures have been associated with a
number of adverse health outcomes, including acute heat illness,5
diabetes,6 acute renal failure,7 suicide and mental health-related
hospital admissions,8 and all-cause mortality9,10 in adults and
children.11 In addition, the epidemiological evidence from multi-
ple countries on the impact of extreme heat on cardiovascular
and respiratory diseases is robust.12–16 Further, the social, natural,
and built environment as well as individual socioeconomic and
demographic characteristics are important effect modifiers of the
relationships between heat and adverse health outcomes.17,18

Early notification of forecasted heat events is intended to miti-
gate the health impact of heat waves. These warnings are often
paired with recommendations to avoid heat exposure and seek
health care when needed.19,20 To issue heat-related public health
notifications, most cities in the United States use the National
Weather Service (NWS) excessive heat alerts (e.g., watch, advi-
sory, warning) that are based on forecasts of the 24- to 48-h heat
index (HI), a measure of “how hot it really feels” when humidity
is considered alongside air temperature.21 For example, the NWS

issues a heat advisory when the HI is forecast to exceed 38°C
(100°F) in northern states or 41°C (105°F) in southern states with
nighttime lows higher than 24°C (75°F) for 1–2 d.22,23 Although
the NWS provides this national guidance, it encourages weather
forecast offices (WFOs) to develop locally relevant thresholds
and criteria for heat warning systems in their areas.22 Of the 122
WFOs in the United States, about half (predominantly those in
the western and southern states) have developed their own re-
vised policy with local criteria for issuing heat products.22 In line
with recommendations to develop heat warning systems based on
environmental triggers of human health end points,19,24 several
epidemiological studies have used local weather data and health
records to identify heat exposure metrics that are associated with
adverse health outcomes in their region.25–29

Although historically, diagnoses related to heat-related illness
in Alaska seemed unlikely given the typically mild summer con-
ditions, recent unprecedented hot temperatures in the state have
raised concerns about the potential human health implications of
temperature anomalies among this unacclimated population.30,31

For example, in 2019, a heat wave brought record-breaking tem-
peratures to much of the state; Anchorage reached 32°C (90°F)
for the first time and experienced 6 consecutive days with tem-
peratures above 27°C (80°F).32 Exacerbating the issue, smoke
from wildfires throughout the state created unhealthy air quality
conditions that have been associated with increases in emergency
department visits for cardiorespiratory conditions in Alaska’s
primary population centers.33 Ongoing advisories during the
summer to avoid hazardous outdoor air quality encouraged peo-
ple to stay indoors, but Alaska’s public health agencies worried
that the dearth of air conditioners and well-ventilated homes
in the state would exacerbate the risk of heat illness, given the
lack of locally relevant guidelines for dangerous heat exposure
(W. Kays, personal communication).

To identify appropriate thresholds for issuing heat alerts in
Alaska, we evaluated associations between the daily maximum
heat index (testing thresholds between 21.1°C (70°F) and 30°C
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(86°F) and cardiorespiratory emergency department visits in three
major population centers between 2015 and 2019 for lags up to 5 d.
In addition, we assessed the impacts of prolonged heat events using
two different methods for defining “heat waves,” and we evaluated
differential impacts of heat on unique demographic groups through
stratified analyses by age, sex, race, and geography.

Methods

Study Area
The study areas represent three geographically and climatologi-
cally distinct regions in Alaska: Anchorage, communities in the
Matanuska-Susitna Valley, and Fairbanks. These are three major
population centers, representing 65% of Alaska’s population. The
populations of these boroughs (county equivalents) are ∼ 288,000,
110,000, and 95,000, respectively. The Matanuska-Susitna valley
is located 35mi north of Anchorage, and Fairbanks is located in the
interior region of Alaska, more than 350 mi north of Anchorage
and theMatanuska-Susitna Valley. Anchorage and theMatanuska-
Susitna Valley have a mild, coastal, subarctic climate with average
maximum summer temperatures historically (1991–2020) ranging
from 18.1°C to 18.9°C (64.5–66°F)34 and average summer relative
humidity of 77% and 75%, respectively. Fairbanks has a continen-
tal, subarctic climate with an average maximum summer tempera-
ture of 21.3°C (70.3°F).34

Exposure Characterization
Weather data were compiled from the National Oceanic
and Atmospheric Administration (NOAA) Automated Surface
Observing System (ASOS) monitoring network, using previ-
ously published methods.33 Temperature and relative humidity
data were accessed from an ASOS monitor located nearest to
the population center in each study area. The hourly HI was cal-
culated from paired temperature and humidity measurements,
using methods implemented by the NWS.35,36 Specifically, the
calculation was done using a multiple regression equation with
adjustments specified by the NWS within relevant ranges of
temperature and humidity.37,38 The equation used was:

HI= − 42:379 + 2:04901523 × T + 10:14333127 × RH −
0:22475541 × T × RH − 0:00683783 × T × T − 0:05481717 ×
RH × RH + 0:00122874 × T × T × RH + 0:00085282 × T ×
RH × RH − 0:00000199 × T × T × RH × RH,

where T is temperature in degrees Fahrenheit and RH is percent
relative humidity. After calculating the HI for every hour, the
maximum value for each day was used to assign the daily HI for
each study area, which was the primary exposure metric. For
days during which fewer than 18 hourly temperature and relative
humidity measurements were available from the nearest ASOS
monitor, data from the second or third closest monitor were used.
If 2 or fewer consecutive days had missing data, daily HI was
imputed by taking the average of the first leading and lagging
days around the missing period.

Data for fine particulate matter (PM) with aerodynamic diam-
eter ≤2:5 lm (PM2:5) were obtained from ground monitoring
sensors maintained by the Alaska Department of Environmental
Conservation (DEC) for U.S. Environmental Protection Agency
(U.S. EPA) regulatory monitoring. The DEC monitoring sites
that were located within the study areas had one, two, or three
monitors that were DEC-designated as primary, secondary, or ter-
tiary, respectively. Summarized daily data from primary monitors
were selected preferentially. Daily data were excluded if fewer
than 75% of hourly measurements were taken or if the recorded
PM2:5 concentration was implausible (e.g., ≤0 lg=m3). During

the study period, there were two active DEC monitoring sites in
Anchorage. The assigned daily PM2:5 concentration was the aver-
age of the measurements from these two sites. One or 2 consecu-
tive days with missing PM2:5 data were imputed in the same way
as temperature and relative humidity.

Health Outcomes
Hospitalization records were obtained from the Alaska Health
Facilities Data Reporting Program (HFDR). Beginning in 2015,
all private, municipal, state, federal, and Alaskan Native hospitals
are required to report to the program. Alaska’s two military hos-
pitals are encouraged to participate. Records were requested
based on International Classification of Diseases, 9th Revision
and 10th Revision, Clinical Modification codes indicative of car-
diorespiratory health outcomes and heat illness (ICD-9-CM: 992;
ICD-10-CM: T67). Cardiorespiratory health outcomes that were
modeled individually included: asthma (493; J45), chronic ob-
structive pulmonary disease (COPD) (490–492, 494, 496; J40–
J44, J47), pneumonia (480–486; J12–J18), acute bronchitis (466;
J20–J22), arrhythmia (427; I46–I49), cerebrovascular disease
(430–438; I60–I63, I65–I69, G45, I23), heart failure (428; I50),
ischemic heart disease (410–414; I20–I22, I24–I25), and myocar-
dial infarction (410; I21–I22). The primary diagnosis code was
used as the outcome of interest.

HFDR data were filtered to only include emergency depart-
ment (ED) encounters during the summer months (June–August)
of 2015–2019. Other visit types were excluded from the data set
to isolate acute cardiorespiratory- or heat illness–related incidents
that could have been acutely associated with the changing daily
HI. Demographic information included in the HFDR data set also
permitted stratified analyses by age, sex, and race.

HI Threshold Analysis
The associations between the daily HI and cardiorespiratory and
heat illness ED visits in the study areas were evaluated using a
time-stratified case–crossover study design.39,40 Each ED encoun-
ter that occurred within one of the study areas during the summer
season (June–August) in 2015–2019 was considered a case. For
each case, referent days were selected as the same day of the week
for the duration of the summer season of the same year.

Single-day conditional logistic regression models were used
to identify HI thresholds at which the likelihood of cardiorespira-
tory or heat illness ED visits increased. For each health outcome,
daily HI cutoffs ranging from 21.1°C to 30°C (70°F to 86°F) at
2°F intervals were evaluated as potential thresholds by including
daily HI in the model as an indicator variable for above vs. below
the cutoff. These cutoffs were selected based on the range of the
mean to the maximum daily HI during the 2015–2019 summer
months in our three study regions. The first whole number that
was above the mean for all study locations was 70°F, and consist-
ent 2°F thresholds ensured that results were easily interpretable
and could be readily applied toward the development of regional
heat warnings. Using this approach, up to nine conditional logis-
tic regression models were constructed for each health outcome
of interest. This approach was also repeated using daily HI lagged
up to 5 d. Previous studies in this population observed an
increased risk of ED visits for cardiorespiratory outcomes for up
to 5 d after environmental exposure events.33 Daily PM2:5 con-
centration was included in all models as a time-varying con-
founder and was lagged in the same way as daily HI.

Previous studies of exposure to extreme heat have found dif-
ferential risk across demographic groups, potentially related to
dissimilarities in susceptibility to cardiovascular aging or social
factors that may affect access to care, such as living alone.41,42
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To understand how different populations may experience the
potential health effects of heat, stratified analyses were also con-
ducted by age, race, and sex. Age was categorized into three
groups: <15, 15–65, and >65 y of age. Race was stratified into
two groups: Alaska Native people and non-Alaska Native people.
We also explored potential geographic differences by stratifying
the single-day models by study area.

HI-Based Heat Wave Analysis
To understand the potential effects of prolonged elevated heat, or
heat waves, on cardiorespiratory- and heat illness–related ED vis-
its, two different approaches were used. In the first approach, an in-
dicator variable was created for which a value of “1” was assigned
if both the same-day HI and the HI on the previous day were above
a given cutoff, and a value of “0” was assigned if the same-day HI
and/or the HI on the previous day were below the given cutoff. As
with the threshold analysis, the cutoffs that were tested ranged
from 21°C to 30°C (70°F to 86°F) at 2°F intervals. Here, same-day
daily PM2:5 concentration was included in the model as a potential
confounder. This model is referred to as the “acute heat wave”
analysis.

The second approach that was employed to understand the
effect of heat waves vs. transient (i.e., single-day) elevated heat
built on the threshold analysis described previously by incorporat-
ing an additional variable to capture the effect of multiple consecu-
tive warm days. In addition to the indicator variable used in the
threshold analysis (“1” signified a same-day HI above a relevant
cutoff, and “0” signified a same-day HI below the cutoff), these
models also included a linear variable for the total number of previ-
ous consecutive days that were above the same cutoff (counting
until the HI drops below the cutoff). For example, when the recent
daily HIs were 27.8°C, 27.2°C, 26.1°C, 27.2°C, 27.8°C, and 25°C
(82°F, 81°F, 79°F, 81°F, 82°F, and 77°F) on lag days 1, 2, 3, 4, 5,
and 6, respectively, and the cutoff was 25.6°C (78°F), then the
number of previous consecutive days above the cutoff was 5 (lag
days 1–5). If the cutoff being tested was 26.7°C (80°F), then there
were only 2 d in a row above this threshold (lag days 1 and 2), and
then no further days are counted because of the drop in the HI to
26.1°C (79°F) on lag day 3. Again, same-day daily PM2:5 concen-
tration was included in all models. This approach is referred to as
the “ongoing heat wave” analysis. Similar to the single-day thresh-
old analysis, stratified models were built by age, race, and sex for
both the acute and ongoing heat wave approaches.

Interaction between Elevated HI and PM2:5

We also assessed potential multiplicative effects between daily
PM2:5 concentration and elevated HI on ED visits. As with the
threshold analysis, single-day conditional logistic regression
models were used to estimate the relationship between elevated
HI and cardiorespiratory or heat illness ED visits. These models
also included an interaction term between daily PM2:5 concentra-
tion and an indicator variable for a day with a HI above vs. below
the previously described thresholds. Likelihood-ratio tests were
conducted to test the goodness of fit between the threshold mod-
els with and without the interaction term. For models in which
the interaction term was significant, ORs were estimated for HI
above vs. below the relevant threshold when the daily PM2:5 con-
centration on the same lag day was 5, 10, 20, or 35lg=m3.

Human subject approval was provided by the University of
Alaska-Anchorage institutional review board (Protocol no.
1596177). All data analyses were conducted using R (version
3.6.1; R Development Core Team).

Results

HI, Heat Waves, and PM2:5

The average daily HI during the summer months (June–August) of
2015–2019 in Anchorage, Fairbanks, and the Matanuska-Susitna
Valley was 19.8°C, 20.9°C, and 19.5°C (67.6°F, 69.7°F, and 67.1°F),
respectively. Anchorage and theMatanuska-Susitna Valley tended
to have a similar HI across summer days (Pearson correlation
coefficient = 0:92). Fairbanks is climatologically distinct from
the other two study areas, and the HI in Fairbanks was weakly
correlated with the HI in both Anchorage (Pearson correlation
coefficient = 0:40) and the Matanuska-Susitna Valley (Pearson
correlation coefficient = 0:51). During the study period, Fairbanks
reached the highest HI of the three study areas, with ∼ 5% of days
during the study period (n=24) reaching a maximum HI above
82°F (Table 1). In general, the distribution of the HI on summer
days in Fairbanks (range: 6.7–30.3°C, 44.1–86.5°F) was more dis-
persed than it was in Anchorage (range: 12.1–29.9°C, 53.8–85.9°F)
or theMatanuska-Susitna Valley (range: 10.9–30.1°C, 51.6–86.1°F).
Furthermore, Fairbanks generally had lower daily relative humidity
[mean=67:4; standard deviation ðSDÞ=14:6] than Anchorage
(mean=71:0; SD=12:9) or the Matanuska-Susitna Valley
(mean=70:0; SD=11:8). Maximum daily temperature, how-
ever, was generally higher in Fairbanks (mean= 21:7�C, 71.0°F,
SD=4:4�C, 8.0°F) than it was in Anchorage (mean= 20:4�C,

Table 1. Distribution of elevated HI days and emergency department visit data for same-day exposure used in single-day threshold analysis in Anchorage,
Fairbanks, and the Matanuska-Susitna Valley, Alaska, 2015–2019.

Total

HI threshold

21.1°C
(70°F)

22.2°C
(72°F)

23.3°C
(74°F)

24.4°C
(76°F)

25.6°C
(78°F)

26.7°C
(80°F)

27.8°C
(82°F)

28.9°C
(84°F)

30°C
(86°F)

Number of days above each HI threshold by study area
Anchorage [n (%)] 460 (100) 163 (35.4) 123 (26.7) 91 (19.8) 65 (14.1) 42 (9.1) 19 (4.1) 9 (2.0) 2 (0.4) 0 (0.0)
Fairbanks North Star [n (%)] 460 (100) 227 (49.3) 182 (39.6) 151 (32.8) 110 (23.9) 80 (17.4) 54 (11.7) 24 (5.2) 9 (2.0) 3 (0.7)
Matanuska-Susitna [n (%)] 460 (100) 140 (30.4) 105 (22.8) 79 (17.2) 53 (11.5) 26 (5.7) 15 (3.3) 8 (1.7) 5 (1.1) 1 (0.2)

Number of ED visits on elevated HI days by health outcome
Asthma [n (%)] 2,911 (100) 1,111 (38.2) 866 (29.7) 668 (22.9) 490 (16.8) 340 (11.7) 194 (6.7) 101 (3.5) 31 (1.1) 3 (0.1)
COPD [n (%)] 2,158 (100) 777 (36.0) 600 (27.8) 455 (21.1) 327 (15.2) 212 (9.8) 95 (4.4) 38 (1.8) 13 (0.6) 3 (0.1)
Pneumonia [n (%)] 2,081 (100) 718 (34.5) 555 (26.7) 411 (19.8) 291 (14.0) 205 (9.9) 118 (5.7) 56 (2.7) 20 (1.0) 5 (0.2)
Bronchitis [n (%)] 1,972 (100) 648 (32.9) 509 (25.8) 372 (18.9) 251 (12.7) 154 (7.8) 94 (4.8) 38 (1.9) 17 (0.9) 6 (0.3)
Arrhythmia [n (%)] 1,617 (100) 592 (36.6) 449 (27.8) 344 (21.3) 233 (14.4) 152 (9.4) 73 (4.5) 33 (2.0) 10 (0.6) 2 (0.1)
Cerebrovascular [n (%)] 434 (100) 159 (36.6) 114 (26.3) 97 (22.4) 70 (16.1) 47 (10.8) 27 (6.2) 15 (3.5) 7 (1.6) 2 (0.5)
Ischemic [n (%)] 200 (100) 76 (38.0) 63 (31.5) 51 (25.5) 36 (18.0) 25 (12.5) 14 (7.0) 7 (3.5) 1 (0.5) 1 (0.5)
Myocardial infarction [n (%)] 81 (100) 33 (40.7) 26 (32.1) 23 (28.4) 17 (21.0) 10 (12.3) 5 (6.2) 1 (1.2) 0 (0.0) 0 (0.0)
Heart failure [n (%)] 441 (100) 152 (34.5) 113 (25.6) 91 (20.6) 67 (15.2) 42 (9.5) 23 (5.2) 9 (2.0) 4 (0.9) 1 (0.2)
Heat illness [n (%)] 35 (100) 31 (88.6) 29 (82.9) 28 (80.0) 27 (77.1) 23 (65.7) 22 (62.9) 13 (37.1) 8 (22.9) 0 (0.0)

Note: COPD, chronic obstructive pulmonary disease; HI, heat index.
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68.7°F, SD=3:7�C, 6.6°F) or the Matanuska-Susitna (mean=
20:1�C, 68.1°F, SD=3:6�C, 6.4°F).

To understand prolonged elevated heat on cardiorespiratory
outcomes among the study population, two different exposure
metrics were used, as previously described. Using the acute heat
wave approach at a HI threshold of 28.9°C (84°F), there were
only four acute heat wave days (i.e., a day during which the HI
exceeded 28.9°C (84°F), as did the HI on the previous day) iden-
tified in Fairbanks and two identified in Matanuska-Susitna
Valley; no 28.9°C (84°F) acute heat wave days occurred in
Anchorage during the study period (Table 2). More than 50% of
heat illness–related ED visits occurred on a 25.6°C (78°F) acute
heat wave day. Per the ongoing heat wave method, in which the
exposure metric was the number of previous consecutive days
with an elevated HI, prolonged heat wave events at lower HI
thresholds may have lasted up to several weeks. For example, the
longest 21.1°C (70°F) ongoing heat wave occurred on 20 July
2019 in Fairbanks when the HI on the previous 39 d in a row all
exceeded 21.1°C (70°F). In Anchorage and the Matanuska-
Susitna Valley, the longest 21.1°C (70°F) ongoing heat waves
were 18 and 21 d long, respectively. Although Fairbanks tended
to have hotter and more frequent heat wave events than
Anchorage and the Matanuska-Susitna Valley, the longest 27.8°C
(82°F) ongoing heat wave occurred in the Matanuska-Susitna
Valley (4–9 July 2019); this heat wave event accounted for 6 of
the 8 d during the entire study period that had a HI above 27.8°C
(82°F) in this study area.

Because of the unique geographies of these three study areas and
the impact of nearby wildfires, average daily PM2:5 concentrations
covered a wide range of values during the study period. As with HI,
daily PM2:5 concentrations in Anchorage and the Matanuska-Susitna
Valley were more highly correlated with each other (Pearson correla-
tion coefficient = 0:78) than they were with Fairbanks (Pearson cor-
relation coefficient = 0:39 for the Matanuska-Susitna and 0.23 for
Anchorage). The mean daily PM2:5 concentrations during the study
period were 6:0 lg=m3 (SD=8:0) in Anchorage, 9:3 lg=m3

(SD=23:4) in Fairbanks, and 3:9 lg=m3 (SD=4:8) in the
Matanuska-Susitna Valley. There were 43, 19, and 35 d during the
study period that were potentially impacted by wildfire smoke (i.e., a
smoke plumewas within 50 km of the study area and the daily PM2:5
concentration exceeded 1 SD above the long-term monthly mean) in
Anchorage, Fairbanks, and the Matanuska-Susitna Valley, respec-
tively. On these days, PM2:5 concentrations reached levels as high as

72.5, 211.6, and 30:5 lg=m3 in Anchorage, Fairbanks, and the
Matanuska-SusitnaValley, respectively.

Health Outcomes
Nearly 12,000 ED visits related to cardiorespiratory health out-
comes or heat illness were captured within the three study areas
during the summer months of 2015–2019 (Table 1). The vast ma-
jority of these were related to respiratory outcomes (76.5%,
n=9,122). With the exception of pneumonia, ED visits related to
respiratory outcomes were more common among females than
males; for all cardiovascular health outcomes, however, ED visits
were more common among males (Table 3). Less than 1%
(n=0–14) of ED visits were among children <15 y of age for all
health outcomes except asthma, pneumonia, bronchitis, and heat
illness. The percentage of ED visits due to respiratory outcomes
that were made by Alaska Native people ranged from 22.1%
(n=477) for COPD to 31.6% (n=920) for asthma. Alaska
Native people accounted for 13.7% (n=222), 14.3% (n=62),
and 17.5% (n=35) of arrhythmia-, cerebrovascular-, and
ischemia-related ED visits, respectively, although only 7%–8.2%
of the Anchorage, Matanuska-Susitna Valley, and Fairbanks pop-
ulations identified as American Indian or Alaska Native, alone in
the most recent U.S. census.

HI Thresholds
Belowwe highlight HI thresholds at which the estimated ORs for a
given health outcome were statistically significantly elevated (i.e.,
the 95% CI did not include the null), especially when the effect
remained significantly elevated for higherHI cutoffs, and notewhere
nonsignificant or negative associations were observed. We present
results by health outcome. Complete results of the primary threshold
analysis for all health outcomes are reported in Tables 4–9. The
results of stratified analyses (by age group, race, and sex) are
reported if significant differences were observed across groups.
Similarly, we only present the geographically stratified results for
asthma because it was the most notable and consistent effect in this
set of analyses. Complete results of stratified threshold analyses can
be found in the supplementarymaterials.

A visual summary of threshold results provides a quick refer-
ence for Alaska’s public health practitioners and clinicians
(Figure 1). These spider diagrams show significant ORs only for
each health outcome at each same-day HI threshold; colored

Table 2. Distribution of acute heatwaves and ED visit data used in acute heat wave analysis (≥2 consecutive elevated HI days) in Anchorage, Fairbanks, and
the Matanuska-Susitna Valley, Alaska, 2015–2019.

Total

HI threshold

21.1°C
(70°F)

22.2°C
(72°F)

23.3°C
(74°F)

24.4°C
(76°F)

25.6°C
(78°F)

26.7°C
(80°F)

27.8°C
(82°F)

28.9°C
(84°F) 30°C (86°F)

Number of acute heat wave days above each HI threshold by study area
Anchorage [n (%)] 460 (100) 126 (27.4) 94 (20.4) 67 (14.6) 44 (9.6) 24 (5.2) 14 (3.0) 4 (0.9) 0 (0.0) 0 (0.0)
Fairbanks North Star [n (%)] 460 (100) 189 (41.1) 145 (31.5) 115 (25.0) 78 (17.0) 58 (12.6) 36 (7.8) 13 (2.8) 4 (0.9) 0 (0.0)
Matanuska-Susitna [n (%)] 460 (100) 110 (23.9) 78 (17.0) 57 (12.4) 33 (7.2) 17 (3.7) 11 (2.4) 6 (1.3) 2 (0.4) 0 (0.0)

Number of ED visits on acute heat wave days by health outcome
Asthma [n (%)] 2,911 (100) 899 (30.9) 687 (23.6) 516 (17.7) 357 (12.3) 232 (8.0) 146 (5.0) 58 (2.0) 9 (0.3) 0 (0.0)
COPD [n (%)] 2,158 (100) 620 (28.7) 462 (21.4) 335 (15.5) 215 (10.0) 113 (5.2) 58 (2.7) 18 (0.8) 5 (0.2) 0 (0.0)
Pneumonia [n (%)] 2,081 (100) 558 (26.8) 407 (19.6) 302 (14.5) 202 (9.7) 137 (6.6) 82 (3.9) 34 (1.6) 4 (0.2) 0 (0.0)
Bronchitis [n (%)] 1,972 (100) 521 (26.4) 388 (19.7) 273 (13.8) 166 (8.4) 98 (5.0) 63 (3.2) 17 (0.9) 7 (0.4) 0 (0.0)
Arrhythmia [n (%)] 1,617 (100) 483 (29.9) 351 (21.7) 256 (15.8) 159 (9.8) 94 (5.8) 44 (2.7) 16 (1.0) 4 (0.2) 0 (0.0)
Cerebrovascular [n (%)] 434 (100) 129 (29.7) 96 (22.1) 73 (16.8) 51 (11.8) 35 (8.1) 19 (4.4) 7 (1.6) 1 (0.2) 0 (0.0)
Ischemic [n (%)] 200 (100) 65 (32.5) 54 (27.0) 44 (22.0) 28 (14.0) 14 (7.0) 8 (4.0) 4 (2.0) 0 (0.0) 0 (0.0)
Myocardial infarction [n (%)] 81 (100) 32 (39.5) 24 (29.6) 18 (22.2) 14 (17.3) 4 (4.9) 2 (2.5) 1 (1.2) 0 (0.0) 0 (0.0)
Heart failure [n (%)] 441 (100) 120 (27.2) 85 (19.3) 64 (14.5) 43 (9.8) 26 (5.9) 15 (3.4) 6 (1.4) 2 (0.5) 0 (0.0)
Heat illness [n (%)] 35 (100) 30 (85.7) 27 (77.1) 25 (71.4) 24 (68.6) 19 (54.3) 15 (40.0) 7 (20.0) 2 (5.7) 0 (0.0)

Note: In this analysis, an acute heat wave day was one when the HI exceeded the indicated threshold, as did the previous day (i.e., an acute heat wave occurred if there were at least
two elevated HI days in a row.) COPD, chronic obstructive pulmonary disease; ED, emergency department; HI, heat index.
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wedges represent the stratified ORs for individual demographic
groups. The bold red line on each spider diagram is the null
(OR=1:0). For example, at a HI threshold of 21.1°C (70°F), the
value of the wedges is <1:0 for bronchitis, COPD, pneumonia,
and heart failure, indicating a negative association (decreased
risk) between same-day HI above 21.1°C (70°F) and ED visits
related to these outcomes. In contrast, for myocardial infarction
(MI), the wedge for >65 y olds (light blue) at the same tempera-
ture is outside the red line; so, the OR is >1:0 for this demo-
graphic group at a threshold of 21.1°C (70°F). Similarly, for heat
illness, the wedges for 15–65 y olds (blue), Alaska Native people
(light orange), non-Alaska Native people (dark orange), both
males (light green) and females (dark green), and the overall pop-
ulation (pink) are outside the red line, indicating an OR >1:0, or
an increased odds of ED visits for heat illness among these demo-
graphic groups on days when the HI exceeds 21.1°C (70°F).
Blocks with no spider diagram indicate no significant associa-
tions between the HI and that health outcome at that temperature
threshold.

Spider diagrams of each health outcome for lag days 0–5 are
available in the supplemental material. Again, these additional
figures are meant to be a quick reference for public health practi-
tioners or clinicians who are focused on a specific outcome and
want to learn at which temperature thresholds and lag days spe-
cific demographic groups may be at increased risk. For example,
from the asthma figure (Figures S1 and S2), it is easy to see that
adults >65 y of age are particularly vulnerable, generally 1–3 d
after a day with a HI above 23.3°C (74°F). As the HI exceeds
27.8°C (82°F), females also have a higher risk of ED visits for
asthma.

Heat illness. We observed a substantially increased risk of
ED visits for heat illness on days above a HI threshold as low as
21.1°C (70°F). The effect of elevated heat on the odds of heat ill-
ness–related ED visits persisted up to 5 d later when the HI was
above 23.3°C (74°F) (Tables 4–9). Although there were still sig-
nificant effects of elevated HI after 5 d, we observed that they
were attenuated. The OR of an ED visit related to heat illness on
a day above vs. below 23.3°C (74°F) was 12.21 (95% CI: 4.55,
32.75); after 5 d, the OR was only 2.13 (95% CI: 1.04, 4.35). The
effect of the HI on heat illness-related ED visits was only
observed among Alaska Native people for 1 d after an elevated
HI, but among non-Alaska Native people, the increased risk per-
sisted for 5 d (Tables S2a–l). There were too few cases to esti-
mate risk of heat illness–related ED visits among people >65 y
of age. Among people between 15–65 y of age, there was an
increased risk of heat illness–related ED visits on days with a HI
above 21.1°C (70°F) that lasted for up to 3 d (Tables S3a–r). In
contrast, the most pronounced effects for children <15y of age

were on the day of or the day after a HI above thresholds of
24.4–26.7°C (76–80°F).

Respiratory: asthma. Although there were no significant asso-
ciations between same-day elevated HI and asthma-related ED vis-
its, there was a significant increase in asthma-related ED visits the
day after a HI of at least 26.7°C (80°F) (lag day 1 OR=1:18; 95%
CI: 1.00, 1.39).When stratified by sex, this lag day 1 threshold was
observed only among females (Tables S1a–l). At later lag days,
several negative associations between elevated HI and asthma-
related ED visits were observed among the overall study popula-
tions [21.1–22.2°C (70–72°F) for lag day 4; 22.2°C (72°F) and
28.9°C (84°F) for lag day 5]. Similar negative associations were
observed among females on lag days 4 and 5. When stratified by
study area, these negative associations were observed in
Anchorage and the Matanuska-Susitna Valley, but the odds of
asthma-related ED visits were elevated in Fairbanks through lag
day 5 [for 24.4°C (76°F) on lag day 5: OR=1:38; 95% CI: 1.09,
1.74]. By age, the association betweenHI and asthma-related ED vis-
its was strongest among individuals >65 y of age (Tables S3a–r).
We observed an increased likelihood of asthma-related ED visits
among this group 2 d after a HI above 74°F and the day following a
HI above 25.6°C (78°F). For children <15 y of age, no significantly
elevated ORs were estimated for asthma-related ED visits at any HI
thresholds on any lag days. In fact, we observed a decrease in asthma-
related ED visits among children 3–5 d after the HIwas above thresh-
olds of 21.1–23.3°C (70–74°F).

Respiratory: COPD. Across all lag days, associations between
the HI and COPD-related ED visits were generally negative, and
on lag days 0 and 1 they were mostly nonsignificant (Tables 4–9).
When stratified by sex, significantly negative associations were
experienced consistently and exclusively by males, but not by
females (Tables S1a–l). In general, significant negative associa-
tions between HI and COPD-related ED visits were more com-
monly observed among non-Alaska Native people, especially for
lag days 2–5, than amongAlaska Native people for whom few neg-
ativeORswere estimated for lag days 0–2 (Tables S2a–l).

Respiratory: pneumonia. Within the total study population,
there was an increase in pneumonia-related ED visits when the
same-day HI was above 26.7°C (80°F); this positive association
lasted for 2 d after the elevated HI (Tables 4–9). Although there
were no significant associations detected on lag day 3, the risk of
pneumonia-related ED visits significantly decreased on lag days
4 and 5 at lower HI thresholds. Significantly elevated odds of
pneumonia-related ED visits were observed among females on
days with a HI above 26.7°C (80°F), 1 and 2 d after a HI above
26.7°C (80°F), and 3 d after a HI above 27.8°C (82°F). These ele-
vated odds for pneumonia-related ED visits, however, were not
observed among males (Tables S1a–l). In contrast, a significantly

Table 3. Summary of ED visits that occurred during the summer months (June–August) of 2015–2019 in Anchorage, Fairbanks, and the Matanuska-Susitna
Valley, Alaska, stratified by demographic variables.

Reason for ED visit
Total ED visits

during study period

Sex Age Racea

Female
(%)

Male
(%)

<15 y
(%)

15–65 y
(%)

>65 y
(%)

Alaska
Native (%)

Non-Alaska
Native (%) Unknown

Asthma [n (%)] 2,911 (100) 1,651 (56.7) 1,260 (43.3) 523 (18.0) 2,217 (76.2) 171 (5.9) 920 (32.5) 1,907 (67.5) 84
COPD [n (%)] 2,158 (100) 1,138 (52.7) 1,020 (47.3) 12 (0.6) 1,293 (59.9) 853 (39.5) 477 (22.7) 1,627 (77.3) 54
Pneumonia [n (%)] 2,081 (100) 999 (48.0) 1,082 (52.0) 330 (15.9) 1,231 (59.2) 520 (25.0) 625 (31.3) 1,372 (68.7) 84
Bronchitis [n (%)] 1,972 (100) 1,130 (57.3) 842 (42.7) 402 (20.3) 1,294 (65.7) 275 (13.9) 597 (31.5) 1,301 (68.5) 74
Arrhythmia [n (%)] 1,617 (100) 676 (41.8) 941 (58.2) 14 (0.9) 879 (54.4) 724 (44.8) 222 (14.4) 1,325 (85.6) 70
Cerebrovascular [n (%)] 434 (100) 207 (47.7) 227 (52.3) 0 (0) 211 (48.6) 223 (51.4) 62 (15.0) 350 (85.0) 22
Ischemia [n (%)] 200 (100) 62 (31.0) 138 (69.0) 1 (0.5) 100 (50.0) 99 (49.5) 35 (18.3) 156 (81.7) 9
Myocardial infarction [n (%)] 81 (100) 21 (25.9) 61 (74.1) 0 (0) 53 (65.4) 28 (34.6) 20 (26.7) 55 (73.3) 6
Heart failure [n (%)] 441 (100) 162 (36.7) 279 (63.3) 1 (0.2) 241 (54.8) 199 (45.1) 135 (32.1) 286 (67.9) 20
Heat illness [n (%)] 35 (100) 14 (40.0) 21 (60.0) 6 (17.1) 27 (77.1) 2 (5.7) 10 (30.3) 23 (69.7) 2

Note: COPD, chronic obstructive pulmonary disease; ED, emergency department.
aHospitalizations with “unknown” race were excluded from stratified analyses by race.
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decreased risk was observed among males 5 d after an elevated
HI, but not among females. When stratified by age, adverse
pneumonia-related outcomes associated with an elevated HI
above 27.8°C (82°F) were only observed among individuals 15–
65 y old (Tables S3a–r).

Respiratory: bronchitis. We observed decreased odds of
bronchitis-related ED visits when the HI was above thresholds of
21.1–27.8°C (70–82°F) across all lag days (Tables 4–9). Only non-
significant ORs were estimated at higher thresholds. Stratified
analyses showed that these negative associations were more con-
sistent among non-Alaska Native people and 15–65 y olds (Tables
S2a–l, S3a–r).

Cardiovascular: arrhythmia. No significant ORs were esti-
mated for the association between elevated HI and arrhythmia-
related ED visits among the total study population (Tables 4–9).
Among people >65 y of age, however, a consistent negative
association was observed 3 d after an elevated HI above thresh-
olds of 21.1–24.4°C (70–76°F) (Tables S3a–r). As with the over-
all study population, estimated ORs for the relationship between
elevated HI and arrhythmia-related ED visits were overwhelm-
ingly nonsignificant among all other stratified groups.

Cardiovascular: cerebrovascular. No significant associations
were detected in the analyses of cerebrovascular-related ED visits
in the full study population (Tables 4–9). Among people >65 y,
there was a significantly increased odds of cerebrovascular-
related ED visits on days when the HI was above 27.8°C (82°F)
and 1 d after an elevated HI above 25.6°C (78°F) (Tables S3a–r).
Associations between elevated HI and cerebrovascular-related
ED visits were primarily nonsignificant among all other stratified
groups.

Cardiovascular: ischemia. Sporadic positive associations
between HI above various thresholds and ischemia-related ED vis-
its were found on lag days 1 and 2, but there were no consistent pat-
terns for the overall study population, and most estimated ORs
were nonsignificant (Tables 4–9). Among females, however, there
was a consistent increased odds of ischemia-related ED visits for
same-day elevated HI above a threshold of at least 25.6°C (78°F),
1 d after a HI of at least 24.4°C (76°F), 3 d after a HI of at least
27.8°C (82°F), and 4 and 5 d after a HI of at least 23.3°C (74°F).
None of these thresholds were apparent for males, among whom
only sporadic positive associations were estimated for low HI
thresholds on lag day 2 (Tables S1a–l). There were consistent asso-
ciations between elevated HI (above thresholds of 23.3–25.6°C
(74–78°F) and an increase in ischemia-related ED visits among
Alaska Native people, especially on lag days 0 and 1, that were not
observed among non-Alaska Native people (Tables S2a–l). When
stratified by age, the associations between an increase in ischemia-
related ED visits and the HI were most consistent among people 15–
65 y of age (Tables S3a–r).

Cardiovascular: myocardial infarction. Positive associations
between HI and ED visits related to MI were observed on
almost all lag days at HI thresholds of 21.1–25.6°C (70–78°F)
among the overall study population (Tables 4–9). The increased
odds of an MI-related ED visit related to HI were much stronger
among females than males (Tables S1a–l). Although increased
risk of MI was found among all age groups >15 y of age, we
observed that people >65 y of age had an increase in same-day
MI-related ED visits at lower HI thresholds [21.1°C (70°F) in
comparison with 24.4–25.6°C (76–78°F) for 15–65 y olds], but
the effect among people >65 y of age was also more transient
(Tables S3a–r).

Cardiovascular: congestive heart failure. Only sporadic neg-
ative associations were found between an elevated HI and heart
failure–related ED visits.When stratified by sex, there were no sig-
nificant ORs estimated for an association between elevated HI andT
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heart failure–related ED visits among females (Tables S1a–l).
However, there was a decreased risk for lower HI thresholds
[21.1°C–25.6°C (70°F–78°F)] at most lag days among males. A
similar pattern was observed for Alaska Native people, among
whom no associations were significant, and non-Alaska Native
people, among whom there were several negative associations
between HI elevated above low-temperature thresholds and heart
failure–related ED visits.

HI-Based Heat Wave Effects
Below we describe the results of both heat wave analyses to
understand the effects of prolonged elevated HI on heat illness–
and cardiorespiratory-related ED visits. We highlight key dif-
ferences between the acute and ongoing heat wave models and
important differences across stratified groups. We present
results by health outcome. Complete results of the acute heat
wave analysis for all health outcomes are reported in Table 10.
It is important to note that there were no instances of 2 consecu-
tive days that had a maximum HI above the 86°F (i.e., a heat
wave day as defined by the acute heat wave analysis approach).
The complete results of the ongoing heat wave analysis for all
health outcomes are reported in Table 11. The complete results
of stratified heat wave analyses can be found in the supplemen-
tary materials.

Heat illness. In the acute heat wave analysis, the odds of an ED
visit related to heat illness occurring on a heat wave day (i.e., a day
with aHI above the tested threshold that was immediately preceded
by another day with an elevated HI) was significantly higher than
non–heat wave days at all HI thresholds tested (Table 10). Using
the ongoing heat wave approach, we observed that the odds of heat
illness-related ED visits increased significantly by 3.56 times per
additional previous day with a HI above 28.9°C (84°F) (Table 11).
When stratified by sex, the effect of prolonged heat wasmore appa-
rent among females than males. From the ongoing heat wave anal-
ysis, it was observed that prolonged elevated HI above thresholds
as low as 24.4–26.7°C (76–80°F) significantly increased the risk of
heat illness–related ED visits among females, with the odds of a
heat illness–related ED visit increasing 2.56 times (95% CI: 1.11,
5.89) for each additional consecutive day above 26.7°C (Table
S5a). Among males, no significantly increased odds of heat ill-
ness–related ED visits were observed for additional previous days
with a HI above any of the thresholds tested. Similarly, when strati-
fied by race, the effects of prolonged heat on heat illness–related
ED visits were observed only among non-Alaska Native people,
but not Alaska Native people. Among non-Alaska Native people,
additional previous elevated HI days were significantly associated
with increased odds of heat illness-related ED visits for almost all
thresholds tested [22.2°C, 24.4°C, 26.7°C, and 28.9°C (72°F,
76°F, 80°F, and 84°F) Table S5d].

Respiratory: asthma. No significant associations were found
between prolonged elevated HI above any thresholds and asthma-
related ED visits among the total population, or when stratified by sex
or race.When stratified by age, however, there was some evidence of
a positive association between prolonged elevated HI and asthma-
related ED visits among people >65 y of age in the ongoing heat
wave analysis. Among this age group, the odds of an asthma-related
ED visit increased by 19% (95% CI: 5, 36%) and 33% (95% CI: 13,
57%) for each additional daywith aHI above 25.6°C and 26.7°C (78°
F and 80°F), respectively (Table S5g). For the groups <15 y of age
and 15–65 y of age, there were no significant associations between
prolonged elevatedHI and asthma-relatedEDvisits in either the acute
or the ongoing heatwave analysis.

Respiratory: COPD. The effect of prolonged elevated HI on
COPD-related ED visits was generally a reduction in odds that
was significant at HI thresholds of 26.7°C (80°F) and 27.8°CT
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(82°C) in the acute heat wave analysis and 25.6°C (78°F) and
26.7°C (80°F) in the ongoing heat wave analysis. When stratified
by age, there is some evidence that the negative associations with
a heat wave as evaluated using the acute heat wave approach

were more consistent among people 15–65 y of age than those
among people >65 y of age (Tables S4e–g). However, there were
no significant associations among the group 15–65 y of age using
the ongoing heat wave approach.

Figure 1. Summary of significant odds ratios for cardiorespiratory-related emergency department visits on days above vs. below the heat index (HI) threshold
by demographic group in Anchorage, Fairbanks, and the Matanuska-Susitna Valley, Alaska, 2015–2019. Note: Complete results of stratified threshold analyses
can be found in the supplementary materials (Tables S1a–l, Tables S2a–l, Tables S3a–r).
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Respiratory: pneumonia. No significant associations between
prolonged elevated HI and pneumonia-related ED visits were
observed among the total study population using either the ongoing
or the acute heat wave approach (Tables 10 and 11). When strati-
fied by age, however, a significant heat wave effect was estimated
for the group 15–65 y of age on acute heat wave days above HI
thresholds of 25.6°C (78°F) (Tables S4e–g). When stratified by
sex, it became apparent that among this study population females
are more susceptible to the negative impacts of prolonged heat on
pneumonia-related ED visits than males. Although no significant
associations were observed among males, significantly higher
odds of pneumonia-related ED visits were observed on acute heat
wave days above HI thresholds of 25.6–27.8°C (78–82°F) among
females using the acute heat wave approach [at 27.8°C (82°F)
threshold, OR=1:83; 95% CI: 1.12, 3.00] (Tables S4a–b).
Similarly, additional previous elevated HI days above a threshold
of 26.7°C (80°F) were significantly associated with increased risk
of pneumonia-related ED visits among females using the ongoing
heat wave approach (Table S5a). For each additional previous day
with a HI above 26.7°C (80°F), the odds of pneumonia-related ED
visit among females increased by 13% (95% CI: 4%, 24%). There
were a few significant negative associations among Alaska Native
people at lower HI thresholds using the acute heat wave approach
that were not present among non-Alaska Native people (Table
S4c–d).

Respiratory: bronchitis. Negative associations were observed
between prolonged elevated HI and bronchitis-related ED visits

in both the acute and ongoing heat wave models (Tables 10 and
11). When stratified by age, acute heat wave effects were only
observed among people 15–65 y of age, and negative associations
were estimated using the ongoing heat wave analysis for both age
groups >15 y of age (Tables S4e–g). There were obvious differ-
ences in the effect of both acute and ongoing heat wave events on
bronchitis-related ED visits when stratified by race (Tables S4c–d,
S5c–d). A significant reduction in odds was identified among non-
Alaska Native people for additional previous elevated HI days for
almost all thresholds tested 21.1–28.9°C (70–84°F) and for acute
heat wave events for several HI thresholds 22.2–26.7°C (72–80°
F). However, there was only one significant effect of acute heat
wave events on bronchitis-related ED visits among Alaska Native
people, and no significant effects of ongoing heat wave events.

Cardiovascular: arrhythmia. Among the entire study popula-
tion, one isolated negative association was identified between ele-
vated HI on arrhythmia-related ED visits in the acute heat wave
analysis; the remainder of estimated ORs were not significant
(Table 10). When stratified by age, only one sporadic significant
finding was identified: an OR of 3.67 (95% CI: 1.01, 13.37) was
estimated for arrhythmia-related ED visits for each additional
day with an elevated HI above a 30°C (86°F) among people 15–
65 y of age. No significant findings were observed among Alaska
Native or non-Alaska Native people when stratified by race.

Cardiovascular: cerebrovascular. No significant associations
between elevated HI and cerebrovascular-related ED visits were
observed in any of the total or stratified heat wave models.

Table 12. ORs and 95% CIs for ED visits associated with a maximum daily HI above vs. below the indicated threshold on the indicated lag day for models in
which an interaction term between PM2:5 and elevated HI was significant in Anchorage, Fairbanks, and the Matanuska-Susitna Valley, Alaska, 2015–2019.

Reason for ED visit Lag day HI threshold Original modela
Interaction modelb

5 lg=m3 10 lg=m3 20 lg=m3 35 lg=m3

Asthma 1 84 1.10 (0.75, 1.62) 1.59 (0.98, 2.60) 1.50 (0.95, 2.37) 1.34 (0.90, 2.00) 1.13 (0.77, 1.64)
Asthma 2 84 0.91 (0.60, 1.39) 1.31 (0.79, 2.18) 1.24 (0.77, 2.00) 1.12 (0.73, 1.73) 0.96 (0.63, 1.44)
Asthma 5 70 0.92 (0.85, 1.00) 0.93 (0.86, 1.01) 0.90 (0.82, 0.98)c 0.83 (0.74, 0.94)c 0.74 (0.60, 0.92)c

Asthma 5 72 0.90 (0.82, 0.98)c 0.91 (0.84, 1.00) 0.88 (0.81, 0.96)c 0.82 (0.72, 0.93)c 0.74 (0.59, 0.91)c

Asthma 5 74 0.94 (0.86, 1.04) 0.96 (0.87, 1.07) 0.93 (0.84, 1.02) 0.86 (0.75, 0.97)c 0.76 (0.61, 0.94)c

Bronchitis 2 82 0.78 (0.55, 1.11) 0.64 (0.42, 0.96)c 0.67 (0.46, 1.00)c 0.75 (0.52, 1.09) 0.89 (0.61, 1.31)
Bronchitis 2 86 0.91 (0.33, 2.50) — — — —
Bronchitis 5 82 0.92 (0.66, 1.29) 0.77 (0.52, 1.14) 0.81 (0.56, 1.17)c 0.89 (0.62, 1.27) 1.03 (0.71, 1.50)
Bronchitis 5 84 1.10 (0.63, 1.92) 0.77 (0.39, 1.52) 0.82 (0.43, 1.58)c 0.93 (0.50, 1.72) 1.12 (0.62, 2.01)
COPD 2 80 0.76 (0.60, 0.96)c 0.68 (0.53, 0.89)c 0.72 (0.56, 0.92)c 0.80 (0.62, 1.03) 0.93 (0.68, 1.28)
COPD 3 74 0.83 (0.74, 0.93)c 0.81 (0.72, 0.92)c 0.86 (0.76, 0.97)c 0.96 (0.80, 1.16) 1.13 (0.82, 1.57)
COPD 3 76 0.83 (0.73, 0.96)c 0.81 (0.70, 0.93)c 0.86 (0.74, 0.99)c 0.96 (0.79, 1.16) 1.14 (0.82, 1.58)
COPD 3 80 0.76 (0.60, 0.97)c 0.69 (0.53, 0.89)c 0.72 (0.56, 0.93)c 0.80 (0.62, 1.02) 0.92 (0.68, 1.26)
COPD 3 84 0.62 (0.34, 1.15) 0.41 (0.18, 0.90)c 0.43 (0.20, 0.93)c 0.48 (0.23, 1.00)c 0.57 (0.29, 1.13)
COPD 5 70 0.90 (0.82, 0.99)c 0.91 (0.83, 1.00) 0.87 (0.78, 0.96)c 0.78 (0.67, 0.91)c 0.67 (0.52, 0.88)c

COPD 5 72 0.86 (0.78, 0.96)c 0.88 (0.79, 0.97)c 0.83 (0.75, 0.93)c 0.75 (0.65, 0.88)c 0.65 (0.50, 0.84)c

COPD 5 74 0.86 (0.77, 0.97)c 0.88 (0.79, 0.99)c 0.84 (0.75, 0.94)c 0.76 (0.65, 0.89)c 0.65 (0.50, 0.85)c

COPD 5 76 0.81 (0.71, 0.93)c 0.84 (0.73, 0.96)c 0.80 (0.70, 0.92)c 0.73 (0.62, 0.86)c 0.64 (0.49, 0.83)c

COPD 5 78 0.77 (0.65, 0.91)c 0.81 (0.68, 0.96)c 0.77 (0.65, 0.91)c 0.69 (0.58, 0.83)c 0.59 (0.45, 0.78)c

Heart failure 2 84 0.29 (0.04, 2.14) — — — —
Heart failure 3 86 1.10 (0.14, 8.60) — — — —
Heat illness 3 82 1.05 (0.22, 4.97) 32.77 (0.72, 1,497.60) 4.10 (0.73, 23.05) 0.06 (0.00, 23.79) —
Ischemic 2 82 0.94 (0.36, 2.50) 3.21 (0.85, 12.16) 1.95 (0.69, 5.53) 0.72 (0.21, 2.50) 0.16 (0.01, 2.21)
Ischemic 5 80 1.37 (0.77, 2.44) 1.03 (0.54, 1.98) 1.25 (0.66, 2.36) 1.81 (0.84, 3.91) 3.18 (0.97, 10.49)
Myocardial infarction 0 70 1.53 (0.93, 2.49) 1.76 (0.97, 3.19) 3.00 (0.98, 9.18) 8.69 (0.76, 99.82) 42.84 (0.47, 3,881.40)
Pneumonia 1 70 0.82 (0.66, 1.02) 0.89 (0.81, 0.98)c 0.94 (0.85, 1.05) 1.06 (0.89, 1.26) 1.26 (0.93, 1.71)
Pneumonia 1 72 0.82 (0.65, 1.03) 0.88 (0.79, 0.98)c 0.94 (0.84, 1.05) 1.06 (0.89, 1.25) 1.26 (0.94, 1.71)
Pneumonia 1 74 0.88 (0.69, 1.14) 0.88 (0.78, 1.00)c 0.94 (0.83, 1.06) 1.05 (0.89, 1.25) 1.26 (0.93, 1.69)
Pneumonia 1 76 0.85 (0.64, 1.14) 0.93 (0.81, 1.07) 0.98 (0.85, 1.12) 1.08 (0.90, 1.29) 1.24 (0.93, 1.67)
Pneumonia 1 80 0.83 (0.51, 1.37) 1.11 (0.88, 1.39) 1.18 (0.95, 1.46) 1.33 (1.07, 1.66)c 1.60 (1.18, 2.15)c

Note: Conditional logistic regression models were used to estimate ORs. —, Model did not converge due to limited sample size; the model is nonetheless listed to indicate that the
interaction term was significant for the relevant outcome, threshold, and lag day; CI, confidence interval; COPD, chronic obstructive pulmonary disease; ED, emergency department;
HI, heat index; OR, odds ratio; PM2:5, particulate matter with aerodynamic diameter ≤2:5 lm.
aReported ORs from the original model can be interpreted as the odds of an ED visit when the HI on the given lag day is above vs. below the given threshold, while controlling for
daily mean PM2:5 concentration.
bReported ORs from the model that included an interaction between the indicator variable for HI above vs. below the threshold and daily mean PM2:5 concentration can be interpreted
as the odds of an ED visit when the HI on the given lag day is above vs. below the given threshold and the PM2:5 concentration on the given lag day is 5, 10, 20, or 35 lg=m3.
c95% CI does not include the null.
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Cardiovascular: ischemia. From both the acute and ongoing
heat wave analyses, there is some evidence of a positive associa-
tion between prolonged elevated HI and risk of ischemia-related
ED visits among our study population. Significant elevated ORs
were estimated for acute heat wave days in comparison with non–
heat wave days for HI thresholds of 22.2–24.4°C (72–76°F) (Table
10) and for additional previous elevated HI days above a threshold
of 22.2°C (72°F) (Table 11). Strong positive associations between
ischemia-related ED visits and prolonged elevated HI were
observed among individuals >65 y of age at thresholds of 28.9–
30°C (84–86°F) using the ongoing heat wave analysis; the odds of
an ischemia-related ED visits increased by 2.66 times (95% CI:
1.06, 6.67) for each additional day with a HI above 28.9°C (84°F)
for this age group (Table S5g). AmongAlaska Native people, there
were significant adverse effects associated with both acute and
ongoing heat wave events. The odds of an ischemia-related ED
visit among this group was 4.16 times higher (95% CI: 1.79, 9.69)
on an acute heat wave day above a HI of 24.4°C (76°F) than a non–
heat wave day (Table S4c). The negative impact of prolonged ele-
vated HI on the risk of ischemia-related ED visits was consistent
and strong among females, but no significant ORs were estimated
for males using either of the heat wave analyses (Tables S4a–b,
S5a–b). For example, the odds of ED visits for ischemia among
females increased by 32% (95% CI: 5%, 65%) for each additional
previous daywith a HI above 26.7°C (80°F).

Cardiovascular: myocardial infarction. Acute heat wave
events were significantly associated with increased odds of MI-
related ED visits among the total study population at HI thresh-
olds of 21.1–24.4°C (70–76°F) (Table 10). Positive associations
were also observed for ongoing heat wave events with the odds
of MI-related ED visits increasing by 7% (95% CI: 1%, 14%) for
each additional consecutive day with a HI above 70°F (Table
11). However, the estimated increase in odds of MI-related ED
visits related to ongoing heat wave events among the entire study
population were not significant at higher thresholds. When strati-
fied by sex, the adverse effects of acute heat wave events on the
odds of MI-related ED visits were predominantly observed
among females (Tables S4a–b). Statistically significant elevated
ORs were estimated for MI-related ED visits among females on
heat wave days vs. non–heat wave days at HI thresholds of 22.2–
25.6°C (72–78°F); a significantly elevated OR among males was
only estimated for an acute heat wave at the 21.1°C (70°F)
threshold.

Cardiovascular: congestive heart failure.Only one significant
negative association between prolonged elevated HI and heart fail-
ure–related ED visits was observed among the entire study popula-
tion using the acute heat wave analysis [for 21.1°C (70°F)
threshold: OR=0:79; 95% CI: 0.62, 1.00] (Table 5). Among indi-
viduals 15–65 y of age, the odds of an ED visit for heart failure was
7.43 (95% CI: 1.01, 54.77) times higher on a heat wave day above
an HI of 28.9°C (84°F) in comparison with a non–heat wave day
(Table S4f). There were also sporadic positive associations among
this age group using the ongoing heatwave analysis.When stratified
by sex, several significant negative associations between acute heat
wave events and heart failure–related ED visits emerged among
males [for HI thresholds of 21.1–22.2°C (70–72°F)] that were not
observed among females. The associations between prolonged ele-
vated HI and heart failure–related ED visits were primarily non-
significant among non-Alaska Native people and Alaska Native
peoplewhen stratified by race.

Interaction between Elevated HI and PM2:5

The interaction term between elevated HI and PM2:5 significantly
contributed to model fit for several respiratory outcomes, but few
interaction effects were significant in models for cardiovascular

outcomes (two for heart failure–, two for ischemia-related, and
one for MI-related ED visits). Table 12 compares ORs from
interaction models with ORs from the relevant model of the pri-
mary analysis. We have only included estimates from models in
which the interaction term significantly contributed to the fit.

There was some evidence that PM2:5 amplified the negative
association between elevated HI and asthma-related ED visits 5 d
after an elevated HI. When controlling for PM2:5, it was 0.90 (95%
CI: 0.82, 0.98) times as likely that an asthma-related ED visit
occurred 5 d after a HI above 22.2°C (72°F) than below 22.2°C
(72°F). When an interaction term was included in the same model,
decreasing ORs of 0.88 (95% CI: 0.81, 0.96), 0.82 (95% CI: 0.72,
0.93), and 0.74 (95% CI: 0.59, 0.91) were estimated at increasing
PM2:5 concentrations of 10, 20, and 35 lg=m3, respectively. In
contrast, high PM2:5 concentrations (from 20–35lg=m3) increased
the ORs of pneumonia-related ED visits for the day after a HI
above vs. below 26.7°C (80°F) to reach a significantly positive
association.

Discussion
Climate scientists predict that northern climates will experience
themost dramatic effects of climate change.43 These effects require
public health agencies to be prepared to protect populations who
have previously had little experience with heat and where high-
temperature days would be considered temperate in other places.
In Alaska, we found heterogeneity in heat illness and cardiorespir-
atory health effects across temperature thresholds, by outcome, by
lag, and by sociodemographic factors. Recently, people living in
major population centers in Alaska experienced between 15 and
54 d with a HI>26:7�C ð80�FÞ during the five summers during the
period 2015–2019. Although more infrequent, days with a
HI>28:9�C ð84�FÞ occurred across all three study regions, high-
lighting the need for heat preparedness efforts in these northern
communities.

Our results demonstrate an increased risk of several cardiores-
piratory health outcomes on summer days above a HI threshold
as low as 21.1°C (70°F). In particular, our study found strong
associations between the HI and ED visits for heat illness for up
to 4 d after the HI exceeded 21.1°C (70°F) and 5 d after the HI
exceeded 23.3°C (74°F). Asthma and pneumonia were the only
respiratory outcomes with notable positive associations with ele-
vated HI. We found stronger effects for cardiovascular outcomes,
including ischemia and MI. Other studies of emergency depart-
ment admissions associated with elevated temperatures have
found mixed results regarding cardiorespiratory outcomes. In
California, positive associations were found between same-day
apparent temperature and ED visits for cardiovascular events
(including ischemic heart disease, acute MI, and cardiac dys-
rhythmias).7 In contrast to the respiratory outcomes results in our
study, Basu et al. found positive associations with pneumonia
and bronchitis and negative associations with asthma.7 In North
Carolina, an assessment of three heat waves found statistically
significant increases in the number of ED visits for ischemic heart
disease, but not for other cause-specific cardiovascular outcomes,
and increases in the number of pneumonia/influenza and COPD
visits.44 In Georgia, an evaluation of hospitalization risk associ-
ated with a change in maximum temperature between 27°C and
32°C (80.6°F and 89.6°F) (25th and 75th percentiles in the
region) showed predominantly negative associations with cardio-
vascular outcomes (hypertension, congestive heart failure) and an
increase in risk of asthma/wheeze.45 Biologically, heat can trig-
ger a physiological chain of events stemming from the dilation of
blood vessels to redirect blood to the skin to dissipate heat, leav-
ing inadequate blood flow to other organs, resulting in cell dam-
age and decreased vital functions.46 Regarding one of the
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respiratory outcomes assessed in this study, the most common
cause of bacterial pneumonia worldwide is Streptococcus pneu-
moniae,47 which thrives at temperatures between 30°C and 35°C
(86°F and 95°F). Ambient conditions approaching this range may
increase the likelihood of bacterial growth and infection.

In the present study, multiple consecutive days of warm
weather were associated with an increased risk of health impacts.
For each additional preceding day above a HI of 22.2°C (72°F), the
odds of ED visits for ischemia-related visits increased 6%, and for
each additional preceding day above a HI of 21.1°C (70°F) the
odds of MI visits increased 7%. In addition, the odds of ischemia-
andMI-related ED visits were significantly higher following 2 con-
secutive days above HI thresholds of 21.1–23.3°C (70–74°F).
There is no standard definition for a heat wave, complicating cross-
study comparisons. However, other studies have used an approach
similar to that of the present study in modeling the effect of both a
single day andmultiple days of extreme heat to facilitate investiga-
tions of heat wave effects. For example, in a study of cardiorespira-
tory hospital admissions in Finland, there were no significant
associations between daily temperature and any health outcomes
on single lag days 0–5, but the researchers found significant posi-
tive associations for pneumonia, all respiratory diseases, COPD,
and MI in age-stratified analyses of the effect of at least 3 or 4 d of
consecutive extreme temperatures.48 In contrast, a study on tem-
perature andmortality from400 communities in 18 countries found
that heat wave effects on mortality were affected by temperature
and that the increased risk of mortality lasted 3–4 d after a warm
day; however, additional days of extreme heat did not confer addi-
tional risk across most regions.49 The authors controlled for lagged
effects in their heat wavemodel, which they suggestedmay explain
why other studies that modeled these effects separately (including
the present study) may have found evidence of compounding risk
from consecutive warm days.

This study also provided evidence of lagged impacts on the risk
of heat illness and cardiorespiratory EDvisits over a period of 5 d af-
ter elevated temperatures occurred in the study region. Although the
risk of ED visits for heat illness was highest on the day when the HI
was elevated and was attenuated at longer lags, some of the cardior-
espiratory outcomes we assessed either had consistent or increasing
risk 1–5 d after a heat event. In particular, there was no evidence of
increased odds of asthma-related ED visits on the same day that the
HI was elevated, but significantly higher odds were evident on the
following day. In addition, although the odds of MI-related ED vis-
its doubled on days when the HI was above 23.3°C or 24.4°C (74°F
or 76°F), the risk tripled 4 d after these heat thresholds were
exceeded. This finding is in contrast to those of a number of other
studies that have found the strongest associations at early lag periods
with weakening effects at later lags. Among the Medicare popula-
tion in the United States, the strongest associations between all-
cause respiratory hospitalizations and heat were on the same day as
the exposure and then decreased when lags of up to 2 d were
assessed.16 A study of indoor heat and respiratory, circulatory, and
renal mortality and hospitalizations in census block groups in
Houston, Texas, found similar attenuated effects after 2 d.50 In a
multicity study inBrazil,51 found positive associations between heat
and cardiovascular hospitalization on the first day of exposure fol-
lowed by a negative association on subsequent exposure days. They
attributed this pattern to either displacement of hospitalizations that
would likely have occurred at a more regular interval had there been
no heat event or to high rates of mortality subsequent to heat expo-
sure.Most epidemiology studies involving heat have assessed a nar-
row time frame (lags of 0–7 d after a heat event). Consequently, the
differences in hospitalization patterns found in these studies are
fairly minor; however, in contrast with observations in other regions
where hospitalization risk increased in conjunction with high

temperatures and then decreased, in our study we observed that risk
for some cardiovascular outcomes peaked 5 d after a warm day,
which may have implications for ED staff, medical facilities, and
public health officials.

Among demographic subgroups, females had an increased
odds of asthma-, pneumonia-, ischemia-, and MI-related events
during days with an elevated HI. This increase was in contrast to
that of the male population, for which there was little to no
change in odds of ED visits related to these health outcomes in
association with elevated HI. There is recognition of sex-related
differences in cardiovascular aging52 that may affect susceptibil-
ity to elevated heat. Others have noted that behavioral factors
linked to heat exposure (e.g., outdoor work, outdoor activities)
may affect the likelihood of heat-related ED visits by sex.42

On days with an elevated HI, the Alaska Native population was
more likely to visit the ED for ischemia in comparison with the non-
Alaska Native population; however, we observed an increased odds
ofMI-related ED visits among the non-AlaskaNative population 2–
5 d after HI was above thresholds of 21.1–24.4°C (70–76°F) that
was not observed among the Alaska Native population. In addition,
although the risk of heat illness among the AlaskaNative population
increased for a day after a heat event, the risk for the non-Alaska
Native population remained elevated for 5 d. In this study, there is
no clear disparity in heat-related ED visits in urban Alaska for
Alaska Native vs. non-Alaska Native residents; however, other
social, cultural, or neighborhood factorsmay influence heat sensitiv-
ity in Alaska’s communities. Future heat–health assessments could
consider other race strata, socioeconomic characteristics (e.g.,
income, education), behavior (e.g., social isolation), or neighbor-
hood features (e.g., poverty, property ownership, greenspace).53

In comparison with other age groups, people >65 y of age
were more prone to asthma- and cerebrovascular-related events
associated with elevated HI. This age group also experienced
increased odds of ED visits related to MI up to 1 d after an ele-
vated HI. Older adults have been previously highlighted as partic-
ularly sensitive to heat because of decreasing physiological
function, a high rate of preexisting conditions, and social factors
such as living alone or being homebound.41,54,55 Some studies of
heat-related hospitalizations have found elevated cardiovascular
admissions in the elder population,56,57 whereas others have not
found an age effect.58–60 In an assessment of heat and respiratory
hospitalizations among people >65 y of age, Anderson et al.16

observed a 4.3% (95% CI: 3.8%, 4.8%) increase in respiratory
hospitalizations for each 10°F increase, with similar results after
adjusting for exposure to ozone and PM.

In our analysis, people 15–65 y of age experienced increased
risk of heat illness at HI thresholds as low as 21.1°C (70°F),
whereas the risk for children <15 y of age did not increase until a
HI threshold of 25.6°C (78°F) was reached. Children are gener-
ally considered more vulnerable to extreme heat than adults
because of a less-developed thermoregulatory response, higher
metabolism, less ability to protect themselves, and more time
spent outdoors participating in vigorous activities than adults
leading to a higher likelihood of exposure.11 Because the ability
to seek health care is substantially different for adults and chil-
dren, we hesitate to draw conclusions regarding potential age-
dependent effects of heat from our threshold analysis of ED vis-
its. More important, it is critical to ensure that the development
of local heat mitigation and adaptation policies consider this
younger age group.

Because this is the first study to assess heat-relatedmorbidity in
Alaska, we consider similar studies in other regions to contextual-
ize our findings on temperature thresholds. In an assessment across
the contiguous United States, Vaidyanathan et al.26 found that peak
heat-attributable hospitalizations occurred when the HI was
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between 27.2°C (81°F) and 29.4°C (85°F) in the northwestern and
western regions, between 86°F and 90°F in the central and east
north central (Minnesota, Iowa, Wisconsin, Michigan) regions,
between 32.8°C (91°F) and 35°C (95°F) in the northeast and west
north central (Montana, Wyoming, North Dakota, South Dakota,
Nebraska) regions, between 35°C (95°F) and 37.8°C (100°F) in
the southeast, and over 37.8°C (100°F) in the south and southwest
regions. Extending this dose–response relationship to the milder
climate of Alaska, we would expect to see health impacts below a
HI of 26.7°C (80°F), as have been observed in studies in other
high-latitude regions. Based on the current threshold for heat warn-
ings in Sweden, several studies have reported increased mortality
when temperatures reach 26.1–26.7°C (79–80°F) but have not
tested lower temperature thresholds.61–63 During the 2010 heat
wave in Russia, 3 consecutive days of average daily temperatures
of 23.6°C (74.5°F) in Moscow were associated with increased
mortality, after controlling for the effect of wildfire smoke in the
area.64

Geographic differences in temperature thresholds associated
with increased health risk may be because of acclimatization to the
local climate. The role of acclimatization on decreasing sensitivity
to extreme heat has been explored in a number of ways.
Assessments of heat-related health impacts over the course of a
summer season have found higher risk of mortality during the first
heat wave of the year9,65 or early in the season in comparison with
subsequent temperature anomalies.66 Multisite time-series studies
that compared heat effects between communities have found a
higher risk of heat-relatedmortality in cities withmild summers and
less access to air conditioning.56,67 A study assessing long-term
trends in heat-relatedmortality in the United States found that, over-
all, the number of deaths per year between 1987 and 2005 declined,
suggesting that residents are adapting to incremental changes in
heat, although the authors emphasized that substantial health risks
remain because of increasing heat caused by climate change.59 In
addition, within specific cohorts, epidemiological studies have
found higher rates of heat illness among soldiers or athletes from
cooler regions in comparison with those from warmer areas,68,69

suggesting that being unacclimatized to hot weather is a risk factor
for heat intolerance. A notable finding in the current study is that we
found an increased risk of heat-related morbidity amongAlaska res-
idents at HI thresholds as low as 21.1°C (70°F). Given that this is the
average maximum summer temperature in Fairbanks and above av-
erage in Anchorage,34 it is likely that many Alaskans are not physi-
cally adapted to extreme heat above this threshold. In addition,
others have shown that high nighttime temperatures confer addi-
tional risk after a warm day.70 With abundant sunlight during the
summer, high temperatures in Alaska can last into the evening, pre-
venting people from getting a reprieve from the extreme heat.
However, over the course of heat waves during our study period,
there was some evidence of acute acclimatization. Although there
were still significant effects of elevated HI after 5 d, these effects
were attenuated. The OR of an ED visit related to heat illness on a
day above vs. below 24.4°C (76°F) was 15.54 (95% CI: 5.70,
42.34); after 5 d, the ORwas only 2.33 (95%CI: 1.13, 4.81). Several
scenarios could explain this finding: Either the population became
more acclimated to the heat or engaged in mitigation behaviors
(e.g., obtained fans, air conditioning, or othermodes of relief), or the
most heat-sensitive people visited the ED early in the heatwave.

Finally, we found that increasing concentrations of PM2:5
decreased the odds of asthma-related visits and increased the
odds of pneumonia-related ED visits on days of elevated heat or
shortly thereafter. For people with chronic asthma, increasingly
poor air quality may serve as a visual or physical indicator to stay
inside, which may help them avoid heat exposure. In contrast, at
warm temperatures that are hospitable for the bacteria that causes

pneumonia, poor air quality may exacerbate inflammation in the
lungs, increasing the likelihood of respiratory infection.71 For
additional information on the independent effect of PM2:5 on car-
diorespiratory ED visits in Alaska, see Hahn et al.33

These results can be used to create local heat response plans
and develop guidance for issuing heat alerts in Alaska. For exam-
ple, if heat indices above 21.1°C (70°F) are forecast, recommenda-
tions for strategies to keep cool (e.g., stay hydrated, visit air-
conditioned places, wear light-colored clothes) could be shared
with the general public in multiple languages,72–74 and hospitals
could be notified that they may see an increase in ED visits for heat
illness for up to 5 d after the heat event. In fact, heat alerts may
actually increase hospitalizations if these public notices help peo-
ple recognize symptoms of heat illness and access needed medical
care.75 If forecasts predict several consecutive days above 24.4°C
(76°F), alerts could include additional information regarding
potential cardiovascular symptoms in addition to heat illness. Risk
messages targeted to different demographic groups could include
specific information about the most pertinent health risks (e.g.,
people >65 y of age are at high risk of asthma exacerbations or
MI).76 Other community-level public health strategies for extreme
heat include identifying and designating buildings with air condi-
tioning as public cooling centers, activating a heat hotline that peo-
ple can call for advice and resources, providing water in public
spaces, organizing public transportation to cooling centers, or
developing guidelines for rescheduling outdoor events.72,77–79

Public health departments can also work with utility companies or
planning departments on initiatives such as home energy assistance
and weatherization programs80 or adding to and enhancing tree
canopy and greenspace in urban areas.81–83

This study has a number of limitations that should be consid-
ered. The temperature information used to calculate the HI, the pri-
mary exposure in this study, was from one monitoring station in
each study location. A number of factors affect individuals’ true
heat exposure, including where they live in the city, their housing,
and the amount of time they spend outside. Therefore, theremay be
misclassification of the exposure related to the health outcomes
assessed in this study. Similarly, because some weather data were
missing, we imputed the temperature for 1 d in the Matanuska-
Susitna Valley and the PM data for 2 d in Anchorage, 9 d in
Fairbanks, and 30 d inMatanuska-SusitnaValley. Themajor factor
causing daily swings in summertime PM concentration in these
regions is wildfire smoke. Among the days that were imputed, only
1 d during June 2015 in Fairbanks was potentially impacted by
wildfire smoke (i.e., a plume was within 50 km of the study area
and PM exceeds 1 SD above the long-term monthly mean).
Although this approach may have contributed to exposuremisclas-
sification, we expect that the impact wasminimal.

Although a strength of this study is that we controlled for
PM2:5, we did not control for ozone. A recent assessment of the
role of ozone in heat-relatedmortality studies concluded that ozone
is a causal intermediate in the pathway between heat and mortal-
ity.84 Based on this causal framework, our study results should be
interpreted as the total effects of temperature on heat-related mor-
bidity, including the potential impact caused by increased ozone on
warm days. Although study data were sampled from Alaska’s pri-
mary population centers, small sample sizes may have limited our
ability to detect significant associations between elevated HI and
cardiorespiratory- or heat illness-related ED visits among some de-
mographic groups at high temperature thresholds that occur infre-
quently in Alaska. For example, of the 1,021 case days and 12,403
control days for COPD-related ED visits amongmales, only 1 case
day and 22 control days fell above a same-day HI threshold of 30°
C (86°F). In addition, some large effect estimates identified in our
study were driven by relatively few ED visits (e.g., a total of 35 ED
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visits for heat illness in our study area between 2015 and 2019).
Although these estimates are statistically significant, it is important
to note the magnitude of ED visits driving the effect estimates
when interpreting the potential public health burden and planning
for clinical resources to prepare for heat events in Alaska. Despite
the low number of heat illness events in this data set, ED visits
likely only capture the most severe cases, particularly in a region
where symptoms of heat illness may be unfamiliar. It is likely that
the actual incidence of adverse health effects related to extreme
heat was higher than reported here because people were navigating
illness on their own or through their regularmedical provider.

This study is thefirst to assess the health impacts of extreme tem-
perature inAlaska, and we used a HI threshold approach to facilitate
the practical application of our results to public health preparedness
in the state. Projections of extreme heat days in the contiguous
United States show that by the middle of the century (2036–2065),
the annual number of days with heat indices exceeding 37.8°C
(100°F) and 40.6°C (105°F) are projected to double and triple in
comparison with a 1971–2000 baseline, with portions of Texas and
Florida projected to experience 100–150 d per year with a
HI>37:8�C ð100�FÞ.85 Future projections for Alaska show that the
number of days per year with a high temperature above 25°C (77°F)
is expected to increase from the historical baseline (1981–2010) of
1.5 d per year to 29.7 d per year by the end of the century.86 It is nota-
ble that these warm temperatures have historically been limited to
interior Alaska, but even near-term projections (2011–2040) show
that these extreme temperatures will expand across the state.86 Our
results suggest that Alaskans may be at increased risk of heat illness
and cardiorespiratory health effects at HI thresholds as low as
21.1°C (70°F). Preparedness efforts could focus on collaboration
between meteorological agencies and local health authorities to de-
velop a heat–health warning system87 and associated public out-
reach materials. Local governments can also focus on “win–win”
strategies, such as weatherization programs that simultaneously
lower energy use, lower utility costs, and retrofit homes and build-
ings to accommodate extreme temperatures. Given the future fre-
quency of extreme heat events, the imperative to assess and plan for
this situation, even in regions with historically mild climates, should
not be underestimated.
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