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Abstract

Background: Insufficient heat acclimatization is a risk factor for heat-related illness (HRI) 

morbidity, particularly during periods of sudden temperature increase. We sought to characterize 

heat exposure on days before, and days of, occupational HRIs.

Methods: A total of 1241 Washington State workers’ compensation State Fund HRI claims from 

2006 to 2021 were linked with modeled parameter-elevation regressions on independent slopes 

model (PRISM) meteorological data. We determined location-specific maximum temperatures 
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(Tmax,PRISM) on the day of illness (DOI) and prior days, and whether the Tmax,PRISM was ≥10.0°F 

(~5.6°C) higher than the average of past 5 days (“sudden increase”) for each HRI claim. Claims 

occurring on days with ≥10 HRI claims (“clusters”) were compared with “non-cluster” claims 

using t tests and χ2 tests.

Results: Seventy-six percent of analyzed HRI claims occurred on days with a Tmax,PRISM ≥ 

80°F. Claims occurring on “cluster” days, compared to “non-cluster” days, had both a significantly 

higher mean DOI Tmax,PRISM (99.3°F vs. 85.8°F [37.4°C vs. 29.9°C], t(148) = −18, p < 0.001) 

and a higher proportion of “sudden increase” claims (80.2% vs. 24.3%, χ2[1] = 132.9, p < 0.001). 

Compared to “cluster” days, HRI claims occurring during the 2021 Pacific Northwest “heat dome” 

had a similar increased trajectory of mean Tmax,PRISM on the days before the DOI, but with higher 

mean Tmax,PRISM.

Conclusions: Occupational HRI risk assessments should consider both current temperatures and 

changes in temperatures relative to prior days. Heat prevention programs should include provisions 

to address acclimatization and, when increases in temperature occur too quickly to allow for 

sufficient acclimatization, additional precautions.
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1 | INTRODUCTION

Occupational heat exposure is associated with substantial morbidity and mortality from 

heat-related illnesses (HRIs).1,2 Data from the US Bureau of Labor Statistics Census of 

Fatal Occupational Injuries database from 2000 to 2010 indicate a heat-related fatality 

rate of 0.22 per 1 million workers, with workers in agriculture and construction industries 

at the highest risk.2 Workers’ compensation claims analyses provide additional insight 

into nonfatal occupational HRIs. In Washington State (WA) from 2006 to 2017, there 

were 918 confirmed workers’ compensation HRI claims. The highest claims rates during 

the third quarter (July–September) occurred in the public administration and agriculture 

industry sectors (131.3 per 100,000 full-time employees [FTE] and 102.6 per 100,000 

FTE, respectively).3 Estimates of HRI cases from workers’ compensation claims are likely 

underestimates, as occupational HRIs are not always identified and reported.3

There are several factors that contribute to occupational heat stress, including environmental 

heat exposure, clothing that insulates or prevents the body from cooling through evaporative 

heat loss, and physical activity that generates internal body heat. In addition to heat stress, 

lack of heat acclimatization can also increase the risk of HRI. Acclimatization is an 

improvement in heat tolerance that comes from repeated physical activity in hot, real-world 

settings (as opposed to “acclimation,” which occurs in laboratory settings).4 Physiological 

acclimatization involves increased skin blood flow, a greater maximum sweat rate, improved 

fluid balance, lower body temperature, reduced cardiovascular strain, and enhanced cellular 

protection. Physiological acclimatization takes up to 14 consecutive days to fully develop, 

with a substantial amount occurring in the first 5 days of activity in the heat.4 In the 

United States, between 2011 and 2016, 79% of outdoor worker heat deaths occurred among 
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unacclimatized workers, defined as beginning a new job within the past 2 weeks or returning 

to work from an absence of more than 1 week.5 In WA, workers’ compensation claims 

occurring within 1 week of employment were more than four times more frequent for HRIs 

than for workers suffering from injuries from all causes.6

From a physiological perspective, an increase in heat exposure that occurs faster than a 

worker can acclimatize may pose a particular risk for adverse occupational health effects 

from heat, yet many established extreme heat definitions do not account for the rate of 

change of heat exposure in the days before extreme heat or provide a comparable metric 

from location to location. The US National Weather Service (NWS) excessive heat warning, 

excessive heat watch, heat advisory, and excessive heat outlook definitions depend on 

predicted heat thresholds and the likelihood of their onset and duration, with definitions that 

vary from jurisdiction to jurisdiction.7,8 The US NWS week-2 global probabilistic extreme 

forecasts tool, which informs the Climate Prediction Center’s official forecasts, utilizes daily 

forecasts of meteorological parameters exceeding the 85th percentile of 30-year historical 

distributions.9

Though the US Occupational Safety and Health Administration has published an Advance 

Notice of Proposed Rulemaking for heat, there is currently no federal occupational health 

and safety standard in effect to protect workers from heat exposure.10 Several US states, 

including California (CA), WA, Oregon, Maryland, and Nevada, have or are developing 

occupational outdoor heat rules that require protections for workers above different heat 

exposure levels (“triggers”).11–17 However, of currently active rules, only CA’s heat rule 

includes additional protections for workers exposed to changes in temperature, defined as 

above the trigger and “at least 10 degrees Fahrenheit higher than the average high daily 

temperatures in the preceding 5 days,” the latter of which we refer to as “sudden increase” 

conditions in this manuscript.

Days in which aggregations of HRI cases (“clusters”) occur represent days with a higher 

burden of HRI and an opportunity for additional preventive measures.18 HRI clusters derived 

from workers’ compensation data may represent the “tip of the iceberg” for HRI risk given 

that estimates of HRI cases from workers’ compensation claims are likely underestimates.3 

A better understanding of claim characteristics and environmental conditions leading up 

to cluster days may help with the identification of particularly concerning conditions for 

workers and targeted prevention efforts. A prior analysis of WA workers’ compensation 

HRI claims raised the question of whether poor acclimatization may contribute to workers’ 

compensation HRI claims clusters.6

In the summer of 2021, the Pacific Northwest experienced unprecedented increases in 

temperature and temperature extremes during a “heat dome” event, in which heat was 

trapped by high-pressure atmospheric circulation. Although existing research in WA has 

separately demonstrated spatiotemporal variability in heat exposure19 and characterized HRI 

workers’ compensation claims,3,6 there is a gap in the characterization of spatiotemporal 

variability in changes in heat exposure on days leading up to HRIs among workers. 

Given the potential physiological and occupational health significance of insufficient 

acclimatization and the projected increase in the frequency and intensity of heat events in the 
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future,20 we sought to characterize heat exposure on days leading up to the day of illness 

(DOI), including “sudden increase,” lagged, and cumulative exposure, among WA HRI 

workers’ compensation claims and clusters over space and time and by claim characteristics, 

including during the 2021 Pacific Northwest heat dome event.

2 | MATERIALS AND METHODS

WA workers’ compensation HRI claims data from 2006 to 2021 were spatiotemporally 

joined with modeled gridded meteorological data to allow for the characterization of claims 

by heat exposure on prior days and the DOI.

2.1 | HRI workers’ compensation claims

The WA Department of Labor and Industries (L&I) administers a single-payer workers’ 

compensation insurance system. WA employers are required to purchase workers’ 

compensation insurance through the L&I State Fund unless they meet financial and statutory 

requirements to self-insure or are covered by the federal government or other workers’ 

compensation systems. L&I’s State Fund covers approximately two-thirds of WA workers. 

HRI workers’ compensation claims and claim characteristics were identified using L&I 

insurance claim and employer data, as previously described.3 HRI claims occurring both 

indoors and outdoors were included and characterized, as described below. L&I has statutory 

obligations to compile and evaluate data for the purpose of controlling occupational injuries 

and illnesses, including HRI. WA L&I is a public health authority, and as such is allowed 

by 45 CFR 46.102(/)(2) to conduct public health surveillance to identify, monitor, assess, 

or investigate conditions of public health importance. The work presented here, which falls 

within public health surveillance activities as covered by the Common Rule, was performed 

in conjunction with L&I’s Division of Occupational Safety and Health rulemaking to update 

the requirements for controlling occupational heat exposure hazards, and approval by an 

institutional review board is not required.

HRI claims were identified using Occupational Injury and Illness Classification System 

(OIICS) codes21 and International Classification of Diseases Clinical Modification (ICD-

CM) codes, as previously described.3 OIICS codes for which claims were identified 

corresponded to “exposure to environmental heat,” “effects of heat and light,” “heat-

environmental,” or “sun,” and ICD-CM codes corresponded to “hyperosmolality and 

hypernatremia,” “volume depletion,” “acute renal failure,” “acute renal failure-unspecified,” 

“prickly heat,” “effects of heat and light,” “exhaustion due to exposure,” “exposure to 

excessive heat of man-made origin,” “exposure to excessive natural heat,” or “occupational 

exposure to extreme temperature.” Both ICD-9-CM and ICD-10-CM codes were used 

because WA L&I switched from using ICD-9 to ICD-10 on October 1, 2015. ICD codes 

are assigned by healthcare providers on the initial claim initiation form and subsequent 

healthcare bills and by claim adjudicators for allowed diagnoses. To improve the specificity 

of HRI claim identification, claims where the service dates of the first medical bill that 

identified treatment for dehydration and kidney failure were not within 1 day of the date of 

illness and where either dehydration or kidney failure was the sole means of identification 

were excluded.3 A total of 1330 WA State Fund claims with a date of illness between 
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January 1, 2006 and December 31, 2021 were extracted on February 2, 2022. The date of the 

illness is derived from the “injury date” on the claim initiation form, which is presumed to 

be the date the worker experienced the HRI. Self-insured claims were not analyzed because 

of limitations in data, including limitations in ICD-CM code availability.

Additional data elements were extracted for each HRI claim. These elements included 

the claimant’s sex and date of birth (to compute age at the date of illness), six-digit 

North American Industrial Classification System (NAICS) codes,22 six-digit Standard 

Occupational Classification (SOC) codes,23 claim status (compensable vs. noncompensable 

for accepted claims), accident address (from the initial claim report), employer business 

location address, and address of the first healthcare provider visited by the claimant (from 

the first healthcare provider bill). Compensable claims are eligible for wage replacement 

(e.g., time-loss payments if the worker is unable to work after a 3 calendar-day waiting 

period), death, or disability benefits. We extracted both rejected and accepted claims. 

Claims may be rejected if there is insufficient information about the association between 

the HRI and the exposure. Previous analyses found that rejected claims occur in industries 

with high rates of HRI and therefore may be an important indicator of unmitigated 

heat stress.3 We also extracted the worker and employer “injury event description,” 

“job title/duty description,” and injury/accident site (e.g., job site, employer premises, 

other) from the initial claim form, and SOC description, NAICS description, and risk 

class description to determine whether the work setting where the claim occurred was 

“definitely outdoors,” “probably outdoors,” “unlikely outdoors,” or “uncertain,” using the 

procedure described in Supporting Information: Methods and Supporting Information: Table 

I. Workers’ compensation insurers group employers into insurance risk pools based on the 

type of work, with the assumption that employers performing similar work have a similar 

claim experience, and these risk classes are used to determine insurance premiums.

2.2 | Heat exposure and linkage to claims data

The wet bulb globe temperature (WBGT), which considers dry air temperature, humidity, 

wind, and solar radiation, is considered the gold standard occupational heat exposure 

metric and is used by National Institute for Occupational Safety and Health (NIOSH)24 

and American Conference of Governmental Industrial Hygienists (AC-GIH®)25 heat stress 

guidance. The original development of WA “trigger” temperatures implemented in the 

current WA occupational heat rule considered WBGT, clothing, and workload.26 Data on 

dew points in several WA cities were analyzed, and a dew point of 50°F (10.0°C), along 

with moderate metabolic rate work and work in the sun with different clothing ensembles 

were assumed to calculate corresponding dry air trigger temperatures for WBGT-based 

ACGIH® heat stress action limits. Given its policy relevance in WA, we focused on dry air 

temperature as the metric of heat exposure for our analysis.

We used maximum daily temperatures (Tmax,PRISM) derived from the parameter-elevation 

regressions on independent slopes model (PRISM),27 an accurate source of gridded weather 

data.28 PRISM was developed by the PRISM Climate Group at Oregon State University 

and incorporates climate observations from monitoring networks, applies quality-control 

measures and features spatial datasets at a 4 km pixel resolution for free downloading.29 
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PRISM models consider the location, elevation, topographic facet orientation, topographic 

position, orographic effectiveness of the terrain, coastal proximity, and vertical atmospheric 

layer.

We assigned one location per claim to link to environmental data for the analysis. We first 

geocoded the accident address, employer business location address, and address of the first 

healthcare provider using ArcGIS Pro 3.0 (ESRI), which assigns geocoding scores reflecting 

the accuracy of the match, from 0% to 100%. The Tmax,PRISM value corresponding to the 

PRISM grid cell that contained each location on the date of illness was then assigned to 

that location. The Tmax,PRISM was also extracted for the 5 days preceding the illness date 

in the same location. A single location was assigned to each claim using the previously 

published30 procedure outlined in Figure 1. Of the 1321 HRI claims with an accident 

location, business location, or first provider location in WA, 1241 (94%) HRI claims had 

a geocoding accuracy of at least 70%. Of these, 982 used the accident location (74%), 

145 used the business location (11%), and 114 used the first provider location (9%). A 

spatial comparison of Tmax,PRISM with a previously published approach to generate linked 

maximum daily temperatures for WA HRI workers’ compensation claims on the DOI from 

weather station data,3 rather than modeled gridded data, is shown in Supporting Information: 

Figure 1. The mean (SD) difference in daily maximum temperature for all HRI claims 

on the DOI using the two maximum daily temperature identification methods was 1.3°F 

(6.5) (0.72°C [3.6]). In general, the largest discrepancy in values was in Western WA, 

where temperatures are generally cooler. A comparison of the 1241 claims included and 

the 89 claims not included in the analysis is presented in Supporting Information: Table II. 

Excluded claims were more likely to be rejected and be characterized by uncertainty about 

whether they occurred indoors versus outdoors.

2.3 | Analyses

We examined exceedances of Tmax,PRISM thresholds of 80°F (27°C) and 90°F (32°C) as 

these correspond to “trigger” and “high heat” thresholds, respectively, in the proposed 

updated WA heat rule for workers not wearing vapor barrier clothing.15 We also examined 

lagged temperatures (Tmax,PRISM on the 2 days before the date of illness) and cumulative 

exposure (average of temperatures on the prior 2 days and the DOI). We defined a “sudden 

increase” in temperatures to be consistent with CA’s occupational heat rule, and the 

proposed updated WA heat rule, as a day when Tmax,PRISM was at least 10.0°F (~5.6°C) 

greater than the average of the past 5 days.17 This definition is comparable to NIOSH’s heat 

stress guidance (“A heat wave is indicated when … the daily maximum temperature … is 

5°C … or more above the maximum reached on the preceding days”).24

We summarized the characteristics of all HRI claims, HRI claims “clusters,” and HRI claims 

that occurred during the 2021 Pacific Northwest heat dome event (June 25–30, 2021).31 

“Clusters” were defined based on the data as days with a frequency of claims at or above 

the 98th percentile (among days with more than one HRI claim), which corresponded 

to days with 10 or more claims. The mean Tmax,PRISM and the proportion of “sudden 

increase” claims by “cluster” size (number of HRI claims per day) is shown in Supporting 

Information: Figure 2. Venn diagrams, bar charts, line plots, and box plots were used to 
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visualize HRI claims by claim characteristics, time, Tmax,PRISM, exceedances of thresholds, 

“sudden increase” exposures, and “clusters.” We developed county-level maps displaying 

the proportion of all HRI claims occurring on “cluster” days and days with a Tmax,PRISM 

at or above 80°F, excluding counties with fewer than five claims. We conducted unpaired 

Student’s t tests, assuming unequal variances, to compare DOI, the prior day, and cumulative 

Tmax,PRISM distributions of cluster versus noncluster claims. We assumed HRI claims were 

independent occurrences, as claims occurring on the same date at the same address are 

not commonly expected to occur. We used χ2 tests to compare the proportions of sudden 

increase “cluster” versus “non-cluster” claims. A p < 0.05 was considered statistically 

significant. Analyses were conducted using R studio, Version 1.3.1073.

3 | RESULTS

3.1 | HRI claim characteristics

Characteristics of all HRI claims and “cluster” claims are shown in Table 1. More than 

half of all HRI claims (65.4%) were accepted, and, of those, the majority (91.4%) were 

noncompensable. Claims were most common among workers aged 25–34 years (28.6%), 

males (80.1%), and those occurring from May to September (95.2%). 17.1% of claims were 

unlikely to have occurred outdoors. Characteristics of all HRI and HRI claims occurring on 

“cluster” days were similar, except “cluster” HRI claims were more likely to occur from 

May to September (no “cluster” claims occurred from October to April). There was a similar 

proportion of “definitely/probably” outdoor claims among “cluster” HRI claims and all HRI 

claims. There were 68 heat dome HRI claims, 38 (56%) of which were accepted and 17 

(25%) of which were “unlikely outdoor.”

3.2 | Relationship of Tmax,PRISM ≥ 80°F (27°C), “sudden increase,” and “cluster” HRI 
claims

Figure 2 shows a Venn diagram detailing the relationship among Tmax,PRISM ≥ 80°F (27°C), 

“sudden increase,” and “cluster” HRI claims. The majority of all HRI claims occurred on 

days with a Tmax,PRISM at or above 80°F (27°C) (n = 938, 76%), with 29% classified as 

“sudden increase” days (n = 355), and 8% as “cluster” days (n = 96). Twenty-six (7%) of 

HRI claims that occurred on “sudden increase” days occurred on days below a Tmax,PRISM 

80°F (27°C). When restricting to HRI claims “definitely” or “probably” occurring outdoors, 

79% occurred on days at or above Tmax,PRISM 80°F (27°C), with 30% classified as “sudden 

increase” days, 8% as “cluster” days, and 6% of those occurring on “sudden increase” 

days occurring on days below a Tmax,PRISM 80°F (27°C). Of the 26 HRI claims occurring 

on “sudden increase” days when the Tmax,PRISM was below 80°F (27°C), the mean (SD) 

Tmax,PRISM was 77°F (3) (25°C [1.7]), with 46% of claims occurring in April and 54% 

occurring in May-August. All “cluster” claims occurred on days at or above Tmax,PRISM 

80°F (27°C), and 90% occurred on days at or above Tmax,PRISM 90°F (32°C). Fifty-five 

(81%) of the 68 heat dome HRI claims occurred on “cluster” days.

3.3 | Time trends

The proportion of HRI claims occurring on “sudden increase” days and the mean 

Tmax,PRISM by year is shown in Figure 3. The number of all HRI claims, accepted HRI 
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claims, and “definitely” or “probably” outdoor claims occurring on “sudden increase” days 

by year is shown in Supporting Information: Figure 3. The proportion of all HRI claims 

occurring on “sudden increase” days varied between 11.5% in 2017 and 47.0% in 2006, 

with an average of 28.6%. Among claims “definitely” or “probably” occurring outdoors, 

the proportion of HRI claims occurring on “sudden increase” days was 13.1% in 2017 and 

45.0% in 2006. Following the implementation of the WA heat rule in 2008,11,12 several 

years had both elevated proportions of claims occurring on “sudden increase” days and with 

high mean Tmax,PRISM, including 2009 and 2021.

The number of HRI claims by month is shown in Figure 4 for “sudden increase” (Figure 

4A) and “cluster claims” (Figure 4B). Claims occurring on “sudden increase” days were 

observed to have occurred as early as April (Figure 4A). During the 2021 heat dome year, 

the number of all HRI claims occurring on “sudden increase” days was the highest of all the 

study years and peaked in June. A similar pattern was observed for accepted HRI claims. 

Ninety percent of all HRI claims, and 88% of accepted HRI claims, occurring on “sudden 

increase” days in 2021 occurred in the month of June. “Cluster” claims, which occurred 

in 2007, 2009, and 2021, showed similar patterns of monthly peaks as “sudden increase” 

claims (Figure 4B). The number of all HRI claims by heat dome date in 2021 was 3 on June 

25, 2 on June 26, 14 on June 27, 31 on June 28, 10 on June 29, and 8 on June 30.

3.4 | Industry and occupation

The distribution of “sudden increase” HRI claims by industry, for industries with more than 

one HRI claim, is shown in Supporting Information: Table III. Compared to the percentage 

of all HRI claims occurring on “sudden increase” days (28.6%), among the industries with 

the top five number of all HRI claims, almost a third of HRI claims occurred on “sudden 

increase” days in construction and agriculture while the lowest proportion occurred in public 

administration (16%). When examining only HRI claims deemed to be “definitely” or 

“probably” outdoor, similar percentages of claims occurring on “sudden increase” days were 

seen for these industries (33% construction, 29% agriculture, 16% public administration), 

with an overall percentage of claims occurring on “sudden increase” days for “definitely” 

or “probably” outdoor HRI claims of 29.6%. When examining only accepted HRI claims, 

the percentage of claims occurring on “sudden increase” days for these industries was 

35% for construction, 30% for agriculture, and 15% for public administration, with an 

overall percentage of claims occurring on “sudden increase” days for accepted HRI claims 

of 31.3%. Among the 96 “cluster” HRI claims, industries with the top number of claims 

on all “cluster” days together were administrative and support and waste management and 

remediation (n = 13 claims), construction (n = 13 claims), and agriculture (n = 11 claims). 

Among the 68 heat dome HRI claims, industries with the top number of claims on all heat 

dome days together were administrative and support and waste management and remediation 

(n = 10 claims) and agriculture (n = 8 claims).

Among HRI claims with available SOC codes, the proportion of all HRI claims occurring 

on “sudden increase” days for the occupations with the top number of HRI claims was 

23% for farmworkers and laborers, 31% for construction craft laborers, and 34% for 

laborers and freight workers. Twelve percent of HRI claims occurred on “sudden increase” 
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days for firefighters. When examining only HRI claims “definitely” or “probably” outdoor 

claims, similar proportions of “sudden increase” claims were seen for these occupations 

(24% farmworkers and laborers, 30% construction craft laborers, 34% laborers and freight 

workers, 13% firefighters). When examining only accepted HRI claims, the percentage of 

claims occurring on “sudden increase” days for these occupations was 25% for farmworkers 

and laborers, 31% for construction craft laborers, 41% for laborers and freight workers, and 

10% for firefighters. The occupations with the highest number of claims on all “cluster” 

days together were farmworkers and laborers (n = 7 claims) and laborers and freight workers 

(n = 7). Among the 68 heat dome HRI claims, the occupation with the top number of claims 

on all heat dome days together was farmworkers and laborers (n = 6 claims).

3.5 | Heat exposure characteristics

Exposure characteristics of days with a cluster of 10 or more HRI claims are shown in 

Table 2 for all HRI claims and, for claims “definitely” or “probably” occurring outdoors, 

in Supporting Information: Table IV. The percent of HRI claims that occurred on “sudden 

increase” days was significantly higher for “cluster” claims compared to “non-cluster” 

claims (80.2% vs. 24.3%, χ2(1) = 132.9, p < 0.001). The mean Tmax,PRISM on the DOI 

and the day prior were significantly higher for “cluster” claims compared to “non-cluster” 

claims (99.3°F vs. 85.8°F [37.4°C vs. 29.9°C], t(148) = −18, p < 0.001 and 94.0°F vs. 

83.6°F [34.4°C vs. 28.7°C], t(128) = −11, p < 0.001), respectively. These significant mean 

Tmax,PRISM differences between “cluster” and “non-cluster” claims held true for 2 days prior 

(87.7°F vs. 81.7°F [30.9°C vs. 27.6°C], t(139) = −7, p < 0.001) and the average of the 2 

consecutive previous days and DOI (93.7°F vs. 83.7°F [34.3°C vs. 28.7°C], t(137) = −13, 

p < 0.001, respectively). Similar inferences were seen in a sensitivity analysis that included 

only claims “definitely” or “probably” occurring outdoors and sensitivity analyses that 

considered “cluster” claims as those occurring on days with seven, three, and two or more 

claims (days with a frequency of claims at or above the 95th, 70th, and 45th percentiles, 

among days with more than one HRI claim) (Supporting Information: Figure 4 and Table 

V). The latter sensitivity analyses raise the question of whether larger “cluster” sizes exhibit 

steeper increases in and higher absolute Tmax,PRISM leading up to the DOI. These sensitivity 

analyses also suggest that “clusters” with as few as two or more HRI claims exhibit higher 

mean Tmax,PRISM than “non-cluster” claims (Supporting Information: Table V). The mean 

daily heat exposure metrics on heat dome HRI claim DOI, prior 2 days, and cumulative 

exposure were higher than the means for all “cluster” days (Table 2).

The mean (±standard error) Tmax,PRISM on the DOI and 5 days prior, stratified by whether 

or not claims occurred on “cluster” days, whether or not claims occurred during the 2021 

heat dome, and whether or not claims occurred on the first day (e.g., 7/11/2007, 7/ 28/2009, 

6/27/2921) of a “cluster” are shown in Figure 5. For claims occurring on “cluster” days, the 

mean Tmax,PRISM appeared to increase more rapidly in the 2–3 days before the HRI but was 

more similar to “non-cluster” days on the fourth and fifth days before illness (Figure 5A). 

Compared to “cluster” days, claims occurring on heat dome days had a similar trajectory of 

mean Tmax,PRISM on the days before the DOI, but with higher mean Tmax,PRISM, including 

on the fourth and fifth days before illness (Figure 5B). Compared to non-first-day “cluster” 

claims, the mean Tmax,PRISM for first-day “cluster” claims appeared to increase most rapidly 
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in the day before the HRI (Figure 5C). Similar patterns were seen in a sensitivity analysis 

that included only claims deemed to be “definitely” or “probably” outdoor.

3.6 | Geographical distributions

Maps of the proportion of HRI claims by county for claims occurring on “cluster” days and 

days at or above a Tmax,PRISM of 80°F are shown in Figure 6. While higher proportions of 

HRI claims occurring on “cluster” days were prominent in Western WA, higher proportions 

of HRI claims occurring on days at or above 80°F (27°C) were prominent in Central WA. 

These geographical patterns in proportions were generally similar when examining accepted 

HRI claims and claims deemed “definitely” or “probably” outdoor. The proportion of HRI 

claims occurring on “sudden increase” days is shown in Supporting Information: Figure 

5a and was not more prominent in Central WA. For the absolute number of HRI claims, 

which also reflects employment patterns, the highest number of HRI claims occurred in 

agriculture in Yakima County in Central WA and in construction in King County in Western 

WA (Supporting Information: Figure 6). The number of HRI claims occurring on “cluster” 

days by county is shown in Supporting Information: Figure 5b and was highest in King, 

Pierce, Whatcom, Clark, and Grant Counties.

4 | DISCUSSION

In this study of WA HRI workers’ compensation claims and ambient temperature exposures 

from 2006 to 2021, we found that days with multiple HRI claims (“cluster” days) were 

characterized by a combination of high mean maximum temperatures on the DOI and 

apparent steeper increases on days leading up to HRIs, compared to other days that HRI 

claims occurred. A similar trajectory in mean maximum temperatures was seen on the 

days leading up to the DOI for 2021 heat dome claims, but the absolute mean maximum 

temperatures on these days were higher than for “cluster” claims. We found a small but 

extant proportion of HRI claims that occurred on days with increases in temperature of at 

least 10.0°F (~5.6°C), compared to the average of the prior 5 days (“sudden increase”), 

but that did not reach a maximum daily temperature at or above 80°F (27°C) on the 

DOI. We also identified variation in the proportion of HRI claims occurring on “sudden 

increase” days by industry and occupation, with higher proportions in high-risk industries 

of construction and agriculture compared to lower proportions among firefighters, whose 

work environments may include point sources of heat, in addition to ambient environmental 

heat exposure. We found that HRI claims occurring on “cluster” days did not simply follow 

the geographical distribution of counties with higher proportions of threshold temperature 

exceedances (Central WA). Overall, our findings provide useful information to guide 

the identification of high-risk workers as well as the prioritization and tailoring of HRI 

prevention efforts.

Heat exposure on “cluster” days, or days in which 10 or more HRI claims occurred, was 

characterized by significantly higher proportions of “sudden increase” claims, higher mean 

ambient temperatures on the DOI, 1- and 2-day lag temperatures, and cumulative 3-day 

(including DOI) temperatures. These findings are consistent with the observed potential 

steeper increase in temperatures for “cluster” claims compared to noncluster claims, 
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particularly for larger “cluster” sizes, and in the day before the first “cluster” day. However, 

even for small “cluster” sizes of two claims per day in which mean temperatures were 

lower than for smaller “cluster” sizes, mean temperatures were still significantly higher 

than for noncluster days. These findings should be further evaluated in future studies to 

disentangle the effects of DOI, lagged, and cumulative exposure, and the rate of temperature 

increase and other factors on the development, severity, and clustering of occupational 

HRIs. Understanding the characteristics of days when clusters occur offers an opportunity to 

anticipate these characteristics and optimize prevention to reduce the burden of HRI.

Exposure risk was not fully captured by the DOI temperature alone. Our findings are 

consistent with earlier analyses of WA HRI claims data from 1995 to 2005,6 which 

reported that 42% of HRI claims occurred on days with an increase in the daily maximum 

temperature of 10.0°F (~5.6°C) and that this variation in temperature more commonly 

occurred on days with more than one claim. Our overall proportion of “sudden increase” 

claims (28.6%) is lower than in the 1995–2005 analysis likely because our “sudden 

increase” definition compared the DOI maximum temperature to the average maximum 

temperature over the prior 5 days, which smooths out very brief (e.g., 1 day) temperature 

extremes. Our findings are also consistent with studies of heat-related occupational 

traumatic injuries, which suggest that in addition to the ambient conditions on the day of 

injury, there may be a lagged effect of 1–2 days and a cumulative effect over several days of 

warm temperatures on the risk of occupational traumatic injury.33–38

While most HRI claims on “sudden increase” days occurred on days with a maximum daily 

temperature at or above 80°F (27°C), 7% occurred on days less than 80°F (27°C), with 46% 

of these latter claims occurring in April. This observation may result from an elevated risk 

of HRI among less acclimatized workers performing physical work early in the season, even 

below 80°F (27°C). “Cluster” days tended to occur in years in which HRI claims had both 

high mean maximum temperatures and high proportions of “sudden increase” days (e.g., 

2009, 2021).

A large number of HRI claims occurred in WA during the 2021 Pacific Northwest heat 

dome, with a peak on June 28, 2021 (31 claims). This is consistent with reports in the 

general population. An analysis of HRI emergency department (ED) visits in the Northwest 

(Alaska, Idaho, Oregon, and Washington) reported that the mean daily number of HRI 

ED visits during June 25–30, 2021 (n = 424) was 69 times higher than that during the 

same days in 2019 (n = 6), with a peak detected on June 28 (n = 1090).31 We found 

that heat dome HRI claims had higher DOI, lagged, and cumulative mean maximum daily 

temperatures than “cluster” claims. June 27–29, 2021 also fell into the classification of HRI 

“cluster” days, which could be consistent with a several-day lag in the development of 10 

or more claims occurring on a given day. Heat dome claims had a similar trajectory of 

increase in mean maximum temperatures on the days leading up to the DOI, but higher 

absolute mean maximum temperatures on each day leading up to the DOI, including on the 

fourth and fifth days before the DOI. Heat dome and “cluster” claim groups’ proportions 

of “sudden increase” claims (72.1% and 80.2%, respectively) were higher than for all HRI 

claims (28.6%). These results suggest that the combination of “sudden increase” and very 
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high temperatures warrants particular and rapid anticipation and response to reduce the HRI 

burden.

During the heat dome event of 2021, the largest peak in WA HRI claims was in June, 

whereas WA HRI claims analyses in prior years indicate the largest number of HRI claims 

in July.3 “Sudden increase” claims were observed to occur as early as April. An attribution 

analysis of the heat dome event indicated that the heat dome would have been highly 

unlikely without climate change and could occur about every 5–10 years in a future world 

with 2°C of global warming.39 Given trends in climate change, designating heat exposure 

criteria as triggers for occupational HRI prevention policies, rather than times of year 

historically considered hottest, may increase the protection of workers covered by these 

policies over time. HRI training and heat prevention planning should occur in advance of 

these anticipated triggers. Heat exposure criteria should incorporate an element of change in 

temperature relative to prior days, in addition to how hot the current conditions are or will 

be, to better account for risks associated with insufficient acclimatization.

We found variation in the proportion of HRI claims occurring on “sudden increase” days by 

industry and occupation. For example, public administration had a lower percentage (15.6%) 

of “sudden increase” HRI claims than for all industries (28.6%). Firefighters, who are within 

the public administration sector, also had a low proportion (12.0%) of “sudden increase” 

claims. Firefighters work in environments where point sources of heat and nonbreathable 

personal protective equipment may contribute to net heat stress, in addition to the ambient 

environment. For firefighters and workers with similar heat exposure profiles, changes in 

ambient temperatures may be less important for the assessment of heat risk than for workers 

in other high-risk industries (e.g., construction and agriculture). While state-level initial 

prioritization of HRI prevention activities could be targeted to days forecasted to exceed 

temperature thresholds and those forecasted to have substantial increases in temperature 

over several days, certain occupations that have a high number of HRI claims3 and a 

unique exposure profile, such as firefighters, should also be specially accounted for in heat 

prevention prioritization. Additional tailoring of prevention strategies must also be made 

for indoor workers who work in environments with point sources of heat and humidity for 

which ambient temperatures may not be as representative.

Among “cluster” and heat dome claims, industries with top numbers of claims included 

administrative and support and waste management and remediation, agriculture, and 

construction. Construction and agriculture were reported in previous WA workers’ 

compensation HRI claims analyses to have the highest rates of HRI3 in WA. Construction 

and agriculture, particularly farmworkers and laborers, should continue to be among the 

industries and occupations prioritized, along with administrative and support and waste 

management and remediation, for HRI prevention when sudden increases in temperatures 

are forecasted.

Our analysis provided information about the geographical distribution of HRI claims and 

their exposure characteristics by WA county. We found higher proportions of HRI claims 

occurring on “cluster” days in Western WA and higher proportions of HRI claims occurring 

on days at or above 80°F (27°C) in Central WA. We found similar geographic patterns for 
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the frequency of HRI claims across WA as previous research that identified the average 

number of days and employment days at or above PRISM maximum daily temperature 

thresholds of 80°F (27°C) in WA.19 The concordance of these findings underlines the 

importance of both the geographical distribution of the workforce and ambient temperature 

exposures on the risk of occupational HRI. The geographical pattern of the absolute 

number of HRI claims occurring on “cluster” days, however, did not simply follow the 

geographical distribution of counties with high employment or those more commonly 

exceeding temperature thresholds. Rather, WA counties with a high number of “cluster” 

claims (King, Pierce, Whatcom, Clark, and Grant) likely represent a combination of 

factors, including employment; industry, occupation, and task characteristics; and both 

ambient temperature and temperature change characteristics. These characteristics should 

be considered in the prioritization of heat prevention activities.

Heat prevention programs should include provisions to optimize workers’ acclimatization 

status. Acclimatization allows for protection from about an additional ~2.5–3°C WBGT 

of heat exposure.25 Military and laboratory studies suggest that physiological heat 

acclimatization is associated with reduced inflammation and heat stroke incidence,40 

improved cognition,41 and increased heat shock protein levels,42 which can protect 

against systemic inflammatory response syndrome associated with heat stroke.1 NIOSH 

recommendations include 4- or 5-day acclimatization schedules, depending on the level 

of experience.43 These schedules involve gradually increasing exposure time in hot 

environments by 20% on each successive day. Acclimatization protocols should be 

considered for new workers and those returning from an absence, as acclimatization can 

be lost after only about 1 week away from working in the heat.43 Additional research is 

also needed to address gaps in how to practically assess acclimatization status in real-world 

settings, given individual variability,44,45 the time course and physical requirements needed 

to achieve physiological adaptations in different environments and populations outside of 

controlled laboratory environments, and factors that influence heat acclimatization decay 

and reacclimatization.4,46 When sudden increases in temperature occur beyond the level 

that a worker may be acclimatized to, additional “high heat” protections are needed to 

prevent HRI. In addition to hydration, shade, and training, workers should be observed by 

supervisors or work closely with coworkers (“buddy system”), who can detect and respond 

to early HRI signs. In addition, appropriate duration of paid rest breaks and reduced work 

pace given the intensity of heat exposure should be provided, and procedures for contacting 

emergency medical services with precise directions to the worksite should be in place.

Given the overlap in ambient exposure and risk in the community and workplace, as 

observed during the Pacific Northwest 2021 heat dome event, as well as the potential for 

heat exposure outside of work to increase the risk of occupational HRI,47 public health 

and occupational health agencies should coordinate on heat prevention messaging during 

heat events. Additionally, these prevention messages should be tailored to specific high-risk 

communities and worker populations. An initial step in an approach that is likely to be 

effective and adopted requires strategic partnerships between public health and occupational 

health agencies and communities, for example, as part of extreme heat mitigation planning, 

at the local and regional levels.
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4.1 | Strengths and limitations

This is the first study that we are aware of that has systematically described trajectories 

of heat exposure leading up to days on which occupational HRIs occur and among HRI 

case clusters using modeled meteorological data. However, this study has several important 

limitations. First, occupational HRIs are likely to be underestimated, and less severe HRIs 

may not be reported or identified.3 It is possible that HRIs occurring on “sudden increase” 

days were more likely to be recognized and reported, thereby leading to higher proportions 

of “sudden increase” claims. However, we do not have reason to believe there would be 

differential increased identification or reporting by claim characteristics or geographical 

area. Second, for prior-day exposure estimates, workers were assumed to be at the same 

location as on the DOI. It is possible that exposure misclassification occurred for workers 

moving from job site to job site or who were not working on the days before illness, though 

this is difficult to systematically ascertain with the data available. Exposure misclassification 

may also have occurred when assigning exposures to claims where HRI may have occurred 

indoors, though claims unlikely to occur outdoors accounted for less than one-fifth of 

all HRI claims. Third, for nearly a quarter of claims, there was not enough information 

upon manual claim review to determine whether the claim occurred indoors or outdoors. 

It is possible that worker patterns of exposure to outdoor ambient temperatures (and 

potential interaction with indoor temperatures and access to cooling) may differ among 

those claims classified as “definitely” or “probably” occurring outdoors versus those that 

were “unlikely” outdoors or uncertain. However, results of sensitivity analyses restricting to 

“definitely” or “probably” outdoor claims were not substantially different, suggesting that 

this effect was minimal, perhaps in part as a result of the effect of the outdoor ambient 

environment on indoor environments that are open to the outdoors or that lack climate 

control. Additional work is needed to better characterize the work environment among 

workers experiencing HRI, for example, by surveying workers who have experienced an 

HRI, and, ideally, through better administrative capture of relevant information to inform 

tailored prevention approaches. Fourth, we were not able to systematically characterize 

other important elements of heat stress. These elements include clothing and workload 

and important risk factors for HRI. Individual risk factors include underlying chronic 

diseases that affect the ability to respond to heat stress (e.g., cardiovascular disease and 

diabetes mellitus); pregnancy; medications that dehydrate, inhibit heat loss, or increase 

heat gain; and acclimatization status. Modifiable workplace factors include suboptimal 

access to beverages and restrooms, payment type (e.g., piece-rate payment may incentivize 

faster-paced work and minimize breaks), and absence of shade. Further research in actual 

workplace settings is needed to characterize these factors and how they relate to “sudden 

increase” exposures, acclimatization status, and occupational health outcomes. In addition, 

future research should aim to evaluate the effectiveness of existing policies. Finally, we 

used an exposure assessment approach based on modeled meteorological data. Different 

heat exposure assessment approaches have different strengths and limitations.19 Although 

gridded meteorological data are efficient and provide reasonable spatial resolution, they 

may not reflect smaller-scale microclimates. Conversely, weather stations may provide more 

accurate estimates at their locations, but gaps in weather station spatial coverage may lead 

to misclassification of exposure in areas with sparse weather station coverage. However, we 
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expect variability due to potential exposure misclassification to be smaller than variability in 

heat exposure by claim characteristics and geography.

4.2 | Conclusions

Identification of high-risk heat exposure conditions for occupational HRI should consider 

changes in temperature relative to prior days, in addition to how hot the current conditions 

are or will be, with additional considerations for occupations involving point sources 

of heat and for indoor workers who may be exposed to conditions that differ from 

outdoor ambient conditions. Heat prevention programs should include provisions to optimize 

workers’ acclimatization status and, when increases in temperature occur too quickly to 

allow for sufficient acclimatization, additional “high heat” protections. Public health and 

occupational health agencies should coordinate heat prevention efforts during heat events. 

Further research in real workplace settings is needed to characterize how heat stress and 

“sudden increase” exposures, HRI risk factors, acclimatization status, and occupational 

health outcomes relate, and to disentangle the effects of DOI, lagged, and cumulative 

exposure and the rate of temperature increase on the development, severity, and clustering of 

occupational HRIs, to better inform prevention efforts. This work is urgently needed given 

projected increases in future mean ambient temperatures and in the frequency and duration 

of extreme events.20
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FIGURE 1. 
Study flow. DOI, day of injury/illness; PRISM, parameter-elevation regressions on 

independent slopes model; Tmax,PRISM, daily maximum temperature; WA, Washington State.
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FIGURE 2. 
Venn diagram of the number of all 2006–2021 HRI claims occurring on “sudden increase,” 

“cluster” days, and/or days with Tmax,PRISM threshold exceedances ≥80°F (27°C), N = 964. 

HRI, heat-related illness; Tmax,PRISM, daily maximum temperature.
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FIGURE 3. 
Proportion of all HRI claims occurring on “sudden increase” days by year, and 

corresponding yearly mean PRISM maximum temperature, N = 1241. HRI, heat-related 

illness; PRISM, parameter-elevation regressions on independent slopes model.
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FIGURE 4. 
Number of 2006–2021 HRI claims by month and year for: (A) “sudden increase” claims (n 
= 355); (B) “cluster” claims (n = 96). HRI, heat-related illness.
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FIGURE 5. 
Mean (±standard error) maximum daily PRISM temperatures on 2006–2021 HRI claims 

DOI and 5 days prior, stratified by: (A) whether or not claims occurred on cluster days; 

(B) whether or not claims occurred during the 2021 heat dome; (C) whether or not claims 

occurred on the first day (e.g., 7/11/2007, 7/28/2009, 6/27/2921) of a cluster. Error bars are 

±standard errors. Workers were not directly observed on each day leading up to the DOI. 

DOI, day of illness (DOI - X denotes the DOI minus X days); HRI, heat-related illness; 

PRISM, parameter-elevation regressions on independent slopes model.
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FIGURE 6. 
Maps of the proportion of 2006–2021 HRI claims by county in Washington State for claims 

occurring on: (A) “cluster” days; (B) days at or above 80°F (27°C). Black line: Central/

Eastern Washington and Western Washington regions are defined using county borders 

nearest the Cascade Ridge line.32 HRI, heat-related illness.
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