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Abstract

Background—With climate change, extreme heat (EH) events are increasing, so it is important 

to understand who is vulnerable to heat-associated morbidity. We determined the association 

between EH and hospitalizations for all natural causes, cardiovascular, respiratory, and renal 

diseases, diabetes mellitus, and acute myocardial infarction in Michigan, USA at different 

intensities and durations. We assessed confounding by ozone and how individual characteristics 

and health insurance payer (a proxy for income) modified these associations.
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Methods—We obtained Michigan Inpatient Database, National Climatic Data Center, and U.S. 

Environmental Protection Agency ozone data for May–September, 2000–2009 for three Michigan 

counties. We employed a case-crossover design and modeled EH as an indicator for temperature 

above the 95th, 97th or 99th percentile thresholds for 1, 2, 3 or 4 days. We examined effect 

modification by patient age, race, sex, and health insurance payer and pooled the county results.

Results—Among non-whites, the pooled odds ratio for hospitalization on EH (97th-percentile 

threshold) vs. non-EH days for renal diseases was 1.37 (95% CI = 1.13–1.66), which increased 

with increasing EH intensity, but was null among whites (OR = 1.00, 95% CI = 0.81, 1.25). We 

observed a null association between EH and cardiovascular hospitalization. EH (99th-percentile 

threshold) was associated with myocardial infarction hospitalizations. Confounding by ozone was 

minimal.

Conclusions—EH was associated with hospitalizations for renal disease among non-whites. 

This information on vulnerability to heat-associated morbidity helps characterize the public health 

burden of EH and target interventions including patient education.
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INTRODUCTION

With climate change, heat waves, or extreme heat (EH) events, have increased in frequency, 

intensity and duration and are predicted to continue to increase (Martiello and Giacchi 

2010). In industrialized countries, heat has been associated with more deaths than all other 

natural disasters combined (Poumadere et al. 2005). Heat waves are generally defined as 

extended periods of abnormally high temperature, although the definition of heat wave 

varies from place to place because the threshold used to identify events depends on the 

temperature to which the population is accustomed (Luber and McGeehin 2008). The 

duration and the intensity of heat waves will likely increase in places that are already 

experiencing extremely hot temperature in the U.S., and cities in the Midwest and the 

Northeast will likely suffer the most heat-related morbidity and mortality (Luber and 

McGeehin 2008).

Many studies have examined the association between mortality and heat waves. However, 

fewer studies have evaluated the association between hospitalizations and EH or heat waves. 

Reviews and meta-analyses of the association between non-communicable disease 

morbidity, such as cardiorespiratory morbidity, and extreme temperature in various cities 

indicated inconsistent associations with the hospitalization outcomes (Turner et al. 2012; Ye 

et al. 2012). In the United States (U.S.), studies of the 1995 Chicago, Illinois heat wave 

showed an increase in total hospitalizations during the heat wave period with an increase in 

admissions for diabetes, hypertension, respiratory diseases, renal diseases, and acute 

myocardial infarction (Koken et al. 2003; McGeehin and Mirabelli 2001; Semenza et al. 

1999). Other studies found an increase in the number of hospitalizations recorded during the 

1980 heat wave in Kansas (Mastrangelo et al. 2006; McGeehin and Mirabelli 2001). The 

2006 California heat wave was linked with increased risk of admission for acute renal 
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failure, electrolyte imbalance, and nephritis (Knowlton et al. 2009). Time series studies of 

heat and hospitalizations without focus on a particular heat event have found associations 

between heat and hospitalization for various respiratory, cardiovascular and renal conditions 

(Isaksen et al. 2015; Lam et al. 2016; Li et al. 2015; Soneja et al. 2016). A study of heat, 

heat waves, and hospitalizations among the elderly in 114 cities across the U.S. found 

associations between renal and respiratory hospitalizations and EH. Additionally, they found 

an added heat wave effect, whereby the association was stronger following consecutive days 

of EH. However, associations between cardiovascular hospitalizations and EH were null or 

slightly inverse (Gronlund et al. 2014). A separate study, also among U.S. elderly, more 

specifically examining specific hospitalization causes, found increased risk of 

hospitalization for fluid and electrolyte disorders, renal failure, urinary tract infection, 

septicemia, and heat stroke on heat_wave vs. non-heat wave days but found a decreased risk 

of congestive heart failure on heat-wave days (Bobb et al. 2014).

Different factors may compromise a person’s ability to withstand the effects of EH. Most 

studies suggest that the very old and the very young are most vulnerable (Basu 2002; 

Gronlund et al. 2016; Isaksen et al. 2015; Kravchenko et al. 2013; Semenza et al. 1999). 

During the heat waves in 1980 in St. Louis, Missouri and in 1995 in Chicago, mortality rates 

among people with chronic diseases, the very old or young, those of low socioeconomic 

status, and urban dwellers tended to be higher when compared to the general population 

(Jones et al. 1982; Semenza et al. 1999). For reasons likely related to lack of access to air 

conditioning and cool spaces, low socioeconomic status has been associated with increased 

vulnerability to heat in many more recent studies of heat morbidity and mortality (Gronlund 

2014). Vulnerability may vary according to sex; during the California heat wave of 2006, the 

mortality rate among women was higher than among men (Knowlton et al. 2009). In 

addition, several studies in multiple U.S. locations found an increased risk for heat-

associated mortality among African Americans as compared to whites (Gronlund et al. 2016; 

Kravchenko et al. 2013; McGeehin and Mirabelli 2001; Semenza et al. 1999). However, 

other studies failed to find differences in vulnerability by race (Green et al. 2010; Groulund 

2014; Madrigano et al. 2013; Pillai et al. 2014). Heat-associated hospitalizations for renal 

diseases were significantly higher among African Americans and Hispanics (Fletcher et al. 

2012) in a New York study. Marital status may also modify the relationship between 

temperature and health effects (Bell et al. 2008; Knowlton et al. 2009).

Because the U.S. population life expectancy is high, chronic disease burden in the 

population is substantial and the population of potentially heat-vulnerable elderly is large 

(Vogeli et al. 2007). Understanding heat’s association with health outcomes besides 

mortality, particularly in cooler climates where individuals may not be as well adapted to 

heat, is important for guiding prevention strategies. The aim of this study was to estimate the 

association between hospitalizations and high temperatures in the cooler climate of the State 

of Michigan in recent years (2000–2009). We also evaluated how demographic factors such 

as: sex, race, age, and income modify the association between high temperature and 

hospitalizations in this locale. We hope our study results will inform public health 

preparedness efforts as well as further our understanding of the magnitude of morbidity due 

to climate change.
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MATERIALS AND METHODS

DATA

The study cases included all acute-care hospital admissions of Michigan residents of 

Ingham, Washtenaw, and Wayne Counties during the warmer months of May–September, 

2000–2009. The individual records, stripped of patient and hospital identifiers, were 

retrieved from a copy of the Michigan Resident Inpatient Files, created using data from the 

Michigan Inpatient Database (MIDB) obtained with permission from the Michigan Health & 

Hospital Association Service Corporation and maintained by the Division of Vital Records 

and Health Statistics, Michigan Department of Health and Human Services (MDHHS). Each 

MIDB record includes the patient’s sex, age, health insurance payer or payment type, race/

ethnicity, and primary and secondary discharge diagnoses classified according to the 

International Classification of Diseases (ICD) System, 9th Revision, Clinical Modification 

(ICD-9-CM). Institutional Review Board approvals from the Michigan Department of 

Health and Human Services and the University of Michigan were obtained for these 

analyses.

Daily mean temperatures, defined as the average of the daily maximum and minimum 

temperatures, were downloaded from the National Climatic Data Center (NCDC) website 

(NCDC 2011). The temperature monitors were located at the Detroit City Airport (DET/

KDET) and Detroit Metropolitan Airport (DTW/KDTW) in Wayne County; Lansing Capital 

City Airport (LAN/KLAN) in Ingham County; and the University of Michigan in 

Washtenaw County.

We considered ozone as a potential confounder, as elevated ozone levels have been 

associated with an increased risk of hospitalizations for conditions such as cardiovascular 

and respiratory diseases and diabetes mellitus (Hajat et al. 2002; Tsai et al. 2012), and ozone 

levels are often higher during hot weather. Air pollution data were obtained from the U.S. 

Environmental Protection Agency (U.S. EPA 2012). These data included hourly ozone levels 

measured by monitors in Washtenaw, Ingham, and Wayne Counties from 2000–2009. For, 

both ozone and temperature, daily means were calculated for each monitor. Wayne County 

had three ozone monitors, so these results were then averaged across all the monitors by day. 

Ozone was considered to be a confounder of the heat-hospitalization association if the 

inclusion of ozone terms in the model altered the odds ratio (OR) of hospitalization on EH 

days vs. non-EH days by more than 10%.

Our seven outcomes of interest were hospitalizations with discharge diagnoses including 

heat illness (ICD-9-CM codes 992.0–992.9, E900 and E900.9) and all natural causes 

(ICD-9-CM codes < 800 and heat illness) as well as the specific hospitalizations causes of 

diabetes mellitus (code 250), cardiovascular diseases (codes 390–448), acute myocardial 

infarction (code 410), all respiratory diseases (codes 460–519) and renal diseases (codes 

580–589). We chose these outcomes based on prior research linking these specific causes of 

mortality or morbidity with temperature (Knowlton et al. 2009; Schwartz et al. 2004). We 

defined the outcome two ways: using 1) only the principal diagnosis and 2) the principal or 

any of the secondary diagnoses. We used only the first 16 of 35 diagnosis fields due to poor 
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data quality in diagnosis field 17. In 96.1% of the admissions records, additional diagnoses 

were not listed in fields 17 to 35.

STATISTICAL ANALYSIS

EH was modeled as a dummy variable, taking the value of 1 when the daily mean 

temperature on the day of admission (lag day 0) was above the 97th percentile of the daily 

mean temperatures from May– September 2000–2009, for each temperature monitor 

(Basagana et al. 2011). We also examined the effects of heat waves, or daily mean 

temperature above the 97th percentile for 2, 3 or 4 consecutive days (lag days 2–4) 

(Basagana et al. 2011). We examined the sensitivity of our results to the percentile threshold 

by also modeling EH as daily mean temperature above the 95th or 99th percentiles of daily 

mean temperature. We also examined the sensitivity of our results by including in our 

models a dummy variable for cold, defined as daily mean temperatures at or below 10°C, 

which corresponded to the 10th–14th percentiles of temperature in each county. Cold days 

occur in Michigan in May and September, which would otherwise be included in our 

reference category of non-EH.

A case-crossover design with a time-stratified control selection approach was used. The 

case-crossover design is a type of matched case-control design where each person in the 

study acts as his or her own control, so confounding or bias due to non-time-varying 

individual characteristics is minimized, and effect modification by unique individual traits 

can be explored (Basagana et al. 2011; Basu 2002). Three to four control days per case were 

created and assigned the exposures corresponding to the same days of the week within the 

same calendar month. For instance, if the case (hospitalization) occurred on the 8th of May, 

2000 then the controls were assigned the exposures corresponding to the 1st, 15th, 22nd and 

29th of May, 2000. To test the sensitivity of the results to control for season, we divided the 

year into three-week periods, and used these three-week periods as time strata instead of 

calendar month.

We employed conditional logistic regression using the PHREG procedure in SAS 9.2 to 

estimate the association between outcome and exposure, with and without adjustment for 

daily mean ozone on lag day 0. To examine effect modification, we included interaction 

terms between the temperature exposure and the following patient characteristics, modeled 

as dummy variables: age 65 years and older, male sex, non-white race and private health 

insurance (payer). For example, we modeled:

where nonwhite was a dummy variable taking a value of 1 for patients of non-white race. 

The model also included dummy variables for each patient, which were conditioned out of 

the likelihood estimator. The effect modifier was considered statistically significant if the p-

value from a two-sample t-test comparing the pooled effects in each group was less than 

0.05.
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We classified health insurance payer as a proxy for income as follows: those with private 

insurance (including health maintenance organizations and preferred provider organizations) 

were included in the high payer category, and the low-payer category included Medicaid and 

self-pay. We excluded individuals aged 65 or older from the payer analysis because most 

Americans aged 65 or older are enrolled in Medicare hospital insurance, regardless of 

income level.

Individual county results were pooled in an inverse-variance weighted fixed effects meta-

analysis, i.e., such that the means and variances were averaged with weights equal to the 

inverse variance of the county-specific result. To test for heterogeneity in the effect 

modification results between cities, we performed pairwise t-tests, comparing each city’s 

effect estimate to those of the other two, and applied a Bonferroni correction.

RESULTS

Wayne, Ingham and Washtenaw Counties had a total of 1.035 million, 108,745 and 107,619 

hospitalizations, respectively, for all natural causes during the study period (Table S1). 

Cardiovascular diseases were the most frequent principal discharge diagnosis, comprising 

approximately 19% of the admissions in each county. Over the entire period in the three 

counties combined, there were 144 hospitalizations with a primary discharge diagnosis 

related to heat exposure (Table 1). Therefore, we did not analyze this small number of heat-

related hospitalizations separately. For all natural causes, individuals under 65 years of age 

accounted for 64% of the hospitalizations but 73% of the diabetes mellitus hospitalizations 

and only 40% of the renal disease, cardiovascular disease and myocardial infarction 

hospitalizations. Men accounted for a greater proportion of heat-related hospitalizations 

(69%), while women accounted for a greater percentage of hospitalizations for all natural 

causes (61%). Counts for other specific causes were similar between the sexes. Counts of 

hospitalizations by cause were also similar between the two categories of race, with the 

exception of diabetes mellitus, for which non-whites accounted for about two-thirds of the 

hospitalizations, and of acute myocardial infarction, for which whites accounted for about 

two-thirds of the hospitalizations. Though race was categorized into white and non-white, 

95% of the non-white population were African American (results not shown). Mean daily 

temperatures and their 95th, 97th and 99th percentile thresholds were similar between 

counties (Table 2).

We assessed the associations between EH and hospitalization for residents of the three 

individual counties and the pooled results in a model without ozone (model 1) and with 

ozone (model 2), as well as in models where the outcome was based on primary discharge 

diagnosis alone (model 1) or on both primary and secondary diagnoses (model 3) (Table 3). 

In model 4, we modeled the time strata as three-week periods instead of calendar months. In 

county-specific analyses, the ORs did not change by more than 10% when ozone was added 

to the model. Additionally, model 3 effect estimates were similar to those in model 1. 

Results were somewhat sensitive to seasonal control, and in contrast to model 1 results, 

model 4 associations between EH and cardiovascular hospitalizations were null rather than 

protective in Wayne County and were significantly greater than 1 in Wayne and Ingham 

counties and in the pooled results for all-natural-cause hospitalizations. Otherwise, we focus 
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our interpretations on model 1. In the pooled analyses, EH and renal disease hospitalizations 

were positively associated in model 1 (OR = 1.19, 95% CI = 1.03–1.38). EH was not 

associated with hospitalization for respiratory disease, acute myocardial infarction or 

diabetes mellitus, in county-specific or pooled results. When we included a term for cold in 

our models, we found virtually no change in our study results (data not shown).

The odds of hospitalization after a four-day heat wave were significantly decreased for 

admissions for all natural causes (OR = 0.91, 95% CI = 0.86–0.96) and cardiovascular 

diseases (OR = 0.84, 95% CI = 0.74–0.96) when pooled across the two counties which 

experienced four-day heat waves (Figure 1). Similar to one day of EH, we found an 

increased odds of hospitalization for renal diseases associated with a two-day heat wave 

(pooled OR=1.30, 95% CI=1.05–1.61). However, we did not see a further increase in 

hospitalizations as the length of the heat wave increased. Heat waves of any length, with EH 

defined at the 97th percentile of temperature, were not associated with hospitalization for 

diabetes mellitus, myocardial infarction or respiratory diseases.

In general, after pooling the results among counties, effect modification of the association 

between EH and hospitalization by age, sex, race or payer was not observed (Table 4). The 

one exception was for renal diseases, for which we had also found a significant main effect. 

Among non-whites, we found a 1.37 (95% CI = 1.13–1.66) increased odds of hospitalization 

for renal diseases during EH vs. non-EH, while among whites, we found a null association 

between hospitalization for renal diseases and EH (OR = 1.00, 95% CI = 0.81–1.25, two-

sample t-test p = 0.037). In the county-specific analyses (Table S2), we did also find an 

increased odds of cardiovascular and all-natural-cause hospitalizations among individuals in 

the low payer category in Ingham County (OR = 5.67, 95% CI = 0.94–34.0 for 

cardiovascular and OR = 3.17, 95% CI = 1.16–8.77 for all natural cause) and an association 

suggestive of a protective effect in the high payer category (OR = 0.46, 95% CI = 0.21–1.02, 

two-sample t-test p = 0.012). However, in pairwise t-tests, we did not find significant 

differences between any two counties in the associations between EH and any 

hospitalization cause within any category of age, sex, race or payer. In the pooled results, 

ORs were consistently higher among the low payer category than the high payer category for 

each hospitalization cause, although the differences between the two payer categories were 

not statistically significant.

Finally, when comparing effects for different definitions of EH, we found a weak inverse 

association between EH, defined at the 95th percentile of temperature, and hospitalization 

for cardiovascular disease in the pooled analysis (OR = 0.96, 95% CI = 0.93–0.99). 

Although not reaching statistical significance, the odds ratios for respiratory diseases as well 

as diabetes mellitus were also all consistently less than one at each of the percentile 

thresholds of EH in the pooled analyses. For both renal disease and myocardial infarction, 

we observed an increased odds of hospitalization with increasingly hot definitions of EH. 

Furthermore, in Wayne and Ingham Counties, EH, defined at the 99th percentile of 

temperature, and hospitalization for myocardial infarction were significantly associated, 

whereas these associations were not evident when EH was defined at lower thresholds.
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DISCUSSION

We evaluated the effect of EH on hospitalizations and how demographic factors such as age, 

sex, race, and income, as proxied by health insurance payer, could modify the association 

between EH and hospitalization in three temperate counties in Michigan. Hospitalization for 

renal disease was positively associated with EH, which supports most studies that have 

looked at the association between renal pathology and morbidity due to EH exposure 

(Gronlund 2014; Li et al. 2015). This association might be because cases of primary heat- 

related diseases often present as water and electrolyte imbalance due to fluid loss through 

increased sweating and/or that individuals with pre-existing renal disease are at increased 

risk for this same presentation/hospitalization. Additionally, the medications commonly used 

to treat renal disease, such as diuretics, may also impair thermoregulatory responses (Levine 

2012).

We found a significant decrease in heat-associated hospitalizations for cardiovascular 

disease with the coolest EH definition, at or above the 95th percentile threshold of 

temperature, and a null association at hotter definitions of EH. Additionally, our results were 

also suggestive of protective associations between EH and respiratory hospitalizations as 

well as hospitalizations for diabetes mellitus. However, our results for cardiovascular 

hospitalizations were sensitive to how season was controlled for, with protective effects 

becoming null when the time stratum from which controls were drawn was shortened from a 

month to three weeks. This null or inverse association of EH with cardiovascular 

hospitalizations is consistent with several other recent studies (Gronlund et al. 2014, Turner 

et al. 2012, Petitti et al. 2016; Ye et al. 2012), including a meta-analysis (Phung et al. 2016). 

As in our study, Wichmann et al. (2013) also found a significant decrease in the odds of 

hospitalization for acute myocardial infarction on hot days when compared to non-hot days. 

However, not all studies have found this inverse association, and a recent study in Korea 

found a 4.5% increase in cardiovascular hospitalizations with EH (Son et al. 2014). It is not 

clear why an inverse or null association between hospitalizations and EH exists in many 

locations, given the positive association between EH and cardiovascular mortality. One 

hypothesis is that of competing risks between mortality and hospitalization: the 

cardiovascular symptoms might be so severe during the first day of EH exposure that they 

result in death instead of hospitalization (Gronlund et al. 2014). A second explanation is that 

persons with cardiovascular disease are managed by emergency department or outpatient 

treatment that is not followed by a hospitalization. A third, more optimistic alternative is that 

public health measures to protect Michiganders from EH are effective, and professional 

urgent medical care is not sought by individuals who might otherwise have experienced 

hospitalizations for cardiovascular or respiratory diseases or diabetes mellitus. Future 

analyses of mortality, emergency department and outpatient records are necessary to shed 

light on this issue.

The decreased odds of hospitalization for cardiovascular disease following four consecutive 

days of EH might be due to competing risks between mortality and morbidity or a 

displacement, or harvesting, effect. With the harvesting hypothesis, a decrease in 

hospitalizations occurs in the days following an EH event because these relatively frail 
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individuals who were hospitalized on the day of the event were removed from the pool of 

un-hospitalized at-risk individuals (Schwartz 2000).

We also observed an increase in hospitalization for acute myocardial infarction at 

temperatures above the 99th percentile in all three counties, consistent with other studies 

(Koken et al. 2003; Semenza et al. 1999). Grouping cardiovascular diseases together may 

underestimate the effect of heat exposure on different specific cardiovascular diseases, such 

as acute myocardial infarction. We lacked the sample size and statistical power to 

disaggregate our cardiovascular diseases into diagnoses other than acute myocardial 

infarction. However, this phenomenon was noted in a California study that showed no 

association between emergency room visits for all cardiovascular diseases and temperature 

but significant associations for some specific cardiovascular diseases, including ischemic 

stroke, ischemic heart disease, and cardiac dysrhythmia with temperature (Basu et al. 2012).

Hospitalization for diabetes mellitus was not associated with EH. This result is similar to 

that observed by Semenza et al. during the 1995 Chicago heat wave, where no significant 

vulnerability by diabetes mellitus status was seen when type 1 and type 2 diabetes mellitus 

were combined. However, they saw a significant increases in hospitalizations for type 1 and 

type 2 diabetes when they were analyzed as two separate outcomes (Semenza et al. 1999).

We looked at ozone as a confounder as previous studies differed on the confounding effect 

of ozone for the association between temperature and heat-related hospitalization for chronic 

diseases such as respiratory and cardiovascular diseases. Our finding that the OR changed by 

less than 10% in models with vs. without ozone was consistent with other U.S. studies, 

which found ozone to be a weak confounder or not a confounder of the association between 

heat and respiratory morbidity (Basu et al. 2012; Green et al. 2010; Gronlund et al. 2014). 

Ozone may also be considered a mediator of the association between extreme heat and 

health, given that increased temperatures aid the chemical reactions which form ozone 

(Buckley et al.2014). In this case, it would actually be inappropriate to include a term for 

ozone in the model if one was interested in the total effects—direct and indirect—of EH. 

Given that our results did not change by more than 10%, ozone is unlikely to be a substantial 

mediator of the association.

The EH effect on hospitalizations for renal diseases was modified by race. Non-whites, a 

population which consisted mainly of African Americans in our study area, had significantly 

higher odds of hospitalization for renal diseases during EH vs. non-EH compared to the 

white population. Studies of the effect of heat-wave events on mortality have also shown that 

African Americans have a higher risk of mortality from heat-related illness when compared 

to whites. This difference is often attributed to social and economic factors (McGeehin and 

Mirabelli 2001; Gronlund 2014). However, we did not see effect modification by health 

insurance payer. This discrepancy may exist solely because we had much less statistical 

power in our payer analysis given our need to restrict the analysis to non-Medicare 

recipients under the age of 65. However, among African Americans as compared to whites, 

there is a marked difference in the progression of end-stage renal disease, a genetic 

predisposition to renal disease due to variants in the APOL1 gene and evidence that renal 

function decline may be faster (Genovese et al. 2010; Peralta et al. 2013; Pollak et al. 2012). 
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Therefore, African Americans may be more susceptible to hospitalization for renal disease 

during EH given a tendency towards more advanced renal disease than whites. On the other 

hand, Wayne County accounted for a large proportion of our total sample and also had a 

larger proportion of African Americans than the other two counties. Therefore, the 

significant association between EH and renal hospitalizations and the apparent effect 

modification by race may be driven by unaccounted risk factors, such as urban heat island 

effects, born more heavily by Wayne County (which contains the predominately African 

American city of Detroit) than the other two counties.

The strengths of our study include the use of MIDB, which is a robust database and contains 

virtually all inpatient hospitalizations that occurred in Michigan for all ages. We were also 

able to look at the effect of income, as proxied by health insurance payer, on chronic disease 

hospitalizations that were potentially related to heat exposure in those under age 65. 

Furthermore, we examined the effect of temperature exposure at different levels of intensity 

and duration. However, our cases are persons admitted to acute care hospitals. Other studies 

have shown that emergency room visits may be a more sensitive indicator of the association 

between heat waves and heat-associated morbidity (Knowlton et al. 2009). This may also be 

true in Michigan, where syndromic surveillance of emergency room visits has shown 

increased numbers of heat-related chief complaints during heat events (Mamou et al. 2013).

Additional limitations include the exclusion of individuals aged 65 and older from the payer 

analysis; the use of an ecologic exposure—daily temperature at the nearest monitor, which 

was assigned to residents as far as 55 km from the monitor—rather than personal EH 

exposure based on microclimates such as urban heat islands and air conditioning access; and 

not accounting for differences in risk over the course of the summer related to 

acclimatization to EH earlier in the season. We also did not test the sensitivity of our results 

to using a temperature metric that accounts for humidity, such as apparent temperature or 

heat index. It is unlikely that our results would be substantially different given that, in a 

recent national study of hospitalizations and heat among the elderly, Gronlund et al. (2014) 

found similar results between extreme-heat effects estimated using mean temperature and 

extreme-heat effects estimated using apparent temperature. Furthermore, the Ann Arbor 

temperature monitor, which we selected based on its location within the city limits of Ann 

Arbor, did not measure humidity or dew point.

In conclusion, our study confirms an association between EH and hospitalizations for renal 

diseases in this temperate-climate population. We also observed differences in the odds of 

hospitalization for renal diseases by race. These results suggest that patients with renal 

conditions may particularly benefit from education on the increased risk of renal health 

effects during EH. Further research is needed to compare mortality and morbidity data for 

heat-associated events during EH in the same time period and population, to determine 

differences in risk factors and vulnerable populations. We also recommend more research on 

specific diagnoses of cardiovascular disease (i.e., ischemic stroke, ischemic heart disease 

and cardiac dysrhythmia) and diabetes mellitus (both Type 1 and Type 2), as well as on the 

competing effects of mortality and morbidity, in order to further understand the public health 

burden of EH.
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Figure 1. 
Figure 1a–1f. Odds ratios and 95% confidence intervals for the association between extreme 

heat defined as daily mean temperature above the 97th percentile for 1, 2, 3 or 4 consecutive 

days and cause-specific hospitalizations, based on the principal diagnoses, for Wayne, 

Washtenaw, Ingham Counties and pooled results among the three counties, May–September 

2000–2009. (Arrows indicate that confidence intervals extend beyond the graph boundaries.)
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Table 2

Mean daily mean temperature and 95th, 97th and 99th percentile thresholds of daily mean temperature in 

Wayne, Washtenaw and Ingham Counties, Michigan, May–September, 2000–2009.

County Mean Daily Mean 
Temperature, °C

95th Percentile of Daily 
Mean Temperature, °C

97th Percentile of Daily 
Mean Temperature, °C

99th Percentile of Daily 
Mean Temperature, °C

Wayne 18.5 26.4 26.9 28.1

Washtenaw 18.3 26.1 26.7 27.5

Ingham 17.0 25.3 26.1 26.9

Overall 17.9 26.1 26.7 27.8
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