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Abstract

Background—Previous studies assumed a uniform relationship between heat and kidney stone 

presentations. Determining whether sex and other characteristics modify the temperature-

dependence of kidney stone presentations has implications for explaining differences in 

nephrolithiasis prevalence and improving projections of the effect of climate change on 

nephrolithiasis.

Methods—We performed an aggregated case-crossover study among 132,597 children and adults 

who presented with nephrolithiasis to 68 emergency departments throughout South Carolina from 

1997-2015. We used quasi-Poisson regression with distributed lag non-linear models to estimate 

sex differences in the cumulative exposure- and lagged-response between maximum daily wet-
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bulb temperatures and emergent kidney stone presentations, aggregated at the ZIP-code level. We 

also explored interactions by age, race, payer, and climate.

Results—Compared to 10°C, daily wet-bulb temperatures at the 99th percentile were associated 

with a greater increased relative risk (RR) of kidney stone presentations over 10 days for males 

(RR 1.73; 95% CI: 1.56, 1.91) than for females (RR 1.15; 95% CI: 1.01, 1.32; interaction 

P<0.001). The shape of the lagged response was similar for males and females, with the greatest 

risk estimated for the 2 days following high temperatures. There were weak differences by age, 

race, and climatic zone, and no differences by payer status.

Conclusions—The estimated risk of presenting emergently with kidney stones within 10 days of 

high daily wet-bulb temperatures was substantially greater among men than women, and similar 

between patients with public and private insurance. These findings suggest that the higher risk 

among males may be due to sexually dimorphic physiologic responses rather than greater exposure 

to ambient temperatures.
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Introduction

Kidney stone disease (nephrolithiasis) is a disorder of urinary crystallization that affects 9% 

of the United States population and accounts for over $10 billion in annual healthcare 

expenditures [1-3]. The risk of nephrolithiasis increases with lower urine volume, which 

results in increased urinary concentration and subsequent crystallization of calcium, oxalate, 

uric acid, and phosphate. This relationship is the likely mechanism underlying the 

association between high ambient temperatures and an increased risk of kidney stone 

presentations [4-6].

Prior studies of the temperature-dependence of kidney stone presentations have have 

assumed a uniform relationship for the entire population. However, men have lower urine 

volume than women during high ambient temperatures,[7] suggesting that sex may modify 

the association between heat and kidney stone presentations. Quantifying such sex 

differences would yield data regarding the greater prevalence of stones among men, a well 

known epidemiologic phenomenon that has been the topic of much speculation, but one that 

remains unclear. It would also inform public health efforts to mitigate the adverse effects of 

heat on human health and would have important implications for refining projections of the 

effects of climate change on future nephrolithiasis prevalence and healthcare costs.

In this study, we tested the hypothesis that males have a greater increased risk of kidney 

stone presentations after hot days than females. We explored alternative potential 

explanations of sex differences by testing whether patients’ payer status modifies this 

association since public insurance is associated with the probability of outdoor temperature 

exposure, but not physiologic responses to heat. We also examined whether other individual 

characteristics (age, race, and climate) modified the association between daily wet-bulb 

temperatures and kidney stone presentations.
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Methods

Study design and patient population

We used an aggregated-exposure case-crossover study design, which is a specific type of 

case-crossover study that can be applied when subjects have a common area-level exposure 

[8]. Contrary to the usual individual case-crossover analysis, the data consist of series of 

daily counts and environmental exposures aggregated by the defined area level keeping the 

usual time-series structure. But, unlike the usual time-series analysis, this approach applies 

the idea of the bi-directional time-stratified case-crossover design to control for long-term 

and seasonal trends by matching case and control days within year, month, and day of the 

week. At the same time, it is possible to run a single model across different exposure series 

defined at small areas within the study location, as done by Ragettli et al., by matching case 

and control days within the small-area level [9]. By doing so, one can estimate associations 

even with low number of counts at the small-area level and, at the same time, assign 

exposure at a fine scale level, thereby reducing exposure misclassification. This design has 

been shown to be less computationally intense than the individual case-crossover analysis, 

and it allowed us to control for overdispersion and auto-correlation.

We included children and adults who presented with kidney stones to 68 unique emergency 

departments in South Carolina between January 1, 1997 and September 15, 2015. 

Individuals were identified in South Carolina Medical Encounter Data and Financial 

Reports, an all-payer hospital claims database that captures all emergency department visits, 

surgeries, and hospital admissions in South Carolina. This dataset included patients who are 

uninsured or have public insurance. The database contains individual-level data using 

encounter-level data elements, including the ZIP code of patient’s mailing address, date and 

type of encounter, ICD-9/10 codes, sex, race, and payer classification. Regular audits of the 

dataset are conducted to ensure that the data are at least 99.9 percent accurate (valid codes) 

and 99.5 percent complete [10].

We excluded patients with residential ZIP codes outside South Carolina, those with missing 

geographic or demographic data, and individuals self-identified as Hispanic (<2% of 

population) due to conflation of race and ethnicity in the dataset. This study was determined 

to be exempt from review by the Insititutional Review Board at The Children's Hospital of 

Philadelphia.

Outcome

The outcome was an Emergency Department presentation with a primary diagnosis of 

kidney stones [5]. These diagnostic codes have been demonstrated to have 92% accuracy in 

identifying kidney stone events [11,12]. We chose presentations to the Emergency 

Department because this type of encounter is usually the first interaction with the healthcare 

system for patients with symptomatic kidney stones and would most accurately reflect a 

short-term relationship between heat and nephrolithiasis. The first qualifying claim in the 

database defined the date of presentation. Only the first Emergency Department presentation 

was considered to avoid misclassification of recurrent stone episodes or repeat Emergency 

Department visits for the same stone episode.
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Exposure

The exposure was the maximum daily wet-bulb temperature for each ZIP code in South 

Carolina during the study period. Wet-bulb temperatures measure the combination of 

temperature and humidity [13]. People lose more water by sweating at higher wet-bulb 

temperatures both because of the higher temperatures and because sweating becomes less 

effective at lowering body temperatures. Consistent with these physiologic effects, wet-bulb 

temperatures have been reported to predict kidney stone presentations better than 

temperature alone [14]. The maximum daily wet-bulb temperatures was estimated at the 

ZIP-code level using hourly values for dry-bulb temperature, relative humidity, and surface 

pressure as previously described [15,16]. All data were obtained from the NASA Land Data 

Assimilation Systems, which interpolates values from real-time weather data and hydrology 

models [17,18].

Interaction terms

Sex was examined as a modifier of the temperature-dependence of kidney stone 

presentations. We also explored whether payer classification, age, race, and climate zone 

modified this association. Payer status was classified as privately insured, publicly insured 

(Medicare, Medicaid), or other (self-payment or uninsured). Age was dichotomized as ≤ 65 

and > 65 years due to the greater magnitude of the associations between moist heat and 

health outcomes such as mortality and acute kidney injury among older adults [19,20]. Race 

was categorized as white and African-American. Individuals reporting Native Hawaiian/

American, Asian, and “mixed-race” were classified as “other”. For payer classification and 

race, “other” was excluded from the respective interaction analyses due to the heterogeneous 

characteristics of these subgroups and the imprecise estimates resulting from small sample 

sizes. These groups were included in the analysis of the total population and other 

interaction analyses (e.g. sex). The study population was also divided into two climatic areas 

according to their ZIP code of residence. ZIP-code-specific median daily maximum wet-

bulb temperatures ranged from 14°C to 20.6°C. Because the median daily maximum wet-

bulb temperature in the state across the study period was 18.6 °C, ZIP codes in which the 

median daily wet-bulb temperature was below and above 18.6°C were classified as “cold” 

and “hot” climatic zones, respectively (Supplemental Figure 1).

Statistical analysis

A conditional Poisson regression model accounting for overdispersion was fit to estimate the 

overall association between maximum daily wet-bulb temperature and emergent kidney 

stone presentations, where the outcome was daily counts of kidney stone presentations 

aggregated at the ZIP code level. We conditioned by stratum variables per day, month, year 

and ZIP code to control for long-term and seasonal trends at small-level areas. Distributed 

lag nonlinear models were fit to simultaneously assess the non-linear exposure-response 

association and distribution of the associations across lags [21]. Based on prior studies, we 

measured a lag period for 10 days after temperature exposure [5]. The non-linear exposure-

lag-response relationship was modeled through the ususal cross-basis term of the 

temperature variable using natural cubic splines in both dimensions. The selection of the 

number and location of the knots was based on minimization of the quasi-Akaike 
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information criterion among different combinations: knots at the 10th, 25th, 50th, 75th, 90th 

percentiles in the temperature dimension and 1 to 4 equally-spaced knots on log scale in the 

lag dimension. The final cross-basis term included a natural cubic spline with 2 internal 

knots placed at the 50th and 90th percentile of the temperature indicator for the exposure-

response function, and a natural cubic spline with intercept and 2 internal knots equally-

spaced in the log scale in the lag dimension.

Relative risks (RR) of kidney stone presentations were expressed as the cumulative-

exposure-response and the lagged-response over 10-days of lag when daily maximum wet-

bulb temperatures reached the 99th percentile, relative to 10 °C. This referent value of 10°C, 

corresponding to the 20th percentile of daily maximum wet-bulb temperature distribution 

across the state, was identified in a preliminary analysis as the temperature at which the 

association was minimal. We also described the temperature-dependence of kidney stone 

presentations at moderate temperatures (90th percentile of daily maximum wet-bulb 

temperatures compared to 10 °C) and extreme temperatures (99th percentile of daily 

maximum wet-bulb temperatures compared to 90th percentile).

We assessed whether sex, payer classification, age, race, and climatic conditions modified 

the association between daily wet-bulb temperatures and kidney stone presentation through 

interaction models. Specifically, total daily counts of cases were stratified by categories of 

each category of the interaction term. A factor variable indicating the level of the 

characteristic was included in the model described above as well as an interaction term 

between this factor variable and the cross-basis term. Stratum variables per day, ZIP code 

and factor indicator were also included in the model.

Sensitivity analyses

We performed multiple sensitivity analyses to assess the potential influence of exposure 

metric choice and model assumptions (Supplemental Table 2). First, we considered mean 

daily wet-bulb temperature and daily maximum dry-bulb temperature. Next, we used three 

different splines within the cross-basis to evaluate the impact of smoothing functions on the 

estimated relationship. These functions were a quadratic spline with knots at the 50th and 

90th percentile, natural cubic spline with knots at the 50th, 75th and 90th percentile, and a 

simpler cross-basis than the primary analysis using only one internal knot in the lag 

dimension. Finally, we excluded patients <20 years as children with nephrolithiasis are more 

likely to have metabolic abnormalities and thus may not reflect the risk of the broader 

population.

Results

Between 1997 and 2015, 132,597 individuals presented emergently for kidney stones in 

South Carolina (Table 1). ZIP-code-specific median daily maximum wet-bulb temperatures 

ranged from 14°C to 20.6°C; the median daily maximum wet-bulb temperature in the state 

across the study period was 18.6 °C (Supplemental Table 1). The greatest number of 

emergency department visits was observed in more recent years and during hot periods 

(Supplemental Figure 2).
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Table 2 displays the estimated cumulative exposure-response relationship between daily 

maximum wet-bulb temperature and emergent kidney stone presentations in the overall 

population and stratified by patient characteristics. Among the entire study population, a 

steep increase in the risk of presenting with kidney stones was estimated as wet-bulb 

temperatures increased above 13 °C compared to 10 °C (Figure 1A). The association was 

most pronounced during the first 2 days following the higher temperatures (Figure 1B).

Sex differences in the temperature-dependence of kidney stone presentations

There was strong evidence that sex modified the cumulative exposure-response relationship 

between daily maximum wet-bulb temperatures and kidney stone presentations (Figure 2A). 

The association between daily maximum wet-bulb temperature and increased kidney stone 

presentations became statistically significant at lower daily wet-bulb temperatures for males 

compared to females. This risk difference increased across the temperature range. Compared 

to 10 °C, daily wet-bulb temperatures at the 99th percentile were associated with a 

significantly greater increased risk of kidney stone presentations for males (RR, 1.73; 95% 

confidence interval [CI]: 1.56, 1.91) than for females (RR 1.15; 95% CI: 1.01, 1.32; 

interaction P<0.001). Larger differences were estimated between males and females at 

moderate wet-bulb temperatures (90th percentile of temperatures versus 10 °C) than extreme 

wet-bulb temperatures (99th percentile of temperatures versus 90th percentile as reference). 

The magnitude of the estimated relative risk was higher for males compared to females for 

each day after high temperatures, but the shape of lag-response relationship was similar 

(Figure 2B).

Interaction of other characteristics and the cross-basis of temperature and emergent 
kidney stone presentations

The point estimates and confidence intervals of the exposure-reponse and lagged-response 

by private and public insurance were nearly identical across the wet-bulb temperature range 

(Table 2; Figure 3). There was weak evidence of a greater risk of kidney stone presentations 

among patients younger than 65 years (interaction P=0.067) at extreme wet-bulb 

temperatures (Table 2; Supplemental Figure 3). Overall, the magnitude of the risk for daily 

wet-bulb temperatures >10 °C was higher among white than African-American individuals, 

but a steeper increase in the risk of emergent kidney stone presentations was estimated for 

African-Americans at wet-bulb temperatures above the 90th percentile (Table 2; 

Supplemental Figure 4). However, these differences were not statistically significant. 

Relative to 10 °C, moderate daily wet-bulb temperatures were associated with a greater risk 

of kidney stone presentations for patients who lived in “cold” climates, compared to those 

who lived in “warm” climates. A higher risk was estimated for any daily temperature above 

the 90th percentile versus 10 °C for patients in “warm” climate zones, although the 

interaction was not statistically significant (Table 2; Supplemental Figure 5). Results did not 

change substantially in the sensitivity analyses although the age interaction term became 

statistically significant when patients <20 years were excluded, indicating a difference in 

relative across age categories (Supplemental Tables 2 and 3).
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Discussion

We found that males had a substantially greater risk of emergent kidney stone presentations 

following daily maximum wet-bulb temperatures that exceeded 10 °C. Compared to 10°C , 

the risk difference for stone presentations was 58% greater for men than women within ten 

days of temperatures at the 99th percentile. These results suggest that there are sex 

differences in behaviors (e.g. exposure to outdoor temperatures), or physiologic responses to 

high heat, or both. These results may explain, in part, the well known higher prevalence of 

stone disease in men compared with women. These findings add to the burgeoning 

understanding that sex should be considered a biologically relevant variable and an 

important determinant of health outcomes [22]. Specifically, these results suggest that 

strategies to mitigate the effect of high temperatures may produce the greatest public health 

and economic benefit for men at risk for kidney stone presentation and indicate that climate 

change may affect kidney health outcomes among men and women differentially.

The prevalence of nephrolithiasis has increased 70% over the last 30 years and now affects 

9% of the United States population [23,1]. Nephrolithiasis accounts for healthcare costs of 

over $10 billion annually,[24] exceeding the treatment costs for prostate cancer and urinary 

tract infection in women by more than 3 and 5 billion dollars, respectively,[25] and 

approaching 25% of healthcare expenditures for end stage renal disease [26]. An additional 

1.6-2.2 million new cases of nephrolithiasis are expected to result from climate change by 

2050, which is expected to increase annual healthcare expenditures by $1.3 billion by 2050 

[27]. However, these prior projections of the effect of climate change on the human health 

and economic burden of nephrolithiasis did not account for sex differences in the 

temperature-dependendence of nephrolithiasis. Our results indicate that these estimates may 

not be accurate. The sex-specific relationships from this study could be used to revise these 

projections.

Our findings are consistent with prior reports of sex differences in heat-related kidney 

outcomes. Ordon and colleagues reported that men have a greater risk of renal colic than 

women over 21 days following high daily temperatures in a northern climate [28]. Fakheri 

and Goldfarb also found that the prevalence of nephrolithiasis increased 10 times more for 

men than women for each degree increase in mean annual dry-bulb temperature [29]. This 

study has several strengths that further clarify the relationship between temperature and 

kidney stones. To our knowledge, this is the first study to test for interactions between sex 

and the cross-basis of temperature and emergent kidney stone presentations. This design 

allowed us to estimate the time between temperature exposure and kidney stone 

presentation. Accordingly, we found that the lag-response did not vary by sex or other 

characteristics. This finding indicates that the greater cumulative risk among males is due to 

a higher magnitude of risk on each day after high temperatures rather than a more extended 

period over which risk remains elevated following hot days. Second, we used an aggregated 

case-crossover study design, which eliminates confounding by patient-level characteristics 

or environmental factors that are constant in the short time frame of the 10-day exposure-

response period (e.g. medical comorbidities) [30]. This design also allowed assignment of 

small area-level temperature exposures where patients lived, rather than averaging 

temperatures over a large geographic area as had been performed in prior studies. Given the 
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variation in daily temperatures across South Carolina, small area-level temperature 

assignment increased the precision and accuracy of exposure classification, and thereby 

decreased exposure misclassification. Finally, we used wet-bulb temperatures, which have 

been shown to predict kidney stone presentations better than dry-bulb temperatures [14].

Prior to this study, differential exposure to ambient temperature was thought to be the largest 

contributor to sex differences in nephrolithiasis because men work outside more than 

women. Individuals who have public insurance are also more likely to work in jobs that 

require exposure to ambient temperatures than individuals with private insurance [31]. 

However, we found that the temperature-dependence of kidney stone presentations was 

nearly identical for those with public and private insurance. This result suggests that any sex 

differences in temperature exposure is likely insufficient to account for the substantially 

greater risk of kidney stone presentation among males.

The most likely explanation for the sex differences we found is sexually dimorphic renal 

physiology. Among mammals, males produce more sweat per unit heat than females, which 

leads to greater evaporative water loss during high temperatures [32]. Additionally, in vitro 
studies have demonstrated that male rats have greater expression of aquaporin channels in 

the proximal tubule and thin descending loop of Henle [33,34]. Aquaporin mediates 80% of 

water reabsorption in the mammalian kidney; greater water reabsorption would lead to lower 

urine volume and increased concentration of urinary solutes that contribute to stone 

formation. The greater fluid intake but lower urine volumes reported among men with 

kidney stones during summer is consistent with this greater evaporative water loss and renal 

tubular water reabsorption [35,7]. However, increased urinary supersaturation would not 

necessarily explain the short lag between high temperatures and stone presentations since 

stone formation is generally thought to occur over weeks to months, rather than hours to 

days. One hypothesis is that decreased urine volume and turbulent urinary flow may 

contribute to detachment of previously formed stones from the renal papillae. Biophysical 

research is needed to explore these putative mechanism(s).

We did not find strong evidence that the risk of kidney stone presentations differed by other 

individual characteristics. There was weak evidence that individuals who are white, less than 

65 years old, and who live in cooler areas had a higher risk of kidney stone presentations 

compared to other subgroups, but these differences did not reach statistical significance. 

These trends are generally consistent with the lower sweat rates among Africans in warm 

conditions [36] and blunted adaptive responses of individuals exposed to temperatures that 

deviate from the typical local climate [37]. However, the increased risk of emergent kidney 

stone presentations estimated for individuals less than 65 years at high temperatures was 

inconsistent with the greater effect of heat on other kidney health outcomes, such as acute 

kidney injury, among older adults [20].

We acknowledge several limitations of this study. First, although exposure was assigned at 

the ZIP code level, misclassification of temperature exposure is possible because we do not 

know which individuals had access to resources that counteract heat, such as air 

conditioning or fluid intake. Although we could not measure fluid intake, prior studies have 

found that men drink approximately 750 mL more water each day than women [35]. 

Vicedo-Cabrera et al. Page 8

Urolithiasis. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Accordingly, these adaptive responses, which would likely be greater at higher temperatures, 

would bias results toward the null. Second, these results may not be generalizable to other 

geographic areas with different climates. However, the shape of the exposure-lag-response 

relationships we observed in this study were similar to prior studies of the temperature-

dependence of kidney stone presentations conducted elsewhere in the United States and the 

world [4,5]. Third, we did not consider kidney stones evaluated in the outpatient clinic or 

those that never presented for evaluation.

Conclusions

The estimated risk of presenting emergently with kidney stones within 10 days of high daily 

wet-bulb temperatures was substantially greater among men than women, and similar 

between patients with public and private insurance. These findings suggest that the higher 

risk among males may be due to sexually dimorphic physiologic responses rather than 

greater exposure to ambient temperatures. These results help clarify the potential impact of 

climate change on human health and suggest that strategies to mitigate the effect of high 

temperatures may produce the greatest public health benefit for men at risk for kidney 

stones.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Temperature-Dependence of Kidney Stone Presentations for the Overall Population of 
South Carolina
A) Relative risk of kidney stone presentations associated with maximum daily wet-bulb 

temperatures for the overall population cumulated over a 10-day lag period, relative to 10 

°C. The beige and pink areas represent the moderate range of daily temperatures, 

respectively. The black line is the RR and the surrounding gray area the 95% CI. B) Lagged 

RR associated with maximum daily wet-bulb temperature at the 99th percentile and kidney 

stone presentations over a 10-day period, relative to 10 °C. The red dots are the RRs and the 

whiskers the 95% CI for each day following exposure. Natural cubic spline knots were 

placed at the 50th and 90th percentile of the temperature range and 2 knots were placed at 

equal intervals in the log scale in the lag dimension.
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Figure 2. Temperature-Dependence of Kidney Stone Presentations in South Carolina by Sex
A) Relative risk of kidney stone presentations associated with maximum daily wet-bulb 

temperatures for males and females, cumulated over a 10-day lag period, relative to 10 °C. 

The vertical dashed lines at 25.1 °C and 27 °C represent the 90th and 99th percentile of 

maximum daily wet-bulb temperatures, respectively. The blue and red lines and shaded areas 

are the sex-specific RR and 95% CI, respectively. B) Lagged RR associated with maximum 

daily wet-bulb temperatures at the 99th percentile and kidney stone presentations for males 

and females over a 10-day period, relative to 10 °C. The blue and red dots are the RRs and 

the whiskers the 95% CI for each day following exposure for males and females, 

respectively. Natural cubic spline knots were placed at the 50th and 90th percentile of the 
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temperature range and 2 knots were placed at equal intervals in the log scale in the lag 

dimension.
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Figure 3. Temperature-Dependence of Kidney Stone Presentations in South Carolina by Payer 
Status
A) Relative risk of kidney stone presentations associated with maximum daily wet-bulb 

temperatures by private and public health insurance, cumulated over a 10-day lag period, 

relative to 10 °C. The vertical dashed lines at 25.1 °C and 27 °C represent the 90th and 99th 

percentile of maximum daily wet-bulb temperatures, respectively. The blue and red lines and 

shaded areas are the sex-specific RR and 95% CI, respectively. B) Lagged RR associated 

with maximum daily wet-bulb temperatures at the 99th percentile and kidney stone 

presentations for individuals with private and public health insurance over a 10-day period, 

relative to 10 °C. The blue and red dots are the RRs and the whiskers the 95% CI for each 

day following exposure for private and public health insurance, respectively. Natural cubic 

spline knots were placed at the 50th and 90th percentile of the temperature range and 2 knots 

were placed at equal intervals in the log scale in the lag dimension.
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Table 1.

Characteristics of Patients who Presented to Emergency Rooms with Kidney Stones, South Carolina, 

1997-2015 (N=132,597)

Characteristics N (%)

Sex Male 81,241 (61.3)

Female 51,356 (38.7)

Age category <20 years 6,453 (4.9)

20-45 64,999 (49)

45-65 44,960 (33.9)

>65 years 16,185 (12.2)

Payer category Public 32,983 (24.9)

Private 72,590 (54.7)

Other 27,024 (20.4)

Race White 112,196 (84.6)

African-American 17,423 (13.1)

Other 2,978 (2.2)

Climatic area Warm 48,743 (36.8)

Cold 83,851 (63.2)
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Table 2.

Relative Risk and 95% Confidence Intervals of Emergent Kidney Stone Presentations Cumulated over 10 days 

Following Daily Maximum Wet-Bulb Temperatures at the 99th Percentile Compared to 10 °C (Overall), 

Moderate Temperatures, and Extreme Temperatures.

Characteristics Overall Interaction
p-value*

Moderate
temperatures

Extreme
temperatures

RR 95% CI RR 95% CI RR 95% CI

Total 1.48 1.37, 1.60 1.35 1.27, 1.44 1.09 1.04,1.14

Sex Male 1.73 1.56, 1.91 <0.001 1.54 1.42, 1.67 1.12 1.06, 1.19

Female 1.15 1.01, 1.32 1.09 0.99, 1.21 1.05 0.98, 1.14

Age ≤ 65 years 1.5 1.38, 1.63 0.067 1.35 1.26, 1.44 1.11 1.06, 1.17

> 65 years 1.35 1.07, 1.71 1.37 1.15, 1.64 0.99 0.87, 1.12

Race White 1.48 1.35, 1.61 0.199 1.37 1.28, 1.46 1.08 1.03, 1.14

African-American 1.36 1.09, 1.69 1.21 1.02, 1.44 1.12 0.99, 1.26

Payer category Public 1.42 1.27, 1.58 0.714 1.33 1.22, 1.44 1.07 1, 1.14

Private 1.39 1.18, 1.63 1.31 1.15, 1.48 1.06 0.97, 1.16

Climatic area Warm 1.45 1.29, 1.63 0.695 1.39 1.28, 1.51 1.05 0.97, 1.12

Cold 1.46 1.3, 1.64 1.29 1.17, 1.42 1.13 1.07, 1.2

Moderate temperatures were defined as the 90th percentile of daily maximum wet-bulb temperature with 10 °C as reference. Extreme temperatures 
were defined as the 99th percentile of daily maximum wet-bulb temperature with the 90th percentile as reference. The exposure-response 

relationship was modeled through a cross-basis term, with a natural cubic spline with 2 internal knots placed at the 50th and 90th percentile of the 
temperature indicator for the exposure-response function, and a natural cubic spline with intercept and 2 internal knots equally-spaced in the log 
scale in the lag dimension.

*
P-value of the test for interaction between levels of characteristics in the overall estimates.
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