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ABSTRACT

Background Heat-related illness (HRI) may serve as a more reliable 

individual-level indicator of extreme heat exposure compared to ambient 

temperature, which has spatial autocorrelation problems. This study aimed 

to provide causal evidence for the association between HRI and the risk of 

chronic obstructive pulmonary disease (COPD).

Methods A retrospective cohort study was conducted involving 1,392,876 

Korean individuals who regularly participated in health screenings provided 

by the National Health Insurance Services. Using data from 2009–2021, both 

HRI and COPD were identified using primary diagnosis codes. Marginal 

structural models were employed to evaluate the causal relationship 

between HRI history and COPD risk. Standardized inverse probability of 

treatment and censoring weights were calculated based on time-dependent 

exposure and confounders. The risk of COPD was assessed according to the 

occurrence and frequency of HRI.

Results Over an average follow-up period of 11.5 years, 5,173 participants 

(0.4%) experienced HRI at least once. One year after study entry, 26,919 

(1.9%) were newly diagnosed with COPD. A history of HRI was associated 

with an elevated COPD risk ranging from 2.09 to 2.13, regardless of whether 

it occurred during the warm season (April to September) or throughout the 
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entire year. Heat stroke, the most severe form of HRI, showed a stronger 

association than other HRI types. Older individuals, women, and rural 

residents were particularly vulnerable.

Conclusions These findings underscore the priority of thermal regulation 

during heat exposure for the prevention of COPD.

Keywords: heat-related illness; heat exposure; chronic obstructive 

pulmonary disease; marginal structural model; causal inference.

BACKGROUND

Chronic obstructive pulmonary disease (COPD) is a lifelong chronic 

respiratory condition [1]. Although not always fatal, it can affect quality of 

life and may lead to premature death in severe cases. The 2021 Global 

Burden of Diseases, Injuries, and Risk Factors Study (GBD) reported that 

COPD was the sixth leading cause of global disability-adjusted life-years 

(DALYs) in 2021, up from ninth place in 2010 [2]. Furthermore, by 2050, 

the number of people living with COPD is projected to rise by 23% globally 

compared to that in 2020 [3]. In this projection, patients with COPD in East 

Asia and the Pacific are expected to represent the second largest 

contributing region among the seven global regions. A breakdown analysis 

by countries and territories revealed that the age-standardized prevalence 

of COPD in South Korea increased by 10.9 per 100,000 people from 1990 

to 2019, making it the only country in East Asia to show an increasing trend 

[4].

Heat-related illness (HRI) refers to a spectrum of abnormal 
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thermoregulatory responses that result directly from exposure to extreme 

heat [5]. Mild forms of HRI, such as heat rash, heat cramps, and heat edema, 

can be alleviated with prompt cooling, rest, and hydration [5, 6]. However, 

heat stroke, which is defined by a rectal core temperature of 40 °C (104 °F) 

or above along with central nervous system symptoms, can be life-

threatening. In a United States time-series study, the hospitalization rate 

of HRI peaked on days with extremely high ambient temperatures (31–

38 °C) during the warm season (from May to September), suggesting that 

HRI may serve as a useful proxy for assessing individual heat exposure [7]. 

A recent prospective cohort study from China identified that individuals 

with a history of HRI had a 2.5-fold higher incident risk of cardiovascular 

disease (CVD) than did those without such a history [8]. However, to date, 

no epidemiological study has investigated whether HRI leads to the 

occurrence of COPD.

South Korea is geographically located in a mid-latitude temperate 

climate zone and is bordered by the sea on three sides. According to a 

report by the Korean Ministry of Environment, climate warming has 

emerged as a critical issue in South Korea over the past few decades, with 

the average ambient temperature rising by approximately 0.18 °C per 

decade [9]. During the summer from June to August, the average maximum 

temperature increased by about 1 °C in the periods 1999–2008 and 2009–

2018 [10]. For instance, in Seoul, the capital of South Korea where over 

half of the population resides, the average summer maximum temperature 
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rose from 28.5 °C to 29.5 °C over this period. The incidence of HRI in South 

Korea has also increased sharply. In accordance with the Korea Heat-

related Illness Surveillance System, the reported annual number of HRI 

cases rose from 443 in 2011 to 2,818 in 2023, representing a 536% increase 

over the 13-year period [11].

As climate change is occurring more rapidly than expected, heat 

exposure may become a key factor in the prevention and management of 

COPD. Clarifying its impact on the incidence of COPD is therefore of 

significant importance for global public health. In this large retrospective 

cohort study, we aimed to examine the causal relationship between HRI 

and COPD, taking into account all recorded HRI events over a long-term 

period.

MATERIALS AND METHODS

Study population

The participants in this study were recruited from the National Health 

Information Database (NHID), which is constructed by the National Health 

Insurance Services (NHIS) in South Korea [12]. The NHIS is a mandatory 

health insurance system that covers nearly the entire Korean population. 

Individuals insured under the NHIS are eligible for a biennial health 

screening program. The NHID includes a wide range of information, such 

as demographic characteristics, socioeconomic status, medical records, 

and health screening results.

This retrospective cohort study initially included 2,477,131 adults who 
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underwent health screening through the NHIS in 2009–2010 

(Supplementary Figure 1). Among them, individuals who did not 

participate in regular screenings (defined as fewer than once every 4 years) 

were excluded (n=723,859). Additional exclusions were made for the 

following reasons: 35,170 participants had a history of HRI or COPD prior 

to enrollment; 213,038 had a history of lung cancer or asthma prior to 

enrollment; 2,972 were diagnosed with COPD within one year after 

enrollment; and 109,216 had missing baseline covariate data. After 

applying these exclusion criteria, a total of 1,392,876 participants were 

included in the final analysis.

Exposure and outcome assessments

Medical records including dates of visits, diagnostic codes, and type of 

hospital utilization were obtained from the NHID. Within a single claim, one 

primary diagnosis code and, if applicable, multiple secondary diagnosis 

codes were recorded for each visit.

To minimize the inclusion of HRI events related to underlying chronic 

conditions, inpatient or outpatient visits with a primary diagnosis code of 

T67 were defined as HRI events [13]. For each month, only the first 

diagnosis of HRI was counted, and any subsequent records occurring 

within one week of a previous visit were not considered new events.

In this study, two time scales were defined. The warm season time scale 

represents HRI events occurring from April to September, whereas the 

year-round represents events occurring throughout the entire year. For 
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each time scale, three exposure indicators were constructed. First, HRI 

history was defined as whether a participant experienced any HRI event 

during the given time scale (ever or never). Second, the frequency of HRI 

events was categorized as none, once, or two or more times. Third, HRI 

severity was classified into severe (heat stroke [T67.0]), moderate (heat 

exhaustion [T67.3–67.5]), and mild (heat syncope [T67.1], heat cramps 

[T67.2], heat fatigue [T67.6], heat edema [T67.7], and other effects of heat 

and light [T67.8–67.9]) [13]. All HRI events were ascertained from baseline 

to one year prior to the end of follow-up, and exposure variables were 

treated as time-varying variables.

Participants were followed from enrollment until the date of COPD 

diagnosis, death, or December 31, 2021, whichever came first. COPD was 

defined as the first inpatient or outpatient visit with a primary diagnosis 

code of J44 based on the ICD-10 [13]. To reduce the potential for reverse 

causation, follow-up for COPD began one year after enrollment.

Covariates

All covariates, except for time-fixed variables such as age at baseline 

and sex, were treated as time-dependent confounders. Residential areas 

were categorized into 16 regions according to the si-do administrative 

divisions (metropolitan cities and provinces) in South Korea. Household 

income level (in quintiles) was indirectly estimated using the insurance 

premium charged by the NHIS, which is calculated based on employment 

status and monthly income. Regarding lifetime tobacco use, participants 
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were classified as never, former, or current users, and further stratified 

into five groups by 10 pack-year intervals. Alcohol consumption (drinks per 

day) was calculated by multiplying the frequency (times per day) by the 

amount consumed per occasion (drinks per time). Vigorous and moderate 

physical activity (days per week) was assessed through self-reported 

frequency of activities that were hard or comfortable to breathe during.

Additional covariates including comorbidities and environmental 

factors were further considered in sensitivity analysis. Histories of asthma, 

hypertension, and type 2 diabetes were identified based on ICD-10 codes 

J45–J46, I10–I15, and E11–E14, respectively [13]. Spatially, annual ambient 

temperature (℃) and PM2.5 concentrations (g/m3) were also included as 

confounding factors. Meteorological and air pollution data were calculated 

using the Weather Research and Forecast – Sparse Matrix Operator Kernel 

Emission – Community Multiscale Air Quality modeling system at a 9-km 

resolution [14, 15]. These data were linked to each participant’s residential 

address at the si-gun-gu administrative distinct level (counties and 

districts).

Statistical analysis

A causal framework incorporating both time-fixed and time-dependent 

covariates was developed to reflect the underlying relationship between 

HRI and COPD (Supplementary Figure 2) [16]. As shown in the directed 

acyclic graph, time-dependent covariates at time t can affect the exposure 

at the same time, which in turn may influence both the exposure and 
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covariate status at the subsequent time point (t+1)—a structure known as 

treatment-confounder feedback [17, 18]. The feedback loop may introduce 

bias when applying conventional models in longitudinal studies. To address 

this issue, a marginal structural model (MSM) based on inverse probability 

of treatment and censoring weighting (IPTW) was applied in this study [19, 

20]. MSM is designed to account for treatment-confounder feedback, as 

weights are constructed using both the past and current status of time-

dependent variables. By assigning these weights, a pseudo-population 

under a counterfactual scenario is created, enabling causal inference by 

emulating a randomized controlled trial [19, 21].

In this study, inverse probability weights for treatment (i.e., history of 

HRI) and censoring (i.e., dropout due to death) at each follow-up year were 

calculated using logistic regression models. The numerator of the weight 

was estimated using both time-fixed variables (age at baseline and sex) and 

the baseline values of time-dependent confounders (residential area, 

household income level, body mass index, smoking status, pack-years, 

alcohol consumption, and vigorous/moderate physical activity), whereas 

the denominator extended this by additionally incorporating both past and 

current status of these time-dependent confounders. The unstabilized 

weight was calculated as the reciprocal of the product of the denominators 

for treatment and censoring [22, 23]. Stabilized weight was derived by 

replacing the numerator of the unstabilized weight with the product of the 

corresponding numerators. As shown in Figure 1a and Supplementary 
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Figure 3, the stabilized weights showed lower variance than unstabilized 

weights. To handle extreme outliers in the stabilized weights, values below 

the 0.01 and above the 99.99 percentiles were replaced with the respective 

cut-off values (Figure 1b).

The association between HRI and the risk of COPD was evaluated using 

marginal structural Cox regression models with stabilized weights. Time-

varying exposures were included in the model, reflecting HRI history, 

frequency, and severity. For comparison, conventional time-dependent Cox 

regression models without weighting were also performed. All analyses 

were conducted separately for warm-season and year-round HRI.

Missing information on covariates was handled using the last 

observation carried forward method [24]. For participants who did not 

undergo health screening at a given time point, values were imputed using 

the most recent available measurement within the previous one to three 

years. The primary model was adjusted for age at baseline, sex, residential 

area, household income level, body mass index, smoking status, pack-years, 

alcohol consumption, and vigorous/moderate physical activity. Variance 

inflation factors (VIFs) were calculated to assess multicollinearity among 

the exposure and covariates. Most VIFs ranged from 1.0 to 1.8, with the 

highest value observed for smoking status (3.1), and all values were below 

the threshold of 5.0 (data not shown) [25]. Subgroup analyses were carried 

out to examine whether the association between a history of HRI and COPD 

risk was modified by age (<60 versus ≥60 years), sex (men versus women), 
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and urbanity (urban versus rural). For the urbanity analysis, only 1,111,492 

(79.8% of the total population) participants who did not relocate during the 

study period were included. Metropolitan cities in South Korea, including 

Seoul, Busan, Daegu, Incheon, Gwangju, Daejeon, and Ulsan, were 

classified as urban areas. In the sensitivity analysis, four models were 

applied, extending the primary model by additionally controlling for 

ambient temperature (℃), PM2.5 concentrations (g/m3), history of asthma, 

and hypertension or type 2 diabetes. To assess the robustness to potential 

unmeasured confounding factors, an E-value was calculated for the primary 

estimate [26]. Furthermore, a sensitivity analysis was conducted using 

stabilized weights without replacing extreme outliers. All statistical 

analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, 

NC, USA) and R software version 4.2.0 (R Foundation for Statistical 

Computing, Vienna, Austria).

RESULTS

During an average follow-up period of 11.5 years (standard deviation 

[SD]: 1.1), 5,173 participants (0.4%) had at least one episode of HRI 

throughout the year, of whom 3,991 cases occurred during the warm 

season. In total, 861 participants experienced HRI two or more times year-

round, and 473 did so during the warm season. Over the same period, 

26,919 participants (1.9%) developed COPD (Table 1). A total of 11,588 

participants (0.8%) dropped out owing to death. At study entry, the mean 

age of the study population was 46.6 years (SD: 11.8). Participants with 
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COPD were older than those without COPD, with mean ages of 57.4 and 

46.4 years, respectively. Moreover, COPD patients tended to be male and 

reside in rural areas. Detailed characteristics of the study population are 

provided in Supplementary Table 1. Briefly, the proportions of current 

tobacco users, especially those with heavy use, and consumers of alcohol 

were higher among COPD patients than among non-patients. Participants 

who developed COPD also had higher rates of comorbid hypertension and 

type 2 diabetes.

A 2.13-fold increased risk of COPD (95% confidence interval [CI]: 1.43–

3.17) was observed among participants who experienced HRI at least once 

during the warm season, compared to those without such a history, as 

estimated using marginal structural Cox models (Figure 2). The risk was 

slightly attenuated for year-round HRI (hazard ratio [HR]: 2.09; 95% CI: 

1.46–2.99). When stratifying HRI cases by frequency, the significant 

association persisted only among participants with a single HRI episode 

(HRs [95% CIs]: 1.64 [1.32–2.02] during the warm season and 1.71 [1.41–

2.07] year-round), but not among those with two or more episodes (HRs [95% 

CIs]: 1.07 [0.52–2.18] during the warm season and 1.17 [0.69–2.00] year-

round). Severe HRI showed the highest risk of COPD, with HRs of 2.93 for 

warm season HRI (95% CI: 1.49–5.78) and 3.31 for year-round HRI (95% 

CI: 1.80–6.08) (Figure 3). A lower risk was found for moderate HRI (HRs 

[95% CIs]: 2.16 [1.29–3.60] during the warm season and 2.04 [1.29–3.21] 

year-round), whereas the association was no longer evident in the mild HRI 
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group (HRs [95% CIs]: 0.58 [0.08–4.14] during the warm season and 0.47 

[0.07–3.37] year-round). Results from the time-dependent Cox models were 

consistent with those from the marginal structural Cox models.

Among participants aged 60 years or older, a history of HRI was 

associated with an excess risk of COPD, with risks of 2.33-fold (95% CI: 

1.43–3.81) during the warm season and 2.22-fold (95% CI: 1.41–3.48) year-

round (Figure 4). By contrast, younger participants with year-round HRI 

also showed an increased risk (HR: 1.91; 95% CI: 1.05–3.46), although the 

association was attenuated and became null when HRI occurred during the 

warm season (HR: 1.80; 95% CI: 0.90–3.61). Both sexes demonstrated 

significant associations between HRI history and COPD risk, with a 

stronger effect in women (HRs [95% CIs]: 2.53 [1.35–4.72] during the warm 

season and 2.49 [1.44–4.30] year-round) compared to men (HRs [95% CIs]: 

1.94 [1.15–3.26] during the warm season and 1.89 [1.18–3.04] year-round). 

Furthermore, when excluding participants who relocated during the study 

period, those living in rural areas exhibited a greater susceptibility to COPD 

development following HRI. The estimated risk was slightly higher for 

warm-season HRI (HR: 2.53; 95% CI: 1.64–3.91) than for year-round HRI 

(HR: 2.46; 95% CI: 1.65–3.67). However, no significant association was 

found among urban residents. Sensitivity analyses using various model 

specifications and including extreme weight outliers yielded results 

consistent with the primary models (Supplementary Tables 2 and 3). 

Furthermore, the E-value for the primary estimate was 3.60, with a lower 
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limit of 2.28.

DISCUSSION

In this large population-based cohort study of over one million adults, an 

excess risk of COPD following a history of HRI was observed, as estimated 

using MSM. The estimated risk was slightly higher when HRI occurred 

during warm weather compared to year-round occurrences. Participants 

who experienced heat stroke may have had a higher risk of developing COPD 

compared with those with mild or moderate types of HRI. The association 

between HRI history and COPD risk was stronger among individuals aged 

60 years or older and those residing in rural areas. Additionally, women 

showed greater susceptibility than men. These aforementioned findings 

suggest a potential association between HRI and COPD risk and provide new 

insights into COPD prevention and the identification of vulnerable 

populations. However, the lack of clear dose-response relationship should be 

interpreted with caution.

Given its adverse effects on respiratory health, extreme heat exposure 

has increasingly been recognized as a potential risk factor for COPD [27]. In 

a Chinese study, daily COPD outpatient visits increased by 1.1-fold following 

heatwaves (defined as days with ambient temperature exceeding 30.3 °C) 

within the prior 0–7 days, compared to days with optimal temperatures 

(19.6 °C) [28]. Additionally, a United Kingdom study using high-resolution (1 

km) meteorological data found that, on days with temperatures above 

23.2 °C, the risk of COPD hospitalization was significantly elevated, with a 
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47% increase per 1 °C rise in ambient temperature [29]. Notably, a recent 

meta-analysis of 20 studies reported that heat exposure increases the 

morbidity and mortality risk of COPD by 19% [30]. However, most 

observational studies on COPD risk have used case-crossover or time-series 

designs, which focus on the acute impacts of extreme heat exposure and are 

limited in their ability to provide causal evidence [29, 31, 32]. Only a few 

cohort and cross-sectional studies have documented the association between 

long-term heat exposure and reduced lung function [33, 34]. For instance, a 

cohort study of young Chinese adults found that the lifetime average summer 

temperature from birth was inversely associated with lung function [33]. 

Further longitudinal studies are needed to clarify the potential role of heat 

exposure in the development of incident COPD.

Although definitions may vary slightly, most observational studies have 

characterized heat exposure at the regional level as ambient temperatures 

exceeding a certain threshold or percentile. However, between-person 

variance may be reduced, limiting the power to detect individual-level 

associations that incorporate personal confounding factors, and potentially 

underestimating the effect size [35, 36]. On the other hand, no 

epidemiological study has yet elucidated the long-term effects of heat 

exposure on COPD, a typical non-communicable disease that is not 

immediately fatal but can lead to prolonged impairment in quality of life 

[37]. The use of HRI allows for easier tracking of heat exposure in the 

population, even for events that occurred several years earlier.
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Under extreme heat conditions, mild forms of HRI may initially present 

with elevated body temperature, electrolyte loss, and muscle soreness [5, 

38, 39]. To maintain thermal homeostasis, cardiac output rises through 

heart rate acceleration to enhance blood flow to the skin surface, which 

may lead to an increased respiratory rate and, in severe cases, syncope [40]. 

Without appropriate intervention, these symptoms may worsen as the 

body’s thermoregulatory capacity becomes impaired, leading to a rise in 

core temperature and severe dehydration. Once the core temperature 

exceeds 38–40 °C, irreversible organ dysfunction and cellular damage may 

occur, often accompanied by inflammatory reactions [27, 38]. In the lungs, 

heat-induced airway inflammation may contribute to respiratory stress [41]. 

However, these mechanisms likely reflect acute physiological responses to 

heat and may not be sufficient to explain the development of COPD, which 

develops over decades of exposure to multiple risk factors. In this context, 

HRI may function as a trigger or indicator of underlying susceptibility, as 

individuals with subclinical COPD may be more vulnerable to heat stress 

and therefore more likely to experience HRI prior to diagnosis.

In this study, the significant association between experiencing HRI and 

the risk of COPD persisted only in older people. Owing to altered thermal 

perception, extreme heat exposure may have a greater adverse impact on 

older adults than younger individuals [42]. In a Japanese study, older adults 

(mean age: 71 years) exhibited a higher threshold for detecting warmth 

than younger adults (mean age: 23 years), potentially indicating an 
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attenuated ability to sense heat and take preventive actions against HRI 

under the same hot conditions [42, 43]. A Canadian study also observed 

that adults aged 55–73 years had lower heat dissipation and greater heat 

storage [44]. In addition, age-related decline in lung function and the 

presence of common chronic diseases make older adults more vulnerable 

to heat exposure [45].

The stronger association in women than in men can be explained by sex 

differences in thermoregulatory responses to heat exposure. Due to their 

smaller body mass and skin surface area, women often require greater 

physiological effort to maintain thermal balance and are therefore less able 

to adapt to heat [46, 47]. Additionally, an increase in core temperature 

during the luteal phase of the menstrual cycle may further accelerate the 

onset of HRI symptoms [48]. A recent meta-analysis of 79 studies also 

suggested that women were more susceptible to CVD mortality following 

extreme heat events [49].

In light of our findings, urban-rural differences in heat-related damage 

may exist and tend to be more pronounced in rural regions. A spatial 

ecological study from the United States reported that the higher prevalence 

of HRI in rural areas compared to urban areas can largely be attributed to 

agricultural activities and a high proportion of mobile homes [50]. 

Furthermore, rural residents were more likely to spend extended time 

outdoors, work in outdoor-based industries, and live without air 

conditioning [51].
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This study provides additional evidence on the association between 

heat-induced HRI and the risk of COPD over a long-term follow-up period. 

The large, representative sample and well-structured study design, along 

with the application of MSM for causal inference, strengthen the validity of 

our findings. To minimize misclassification, both HRI and COPD were 

ascertained based on primary diagnosis codes, excluding secondary 

diagnoses that may have resulted from severe health conditions. In addition, 

by including recurrent HRI records during the follow-up period, an analysis 

was made to examine how the risk varied with the diagnosis frequency. 

Furthermore, a series of sensitivity analyses were conducted to ensure the 

robustness of the estimates.

However, notwithstanding these strengths, several limitations should 

be noted. First, medical record-based HRI ascertainment may 

underestimate the true extent of heat exposure in the population, as 

individuals without clinical recognition were not included. As a result, the 

small number of HRI cases limited the statistical power to detect 

associations and made it difficult to evaluate whether the effect on COPD 

development differed between inpatients and outpatients. In addition, it 

was not possible to distinguish between classic and exertional heat stroke, 

which are caused by environmental heat exposure and vigorous physical 

activity, respectively [52]. Furthermore, due to limited information in the 

NHIS dataset, we were unable to perform occupational classification, 

although HRI may also be influenced by occupational exposure. Further 
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investigations addressing these limitations are warranted to replicate and 

expand upon the findings of this study. Second, more stringent COPD 

definition requiring at least one inpatient visit or two or more outpatient 

visits could not be applied due to the small number of COPD cases available 

for analysis. Additionally, the absence of information on medication use and 

spirometry measurements limited the ability to further refine case 

ascertainment. Nevertheless, physician-diagnosed COPD in the NHIS is 

likely to have acceptable sensitivity and specificity. Third, as deaths were 

treated as censoring events in this study, competing risks that may have 

precluded the development of COPD were not accounted for, potentially 

leading to an overestimation of the risk [53]. Nevertheless, follow-up for 

COPD events seems to have remained stable, given the extremely low death 

rate (0.8%) in the study population. Finally, the use of logistic regression 

models to estimate propensity scores in the IPTW may have introduced 

model misspecification [54]. To improve the accuracy, future research 

should adopt multiple statistical learning algorithms, such as the Super 

Learner, which identifies the optimal combination of models [55].

CONCLUSIONS

In conclusion, this study suggests an association between HRI episodes 

and the risk of COPD, regardless of whether HRI occurred during the warm 

season or throughout the entire year. Among the types of HRI, heat stroke 

exhibited the strongest risk. Older adults, rural residents, and women were 

found to be particularly susceptible. These findings highlight the need for 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



heat stress management in COPD prevention, especially among vulnerable 

populations.
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Figures

Figure 1. Distribution of stabilized weights (natural log-transformed) in each 

follow-up year. (A) without extreme outlier handling; (B) after replacing 

extreme outliers with the values at the 0.01 and 99.99 percentiles.

Figure 2. Association between history of heat-related illness (HRI) and risk 

of chronic obstructive pulmonary disease (COPD) estimated using time-

dependent Cox regression and marginal structural Cox models. “Ever” 

indicates any history of HRI, further divided into “Once” and “Twice or more” 

based on diagnosis frequency. Models were adjusted for age at baseline, sex, 

residential area, household income, body mass index, smoking status, pack-

years, alcohol consumption, and vigorous/moderate physical activity.

Figure 3. Association between severity of heat-related illness (HRI) and risk 

of chronic obstructive pulmonary disease (COPD) estimated using time-

dependent Cox regression and marginal structural Cox models. Severe, heat 

stroke; Moderate, heat exhaustion; Mild, heat syncope, cramps, fatigue, 

edema, and other effects of heat and light. Models were adjusted for age at 
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baseline, sex, residential area, household income, body mass index, smoking 

status, pack-years, alcohol consumption, and vigorous/moderate physical 

activity.

Figure 4. Subgroup analyses by age group, sex, and residential area for the 

association between history of heat-related illness (HRI) and risk of chronic 

obstructive pulmonary disease (COPD), estimated using the marginal 

structural Cox model. Age group was classified based on age at baseline. For 

residential area analysis, participants who did not relocate were included 

(n=1,111,492). Models were adjusted for age at baseline, sex, residential 

area, household income, body mass index, smoking status, pack-years, 

alcohol consumption, and vigorous/moderate physical activity.

Table 1. Baseline characteristics of the study population.

COPDOverall
(n = 

1392876) Cases
(n = 26919)

Non-cases
(n = 1365957)

Follow-up duration, years 11.5 ± 1.1 5.4 ± 3.4 11.6 ± 0.5
Age at baseline

<60 years 1165482 (83.7) 13802 (51.3) 1151680 (84.3)
≥60 years 227394 (16.3) 13117 (48.7) 214277 (15.7)

Sex
Men 754009 (54.1) 18072 (67.1) 735937 (53.9)
Women 638867 (45.9) 8847 (32.9) 630020 (46.1)

Residential area at baseline
Urban 666031 (47.8) 11211 (41.7) 654820 (47.9)
Rural 726845 (52.2) 15708 (58.4) 711137 (52.1)

Data was presented as mean ± standard deviation and frequency (percentage) for 
continuous and categorical variables, respectively.
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