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Highlights

 We examined the impacts of long-term extreme temperature event (ETE) exposure on

hypertension risk.

 We demonstrated that existing identification strategies for examining the health

impacts of long-term ETE exposure fail to yield practically relevant results.

 A new identification strategy was developed, highlighting that four conceptually

related yet temporally independent ETEs — including sustained and short-duration

types — should be considered jointly.

 Short-duration heat and cold extremes were more robust risk factors for hypertension

than sustained ETEs such as heatwaves and cold spells.

 In interaction with ETE exposure, short sleep and long sedentary time amplified,

whereas low-level physical activity mitigated hypertension risk.
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Beyond Heatwaves and Cold Spells: Long-Term Exposure to Short-Duration1

Extremes, Behavioural Pathways, and Hypertension Risk in a National2

Chinese Cohort3

4

ABSTRACT5

6

Background: Extreme temperature events (ETEs) are increasing in frequency, duration, and intensity7

under climate change. Evidence on whether long-term accumulated ETE exposure contributes to8

chronic cardiovascular disease remains limited, and behavioural pathways linking such exposure to9

cardiovascular risk are still insufficiently understood.10

11

Methods: We demonstrated that commonly used identification strategies for estimating cumulative12

health impacts of long-term ETE exposure may yield biased estimates with limited interpretability13

when a complete set of temporally exclusive ETE categories within the exposure window is not jointly14

modelled. We therefore developed a new identification strategy emphasising that at least four15

conceptually related yet temporally exclusive ETEs – cold spells, short-duration cold extremes (SD-16

CEs), heatwaves, and short-duration heat extremes (SD-HEs) – should be examined simultaneously.17

Within this framework, we applied Cox models and four-way decomposition to examine long-term18

ETE exposure effects on hypertension and interactions with lifestyle behaviours, using national19

prospective cohort data (n = 8,147) from the China Health and Nutrition Survey.20

21

Results: Higher SD-CE and SD-HE exposure was associated with increased hypertension risk (HR22

range: 1.05–1.06 and 1.04–1.05, respectively). SD-CEs additionally showed a significant non-linear23

association, with greater risk at higher exposure levels. Cold spells were associated with higher risk24
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only under higher, more frequent cold thresholds, whereas heatwaves were not significantly associated25

with hypertension risk. ETE exposure primarily exerted its effects through direct pathways.26

Interactions with lifestyle behaviours were also evident: low physical activity attenuated hypertension27

risk, whereas short sleep duration and prolonged sedentary time amplified it.28

29

Conclusions: Short-duration extremes may be an overlooked but relevant dimension of temperature30

exposure for climate-sensitive hypertension prevention. While the associated risk is primarily driven31

by exposure-induced physiological load, interactions with lifestyle behaviours exert an additional32

influence. Our research also advances the methodologies for assessing the cumulative effects of long-33

term ETE exposure on chronic cardiovascular outcomes.34

35

KEYWORDS36

Extreme temperature events; Short-duration extremes; Hypertension; Behavioural pathways;37

Identification strategy; Cohort study38
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1 Introduction39

Climate change is shifting populations away from moderate temperature conditions toward more40

frequent, prolonged, and intensive exposure to extreme temperature events (ETEs), with growing41

impact on population health (Cowan et al., 2014; Meehl and Tebaldi, 2004). Cardiovascular outcomes42

account for a substantial share of temperature-related disease burden, making ETEs a salient concern43

for cardiovascular prevention and health system resilience (Hundessa et al., 2024; Siddiqui et al., 2025;44

Yin et al., 2024). A large body of literature has documented that short-term or concurrent exposure to45

ETEs is associated with increased risks of cardiovascular outcomes, including mortality, morbidity,46

and hospitalisation (Ni et al., 2025; Singh et al., 2024). In contrast, whether repeated and long-term47

ETE exposure accumulates over months to years to influence the development of chronic48

cardiovascular conditions remains relatively unexplored.49

A clear distinction between concurrent, short-term, and long-term ETE exposure categories is50

important because these designs imply different interpretations of exposure timing and therefore target51

different risk contrasts (Fig. 1). Concurrent exposure studies relate ETEs and health outcomes52

measured within the same observational window (e.g., ETE exposure and mortality rates within the53

same month (Khatana et al., 2022; Kollanus et al., 2021)). While a temporal order exists in reality, this54

analytical framework typically does not distinguish the relative timing of exposure and outcome. Short-55

term exposure studies focus on ETEs occurring in a limited period immediately preceding an acute56

cardiovascular event, such as hospitalisation following one-week ETE exposure (Cheng et al., 2021;57

Hu et al., 2024; Phung et al., 2017; Ponjoan et al., 2017). Long-term exposure studies instead quantify58

accumulated ETE exposure over extended periods, spanning several months to years, beginning from59

an outcome-free baseline during which chronic cardiovascular outcomes may develop. Only a few60

recent prospective cohort studies have adopted this long-term perspective (Peng et al., 2024; Tang et61
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al., 2025; Tuerdi et al., 2025; Zhou et al., 2023). These studies typically operationalised exposure as62

the cumulative number of days in sustained ETEs, most commonly heatwaves and cold spells. Their63

findings suggest that greater long-term exposure to sustained ETEs may be associated with elevated64

risks of chronic cardiovascular outcomes such as stroke, hypertension, and cardiometabolic65

multimorbidity.66

67

Fig. 1 Differences between studies focusing on concurrent, short-term, and long-term ETE exposure.68

However, these studies share three critical limitations. First, the identification strategies used to69

estimate cumulative effects of ETEs are structurally limited in providing practically interpretable70

estimates. Long-term ETE exposure is measured over a fixed exposure window, within which ETE and71

non-ETE conditions jointly define the exposure structure. From a structural perspective, an estimate is72

interpretable only when it is linked to a clearly defined and meaningful reference condition, here,73

genuinely non-ETE conditions. Interpretability therefore depends not only on the numerical magnitude74

or statistical significance of the coefficient, but also on whether the coefficient represents the intended75

contrast. If health-relevant and temporally exclusive ETE categories are omitted from the model, the76

coefficient for the target ETE may no longer provide a clear contrast with non-ETE conditions. As77

shown in Section 2.5 and Appendix A, such omission can introduce an omitted-category78
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contamination component into the estimated coefficient, thereby obscuring the intended risk contrast.79

Second, under this narrow focus on a limited set of ETE categories, the exposure domain in long-80

term studies has been defined primarily around sustained events (Peng et al., 2024; Tang et al., 2025;81

Tuerdi et al., 2025; Zhou et al., 2023), while short-duration ETEs have been largely overlooked. This82

omission may be consequential because the continuity of an extreme event plausibly shapes83

physiological and behavioural responses. Sustained ETEs are often more salient and allow anticipatory84

actions, such as adjusting clothing and activity plans, and may permit within event thermoregulatory85

adaptation that partially buffers health stress (Deshayes and Périard, 2023; Mol et al., 2024; Tyler et86

al., 2016; Vu et al., 2019; Yurkevicius et al., 2021). In contrast, short-duration extremes may terminate87

before such responses can be initiated or completed, and their episodic nature may reduce opportunities88

for avoidance or organised mitigation. Repeated exposure to short-duration ETEs may therefore89

generate cumulative physiological load and behavioural disruption with chronic implications that differ90

from those of sustained events.91

Third, understanding pathways is essential for prevention. The cumulative effects of long-term92

ETE exposure may not arise solely from direct exposure induced physiological load. Lifestyle93

behaviours such as physical activity, sleep, and sedentary time are established determinants of blood94

pressure and may be shaped by ETE exposure, creating indirect behavioural pathways. ETE exposure95

may also interact with these behaviours, amplifying or buffering hypertension risk. However, evidence96

that jointly characterises direct effects, mediation, and interaction within a unified counterfactual97

framework remains limited for long-term ETE exposure and chronic cardiovascular risk.98

This study examines the cumulative effects of long-term exposure to four temporally exclusive99

ETE categories on hypertension risk and quantifies behavioural pathways linking these exposures to100

hypertension risk. Using a nationwide prospective cohort from the China Health and Nutrition Survey101

(CHNS), we followed 8,147 adults free of hypertension at baseline who contributed one or more non-102
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overlapping observation periods. To obtain interpretable time-substitution estimates with a coherent103

non-ETE reference, we argue that at least four conceptually related yet temporally exclusive ETEs,104

namely cold spells, short-duration cold extremes (SD-CEs), heatwaves, and short-duration heat105

extremes (SD-HEs), should be examined simultaneously. We then apply four-way decomposition to106

quantify controlled direct effects, interaction effects, mediated interaction, and pure indirect effects107

with respect to key lifestyle behaviours. By integrating a necessary identification condition with an108

expanded ETE typology and pathway decomposition, our study strengthens inference on long-term109

ETE exposure and informs targeted adaptation and behaviour-sensitive prevention under increasing110

climate extremes.111

2 Methods112

2.1 Data113

We conducted a prospective cohort study using data from the CHNS, a nationally representative114

longitudinal project established in 1989. To date, CHNS has collected ten waves of data from around115

7,200 households and over 30,000 individuals across 15 provincial-level units, including eight116

provinces with county-level geographic identifiers (Shandong, Guangxi, Jiangsu, Henan, Hubei,117

Hunan, Guizhou, Liaoning) and three municipalities (Shanghai, Beijing, Chongqing), using a118

multistage random cluster sampling design. These long-term, large-scale, and rigorously sampled data119

ensure the representativeness of our study and the validity of our findings.120

Five waves of CHNS data from 2004, 2006, 2009, 2011, and 2015 were used to establish the121

prospective cohort, as in these years, key ETE exposure variables were consistently available under122

the same specification. We constructed multiple observation periods for each participant, each defined123

by a pair of consecutive waves, with the earlier wave serving as baseline and the later wave as follow-124

up. Participants were included if they were free of hypertension at baseline. Further inclusion criteria125
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were: (1) age ≥ 18 years at all eligible survey waves; (2) complete data on hypertension and lifestyle126

behaviours; and (3) participation in at least two waves. Participants could contribute more than one127

non-overlapping period; for instance, individuals free of hypertension in 2004, 2006, and 2009128

contributed periods from 2004 to 2006 and from 2006 to 2009. Once diagnosed with hypertension,129

subsequent observations for that participant were excluded.130

2.2 Hypertension131

Trained medical staff measured blood pressure on the right upper arm using a mercury132

sphygmomanometer. After five minutes of seated rest, three consecutive measurements of systolic133

blood pressure (SBP) and diastolic blood pressure (DBP) were taken at one to two minute intervals.134

Hypertension was defined according to the 2024 Revised Chinese Guidelines for the Prevention and135

Treatment of Hypertension, as SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg. A hypertension case was136

identified if at least two valid readings met the threshold. Self-reported physician diagnosis and137

antihypertensive medication use were then considered as supplementary criteria, particularly for138

participants without valid blood pressure measurements and for those who did not meet the139

measurement-based criterion but reported taking antihypertensive medication. The survey date of the140

first hypertension identification was used as the event time. Self-reported diagnosis duration was not141

used to back-calculate onset time, as it may be affected by recall bias and was not consistently available.142

2.3 Lifestyle behaviours143

We considered three lifestyle behaviours measured as daily duration: physical activity, sleep, and144

sedentary behaviour. Physical activity duration was calculated as total time accumulated across145

domestic, leisure, and transport domains using detailed CHNS activity modules. Specifically, domestic146

activities included, for example, food shopping, cooking, and house cleaning; leisure activities147

encompassed, for example, sports, dancing, and Tai Chi; and transport activity was assessed from148



8

individuals’ reported commuting to and from work or school by active and public transport. These149

activity classifications follow the CHNS questionnaires, which are available online as open-access150

resources. Sleep duration was based on self-reported hours usually slept in a 24-hour period, including151

daytime and nighttime sleep. Sedentary behaviour duration was derived from reported time spent in152

sedentary activities during a typical day, such as screen-based media, computer use, reading, and other153

sedentary pursuits.154

2.4 Covariates155

Our analyses adjusted for sex, educational attainment, working environment, air conditioning156

ownership, net individual income adjusted to 2015 values, urbanisation index (Jones-Smith and Popkin,157

2010), body mass index (BMI), history of diabetes, smoking status, and alcohol intake. We also158

adjusted for fine particulate matter (PM2.5) and ozone (O3), which have been widely recognised as159

important risk factors for hypertension (Krittanawong et al., 2023; Tang et al., 2024; Yin et al., 2020).160

For each observation period, air pollution exposure was defined as the number of days with excessive161

concentrations of PM2.5 and O3. This metric captures episodic high-pollution conditions that may162

coincide or cluster temporally with ETEs, as supported by previous evidence on the co-occurrence of163

O3 and PM2.5 exceedance days with ETEs (Gao et al., 2023; Huang et al., 2025b; Wang et al., 2022).164

Air pollution data were obtained from the China High Air Pollutants dataset (Wei et al., 2020; Wei et165

al., 2022). Excessive PM2.5 days were defined as days with daily mean concentration at or above 75166 μg/m³, and excessive O3days were defined as days with daily 8-hour maximum at or above 100 μg/m³.167

2.5 A new identification strategy and long-term exposure to ETEs168

We argue that exhaustively accounting for a complete set of temporally exclusive ETEs within169

the exposure window can help preserve a clearly defined reference and meaningful interpretation of170
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the cumulative cardiovascular effects of long-term ETE exposure. Here, a ‘complete set’ is defined as171

the aggregate of temporally exclusive ETE categories that collectively occupy the entire duration172

outside of genuinely non-ETE conditions. Understanding such effects inherently requires a structural173

perspective: the interpretability and validity of any estimates rest fundamentally on the existence of a174

meaningful reference – namely, relative to genuinely non-ETE conditions – rather than solely on the175

estimates themselves. However, when the considered ETEs fail to constitute such a complete set due176

to the omission of any categories, and where these omitted ETEs are associated with cardiovascular177

outcomes, the estimated cardiovascular risk per unit of exposure for the considered ETEs may be178

biased, and its interpretation relative to predefined non-ETE conditions may become less clear. The179

identification problem arises because regression models inherently operate under a ceteris paribus180

assumption: the estimated coefficient for the focused ETE category reflects the change in risk181

associated with a unit of change in the duration of that ETE, with durations for all other modelled ETE182

categories held constant. If any ETEs are omitted and are associated with cardiovascular outcomes, it183

becomes ambiguous what an additional unit of exposure to a given ETE is actually substituting for: it184

may arise from changes in the duration of omitted ETEs or from changes in the duration of genuinely185

non-ETE conditions. In short, the reference group is contaminated. As shown by the derivation in186

Appendix A, this contamination corresponds to an additional term in Eq. A.10, whose magnitude187

depends jointly on the health effects of the omitted ETE categories and their covariance with the188

residual component of the target ETE exposure. With this contamination term present, the estimated189

coefficient no longer represents the contrast between the target ETE category and the predefined190

genuinely non-ETE reference condition. This, in turn, may structurally undermine the validity and191

interpretability of the estimated effect.192

In addition, sustained events alone do not constitute a complete ETE typology if short-duration193

extremes are omitted. As emphasised in Introduction, short-duration and sustained ETEs may differ in194
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salience, behavioural response, and physiological adaptation, implying potentially distinct cumulative195

health effects. Therefore, the omission of short-duration ETEs can directly contribute to the196

identification problem, for two reasons: (i) short-duration and sustained ETEs collectively constitute197

the complete set of temporally exclusive ETEs, and (ii) the impacts of long-term exposure to short-198

duration ETEs may differ from those associated with exposure to sustained ETEs. We argue that at199

least four conceptually related yet temporally exclusive categories of ETEs, namely heatwaves, short-200

duration heat extremes (SD-HEs), cold spells, and short-duration cold extremes (SD-CEs), should be201

considered simultaneously in the estimation, irrespective of the target ETE, as illustrated in Eq. (A.3).202

We identified ETEs using high-resolution (0.1°) daily minimum and maximum temperature data203

from the China Daily Near-Surface Air Temperature (CDAT) dataset, which integrates satellite204

observations, reanalysis products, and ground-based measurements, providing robust spatial accuracy205

across China, with R² values ranging from 0.95 to 0.99 (Fang et al., 2022). Daily temperatures were206

assigned based on residential locations using prefecture level identifiers for Shanghai, Beijing, and207

Chongqing, and county level identifiers for the remaining provinces. For each observation period,208

exposure was measured over the exact interval between the baseline and follow-up survey dates for209

each individual. Heatwaves were defined as at least three consecutive days with daily maximum210

temperature exceeding the observation-specific 90th, 95th, or 97.5th percentile threshold. Thresholds211

were calculated for each observation period using local daily maximum temperatures during the warm212

season from May to September over the three years preceding the baseline date. Cold spells were213

defined analogously using daily minimum temperatures during the cold season from November to214

March and the 10th, 5th, or 2.5th percentiles. SD-HEs and SD-CEs were defined as short-duration215

ETEs that reached the respective thresholds but did not meet the duration criterion for heatwaves or216

cold spells (i.e., lasting fewer than three consecutive days, specifically only one or two days). A three-217

year reference window was used to define ETEs relative to recent local temperature conditions and to218
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reduce the potential influence of long-term climate warming trends on ETE identification. For each219

observation interval, the total number of days meeting each ETE definition was annualised to represent220

the average yearly exposure burden and improve comparability across intervals of unequal length.221

2.6 Statistical analysis222

We applied semi-parametric Cox proportional hazards models to estimate the association between223

long-term ETE exposure and hypertension risk under the proposed identification strategy. The main224

exposure variables were the annualised cumulative days of four temporally exclusive ETE categories225

within each observation period. Models were estimated separately for matched threshold sets, pairing226

heat-related thresholds at the 90th, 95th, or 97.5th percentiles with cold-related thresholds at the 10th,227

5th, or 2.5th percentiles. Under this identification strategy, the coefficient for each ETE category is228

interpretable as the marginal change in hypertension risk associated with one additional day of that229

category relative to non-ETE days. It should be noted that the non-ETE reference condition is not230

assumed to be physiologically homogeneous or risk-free. Rather, it represents a predefined ETE-free231

reference category within the exposure window.232

Survival time was defined on the age scale to flexibly account for age-related confounding233

(Thiébaut and Bénichou, 2004). We clustered standard errors at the participant level to account for234

within-individual correlation across observation periods. Covariates were measured at follow-up for235

each observation period. We first fitted crude Cox models including only ETE exposures as unadjusted236

references, followed by adjusted models with different covariates. Because lifestyle behaviours may237

function as both confounders and exposure responsive mediators within the same interval, we therefore238

specified two versions of the model with different covariate structures: one adjusted for lifestyle239

behaviours and one without such adjustment. Adjustment for lifestyle behaviours helps control240

confounding due to behavioural differences, but may underestimate the impact of ETE exposure by241
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absorbing part of the mediation into the lifestyle behaviours variables. By contrast, models without this242

adjustment capture the combined influence of ETE exposure and its behavioural mediation more243

effectively but may introduce endogeneity bias. We assessed multicollinearity using variance inflation244

factors and tested the proportional hazards (PH) assumption using Schoenfeld residuals, finding no245

evidence of collinearity or violation. Stratified analyses examined potential effect modification by sex,246

age, educational attainment, working environment, residence type, and region type. Region type was247

further interpreted as a proxy indicator of residential heating zone, with northern and southern regions248

representing traditional heating and non-heating zones, respectively. Differences between subgroups249

were assessed using Z-tests.250

We then applied a four-way decomposition approach to examine how the interplay between long-251

term ETE exposure and less-healthy lifestyle behaviours contribute to hypertension risk. Recent252

applications of this approach have demonstrated its utility in assessing the joint contributions of253

environmental exposures and behavioural factors to chronic health outcomes (Zhang et al., 2023;254

Zhang et al., 2024). The strength of this approach lies in its counterfactual framework within a unified255

specification, which disentangles the net effects of four pathways of interplay (VanderWeele, 2014):256

the controlled direct effect, reference interaction effect, mediated interaction effect, and pure indirect257

effect (see Fig. S1 for mathematical representation of these pathways).258

The controlled direct effect captures the direct cumulative effects of ETE exposure, independent259

of its interplay with less healthy lifestyle behaviours. The reference interaction effect reflects changes260

in risk arising from the interaction between ETE exposure and less healthy lifestyle behaviours, beyond261

the sum of their individual effects. The mediated interaction effect represents the risk that occurs when262

ETE exposure induces changes in less healthy lifestyle behaviours, and these changes further interact263

with the exposure to influence hypertension risk. The pure indirect effect captures risk mediated solely264

through changes in less healthy lifestyle behaviours resulting from ETE exposure. The four-way265
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decomposition utilised less healthy lifestyle behaviours recorded at the follow-up wave of each266

observation period. From a standpoint of the data-generating process (i.e., the underlying causal267

mechanism; DGP), these observed behaviours contain a mixture of different components. They268

incorporate a responsive component, reflecting the potential change caused by ETE exposure during269

the observation period, while they also contain a component that is not affected by ETE exposure,270

representing a long-term natural pattern manifested during the observation period. The characteristics271

of these behaviour variables, together with the four-way decomposition approach designed to partition272

the overlapping influences between pathways, therefore, enable a coherent and comprehensive analysis.273

The four-way decomposition was conducted using the med4way command, which allows274

estimation of the four-way effect decomposition using parametric or semi-parametric regression275

models and is applicable to cohort studies with survival outcomes (Discacciati et al., 2019). The276

command fits two models: an outcome model as a function of the exposure, mediator, their interaction,277

and confounders, and a mediator model as a function of the exposure and confounders. The outcome278

model supports several regression forms, including, for example, accelerated failure time and Cox279

models, whereas the mediator model can be specified as linear or logistic regression. In this study, we280

specified a Cox regression model for hypertension risk and a linear regression model for the lifestyle281

mediator. The exposure change was defined as an increase in long-term ETE exposure from the 25th282

to the 75th percentile, with covariates fixed at their mean values. Less-healthy lifestyle behaviours283

were considered as mediators, including low-level physical activity, short sleep duration, and long284

sedentary time. These mediator levels were set at the 25th percentile of physical activity, the 25th285

percentile of sleep duration, and the 75th percentile of sedentary time, respectively. The decomposed286

effects were reported on the excess relative risk (ERR) scale.287
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2.7 Sensitivity analyses288

We conducted sensitivity analyses to assess the robustness of our findings. First, we extended the289

duration criteria for ETEs from three consecutive days to four and five days. Second, lifestyle290

behaviours may themselves act as mediators in the relationship between long-term ETE exposure and291

hypertension. To account for this, our main analyses estimated two specifications, one with and one292

without adjustment for lifestyle behaviours, thereby providing complementary perspectives on the role293

of ETE exposure in affecting hypertension risks. As an additional alternative, we conducted sensitivity294

analyses using marginal structural Cox models with stabilised inverse probability weights (SIPW)295

(Karim et al., 2014; Lee et al., 2016). This approach provides another potential solution by explicitly296

addressing exposure-confounder feedback, whereby lifestyle behaviours can be shaped by exposure297

within the same observation interval while also relating to hypertension risk. While such models298

enhance robustness by retaining confounding control without blocking indirect pathways, the SIPW299

approach can yield less precise estimates, and is therefore reported as a complementary sensitivity300

analysis rather than a replacement for the main analyses. Third, to evaluate the potential influence of301

outcome classification and event-time assignment based on supplementary self-reported information,302

we conducted an additional sensitivity analysis excluding participants whose hypertension status was303

determined using self-reported physician diagnosis. Fourth, to assess the robustness of our findings to304

alternative ETE threshold definitions, we redefined ETEs using 5-year and 10-year historical reference305

periods and re-estimated the Cox models. Fifth, to assess sensitivity to alternative air-pollution306

exposure metrics, we replaced annual PM2.5 and O3 exceedance days with annual mean concentrations307

in the main Cox models. Sixth, to assess sensitivity to differences in background temperature across308

residential areas, we additionally adjusted for mean temperature during each participant-period309

observation. However, it should be emphasized that this model was not intended to replace the main310

model, because adjustment for mean temperature may alter the interpretation of ETE coefficients.311
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Since mean temperature is derived from the same daily temperature distribution used to define ETEs,312

holding it constant while estimating the effect of ETE days implies compensatory changes in the313

temperatures of the non-ETE reference period. The mean-temperature-adjusted model therefore314

represents a conditional contrast under a constrained temperature background, rather than the original315

contrast against the predefined non-ETE reference structure. Seventh, to visualise potential non-linear316

associations between ETE exposure and hypertension risk, we used restricted cubic splines with four317

knots in Cox models under the 90th and 10th percentile threshold definitions, with the median value318

of each ETE exposure as the reference value. Eighth, for the four-way decomposition, we varied the319

change in ETE exposure from the 25th to 75th percentile to the 10th to 90th percentile range.320

3 Results321

3.1 Study population characteristics322

After applying the exclusion criteria, 8,147 participants were included (Fig. 2). Baseline323

characteristics are summarised in Table 1. The mean age was 47.5 years, and the cohort was balanced324

by sex (49.1% male, 50.9% female). In terms of education, 13.3% had no formal schooling, 69.3%325

completed primary or secondary education, and 17.4% held post-secondary qualifications, including326

technical or vocational degrees. For occupational and living conditions, 61.2% worked outdoors and327

39.1% had access to air conditioning. 1.7% reported a history of diabetes, and the mean BMI was 23.2.328

14.5% reported alcohol consumption above the recommended limit, and 30.9% were current or former329

smokers. Regarding lifestyle behaviour, participants engaged in about 1.8 hours of physical activity,330

slept for an average of 8 hours, and spent around 3.0 hours in sedentary behaviour per day. During331

follow-up, 1,062 incident hypertension cases were identified. Participants who developed hypertension332

were slightly more likely to be female, older, and to have higher BMI. They more frequently worked333

outdoors, lacked air conditioning and reported excessive alcohol consumption. They also tended to live334
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in areas with more days exceeding PM2.5 and O3 standards and had lower personal income.335

Descriptive statistics of annualised ETE exposure are shown inTable 2. Under the 90th percentile336

heat threshold, participants experienced on average 9.55 heatwave days and 6.61 SD-HE days per year.337

Under the corresponding 10th percentile cold threshold, participants experienced 11.34 cold spell days338

and 6.43 SD-CE days per year. As percentile thresholds became more stringent (95th and 97.5th for339

heatwaves; 5th and 2.5th for cold spells), the average number of exposure days declined accordingly.340

In most cases, the number of exposure days related to cold extremes exceeded that related to heat341

extremes. In addition, low to moderate correlations between sustained and short-duration ETEs were342

observed in the Spearman correlation matrix (Fig. S2).343

344

345

Fig. 2 Flow diagram of exclusion criteria for the participants.346



17

Table 1 Baseline characteristics for all study participants.347

Variables Total (n = 8,147)
Hypertension at the end

of follow-up (n = 1,062)

No hypertension at the end

of follow-up (n = 7,085)
Sex
Male 4,003 (49.1%) 502 (47.3%) 3,501 (49.4%)
Female 4,144 (50.9%) 560 (52.7%) 3,584 (50.6%)

Age 47.5 ± 13.9 57.1 ± 11.2 46.1 ± 13.7
Educational attainment
No formal education 1,081 (13.3%) 242 (22.8%) 839 (11.8%)
Primary or secondary education 5,649 (69.3%) 715 (67.3%) 4,934 (69.6%)
Post-secondary qualification 1,417 (17.4%) 105 (9.9%) 1,312 (18.5%)

Working environment
Outdoor 4,983 (61.2%) 677 (63.7%) 4,306 (60.8%)
Indoor 2,886 (35.4%) 364 (34.3%) 2,522 (35.6%)
Others 278 (3.4%) 21 (2.0%) 257 (3.6%)

Air conditioning ownership
Yes 3,188 (39.1%) 384 (36.2%) 2,804 (39.6%)
No 4,959 (60.9%) 678 (63.8%) 4,281 (60.4%)

Net individual income, mean ± std 18,390.7 ± 29,774.2 13,481.6 ± 19,822.7 19,126.6 ± 30,925.7
Urbanisation index, mean ± std 69.2 ± 20.2 69.0 ± 20.1 69.2 ± 20.2
Body mass index (BMI), mean ± std 23.2 ± 3.4 24.6 ± 3.5 23.0 ± 3.3
History of diabetes
Yes 136 (1.7%) 44 (4.1%) 92 (1.3%)
No 8,011 (98.3%) 1,018 (95.9%) 6,993 (98.7%)

Smoking status
Current or ever smoking 2,519 (30.9%) 325 (30.6%) 2,194 (31.0%)
Non-smoking 5,628 (69.1%) 737 (69.4%) 4,891 (69.0%)

Alcohol intake
Above the recommended limit 1,184 (14.5%) 189 (17.8%) 995 (14.0%)
Within the recommended limit 6,963 (85.5%) 873 (82.2%) 6,090 (86.0%)

Days with excessive PM2.5, mean ± std 92.2 ± 56.7 93.1 ± 55.1 92.0 ± 56.9
Days with excessive O3, mean ± std 115.5 ± 36.2 119.7 ± 36.6 114.9 ± 36.1
Physical activity (hours/day), mean ± std 1.8 ± 1.7 1.7 ± 1.5 1.8 ± 1.7
Sleep duration (hours/day), mean ± std 8.0 ± 1.2 7.9 ± 1.3 8.1 ± 1.2
Sedentary time (hours/day), mean ± std 3.0 ± 1.9 2.8 ± 1.8 3.1 ± 2.0

Note. The recommended limit for alcohol intake was defined as 15 grams per day, which is in line with348

the Chinese Dietary Guidelines (Chinese Nutrition Society, 2022).349
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Table 2 Descriptive statistics of average ETE exposures (days) across all participant–period350

observations.351

Variables Min Mean Max Std
Heatwave
P90 0.00 9.55 31.50 5.78
P95 0.00 4.14 24.00 3.65
P97.5 0.00 1.75 13.50 2.14

SD-HE
P90 1.33 6.61 16.50 2.64
P95 0.00 4.12 11.50 1.88
P97.5 0.00 2.63 9.50 1.83

Cold spell
P10 0.00 11.34 36.00 7.38
P5 0.00 4.64 26.00 4.69
P2.5 0.00 2.19 21.50 3.14

SD-CE
P10 2.00 6.43 15.00 2.52
P5 0.67 4.77 15.50 2.45
P2.5 0.00 2.77 12.50 1.95

Notes. P2.5, P5, P10, P90, P95, and P97.5 represent ETEs defined under the 2.5th, 5th, 10th, 90th,352

95th, and 97.5th percentile temperature thresholds, respectively. SD-HE, short-duration heat extreme;353

SD-CE, short-duration cold extreme.354

3.2 Long-term ETE exposure and hypertension risk355

Fig. 3 and Table S1 present the estimated hazard ratios (HRs) for hypertension associated with356

each additional day of exposure to the four ETE categories, relative to non-ETE days. Results were357

highly consistent with and without adjustment for lifestyle behaviours. Across all temperature358

thresholds defining ETEs, higher SD-CE exposure was associated with increased hypertension risk359

under the linear specification (HR range: 1.05–1.06). Restricted cubic spline analysis further showed360

a significant non-linear association for SD-CE under the 10th-percentile threshold definition (P for361

non-linearity = 0.002). The exposure-response curve showed a slight decline in hypertension risk at362
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SD-CE exposures below approximately 6 days, followed by a progressive increase in risk at higher363

exposure levels (Fig. S3). For cold spells, exposure to additional days was associated with higher risk364

only when defined at the 10th percentile threshold (HR = 1.02; 95% CI: 1.01–1.03), where cold spells365

were more frequent. Regardless of the temperature threshold, exposure to SD-CEs was associated with366

a higher risk of hypertension than exposure to cold spells. For SD-HEs, the risk of hypertension367

increased with each additional day of exposure when defined by the 95th and 97.5th percentile368

temperature thresholds (HR range: 1.04–1.05). No statistically significant association between369

exposure to heatwaves and hypertension risk was found at the 0.05 level.370

In stratified analyses (Fig. 4 and Tables S7-S9), associations for cold-related events were broadly371

consistent across subgroups. Specifically, long-term exposure to cold spell and SD-CEs defined at the372

10th, 5th, and 2.5th percentiles similarly elevated risks of hypertension as those identified in the main373

analysis, with no statistically significant differences detected between strata, including the north–south374

heating-zone proxy. For SD-HE exposure, stronger associations were observed among males (HR =375

1.08, 95% CI: 1.03–1.14) and participants living in the southern region (HR range: 1.07–1.11), with376

statistically significant between subgroup differences.377

3.3 Four-way effect decomposition results378

Fig. 5, Figs. S4-S5 andTables S10-S12 present the results of the four-way decomposition.Across379

different specifications, the direction and significance of total effects were consistent with Cox model380

estimates. This alignment between the two methods further supports the robustness of our findings.381

Pathway-specific results indicated that total effects were mainly reflected in the controlled direct effect382

component, a pattern that may be compatible with cumulative physiological burden associated with383

long-term ETE exposure.384

For cold spell exposure, the controlled direct effect consistently showed the largest magnitude,385
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and was statistically greater than zero under the 10th percentile threshold, independent of its386

decomposition with less healthy lifestyle behaviours. This suggests that the association between cold387

spell exposure and hypertension risk was mainly reflected in the direct component, rather than in388

pathways mediated by the measured lifestyle behaviours. Under these temperature thresholds, the389

reference interaction effects suggested heterogeneity by behaviour type. Low-level physical activity390

showed a negative reference interaction that partially offset the controlled direct effect, while short391

sleep duration showed a positive reference interaction effect, suggesting the joint pattern of cold spell392

exposure and short sleep may correspond to excess hypertension risk beyond their separate components.393

For sedentary behaviour, reference interaction effects were limited for cold spells. Mediated interaction394

and pure indirect effects were generally small and not statistically significant.395

For SD-CE exposure, pathway patterns were similar to those observed for cold spells. For SD-396

HE exposure, pathway patterns were also similar, with the additional feature that reference interaction397

with long sedentary time was positive at the 95th and 97.5th percentile temperature thresholds.398

Although not statistically significant, its magnitude amounted to 17% – 44% of the controlled direct399

effect, suggesting a potentially meaningful but uncertain interaction-related component between SD-400

HE exposure and long sedentary time.401
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402

Fig. 3 Estimated HRs for hypertension risk associated with each additional day of ETE exposure403

compared with non-ETE conditions.404

Notes. P2.5, P5, P10, P90, P95, and P97.5 represent ETEs defined under the 2.5th, 5th, 10th, 90th,405

95th, and 97.5th percentile temperature thresholds, respectively. SD-HE, short-duration heat406

extreme; SD-CE, short-duration cold extreme. Model 1 was adjusted for sex, educational407

attainment, working environment, history of diabetes, air conditioning ownership, body mass index,408

net individual income, urbanisation index, alcohol intake, smoking status, and the number of days409

with excessive PM2.5 and O3 concentrations. Model 2 was further adjusted for physical activity,410

sleep duration and sedentary time. *** p < 0.001; ** p < 0.01; and * p < 0.05.411
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412

Fig. 4 Stratification analysis for the association between the four categories of ETEs and hypertension.413

Notes. Heatwave_90th, 95th, 97.5th and SD-HE_90th, 95th, 97.5th denote heatwaves and short-duration heat414

extremes defined under the 90th, 95th, 97.5th percentile temperature thresholds, respectively. Cold spell_10th,415

5th, 2.5th and SD-CE_10th, 5th, 2.5th denote cold spells and short-duration cold extremes under the 10th, 5th,416

2.5th percentile temperature thresholds, respectively. Estimates were fully adjusted for sex, educational417

attainment, working environment, history of diabetes, air conditioning ownership, body mass index, net418

individual income, urbanisation index, alcohol intake, smoking status, the number of days with excessive PM2.5419

and O3 concentrations, physical activity, sleep duration, and sedentary time. *** p < 0.001; ** p < 0.01; and *420

p < 0.05.421
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422

Fig. 5 Four-way decomposition capturing the joint impacts of ETE exposure defined under the 90th/10th423

percentile temperature thresholds and three lifestyle behaviours on hypertension.424

Notes. The decomposition effects shown in the figure represent excess relative risk. Pro indicates the proportion425

of the effect attributable to each significant pathway. Estimates were adjusted for sex, educational attainment,426

working environment, history of diabetes, air conditioning ownership, body mass index, net individual income,427

and urbanisation index, alcohol intake, smoking status, days with excessive PM2.5 concentrations and days with428

excessive O3, and, for each model, the other two lifestyle behaviours. Heatwave_90th and SD-HE_90th denote429

heatwaves and short-duration heat extremes defined under the 90th percentile temperature thresholds,430

respectively. Cold spell_10th and SD-CE_10th denote cold spells and short-duration cold extremes under the431

10th percentile temperature thresholds, respectively. *** p < 0.001; ** p < 0.01; and * p < 0.05.432
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3.4 Sensitivity analyses433

First, we extended the definition of ETEs from three to four and five consecutive days434

(Table S1). Our findings derived from the Cox models remained similar to the main435

analysis. However, some minor, threshold-specific differences emerged for the effects of436

cold spell and SD-HE exposures. Under the specification using a four-day criterion to437

define sustained ETEs, the effect of SD-HE exposure became significant at the 90th438

percentile threshold. When the criterion was extended to five consecutive days, the439

estimated effects of SD-HE exposure were significantly greater than zero across all440

percentile thresholds (90th, 95th, and 97.5th), and so was the 97.5th percentile cold-spell441

exposure. Second, we applied marginal structural Cox models with stabilised inverse442

probability weights to account for potential bias arising from the dual role of lifestyle443

behaviours as confounders and mediators in the relationship between ETE exposure and444

hypertension. The results also remained highly consistent with the main analyses (Table445

S2). Third, after excluding participants whose hypertension status was identified on the446

basis of self-reported physician diagnosis, the results were generally consistent with the447

main analysis (Table S3). Fourth, results based on 5-year and 10-year threshold reference448

periods suggested greater sensitivity for heat-related events, while the overall patterns449

remained broadly consistent with the main analysis (Table S4). Fifth, when the numbers of450

PM2.5 and O3 exceedance days were replaced with their annual mean concentrations, the451

results remained consistent with the main analysis (Table S5). Similar results were also452

obtained after additional adjustment for mean temperature during each participant-period453

observation (Table S6). Sixth, we redefined the change in ETE exposure in the four-way454

decomposition from the 25th – 75th to the 10th – 90th percentile range. The results from455

the sensitivity analyses remained highly consistent in terms of the direction and456

significance of the estimates, which confirmed the robustness under this alternative457
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specification (Tables S13–S15).458

4 Discussion459

In this nationwide prospective cohort study, we examined the cumulative effects of460

long-term exposure to four temporally exclusive ETE categories, namely heatwaves, SD-461

HEs, cold spells, and SD-CEs, on hypertension risk relative to non-ETE conditions.462

Moving beyond the predominant focus on short-term or concurrent exposures, this study463

extends the existing literature on the cardiovascular impacts of ETEs by explicitly464

addressing the cumulative implications of long-term exposure for chronic cardiovascular465

outcomes. The study contributes both empirically and methodologically, and provides466

insights relevant to understanding and mitigating the adverse effects of ETE exposure on467

chronic cardiovascular outcomes, with particular relevance to hypertension.468

Regarding our empirical findings, we observed that greater long-term exposure to cold469

spells was associated with an increased risk of hypertension only when cold spells were470

defined using higher, rather than lower, temperature thresholds. This pattern may reflect471

cumulative effects of repeated cold exposure, including sustained sympathetic activation,472

endothelial dysfunction, and gradual vascular remodeling, which together may contribute473

to the development of hypertension (Yoshimoto et al., 2025). Moreover, compared to colder474

and rarer cold spells defined by lower temperature thresholds, cold spells defined at higher475

thresholds may include days that are insufficiently severe to be perceived and socially476

recognised as weather emergencies.As a result, such exposures may be less likely to trigger477

behavioural adjustments or organised preventive measures, leaving individuals more478

frequently exposed in an unmitigated physiological state. In contrast to cold spells, we479

found no statistically significant association between heatwave exposure and hypertension480

risk. This finding may reflect context specific adaptation, behavioural avoidance, or481

infrastructural protection, and it underscores that chronic impacts of sustained heat482
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exposure may be more heterogeneous than those of cold exposure across settings and483

definitions.484

Acentral empirical finding is that long-term exposure to short-duration ETEs, namely485

SD-CEs and SD-HEs, was associated with increased risks of hypertension across all or486

most temperature thresholds. In particular, the restricted cubic spline analysis further487

revealed a significant non-linear association for SD-CE exposure, with the risk increasing488

more clearly at higher cumulative exposure levels. This pattern may reflect the cumulative489

physiological effects of recurrent cold exposure. Repeated cold exposure may elevate blood490

pressure and promote inflammatory responses, potentially placing greater strain on the491

cardiovascular system as exposure accumulates over time (Cheng and Su, 2010). Our492

findings further suggest that, for long-term cumulative exposure, the temporal structure of493

extreme events may matter in addition to their thermal intensity. Compared with sustained494

events, short-duration extremes may impose repeated acute stress episodes with less495

opportunity for effective behavioural or physiological adjustment, thereby contributing496

more strongly to cumulative cardiovascular strain over time (Leppäluoto et al., 2001).497

Taken together, these results suggest that short-duration ETEs constitute a meaningful, but498

often overlooked, dimension of climate-related exposure relevant to chronic cardiovascular499

risk.500

Our results also differ from much of the previous long-term literature, which has501

reported broadly robust adverse cumulative effects of sustained ETE exposure on chronic502

cardiovascular outcomes, including hypertension (Peng et al., 2024; Tang et al., 2025;503

Tuerdi et al., 2025; Zhou et al., 2023). While contextual factors and other sources of504

heterogeneity may partly account for these differences, the inclusion of short-duration ETE505

exposures in our study may also play an important role. As emphasised throughout this506

research, exhaustively accounting for a complete set of temporally exclusive ETEs within507

the exposure window is important for maintaining a clearly defined reference and508
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meaningful interpretation of the cumulative cardiovascular effects of long-term ETE509

exposure. Without this, estimated effects for any given ETE category may partly reflect510

substitution from omitted ETE categories rather than from non-ETE days alone.511

Beyond total effects, we examined behavioural pathways through which long-term512

ETE exposure may be related to hypertension risk. Across specifications, the513

decomposition results suggested that the cumulative cardiovascular effects of ETE514

exposure were mainly reflected in controlled direct effect components, a pattern that may515

be compatible with cumulative physiological burden associated with long-term exposure.516

Lifestyle behaviours appeared to modify these associations through interaction-related517

components. Low-level physical activity interacted with these exposures to attenuate risk,518

whereas short sleep duration and, under SD-HE exposure, long sedentary time appear to519

show positive interaction-related components. One possible explanation for the attenuating520

interaction with low-level physical activity is reduced outdoor exposure time, which may521

lower actual contact with extreme temperatures (Ho et al., 2023). In contrast, insufficient522

or irregular sleep can disrupt autonomic regulation by reducing parasympathetic activity523

and increasing cardiovascular reactivity. When combined with ETE-induced sympathetic524

activation, this may amplify blood pressure responses beyond what would be expected from525

either factor alone (Crandall and Wilson, 2011; Fink et al., 2018). For SD-HE exposure,526

long sedentary time may further intensify heat-related strain by impairing thermoregulatory527

efficiency, promoting venous pooling and low endothelial shear stress, and limiting heat528

dissipation (Crandall and González-Alonso, 2010; Stanford et al., 2024; Thosar et al., 2015).529

Importantly, sedentary behaviour and low physical activity capture distinct behavioural530

dimensions. Individuals can meet activity recommendations while still spending long531

periods sitting, which may independently increase vulnerability during heat-related stress.532

This distinction is consistent with the differential interaction patterns observed.533

These findings have practical implications for chronic disease oriented climate534



28

adaptation. First, prevention frameworks and early warning systems often prioritise535

sustained ETEs because of their acute impacts (Huang et al., 2025a; Wang et al., 2025), yet536

our results suggest that short-duration extremes can also contribute to hypertension risk537

when exposure accumulates over time. A practical implication is therefore to incorporate538

short-duration ETEs in routine forecast-based public health advisories. For example, short-539

duration ETEs sustained 1-2 days could be flagged and paired with brief, actionable540

protective recommendations, particularly in settings where such events occur frequently.541

Moreover, our stratified analyses indicate heterogeneity in associations across subgroups542

and regions, supporting more targeted guidance to populations and areas with larger543

estimated effects (e.g., males and residents in southern regions) via workplaces, community544

health services, and primary care (Zhou et al., 2025). Second, our threshold pattern for cold545

spells indicates that moderately cold but frequent events captured under higher thresholds546

also warrant attention. Because such events are less likely to be recognised as weather547

emergencies, they may create a prevention gap despite their cumulative impacts. This548

highlights the value of complementing severe event alerts with lower-intensity, higher-549

frequency cold-risk messaging that emphasises everyday protection, such as maintaining550

adequate indoor warmth, wearing layered clothing, and encouraging blood pressure self-551

monitoring among susceptible individuals.552

Our results also inform climate-sensitive lifestyle guidance. Regular physical activity553

remains a cornerstone of hypertension prevention and management (Qiao et al., 2025;554

Thompson et al., 2003; Wu et al., 2025), but its health effects may depend on ambient555

temperature conditions and exposure timing. This underscores the need for safe activity556

planning during temperature extremes, such as shifting exercise to more moderate hours557

and using temperature-controlled settings. Beyond physical activity, our pathway results558

also point to behaviour-specific recommendations for other modifiable behaviours. For559

example, encouraging breaks in sedentary time during SD-HE days and prioritising sleep560
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protection during cold spell days. Taken together, these behaviour-specific561

recommendations can be integrated into heat or cold health alerts as part of early warning562

during temperature extremes.563

Beyond the empirical findings, our study makes a substantive methodological564

contribution to the assessment of cumulative cardiovascular effects of long-term ETE565

exposure. We provide a formal mathematical demonstration that a meaningful and clearly566

interpretable reference contrast may require exhaustively accounting for a complete set of567

temporally exclusive ETEs within the exposure window. Failure to meet this condition, a568

common practice in existing work, may contaminate the reference condition and weaken569

per day interpretation for any target ETE category. We further highlight that for assessing570

and understanding such effects, at least four conceptually related yet temporally exclusive571

ETEs must be examined simultaneously. This is particularly important because individuals572

do not experience heat or cold extremes in isolation; rather, they may be repeatedly exposed573

to different types of ETEs across years. It is important to emphasise, however, that we do574

not claim this strategy to be a definitive or exhaustive solution; rather, it should be regarded575

as a fundamental methodological strategy for valid inference. In practice, ETE categories576

may be further disaggregated, for example, by distinguishing day-night compounding577

ETEs (Liu et al., 2025; Yang et al., 2024) or differentiating ETEs compounded with air578

pollutants (Chen et al., 2025; Cheng et al., 2024), provided that a complete set of temporally579

exclusive ETEs can be exhaustively accounted for.580

We highlight that, under such an identification strategy, the inclusion of temporally581

exclusive ETE categories and the corresponding reference condition must be determined582

ex ante according to the specific research question, so that the included categories together583

constitute a complete set of ETEs and the remaining exposure window represents a584

predefined genuinely ETE-free reference condition, rather than being determined ex post585

by statistical significance. For example, our analysis found no statistically significant586
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association between long-term exposure to heatwaves and hypertension risk. However, this587

does not imply that exposure to heatwaves can be arbitrarily omitted in future research.588

This is not merely because effect estimates may vary across contexts, but more589

fundamentally for two reasons. First, point estimates for such exposure are not exactly zero,590

and their exclusion could still introduce bias. Second, retaining such categories helps ensure591

that the non-ETE condition can be meaningfully conceptualised as ETE-free, thereby592

providing a clearly defined reference for interpreting the effects of the ETEs under593

consideration.594

This framework may also support policy and practice by providing a clearer595

interpretation of the estimated exposure contrast. Within a fixed exposure window, the total596

number of days is constant; therefore, any reduction in ETE exposure necessarily597

corresponds to more days under non-ETE conditions. Using non-ETE conditions as the598

reference thus links the estimated coefficient to an exposure-reduction scenario aligned599

with climate adaptation and public-health practice: reducing population exposure to600

extreme-temperature conditions and increasing days under comparatively lower-risk non-601

ETE conditions. This provides a quantitative basis for comparing the long-term health risks602

of different ETE types, identifying events that may require priority intervention, and603

establishing a common evaluative standard for assessing whether different adaptation604

strategies reduce cumulative ETE-related health risks relative to the same non-ETE605

reference condition.606

Our research has, nevertheless, several limitations. First, exposure and outcome607

timing may have been subject to misclassification. ETE exposure was assessed using608

county-level data because of privacy restrictions, which may introduce non-differential609

exposure misclassification, particularly in geographically large counties. In addition,610

annualising ETE exposure over unequal follow-up intervals may not fully capture inter-611

annual variability, because the same annualised value may reflect either stable yearly612
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exposure or ETEs concentrated in specific years. Moreover, we did not incorporate the613

exact onset time of hypertension, particularly the duration since physician diagnosis,614

because the exact dates of physician diagnosis or medication initiation were unavailable615

and self-reported diagnosis duration may be subject to recall error. Although assigning616

event time to the survey wave at which hypertension was first identified is common in617

cohort studies, it may still introduce event-time misclassification and bias the estimated618

associations. Second, lifestyle behaviours were assessed only at the follow-up wave, rather619

than through precise measurement of long-term behavioural patterns over the observation620

interval. Although these measures were treated as proxies for habitual behavioural status,621

they may not fully capture behavioural patterns and changes occurring throughout the622

interval, which may affect both mediation-related and interaction-related components of623

the decomposition. This limitation also reflects a broader methodological challenge in624

cohort studies, where long-term behaviours are often difficult to measure precisely.625

Addressing this challenge would help distinguish habitual behavioural patterns from626

exposure-related behavioural changes and improve the interpretation of decomposed627

behavioural components. Moreover, although we examined the individual interplay628

between long-term ETE exposure and three unhealthy lifestyle behaviours, we did not629

assess interactions involving multiple simultaneous behaviours. This remains630

methodologically challenging because approaches for decomposing pathways involving631

multiple mediators in a manner comparable to four-way decomposition are still limited.632

Third, residual confounding may remain. Dietary variables, including sodium intake, were633

not included in the primary models because of incomplete dietary information in the CHNS634

dataset, and unmeasured dietary factors could have influenced the estimated associations.635

Fourth, the north– south regional classification serves only as a proxy for residential636

heating zone and cannot fully disentangle heating infrastructure from broader climatic637

adaptation. Future studies with individual-level heating use are needed to better evaluate638
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whether residential heating modifies the health effects of cold-related ETE exposure.639

5 Conclusions640

Clear and interpretable estimation of cumulative cardiovascular effects of long-term641

ETE exposure may require modelling a complete set of temporally exclusive ETEs,642

including cold spells, SD-CEs, heatwaves, and SD-HEs. Applying this strategy in a643

nationwide prospective cohort study, we found that long-term exposure to short-duration644

ETEs (SD-CEs and SD-HEs), which has received limited academic and policy attention,645

was a more robust risk factor for hypertension than exposure to sustained ETEs. Our646

findings also indicated that, while the hypertension risk associated with long-term ETE647

exposure is largely driven by exposure-induced physiological load, interactions with648

lifestyle behaviours exert an additional influence. These results support greater attention to649

short-duration ETEs in monitoring and prevention and underscore the value of climate-650

sensitive behavioural guidance for hypertension risk reduction.651

652
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Appendix A653

We begin by proving a proposition: in a correctly specified model, in which categories654

of temporally exclusive ETEs within the exposure window are exhaustively accounted for,655

the coefficient for exposure to a given category of ETE accurately represents the per-unit656

risk of exposure to that ETE relative to the genuinely non-ETE condition. To formalise this,657

we assume the true underlying relationship for the risk of a chronic cardiovascular outcome,658

r, is a function of the exposure – for example, measured in days – to a complete set of k659

categories of temporally exclusive ETEs within the exposure window, denoted as K = (e1,660

e2, …, ek), where k ∈N⁺, as well as of exposure to non-ETE conditions (n). For clarity, other661

covariates are omitted from the equations, as their exclusion does not affect the validity of662

the proof.663

Such a relationship is presented in its vector form as Eq. (A.1). For each individual i,664

these exposure durations – e1, e2, …, ek, and ni – are subject to the constraint that they sum665

to the total length of the time window of interest (e.g., total number of days between the666

baseline and follow-up), as shown in Eq. (A.2). Due to the perfect multicollinearity667

amongst the exposure vectors, Eq. (A.1) cannot be estimated directly. Therefore, the non-668

ETE exposure is treated as the reference, and we substitute the constraint from Eq. (A.2),669

which transforms Eq. (A.1) into a common, estimable form shown in Eq. (A.3). This670

estimable model shows that when categories of temporally exclusive ETEs within the671

exposure window are exhaustively accounted for, i.e., when exposure to ETEs (included in672

the model) and exposure to the non-ETE condition (not included in the model) collectively673

span the entire time window of interest, the coefficient for each ETE vector represents the674

risk from exposure to that ETE relative to exposure to the non-ETE condition. The675

coefficient for a given ei, which is γi– θ, essentially quantifies the additional risk of one day676

of exposure to ETE type i compared to one day of exposure to the non-ETE condition.677
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(A.1)678

(A.2)679

(A.3)680

Now, we consider an incomplete equation (Eq. (A.4)), in which the sum of exposure681

to the considered sets of ETEs M = (e1, e2, …, em) ⊂ K, together with the exposure to non-682

ETE conditions, does not span the full-time window of interest, since M is a subset of K:683

(A.4)684

According to the Frisch-Waugh-Lovell Theorem, δi can be determined:685

(A.5)686

(A.6)687

where vector vi is the residual from the auxiliary regressions defined in Eq. (A.6). To688

reveal the true composition of the coefficient of δi, we substitute the correctly specified689

model from Eq. (A.3) into r of Eq. (A.5):690

(A.7)691

Since vi is uncorrelated with both the intercept vector and the vector ei from which it692

originates, and since the error term vector is uncorrelated with all vectors for explanatory693

variables, we have:694

(A.8)695

where ej is an element in K that is not included inM.According to the properties of residuals,696

the covariance between a variable and its residual component is equal to the variance of697

that residual. Thus, Eq. (A.8) reduces to:698
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(A.9)699

Therefore, δi can ultimately be expressed as:700

(A.10)701

Eq. (A.10) shows that the coefficient for the exposure to ETE type i cannot be702

interpreted as the additional risk of one day of exposure to ETE type i relative to one day703

of exposure to the non-ETE condition. Specifically, the reference for this coefficient is not704

solely the exposure to the non-ETE condition; it is instead a composite variable that is705

contaminated by the effects of all other omitted ETEs weighted by their partial correlations.706

707

708

709
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