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Key Points
Question: What are the associations between short-term low and high ambient temperature exposures and mortality among heart failure patients in Sweden?
Findings: In this nationwide, time-stratified case-crossover study involving over 250,000 heart failure patients, short-term exposure to both low and high ambient temperatures was associated with increased risk of all-cause and cardiovascular mortality. The mortality risk associated with high temperatures intensified over time.
Meaning: Both low and high temperature exposures are linked to higher mortality in heart failure patients, with high temperature-related mortality increasing over time, even in this high-latitude country not traditionally considered heat-vulnerable.
Abstract
Importance: Heart failure patients may be particularly susceptible to non-optimal temperature exposures, but the associations between short-term low and high temperature exposure and mortality in this population remain unclear, especially in Sweden - a high-latitude country where no nationwide study has been conducted.
Objective: To investigate the associations between short-term exposure to low and high ambient temperatures and all-cause and cardiovascular mortality among Swedish patients with heart failure.
Design: Nationwide time-stratified case-crossover study.
Setting: Sweden, 2006-2021
Participants: 250,640 patients with heart failure who died from any cause, identified from the Swedish National Patient Register and the Cause of Death Register.
Exposure: Daily mean ambient temperature was assessed at 1 × 1 km spatial resolution. To account for regional adaptation, temperature exposures were defined using municipality-specific percentiles, with low and high temperatures corresponding to the 2.5th and 97.5th percentiles, respectively.
Main Outcome(s) and Measure(s): All-cause and cardiovascular mortality among patients with heart failure.
Results: The average age at death among heart failure patients was 84.3 years, with 48.3% female. Short-term exposure to ambient temperature demonstrated a U-shaped association with both all-cause and cardiovascular mortality. For all-cause mortality, odds ratios (ORs) were 1.130 (95% CI: 1.074-1.189) for low temperatures and 1.054 (95% CI: 1.017-1.093) for high temperatures over the entire study period. For cardiovascular mortality, low temperatures were associated with an OR of 1.160 (95% CI: 1.083-1.242) during 2006-2021, and high temperatures with an OR of 1.084 (95% CI: 1.014-1.159) during 2014-2021. The mortality risk associated with high temperatures was more pronounced during 2014-2021 compared to 2006-2013. Male patients, those with comorbid diabetes, and diuretic users were more susceptible to low temperatures, whereas high temperature was more strongly associated with mortality in patients with comorbid atrial fibrillation/flutter and those exposed to elevated ozone levels.
Conclusions and Relevance: This nationwide Swedish study indicates that short-term exposure to both low and high temperatures is associated with increased risk of all-cause and cardiovascular mortality in heart failure patients. The mortality risk associated with high temperatures appears to be increasing over time, emphasizing the need for adaptation even in high-latitude regions.

Keywords: Low and high temperature, mortality, heart failure, short-term associations

1. 
2. Introduction
 Climate change has increased the frequency and intensity of extreme weather events, with significant implications for human health and mortality1. Non-optimal temperature exposures have been identified as a key contributor to global mortality2. Low and high temperatures have been associated with increased mortality rates from cardiovascular diseases (CVD)3,4. According to a recent global study, non-optimal temperatures were responsible for ~9% of total CVD mortality, with cold-related fatalities accounting for ~8%, and heat-related deaths for ~0.7%5. A Swedish study projected rising heat- and cold-related deaths in Stockholm, despite declining attributable fractions for cold6.
[bookmark: OLE_LINK44]Heart failure represents a prevalent, debilitating, and potentially fatal cardiovascular condition 7,8. Individuals with heart failure may be particularly vulnerable to extreme temperatures due to the underlying neurohumoral, cardiovascular and cardio-kidney dysfunction that can impair thermoregulatory and volume responses, potentially increasing the risk of mortality9. Despite this concern, research on the association between low and high temperature exposures and mortality in heart failure patients remains limited3,10–13. To date, no nationwide studies have specifically examined the impact of low and high temperatures on mortality among heart failure patients in Sweden - a Nordic country. Furthermore, there is a paucity of research exploring how the presence of comorbidities or the use of specific medications might modulate the vulnerability of heart failure patients to temperature-related mortality.Therefore, this nationwide study investigated the association between short-term exposure to low and high temperatures and the subsequent risk of mortality in heart failure patients in Sweden. 
2. Methods	Comment by Ni, Wenli: Due to the main text word limit (3,400), we have moved some detailed information and analyses to the Supplementary Materials. We have also reworded some sentences to be more concise without changing its meaning
[bookmark: _Hlk206527319]2.1 Study population
[bookmark: _Hlk179744844]This study was conducted in Sweden, a Nordic country situated between approximately 55°N to 69°N latitude and 11°E to 24°E longitude. All analyses utilized data from the Swedish National Patient Register, which was linked to the Cause of Death Register and the Dispensed Drug Register through unique personal identification numbers assigned to all permanent residents of Sweden14. This nationwide study included all heart failure patients who died from any cause between January 1, 2006, and December 31, 2021, as identified using predefined ICD-10 codes. Details regarding climate zones, spatial temperature variation, registries, ICD-10 codes, and definitions of pre-existing conditions and medication use are provided in the Supplement (eText 1 and 2, eTable 1, and eFigure 1).
The study was conducted in compliance with the Declaration of Helsinki's ethical principles and was approved by the Swedish Ethical Review Authority under protocol number 2021-04326. Informed consent is waived for the use of registry data for quality improvement and health research, as is permitted under Swedish law. 
2.2 Exposure assessment
[bookmark: _Hlk205668227]Daily mean ambient temperature, particulate matter with a diameter less than 2.5μm (PM2.5), nitrogen dioxide (NO2), and ozone (O3) were data obtained at high spatial resolution (1 × 1 km) across Sweden using a machine learning-based spatiotemporal modeling approach15, as detailed in the Supplement (eText 3).
[bookmark: OLE_LINK49]Due to adaptations to local climatic conditions, populations may experience varying health impacts from an identical absolute temperature, especially when it signifies a local extreme rather than a typical temperature in the region16,17. Therefore, to address these differences, we derived individual exposure indicators based on the percentiles of daily temperatures experienced by residents of each Swedish municipality during the study period (2006-2021) instead of using absolute temperature readings.
2.3 Study design
[bookmark: _Hlk205745864][bookmark: _Hlk206089633]We employed a time-stratified case-crossover design, which is a well-established method for assessing the link between short-term environmental exposures and mortality3,18. This self-matched approach, compare exposure levels on the day of the death event (termed the 'case' day) with those on equivalent weekdays in the same calendar month and year (referred to as 'control' days). To avoid overlap bias between case and control periods, we focused on exposures within a lag period of 0-6 days. Further study design details are provided in the Supplement (eText 4). This study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guidelines.
[bookmark: _Hlk206096366]2.4 Statistical analysis
[bookmark: _Hlk206096389][bookmark: _Hlk179821759][bookmark: _Hlk206530503][bookmark: _Hlk206538339][bookmark: _Hlk206096510][bookmark: _Hlk205745617][bookmark: _Hlk205758292][bookmark: _Hlk206538353][bookmark: _Hlk206096465][bookmark: _Hlk206491681]We examined the associations between short-term exposure to low and high temperatures within a lag period of 0-6 days and all-cause and CVD mortality in heart failure patients using a conditional logistic regression model with distributed lag non-linear model (DLNM)19. High and low temperature exposures were defined as the 97.5th and 2.5th percentiles of the temperature distribution, respectively, representing temperature extremes within the Swedish context. The Minimum Mortality Temperature (MMT)20, which corresponds to the temperature at which the lowest mortality rate is observed, was selected as the reference value. All results are reported as cumulative associations across lag 0-6 days, reflecting the overall association of temperature with mortality over the seven-day window by summing estimated effects for each lag day from day 0 (the day of the event) to day 6 prior21. Furthermore, we estimated the attributable fraction of mortality due to low and high temperatures22. Detailed model specifications and descriptive analyses are provided in the Supplementary eText 5.
[bookmark: _Hlk206537993][bookmark: _Hlk205726578]To elucidate potential temporal variations in the association between low and high temperatures and mortality within heart failure patients, we conducted separate analyses for 2006-2013 and 2014-2021 (each with approximately equal duration and case count). We further examined whether temporal variations differed according to region, duration of heart failure and key patient characteristics (sex, age, medication use, and comorbidities) by comparing the associations between 2006-2013 and 2014-2021 within each subgroup. To assess the statistical significance of the difference in effect sizes between these two periods, we employed a z-test. 
[bookmark: _Hlk206536574][bookmark: _Hlk206536552][bookmark: _Hlk206536532][bookmark: _Hlk182413022]To identify potentially susceptible subgroups, we conducted a series of stratified analyses. Regional variations were evaluated by stratifying analyses for southern, central, and northern Sweden. As standard clinical metrics such as ejection fraction were unavailable, we used heart failure duration (measured in days) as a surrogate for disease progression and categorized it into tertiles (short, intermediate, long) for subgroup analysis. Additional stratified analyses were performed by age (<65 years vs. ≥65 years), sex (male vs. female), the presence or absence of various pre-existing conditions: diabetes, stroke/TIA, ischemic heart disease, atrial fibrillation/flutter, hypertension, obesity, chronic obstructive pulmonary disease (COPD), malignant cancer within 3 years, peripheral artery disease, and renal failure, medication history: diuretics, anticoagulants, antiplatelets, beta-blockers, calcium channel blockers, digoxin, lipid-lowering agents, mineralocorticoid receptor antagonists, antiarrhythmics, nitrates, renin-angiotensin system inhibitors/angiotensin receptor blockers (RASi / ARNi) and SGLT2 Inhibitors, and air pollution (O₃, PM₂.₅, NO₂; low: < median, high: ≥ median) .
[bookmark: _Hlk112170382][bookmark: _Hlk206490463]Sensitivity analyses were conducted to assess the robustness of our findings. First, for temporal variation, we included the time period (2006-2013 vs. 2014-2021) as an interaction term in the model, enabling simultaneous estimation of temperature-mortality associations for both intervals within a unified analytical framework. Second, the study period was restricted to 2006–2019 to exclude potential COVID-19 effects. Third, absolute temperature was used as the exposure variable instead of temperature percentiles. Fourth, alternative definitions for low and high temperature were applied, using the 5th and 95th percentiles, respectively. Fifth, ambient pollutants (O3, PM2.5, and NO2) were adjusted in separate models. Finally, analyses were restricted to heart failure cases with an ICD-10 code of I50.
The effect of high temperatures was estimated as the odds ratio (OR) with 95% confidence intervals (CI) for an increase in daily air temperature from the MMT to the 97.5th percentile of the temperature percentile distribution, while the effect of low temperatures was estimated for a decrease from the MMT to the 2.5th percentile of the distribution. 
All analyses were conducted using R software, version 4.3.0. Statistical significance was assessed using a two-sided p-value of less than 0.05.
3. Result
3.1 Study population and exposure data
This nationwide study included 250,640 heart failure patients who died from any cause between 2006 and 2021, of whom at least 144,729 (57.8%) deaths were attributed to CVD. The average age at all-cause death was 84.3 ± 9.4 years, with 48.3% female (Table 1). Characteristics of CVD deaths among heart failure patients are presented in eTable 2 (Supplement).
[bookmark: _Hlk125383654][bookmark: _Hlk179826601][bookmark: _Hlk179826589]Table 1. Descriptive statistics of characteristics of death cases in the heart failure patients during 2006-2021, 2006-2013 and 2014-2021
	 
	Mean ± SD / n (%) 

	 
	Overall period: 2006-2021 
(N=250,640)
	2006-2013 
(N=114,912)
	2014-2021 
(N=135,728)

	Age (years)
	84.3 ± 9.4
	84.1 ± 9.3
	84.4 ± 9.4

	Sex (female)
	121061 (48.3%)
	56563 (49.2%)
	64498 (47.5%)

	Region
	
	
	

	  North
	31988 (12.8%)
	14953 (13.0%)
	17035 (12.6%)

	  Central
	95930 (38.3%)
	43453 (37.8%)
	52477 (38.7%)

	  South
	122722 (49.0%)
	56506 (49.2%)
	66216 (48.8%)

	Duration of heart failure (days)
	                        1670 ± 1570
	1360 ± 1210
	1920 ± 1780

	Comorbidities (yes)
	
	
	

	Hypertension
	160968 (64.2%)
	62201 (54.1%)
	98767 (72.8%)

	Diabetes
	74585 (29.8%)
	31974 (27.8%)
	42611 (31.4%)

	Ischemic heart disease
	143741 (57.3%)
	68425 (59.5%)
	75316 (55.5%)

	Atrial fibrillation/flutter
	149343 (59.6%)
	63309 (55.1%)
	86034 (63.4%)

	Stroke / TIA
	84813 (33.8%)
	38890 (33.8%)
	45923 (33.8%)

	    Peripheral artery disease
	37440 (14.9%)
	16877 (14.7%)
	20563 (15.2%)

	Renal Disease
	83883 (33.5%)
	30261 (26.3%)
	53622 (39.5%)

	COPD
	50700 (20.2%)
	22038 (19.2%)
	28662 (21.1%)

	Malignant cancer within 3 years
	53913 (21.5%)
	23346 (20.3%)
	30567 (22.5%)

	Obesity
	10572 (4.2%)
	3145 (2.7%)
	7427 (5.5%)

	History of medication use (yes)
	
	
	

	Diuretics
	193859 (77.3%)
	91726 (79.8%)
	102133 (75.2%)

	RASi / ARNi
	129754 (51.8%)
	58121 (50.6%)
	71633 (52.8%)

	Beta-Blockers
	165250 (65.9%)
	70365 (61.2%)
	94885 (69.9%)

	Antiplatelet
	104352 (41.6%)
	61412 (53.4%)
	42940 (31.6%)

	Mineralocorticoid Receptor Antagonists
	63686 (25.4%)
	29719 (25.9%)
	33967 (25.0%)

	SGLT2
	1206 (0.5%)
	-
	1206 (0.9%)

	Calcium Channel Blockers
	36344 (14.5%)
	15591 (13.6%)
	20753 (15.3%)

	Anticoagulant
	80313 (32.0%)
	22202 (19.3%)
	58111 (42.8%)

	Lipid-Lowering
	67415 (26.9%)
	25825 (22.5%)
	41590 (30.6%)

	Digoxin
	30957 (12.4%)
	17954 (15.6%)
	13003 (9.6%)

	Nitrate
	60582 (24.2%)
	32708 (28.5%)
	27874 (20.5%)

	Antiarrhythmic
	3718 (1.5%)
	1479 (1.3%)
	2239 (1.6%)


Note: COPD, chronic obstructive pulmonary disease. RASi / ARNi, renin-angiotensin inhibitors/angiotensin receptor blockers 

3.2 Exposure data
The mean of daily mean air temperatures over the period 2006-2021 was 6.63°C (SD: 7.91°C, range: -34.5°C to 26.3°C) (Table 2). For 2006–2013, the mean was 6.14°C (SD: 8.23°C; range: -34.5°C to 25.5°C), and for 2014–2021, it was 7.05°C (SD: 7.61°C; range: -32.6°C to 26.3°C) (Table 2). Spearmen correlations between ambient temperature and ambient pollutants were generally weak to moderate (-0.29 to 0.37) (Supplement, eFigure 2).
[bookmark: _Hlk97304555]Table 2. Descriptive statistics of the levels of ambient temperatures and ambient pollutants
	 
	Mean
	SD
	2.5%
	5%
	25%
	Median
	75%
	95%
	97.5%

	Air temperature (°C)
	
	
	
	
	
	
	
	
	

	    2006-2021 
	6.63
	7.91
	-8.99
	-6.21
	1.09
	6.13
	13.23
	18.75
	20.26

	    2006-2013
	6.14
	8.23
	-10.18
	-7.47
	0.25
	5.99
	13.04
	18.49
	19.81

	    2014-2021
	7.05
	7.61
	-7.64
	-4.79
	1.68
	6.26
	13.38
	19.01
	20.69

	PM2.5 (μg/m3)
	7.78
	3.57
	2.61
	3.16
	5.42
	7.24
	9.51
	13.90
	16.08

	NO2 (μg/m3)
	11.66
	7.85
	1.96
	2.50
	5.87
	10.10
	15.37
	26.78
	31.70

	O3 (μg/m3)
	54.50
	13.69
	28.83
	32.28
	44.54
	54.58
	64.44
	76.30
	79.97


[bookmark: _Hlk206538221]Note: Values in Table 2 summarize the distribution of individual-level daily exposures, which were assigned to each study subject according to their area (RegSO) of residence and date of death, using high-resolution gridded exposure models. All descriptive statistics are calculated by pooling these individual-level exposures across all deaths during the analysis period.

[bookmark: _Hlk206537891][bookmark: _Hlk205726479]3.3 Short-term exposure to low and high temperatures and all-cause and CVD mortality in heart failure patients 	Comment by Ni, Wenli: We have reworded this section to align with the new combined panels figure, without changing its meaning.
[bookmark: _Hlk206526640]The relationship between short-term exposure to daily air temperatures and all-cause and CVD mortality in heart failure patients consistently exhibited a U-shaped pattern throughout the study period (2006-2021; Figures A1 and B1). Mortality risk was elevated at both low and high temperatures, with a more pronounced association at low temperatures. Temporal variation in the exposure-response curves showed that associations with both low and high temperatures were stronger in 2014-2021 than in 2006-2013 (Figure A1 and B1). The U-shaped association for all-cause mortality was evident in both sub-periods. In contrast, CVD mortality in the earlier period was predominantly associated with low temperatures, following a near-linear pattern; but shifted to a U-shaped pattern in more recent years, indicating increased mortality risk at high temperatures. Notably, the slope of the risk curve for high temperatures became steeper for both all-cause and CVD mortality in the more recent period, indicating a more rapid rise in mortality risk at high temperature. 
For all-cause mortality over the 2006-2021 period (Figure A2, Supplementary eTable 3), the ORs were 1.130 (95% CI: 1.074-1.189) for low temperatures at the 2.5th percentile compared to the MMT - corresponding to a temperature percentile of 0.841, and 1.054 (95% CI: 1.017-1.093) for high temperatures at the 97.5th percentile. By period, the ORs for low temperature were 1.108 (95% CI: 1.027-1.195) in 2006-2013 and 1.149 (95% CI: 1.074-1.229) in 2014-2021, and associations at high temperatures were slightly stronger in 2014-2021 (OR=1.082, 95% CI: 1.029-1.138) than in 2006-2013 (OR=1.024, 95% CI: 0.973-1.077), though this difference was not statistically significant (Figure A2). For CVD mortality (Figure B2, Supplementary eTable 3), low temperatures consistently showed elevated risk overall (OR=1.160, 95% CI: 1.083-1.242) and both sub-periods (2006-2013: OR=1.132, 95% CI: 1.025-1.251; 2014-2021: OR=1.192, 95% CI: 1.086-1.307). High temperatures were not associated with increased CVD mortality overall or during 2006-2013, but a significant association emerged in 2014-2021 (OR=1.084, 95% CI: 1.014-1.159) that was significantly higher than in 2006-2013 (OR=1.001, 95% CI: 0.973-1.029).
[bookmark: _Hlk206581758]The attributable fractions of all-cause mortality due to low and high temperatures were 0.30% (95% empirical confidence interval [eCI]: 0.17%-0.42%) and 0.15% (0.05%-0.26%), respectively; for CVD mortality, 0.36% (0.20%-0.52%) and 0.12% (-0.01%-0.24%) (Supplement, eTable 4). Attributable fractions for both low and high temperatures in all-cause and CVD mortality were higher in 2014-2021 compared to 2006-2013, with the increase particularly pronounced for high temperature.

[bookmark: _Hlk205755701][image: ]
[bookmark: _Hlk205668707][bookmark: _Hlk205755261]Figure 1.  Association of short-term air temperature exposure with all-cause and CVD mortality in heart failure patients 
Note: Association between short-term air temperature exposure (lag 0-6 days) and all-cause and cardiovascular mortality among Swedish heart failure patients from 2006 to 2021, including sub-periods 2006-2013 and 2014-2021. Panels A1 and B1, exposure-response curves of association between air temperature exposure with all-cause mortality (A1) and CVD mortality (B1) in the heart failure patients. The x-axis represents the temperature percentiles. The solid black, blue, and red lines with shaded regions represent the ORs (95% CI) of all-cause mortality and CVD mortality associated with air temperature exposure during 2006-2021, 2006-2013, and 2014-2021, respectively. A2 and B2, OR (95% CI) of all-cause mortality (A2) and CVD mortality (B2) in the heart failure patients associated with low temperature (2.5th percentile) and high temperature (97.5th percentile) vs MMT. For all-cause mortality, the MMT corresponded to temperature percentiles of 0.841 (2006-2021), 0.827 (2006-2013), and 0.846 (2014-2021); for CVD mortality, 0.863, 0.931, and 0.859, respectively. A green star indicates a significant difference between OR estimates for the periods 2006-2013 and 2014-2021. All associations represent cumulative effects across lag 0-6 days, calculated by summing the estimated effects from the day of the event (lag 0) to six days prior (lag 6), reflecting the overall short-term impact of temperature exposure on mortality. The horizontal black line represents the OR of 1.


[bookmark: _Hlk117774995]
3.4 Stratified analyses	Comment by Ni, Wenli: Due to word limits (3400), we combined this section with the effect modification content as one section for stratified analysis
[bookmark: _Hlk206538066]Regional analyses (Supplement, eFigure 3 and 4) demonstrated that high temperatures were more strongly associated with increased CVD mortality risk among heart failure patients in northern Sweden compared to those in the southern and central regions during 2006-2021, while in southern Sweden, the association between high temperatures and all-cause mortality became notably stronger in recent years. Longer heart failure duration was linked to greater high temperature-related CVD mortality risk during overall period, with no temporal variation across duration subgroups (Supplement, eFigure 5 and 6). 
We also observed that males exhibited a stronger association between low temperatures exposures and CVD mortality compared to females, with a similar but non-significant trend for all-cause mortality during 2006-2021 (Figure 2). Low temperatures were more strongly associated with both all-cause and CVD mortality in patients with comorbid diabetes, and with all-cause mortality in those using diuretics during 2006-2021. High temperatures were more strongly associated with CVD mortality in patients with comorbid atrial fibrillation/flutter, and with all-cause mortality in those with higher O3 exposure (Figure 2). No effect modification was observed for other pre-existing conditions, medication history, or air pollutants during 2006–2021 (Figure 2 and Supplement, eFigure 7, 8, and 9).
[bookmark: _Hlk206538074][bookmark: _Hlk171880350]Temporal analyses (Supplement, eFigure 10, 11, and 12) indicated that among heart failure patients with comorbid cancer, the association between low temperature exposure and CVD mortality was stronger in 2014-2021 compared to the earlier period. Similarly, in older patients (≥65 years) and in those with comorbid atrial fibrillation/flutter, high temperatures were more strongly associated with increased CVD mortality in the more recent period. No temporal differences in temperature-related CVD mortality were observed among females, males, younger patients (<65 years), or those with other comorbidities or medication use. Likewise, no temporal differences in temperature-related all-cause mortality risk were found across age, sex, comorbidities, or medication use (Supplement, eFigure 10, 11, and 12).
[image: ]
Figure 2. Effect modifications of low and high temperatures on all-cause and CVD mortality in heart failure patients
[bookmark: _Hlk206537426]Note: Effect modifications of low and high temperatures on all-cause and CVD mortality in heart failure by age, sex, diabetes, atrial fibrillation/flutter, diuretics and O3 during 2006-2021. Red stars indicate statistically significant differences (p-value < 0.05) between groups. O3: ozone
3.5 Sensitivity analysis	Comment by Ni, Wenli: We reworded this section to be more concise without changing its meaning.
[bookmark: _Hlk206490615]Results remained robust across a series of sensitivity analyses (Supplement, eFigure 13, 14 and 15), including incorporating time period as an interaction term, restricting the study period to pre-COVID-19 years (2006-2019), using absolute temperature instead of percentiles, applying alternative percentile thresholds (95th and 5th), adjusting for ambient pollutants (O₃, PM2.5, NO₂), and limiting cases to ICD-10 code I50.
[bookmark: OLE_LINK16]4. Discussion
[bookmark: OLE_LINK6][bookmark: _Hlk91249969]In this nationwide Swedish heart failure study, we found that both low and high temperatures exposures are associated with an increased all-cause and CVD mortality risk among patients with heart failure, with risks elevated by approximately 10-20% for low temperatures and 2-8% for high temperatures. Notably, the slopes of the all-cause and CVD mortality risk curves for high temperatures have accelerated sharply in recent years, indicating an intensifying impact of heat exposure in Sweden, even in this high-latitude region not traditionally considered heat-vulnerable.
[bookmark: _Hlk179832293]Few studies have examined the effects of temperature extremes on all-cause or CVD mortality in heart failure patients, especially in Nordic regions. This is the first nationwide Swedish investigation of temperature and mortality in heart failure, including effect modification by comorbidities and medication use. While conducted in Sweden, our findings are likely relevant for other Nordic countries due to similar climates, demographics, and healthcare systems. One prior ecological study across multiple regions, using aggregated data (daily death counts) rather individual-level information, reported that high and low temperature exposure was associated with increased heart failure mortality3. However, their analysis excluded Sweden and most Nordic countries, grouping the UK, Estonia, and only Helsinki as Northern Europe. This atypical classification may limit the generalizability of their findings to the Nordics, which have distinct climate or healthcare characteristics compared to the UK and Estonia. Studies from Spain and Germany also found that low and high temperatures were both associated with increased heart failure mortality1110. Regional studies in Hong Kong and Quebec reported that lower temperatures were associated with increased heart failure mortality12,13. However, these studies did not examine how individual comorbidities or medication use might modify the effect of non-optimal temperatures on mortality risk in heart failure patients.  	Comment by Ni, Wenli: Because the limitation of words (3400), we reworded this section to be more concise without changing its meaning.
[bookmark: _Hlk206533736]The temporal variation in temperature-mortality curves among heart failure patients highlights an emerging concern for high temperature exposure in Sweden, a country typically considered less vulnerable to heat due to its northern, colder climate. The slope of the mortality risk curve for high temperatures was steeper and exhibited a more rapid increase over time from 2014-2021 compared to 2006-2013, especially in the southern region where about half the population resides. The exposure-response relationship indicates that the association between low temperatures and mortality was also stronger in the later period. These patterns align with projections that Sweden’s increasing temperature-related mortality among older adults is driven by population aging, rather than climate change alone6. Our findings support these projections, with more pronounced temperature-mortality associations in recent years, especially among older patients and those with comorbid atrial fibrillation/flutter or cancer. This is accompanied by noticeable differences in health status between 2014-2021 and 2006-2013, with patients in more recent years had longer heart failure duration, more comorbidities (such as hypertension), and greater polypharmacy. Such escalation in clinical susceptibility may explain the rise in temperature-related mortality in recent years. In an aging world, the number of susceptible individuals is likely to rise, potentially leading to an increase in both heat-related and cold-related deaths23. While we did not directly analyze temperature trends, we observed a rise in mean daily air temperature from 6.1°C (2006-2013) to 7.1°C (2014-2021) , consistent with climate change1. If extreme temperatures occur more frequently and are associated with increased mortality, patients with heart failure will likely face more high-risk days than in the past. Therefore, the intensification of the temperature-mortality relationship, regardless of its underlying cause - be it climate or demographic changes23 - highlights the potential for rapidly escalating risk of heat-related mortality among individuals with heart failure. 
[bookmark: _Hlk206538472]The risks of both all-cause and CVD mortality among heart failure patients demonstrated a more pronounced association with low temperatures compared to high temperatures, consistent with previous findings that excess deaths attributable to cold exceed those attributable to heat24,25. This disparity may, in part, be explained by the greater frequency of cold days compared to hot days in Sweden24,26. In addition, the predominance of cold-related deaths can be understood mathematically: the area under the exposure-response curve for heat is substantially smaller than that for cold24, with the MMT located at a temperature percentile of approximately 0.85 in our study. This mathematical difference further accounts for the greater burden of cold-related deaths observed in our study. 
[bookmark: _Hlk206103560][bookmark: _Hlk206538738][bookmark: _Hlk205667678][bookmark: _Hlk206538640][bookmark: _Hlk206538626]Low temperatures showed a significantly stronger association with mortality among heart failure in males than females, consistent with previous studies reporting higher cold-related cardiovascular mortality in men27,28. These sex-specific differences may reflect both behavioral factors, greater occupational or behavioral exposure to cold as well as risk-taking behaviors like higher rates of alcohol consumption during cold periods among men; and physiological differences, larger decreases in core body temperature in response to cold29,30. Similarly, the association between low temperatures and mortality was stronger in heart failure patients with diabetes, possibly due to impaired vascular responsiveness thorough dysregulated sympathetic function in this group31. Although previous studies suggested diabetes may also increase heat susceptibility, we observed only a slightly stronger, non-significant effect of high temperatures in these patients. Diuretic users also exhibited a stronger association between low temperatures and mortality. Diuretics may influence thermoregulation by inhibiting the resorption of sodium and potassium in the distal tubules of the kidneys, resulting in decreased plasma volume9,32, which can diminish vasomotor tone and the body’s ability to maintain temperature homeostasis during cold exposure33. Diuretic use may also be a marker of more severe heart failure, further explaining this heightened risk. Although diuretics may theoretically increase susceptibility to heat due to impaired fluid and electrolyte regulation, this was not observed in our study. High temperature exposure was more strongly associated with mortality in heart failure patients with comorbid atrial fibrillation/flutter and those with longer heart failure duration. These frail individuals may experience impaired cardiovascular function34, potentially exacerbating their susceptibility. High temperature- mortality relationship was also amplified for those exposed to higher O₃ levels. As temperature correlates positively with ground-level O₃ formation35, this synergistic interaction highlights the health risks posed by concurrent heat and O3. In contrast, no effect modification by PM2.5 was detected, indicating that its levels did not appear to influence the short-term association between temperature and mortality in this population.
[bookmark: bbib0045]While the precise mechanisms linking low and high temperatures to mortality in heart failure patients require further elucidation, several plausible pathways have been proposed. Alterations in autonomic and cardiovascular function, commonly observed in heart failure, may impair thermoregulatory responses9,36,37. Both cold and heat exposures elicit coordinated autonomic-cardiovascular responses to maintain core body temperature. High temperature exposure could cause vasodilation, sweating, dehydration and electrolyte imbalances, aggravating sympathoadrenal activation, tachycardia, and risks of ischemia/plaque rupture4,38,39.  Additionally, exposure to high temperatures may also promote a prothrombotic state and endothelial injury via proinflammatory cytokines4,38–40. Previous studies have also reported impaired skin blood flow responses to environmental heating in individuals with chronic heart failure41. Conversely, low-temperature exposures could trigger vasoconstriction, increased vascular resistance and blood pressure, exacerbating plaque vulnerability38,39,42. Moreover, exposure to low temperatures may deposit cholesterol crystals and activate platelets/inflammatory markers4,38,39,43. 
[bookmark: _Hlk179837975][bookmark: _Hlk206102999][bookmark: _Hlk206538683][bookmark: _Hlk206538547][bookmark: _Hlk206537867][bookmark: _Hlk206538591][bookmark: _Hlk205665743][bookmark: _Hlk151472736]Our study has several limitations. First, using outdoor ambient temperatures as proxies for personal exposures may lead to exposure misclassification, particularly for elderly patients who may spend more time indoors, although daily variations are likely well represented. However, individualized exposure data were not feasible at a national scale. Second, the observational design precludes causal inference. Third, the absence of ejection fraction data limits our ability to assess susceptibility differences across heart failure phenotypes. The case-crossover approach is optimized for short-term effects and may not capture impacts beyond the 6-day window. We were also unable to adjust for humidity due to a lack of data, potentially resulting in residual confounding. Finally, as the study was conducted in Sweden, generalizability to other regions and populations may be limited.	Comment by Ni, Wenli: Due to word limits (3400), we made this section more concise and removed the study strengths, but kept the limitations.
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]5. Conclusions
[bookmark: _Hlk113045129][bookmark: _Hlk151454993]Short-term exposure to both low and high temperatures is associated with increased all-cause and CVD mortality risk among heart failure patients in Sweden. The observed rise in mortality risk associated with high temperatures over time underscores the importance of timely adaptation measures, even in high-latitude regions not traditionally considered heat-vulnerable.
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