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Abstract
Background: Lower air temperature and cold spells have been associated with an increased risk of various diseases. However, the short-term effect of lower air temperature and cold spells on myocardial infarction (MI) remains incompletely understood.
Objectives: To investigate the short-term effects of lower air temperature and cold spells on the risk of hospitalization for MI in Sweden.
Methods: This population-based nationwide study included 120,380 MI cases admitted to hospitals in Sweden during the cold season (October to March) from 2005 to 2019. Daily mean air temperature (1 km2 resolution) was estimated using machine learning, and percentiles of daily temperatures experienced by individuals in the same municipality were employed as individual exposure indicators to account for potential geographic adaptation. Cold spells were defined as periods of at least two consecutive days with a daily mean temperature below the 10th percentile of the temperature distribution for each municipality. A time-stratified case-crossover design incorporating conditional logistic regression models with distributed lag non-linear models using lag 0-1 (immediate) and 2-6 days (delayed) was employed to evaluate the short-term effects of lower air temperature and cold spells on total MI, non-ST-segment elevation MI (NSTEMI) and ST-segment elevation MI (STEMI).
Results: A decrease of 1-unit in percentile temperature at a lag of 2-6 days was significantly associated with increased risks of total MI, NSTEMI, and STEMI, with ORs (95% CI) of 1.099 (1.057-1.142), 1.110 (1.06-1.164), and 1.076 (1.004-1.153), respectively. Additionally, cold spells at a lag of 2-6 days were significantly associated with increased risks for total MI, NSTEMI, and STEMI, with ORs (95% CI) of 1.077 (1.037-1.120), 1.069 (1.020-1.119), and 1.095 (1.023-1.172), respectively. Conversely, lower air temperature and cold spells at a lag of 0-1 days were associated with decreased risks for MI.
[bookmark: OLE_LINK4][bookmark: _Hlk136627419][bookmark: _Hlk169638009][bookmark: OLE_LINK9]Conclusions: This nationwide case-crossover study demonstrated that short-term exposures to lower air temperature and cold spells are associated with an increased risk of hospitalization for MI at lag 2-6 daysa novel biphasic pattern in MI risk following exposure to lower air temperatures and cold spells. It was characterized by an initial transient reduction in risk at lags 0-1 day, followed by a significant increase in risk at lags 2-6 days. As the ongoing progression of climate change continues to induce complex shifts in regional weather patterns, enhancing protections to reduce future cold-related cardiac hospitalizations may be important.

Condensed Abstract
This nationwide case-crossover study examined short-term effects of lower air temperatures and cold spells on myocardial infarction (MI) risk in Sweden during cold seasons from 2005-2019. Lower temperature and cold spells at lags 2-6 days were associated with increased risks of MI. Conversely, lower temperatures and cold spells at lags 0-1 day transiently reduced MI risk, revealing a novel biphasic pattern: initial risk reduction followed by significantly increased risk at lag 2-6 days. As climate change impacts weather patterns, understanding cold-related cardiac risks may inform preventive strategies against future cold-related hospitalizations.
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Abbreviations
MI: Myocardial Infarction
NSTEMI: Non-ST-Elevation Myocardial Infarction
STEMI: ST-Elevation Myocardial Infarction
OR: Odds Ratio
CI: Confidence Interval
DLNM: Distributed Lag Non-Linear Model 
PM2.5: Particulate Matter with a Diameter Less Than 2.5μm
PM10: Particulate Matter with a Diameter Less Than 10μm
NO2: Nitrogen Dioxide
O3: Ozone

1. Introduction
[bookmark: OLE_LINK12]Exposures to lower air temperature and cold spells have been associated with an increased risk of various diseases1,2. The 2019 Global Burden of Disease Study revealed non-optimal ambient temperatures as a risk factor for mortality, with low temperatures conferring a greater attributable burden than high temperatures worldwide3. A recent global study conducted across 1,960 locations in 59 countries or regions revealed that from 2000 to 2019, an annual 205,932 excess deaths were associated with cold spells, signifying an excess death ratio of 3.81 per 1,000 deaths and an excess death rate of 3.03 per 100,000 population, with Europe notably recording the highest excess death ratio and rate4. In addition, while climate change primarily leads to global warming, it can indirectly contribute to colder weather in specific regions due to shifts in atmospheric and oceanic circulation patterns5-10. For example, one of the consequences of climate change-induced shifts in atmospheric dynamics is the weakening and destabilization of the polar vortex, which is a band of strong winds that circulates around the Arctic. These winds have been associated with increased extreme winter weather/cold-air outbreaks across the continents of Eurasia and North America5-10. 
Myocardial infarction (MI), a life-threatening acute coronary event that is a severe manifestation of coronary artery disease, can be classified into non-ST-segment elevation MI (NSTEMI) and ST-segment elevation MI (STEMI)11. Previous studies suggested that exposure to lower temperatures is associated with the onset and hospitalization of MI12-19. Regarding a more specific focus on extreme weather events, e.g., cold spells, only three previous studies investigated the association between cold spells and the risk of MI occurrence17,20,21. Those findings, however, are inconsistent. Notably, most of these investigations have been conducted in temperate climates, leaving a relative dearth of data from colder regions where decreased temperature or extreme cold events are more pronounced. Additionally, except for one city-specific study17, no previous investigations have simultaneously examined the independent effects of both lower temperatures and cold spells on MI within a single population.
Sweden, known for its cold climate and well-established national health system, provides a unique opportunity to rigorously explore the association between short-term exposure to lower temperatures and extreme cold weather events and MI hospitalization risk in a large, well-defined national population residing in a relatively cold region. The country's robust health data infrastructure through registries such as “Swedish Web-system for Enhancement and Development of Evidence-based care in Heart disease Evaluated According to Recommended Therapies” (SWEDEHEART) facilitates nationwide large-scale epidemiological analyses. Therefore, we aimed to investigate how short-term exposures to lower air temperature and cold spells influence the risk of MI hospital admissions during the cold season (October to March) over the period 2005-2019 using the high-quality SWEDEHEART database with a nationwide case-crossover study in Sweden.
2. Methods
2.1 [bookmark: _Hlk169879605]Study location and population
[bookmark: OLE_LINK32]Sweden, situated between approximately 55° to 69° north latitude in Northern Europe, spans diverse climatic zones ranging from maritime-influenced southern regions to subarctic environments in the north. Southern regions, influenced by maritime climates, experience milder cold seasons. Central Sweden transitions with a blend of maritime and continental influences, showing an average daily mean temperature of 0.76°C in the cold season during the study period. The northern areas exhibit a subarctic climate, with average daily mean temperatures dropping to -3.05°C in the cold season during the study period. Given its northern geographical position, cold spells in Sweden can be particularly severe, with extremely low temperatures often accompanied by significant snowfall, which can impact transportation and outdoor activities. Despite Sweden's advanced infrastructure and adaptation to cold conditions through building insulation and efficient heating systems, these measures can not completely mitigate the physiological stress cold places on the body, particularly the cardiovascular system.
This population-based nationwide study included 120,380 patients admitted to hospitals with MI in Sweden during the cold season (October to March) from 2005 to 2019 (Supplement, Figure S1: flowchart). Patients were consecutively enrolled in the SWEDEHEART registry, which comprehensively includes all hospitalizations for symptomatic presentations consistent with acute coronary syndrome, alongside individuals undergoing invasive cardiac diagnostic procedures and surgical interventions related to the cardiovascular system22. Attending physicians established the diagnosis of MI upon patient admission using clinical assessment (ICD-10: I21), further on stratifying MI events by infarction type: NSTEMI and STEMI22. Beyond that, data encompassing an array of demographic and clinical variables, including of age, sex, socioeconomic status, comorbidities, and prior medication use, was methodically and comprehensively documented.
The study was approved by the Swedish Ethical Review Authority (2020-04252) in accordance with the ethical principles outlined in the Declaration of Helsinki.
[bookmark: _Hlk169702558]2.2 Exposure assessment
Daily mean air temperature was estimated at 1 km2 spatial resolution across Sweden using a three-stage machine learning approach incorporating satellite-derived land surface temperature (LST), monitored daily temperature data, and spatiotemporal predictors related to land use and land cover23. Details of air temperature assessment are given in Text S1 (Supplement). In the first stage, air temperature estimates from atmospheric models were used to impute missing data in the satellite LTS data. The model then calibrated the imputed LST data to the monitored air temperature data for each individual year using spatial and spatiotemporal parameters. In the third stage, this calibrated model was applied to predict temperature in all grid cells without monitors. As a result, daily mean air temperature estimates were derived for each 1-km2 grid area throughout Sweden during the period extending from 2005 to 2019. The model achieved excellent performance, with an average CV-R2 (cross-validated R-squared, cross-validated predictions and proportion of variability captured by the predictions) of 0.94 (root mean squared error = 1.6°C, intercept = -0.04 and slope = 1.008) across the years23.
[bookmark: _Hlk169861725][bookmark: _Hlk169710328]Populations often demonstrate adaptations to the specific climatic conditions of their geographical region; consequently, an identical absolute temperature may yield more profound health implications on a population if it signifies a local extreme rather than being a frequent temperature in the region23-25. To account for this variability, we calculated the percentiles of daily temperatures across the entire study duration (2005-2019) experienced by individuals residing in the same municipality throughout Sweden and employed these percentile values as individual exposure indicators, rather than relying on absolute temperature values. Additionally, we calculated year-specific percentile temperatures within municipalities for sensitivity analysis. Daily ambient temperature exposures were assigned to MI patients in the registry by matching their date of hospitalization geocoded home address and geocoded home address date of hospitalization. Specifically, we utilized the administrative level information of the patients' home addresses based on districts, which are in total 2523 across Sweden's geographical division.
Daily concentrations of particulate matter with a diameter less than 2.5μm (PM2.5), particulate matter with a diameter less than 10μm (PM10), nitrogen dioxide (NO2), and ozone (O3) were estimated within a spatial resolution of 1 × 1 kilometer km encompassing the entirety of Sweden. These estimations were generated through a nationwide spatiotemporal machine learning model, which has been described in detail elsewhere26.
[bookmark: _Hlk169710363]2.3. Definition of cold spells
[bookmark: OLE_LINK2][bookmark: _Hlk160091558][bookmark: _Hlk169710385]In general, there is no standard definition of a cold spell, as definitions vary depending on the selected temperature threshold and duration of exposure used27. In this study, In an effort to formulate a consistent definition of cold spells that facilitates the direct comparison of results and reduces the impact of potential outliers in air temperature that may emerge in specific years, we defined cold spells as periods of at least two consecutive days with a daily mean temperature below the 10th percentile of the temperature distribution across the entire study duration (2005-2019) for each municipality  during the cold season (October to March) in the study period (2005-2019). Additionally, three multiple alternative cold spell metrics were considered as part of a sensitivity analysis: first, the daily mean temperature below the 10th percentile of the temperature distribution for three or more consecutive days (cold spells [10th, ≥ 3 days]); second, the daily mean temperature below the 10th percentile for four or more consecutive days (cold spells [10th, ≥ 4 days]); and third, the daily mean temperature below the 5th percentile of the temperature distribution for two or more consecutive days (cold spells [5th, ≥ 2 days]); and fourth the daily mean temperature below the 3rd percentile of the temperature distribution for two or more consecutive days (cold spells [3rd, ≥ 2 days]) for each municipality during the study period. Lastly, we defined cold spells on an annual basis as periods of at least two consecutive days with a daily mean temperature below the 10th percentile of the year-specific temperature distribution (year-specific cold spells [10th, ≥ 2 days]) as part of a sensitivity analysis .. 
[bookmark: _Hlk169631173]2.4. Study design
[bookmark: _Hlk169814912][bookmark: _Hlk169269385]This study employed a time-stratified case-crossover design28, a widely recognized approach for evaluating associations between brief environmental exposures with acute health events29, to evaluate the short-term effects of lower air temperature and cold spells on MI hospital admission during the cold season (October to March). This design leverages a self-controlled approach where individuals serve as their own controls, facilitating comparisons of exposures on the event day (case day) with those on control days. Specifically, the date of the MI event was assigned as the case day for each participant, with all other dates falling within the identical year, month, and day of the week being identified as control days. For instance, if a participant experienced MI hospital admission on a Thursday (January 26th, 2012, case day), the referent control days would consist of all other Thursdays within January 2012 (January 5th, 12th, and 19th). This approach effectively controls for potential confounders that may not vary day-to-day, such as demographic and lifestyle characteristics, socioeconomic status, and chronic health conditions. Additionally, by selecting control days within the same time strata, we account for long-term time trends, seasonal variations, and day of the week effects on MI risk.  
[bookmark: _Hlk169269948]MI is an acute cardiac disease, with most events occurring shortly after the triggering event. Moreover, in the context of time-stratified case-crossover designs, extending the lag period excessively beyond 6 days could introduce overlap bias or overfitting, wherein the same day might erroneously be counted both as a hazard period and a control, thus contravening the fundamental assumptions of the case-crossover design. Therefore, to capture the potential short-term effects while mitigating the risk of overlap bias or overfitting, we investigated the short-term effects of lower air temperatures and cold spells on MI within a 6-day lag period, focusing specifically on Control periods were selected as days on the same days of the week in the same calendar month as the case day (the day of MI occurrence). We specifically investigated two lag periods:  lag 0-1 days to assess potential immediate effects and lag 2-6 days to capture potential delayed effects.
2.5 Statistical analysis
[bookmark: _Hlk169469749]First, we employed conditional logistic regression to explore the temperature-response association, wherein percentile temperature was incorporated as a natural cubic spline (three degrees of freedom). As no significant departure from linearity was observed (Supplement, Figure S2), subsequent analyses treated air temperature and cold spells exposures as linear terms. Wwe applied conditional logistic regression with a distributed lag non-linear model (DLNM) to examine the short-term effects of air temperature and cold spells on MI separately. Conditional logistic regression is a type of regression analysis used for matched case-control studies, including case-crossover, which allow modeling the probability of an event (MI) occurring, while accounting for the matched nature of the data by conditioning on the matching variables30. The DLNM is an advanced statistical modeling framework widely employed to comprehensively investigate exposure-time-response function (air temperature/ cold spells – lag 0 to 1 and 2 to 6 days – MI) that may exhibit intricate temporal patterns31. The DLNM offers the capability to estimate both the cumulative effect over a specific exposure window and the effect at a single lag period. Furthermore, the DLNM can simultaneously estimate the exposure-response relationship at different lags with adjusting for potential confounding from other lag periods. By combining conditional logistic regression with the DLNM approach, we were able to investigate the potentially immediate and delayed effects of air temperature and cold spells on the risk of MI, while accounting for the case-crossover study design.
[bookmark: OLE_LINK15]More specifically, a cold spell was represented using a binary indicator, taking the value 1 during periods of cold spells and 0 during periods without cold spells. The "crossbasis" function was applied consisting of a linear function for exposure - response relationship (air temperature or cold spells – MI relationship), in addition to the lag-response dimension with a natural cubic spline featuring two interior knots at evenly spaced log values of lag days in the model, based on prior literature and our own experience32. That was implemented by including all lag days from 0 to 6, allowing us to control for the influence of each other lag days. Subsequently, we employed the "crosspred" function to generate separate effect estimates for the lag periods of 0-1 days and 2-6 days, capturing the immediate and delayed effects, respectively. Moreover, we incorporated both air temperature and cold spells into the same model to explore any potential independent effects of air temperature and cold spells. 
AdditionallyFurthermore, we performed regional analyses in the southern, central, and northern parts of Sweden to explore geographic disparities. In addition, subgroup investigations were conducted to segregate the impacts of air temperature and cold spells on the hospital admissions for total MI into first and recurrencerecurrent MI.
[bookmark: _Hlk169270909][bookmark: _Hlk169270941][bookmark: _Hlk164240327][bookmark: _Hlk164240336][bookmark: _Hlk164240348]We conducted effect modification analyses to investigate potential effect modifications using a comprehensive set of possible modifiers. These modifiers included a diverse range of demographic and behavioral characteristics, including age (<65 years vs. ≥65 years), sex (male vs. female), overweight status (BMI <25 kg/m² vs. ≥25 kg/m²), education level (high school or less [low] vs. any education beyond high school [high]), income (low vs. middle/high), and smoking status (current vs. never/former smoker). Additionally, we examined the impact of pre-existing health conditions (yes vs. no), including hypertension, diabetes, heart failure, and stroke. Furthermore, we assessed the effects of medication use (yes vs. no) across various medication classes, such as any medications; any antihypertensives (including Angiotensin-converting enzyme [ACE] inhibitors, A2 blockers, beta-blockers, calcium channel blockers, and diuretics); any antithrombotic medications (including oral anticoagulants, DOAC [apixaban, dabigatran etexilate, edoxaban, and rivaroxaban], aspirin, and other platelet inhibitors); any antidiabetic medications; any cardiac medications (including digitalis and long-acting nitro); and any lipid-modifying agents, including statins. Finally, we explored the influence of air pollutants, including PM2.5, PM10, NO2, and O3 (moving average of these air pollutants at lag 0-1 days or lag 2-6 days), categorized as below or above the overall median concentrations.
[bookmark: OLE_LINK3][bookmark: _Hlk112170382][bookmark: _Hlk169712630]To assess the robustness of our findings, we carried out sensitivity analyses. First, regarding cold spells, we evaluated the associations of three multiple alternative cold spell metrics (cold spells [10th, ≥ 3 days], cold spells [10th, ≥ 4 days], and cold spells [5th, ≥ 2 days]), and cold spells [3rd, ≥ 2 days with]) with MI. Moreover, to account for potential confounding by air pollutants, we additionally controlled for air pollutants (PM2.5, PM10, NO2, and O3), which were included separately in regression models as linear terms to reduce potential co-linearity. Furthermore, we investigated the associations between year-specific percentile temperature and year-specific cold spells and MI. 
The effects of air temperature and cold spells on MI outcomes were quantified as odds ratios (OR) with corresponding 95% confidence intervals (CI). For air temperature, the OR represent the change in the odds of experiencing a MI event associated with a one-unit decrease in daily temperature percentile. Cold spell effects were similarly expressed as OR with 95% CI, representing the change in the odds of experiencing a MI outcome during a cold spell compared to a non-cold spell period. All statistical analyses were conducted using R software (version 4.3.0), specifically employing the “survival” and “dlnm” packages. We determined statistical significance based on a two-sided p-value threshold of less than 0.05.
3. Results
3.1 Study population and exposure data
A total of 120,380 MI cases were included in this study, comprising 82,205 (68.3%) NSTEMI cases, 37,857 (31.4%) STEMI cases, and 318 (0.3%) cases of unspecified MI type. The demographics of the study population are summarized in Table 1 and S2 (Supplement). The mean age of the participants was 70.7 years, and their average BMI was 27.1 kg/m². Males constituted 65.5% of the participants, while a substantial proportion (80.9%) of the participants had attained an education level up to high school or lower, 30.6% had a recurrencerecurrent MI, nearly half (47.2%) of the participants lived in the southern region of Sweden, and 70.7% had a recorded history of medication usage. Table S2 (Supplement) presents the characteristics of the participants during cold spells and non-cold spells. The time series of total MI, NSTEMI, and STEMI during the cold season in Sweden from 2005 to 2019 is depicted in Figure S3 (Supplement).
The mean air temperature during the cold season was 1.0°C (Table 2). The results from the Spearman correlations analysis indicated weak to moderate correlation between air temperature and air pollutants (r: -0.31 to 0.54), except for PM2.5 and PM10, as presented in Supplement Figure S3.

3.2 Short-term associations between lower air temperature and cold spell with MI hospital admissions
[bookmark: _Hlk111905341]Our findings demonstrate significant associations between a decrease of 1-unit in percentile temperature and increased risks of total MI, NSTEMI, and STEMI at a lag of 2-6 days, as indicated by OR (95% CI) of 1.099 (1.057-1.142), 1.110 (1.060-1.164), and 1.076 (1.004-1.153), respectively (Figure 1). Additionally, we found that cold spells at a lag of 2-6 days were significantly associated with increased risks of total MI, NSTEMI, and STEMI, with OR (95% CI) values of 1.077 (1.037-1.12), 1.069 (1.02-1.119), and 1.095 (1.023-1.172), respectively (Figure 2). Conversely, we observed that decreased air temperature and cold spells at a lag of 0-1 days were associated with decreased risks of MI (Figures 1 and 2). 
Furthermore, in examining the single-day lag structure for the associations between lower air temperature and cold spells with MI at each day from lag 0 to 6, we observed a distinct temporal pattern. A trend emerged suggesting an association between exposure to lower air temperature and cold spells and a decreased risk of MI hospital admissions on the concurrent day at lag 0 to 1 day (Figure S5 and S6, Supplement). Subsequently, we identified a contrasting trend indicating an association between exposure to lower air temperature and cold spells and an increased risk of MI hospital admissions on the following day at lag 2 to 6 days (Figure S5 and S6, Supplement).
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Figure 1.  Short-term associations between air temperature and MI at lag of 0-1 and 2-6 days.
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Figure 2.  Short-term associations between cold spells and MI at lag of 0-1 and 2-6 days.
Figure 3 shows the independent effects of short- term exposures to air temperature and cold spells on MI at a lag of 2-6 days after mutual adjustment. Our study demonstrated the independent effects of short- term exposure to air temperature on increased risks of total MI and NSTEMI after controlling for the effects of cold spells at a lag of 2-6 days, with OR (95% CI) values of 1.083 (1.039-1.129) and 1.100 (1.047-1.157), respectively. Furthermore, we found independent effects of short-term exposure to cold spells on increased risks of total MI and STEMI after controlling for the effects of air temperature at a lag of 2-6 days, with OR (95% CI) values of 1.051 (1.009-1.095) and 1.083 (1.006-1.164), respectively. 
[bookmark: _Hlk165560585][image: ]
Figure 3.  Independent effects of short-term exposures to air temperature and cold spells on MI at a lag of 2-6 days.

Our analysis showed that lower air temperatures were associated with increased risks of total MI and NSTEMI at a lag of 2-6 days in the central, southern, and northern region of Sweden (Figure S4S7, Supplement). Moreover, cold spells were associated with increased risks of total MI and STEMI at a lag of 2-6 days in the central and northern region of Sweden (Figure S4, Supplement). The southern region showed a comparable effect size for the association between cold spells and MI, but the results did not reach statistical significance.
[bookmark: _Hlk169462428][bookmark: _Hlk169462779]Our study found that there was a significant short-term effect of a one-unit decrease in percentile temperature on both first and recurrencerecurrent MI, with OR (95% CI) of 1.102 (1.052-1.154) and 1.092 (1.018-1.171), respectively (Figure S5). Additionally, we found that cold spells had a significant short-term effect on the increased risk of first MI (OR [95% CI]: 1.093 [1.044-1.145]), and the effect on recurrent MI was comparable with slightly reduced (OR [95% CI]: 1.043 (0.973-1.117) (Figure S5S8, Supplement). Notably, the difference in these effects between first-time and recurrent MI was not statistically significant (p-difference > 0.05).
3.3 Effect modification
We did not observe any significant effect modification of demographic and behavioral characteristics, medication use, prior health conditions, and air pollutants on the association between lower air temperature and cold spells with MI, except for the modification of cold spells on NSTEMI by education status (Supplement Figure S6S9, Figure S7S10, Figure S8S11, Figure S9S12, Figure S10S13). 
3.4 Sensitivity analysis
[bookmark: _Hlk117773184][bookmark: OLE_LINK14][bookmark: _Hlk117431817][bookmark: _Hlk112170432]Overall, the associations between MI and short-term exposures to air temperature and cold spells were robust in the sensitivity analyses (Supplement, Figure S11S14 and S15). When employing alternative cold spell metrics, the findings remained consistent, although with potentially wider confidence intervals due to smaller sample sizes for the more extreme cold spell definitions, e.g., cold spells [3rd, ≥ 2 days]). First, when employing alternative metrics for cold spells, the findings remained consistent. Furthermore, similar associations were observed when additional adjustments were made to include the effects of air pollutants (PM2.5, PM10, NO2, and O3). Finally, employing year-specific percentile temperature and year-specific cold spells for analysis maintained the consistency of the results.
4. Discussion
[bookmark: _Hlk91249969]This nationwide, time-stratified case-crossover study demonstrated significant short-term effects of lower air temperature and cold spells on increased risks of MI hospital admissions at a lag of 2-6 days during the cold season. Moreover, the short-term exposures to air temperature and cold spells were independently associated with increased risks of MI after mutual adjustment. 
[bookmark: OLE_LINK22]Previous studies from different regions, including Finland, Germany, China, and Vietnam, also showed that lower air temperatures or cold spells were associated with an increased risk of MI occurrence12-19,32. Specifically, a city-specific study in the Helsinki metropolitan area, Finland, between 2001 and 2017 examined the association between low temperatures and cold spells with cardiorespiratory hospital admissions at lags up to 21 days. It found that decreased air temperature during the cold season (October to March) was linked to an increased risk of MI hospitalization, while cold spells showed no significant effect with lags up to 21 days17. Another study applying the SWEDEHEART database from 1998-2013 using a Poisson regression model reported a significant association between decreasing air temperature and an increased risk of hospital admission MI across all seasons at lags of up to 7 days16. Their subsequent analysis focusing on the winter season (January-March) revealed an association between decreased air temperature and reduced total MI and NSTEMI admissions, but no association was found with STEMI at a lag of 0 days. Notably, this winter subset analysis was restricted to lag 0 and did not explore associations at longer lags, thus precluding comparisons to the significant temperature-MI risks found at other lags in the overall dataset. Additionally, the potential impact of cold spells was not examined. Furthermore, there was a positive correlation pattern between extreme low temperatures (1st percentile temperature range) and increased hospital admissions for MI generally occurring at lag 3-16 days, while a negative correlation pattern between extreme low temperatures and decreased MI admissions was generally observed at lag 0-2 days in the North-Central Coast region of Vietnam13. Similarly, a recent nationwide case-crossover study in 323 Chinese cities between 2015 and 2021 during the cold seasons (November to March) reported that cold spells were significantly associated with an increased risk of MI occurrence generally at more than 2 days lag time21. Notably, they also identified suggestive protective effects of cold spells on MI occurrence at lag 0, though this association did not reach statistical significance. In contrast, a study conducted in Kaunas, Lithuania, during the winter season (December to February) between 2000 and 2015 explicitly focused on lag 0 days and found that cold spells were associated with an increased risk of MI at lag 020. In light further studies showing no association between low air temperature and MI hospital admisson33-35, the research so far is controversial on this topic.
[bookmark: OLE_LINK1]Our independent effects analyses provide insight into the independent contributions of overall cold exposure (measured by lower air temperatures) and extreme cold events (cold spells, extreme meteorological deviations) on MI risk. After adjusting for the influence of cold spells, we still observed a significant relationship between decreasing air temperatures and increased odds of hospitalization for MI. This suggests that exposure to ambient cold itself, aside from extreme weather deviations, is an important predictor of MI admission risk. Moreover, cold spells demonstrated independent effects on MI admissions after accounting for the broader temperature exposure-response relationship. This indicates extreme cold snaps confer excess risk beyond that expected from the incremental effects of declining temperatures alone. Overall, these findings emphasize the independent roles played by temperature decreases and extreme cold events in triggering MI events, suggesting that preventive strategies should be tailored to address both routine exposures to decreased temperature and the impact of extreme cold stimuli.
[bookmark: OLE_LINK20]Our findings suggest that lower air temperatures and cold spells exposures contribute to an increased risk of hospitalization for both NSTEMI and STEMI, with consistent effects observed across both categories. This broad impact implies that cold exposure is a general risk factor for acute coronary events, rather than being specific to one type of MI. Several prior research conducted in Singapore, Korean, Belgium, and Japan have demonstrated a link between lower temperatures and a higher risk of either STEMI or NSTEMI, while these studies often examined one subtype of MI in isolation15,36-38. Few studies have simultaneously explored the relationship between lower air temperatures and both NSTEMI and STEMI16,39,40. For example, a study conducted in Germany found that exposure to extreme low temperatures correlated with an elevated risk of STEMI, while no significant associations were found with NSTEMI39. To the best of our knowledge, there has been no research specifically investigating the effects of cold spells on the occurrence of NSTEMI and STEMI. 
Moreover, the comparable effects of exposure to lower air temperatures and cold spells on the increased risk of MI in first-time and recurrence MI further underscores this widespread vulnerability to lower air temperatures and cold spells, regardless of prior MI history. Limited research has explored the differential effects of lower temperatures on first-time MI versus recurrent MI12,39,41. A study conducted in Augsburg, Germany from 1987 to 2014 reported comparable effects of extreme low temperature on first-time MI (OR: 1.24, 95% CI: 1.04–1.49) and recurrent MI with wider confidence intervals: 1.24 (0.91-1.69)39. Another study in the same location between 1995 and 2004 found lower air temperature was associated with first-time MI (OR: 1.12, 95% CI: 1.05-1.19), while the association with recurrent MI showed a slightly reduced effect (OR: 1.02, 95% CI: 0.910-1.14)12. Consistent results were obtained in the North district of France, where lower temperatures were associated with both first-time (OR: 1.07, 95% CI: 1.00-1.16) and recurrent MI events (OR: 1.30, 95% CI: 1.13-1.49)41. However, no prior research has specifically investigated the differential effects of cold spells on first-time and recurrent MI occurrence.
[bookmark: OLE_LINK11][bookmark: _Hlk169448640][bookmark: _Hlk169897702]We identified identifying differing MI risk windows following exposure to lower air temperature and cold spells. We observed a transient reduction in the risk of MI admission immediately after exposure to lower air temperatures and cold spells at lag days 0-1, followed by statistically significant increased risks in the subsequent 2-6 days. This temporal pattern may indicate a delayed onset of cold-related impacts on MI risk, taking days to manifest after acute cold stress before triggering an acute MI event, rather than occurring immediately. These delayed findings are in accordance with prior research, underscoring the delayed nature of cold-related cardiovascular health effects2,13,42-44. That suggests that physiologic mechanisms triggered by cold stress may accumulate over days before reaching a threshold leading to an MI. Understanding this cold-to-MI risk lag sequence may be crucial for designing and implementing targeted preventive interventionsaid efforts to maximize predictive accuracy and identify strategic windows for preventive interventions. Our findings highlight the need for public health planning and clinical recommendations to consider this potential delayed exposure risk window. However, the underlying mechanisms governing this observed temporal pattern of the effects remain largely elusive, both physiological and behavioral factors may be involved. This immediate, short-lived protective effect may be potentially related to body's acute compensatory mechanisms, such as thermoregulatory responses45,46 and cold-induced stimulation of the acute stress response which may trigger the release of protective hormones that transiently benefit the cardiovascular system. However, during prolonged cold exposure, these protective mechanisms might be unsustainable or insufficient, leading to an increased MI risk in the following days. In addition to biological factors, behavioral changes and potential disruptions in services due to severe cold conditions may also play a significant role. For example, when aware of impending severe cold conditions within the ensuing two days, individuals may opt to remain indoors, thereby mitigating the risk. However, if it is cold for several days, one usually cannot avoid going outside, thereby escalating the risk. Another aspect to consider is the potential influence of service disruptions, such as transportation limitations or clinic closures due to severe weather, on healthcare-seeking behavior during extreme cold weather. Such disruptions may temporarily discourage individuals from seeking medical care, resulting in a reduced rate of MI hospitalizations within the initial 0-1 day lag period following cold exposure. However, as services resume and the necessity for medical care becomes more pressing, this may contribute to the observed increase in MI admissions during the subsequent lag days. Nevertheless, based on current evidence, we underscore the conjectural nature of this postulated pathway.
While this nationwide study was conducted solely in Sweden, the findings regarding the short-term effects of lower air temperatures and cold spells on MI risk may be generalizable to other regions with comparable geographical and climatic conditions. Despite its relatively northern latitude, Sweden encompasses different climatic zones, ranging from a maritime-influenced climate of the southern regions to the subarctic climate in the far north. Notably, our study revealed The comparable effects of exposure to lower temperatures and cold spells on the increased risk of MI across Sweden’s central, southern, and northern regions irrespective of geographical location within Sweden. These findings not only emphasize the need for nationwide strategies to mitigate the effects of cold weather on heart health in Sweden, but also suggest that the impact of cold exposure on cardiovascular health might be generalizable to other regions with climates ranging from maritime-influenced to subarctic. Furthermore, as a developed high-income Nordic country, Sweden’s climate bears similarities to other Northern European nations such as Norway, Finland, Denmark, and Iceland, as well as certain higher latitude regions, such as Canada. Additionally, the population characteristics, robust healthcare systems (including universal health coverage), and advanced infrastructure (such as efficient heating systems) in these Nordic countries are relatively analogous to those in Sweden. Consequently, the present findings hold potential relevance in these regions, providing insights into the impacts of cold temperatures on MI risk from a Northern European perspective. However, extrapolating our specific results to other geographical regions (e.g., tropical climate), different healthcare settings (e.g., limited access to preventative care), infrastructure disparities (e.g., low-income contexts) or demographic, should be done cautiously. Further research across diverse global populations is needed to delineate the extent to which our findings on cold exposure and MI risk may be globally relevant phenomena. 
[bookmark: OLE_LINK10]Despite conducting a comprehensive analysis, we found no effect modification by modifiers on the association between lower temperature and cold spell exposures with the risk of MI (except for the modification of cold spells on NSTEMI by education status). Specifically, the risks related to lower air temperature and cold spells were similar regardless of the use of cardiovascular medications, smoking, overweight, or history of diseases. This reinforces the significance of population-level risk factors that confer an increased risk of MI, even among individuals with and without other common cardiovascular risk factors.
[bookmark: OLE_LINK5][bookmark: OLE_LINK8]The elucidation of the underlying mechanisms through which increased MI risk is triggered by low air temperature and cold spell exposure remains incompletely understood. Exposure to low temperature or cold spells has been associated with physiological responses, including sympathetic activation, peripheral vasoconstriction, and heightened muscle tone, thereby inducing blood pressure and heart rate elevations, accompanied by haemoconcentration2,47,48. Additionally, lower air temperature or cold spell exposure has been proposed to exacerbate the development of atherosclerotic plaque instabilities via effects on lipid metabolism and endothelial inflammation2,47-49. Through these multimodal pathways, cold stimuli may act as a catalyst for the thrombotic pathway culminating in acute atherothrombotic MI events. However, the underlying mechanisms governing the observed association between low air temperature and cold spells with a reduced risk of MI at lag 0-1 days remain largely elusive. This immediate, short-lived protective effect may be potentially related to cold-induced stimulation of the acute stress response, which may trigger the release of protective hormones that transiently benefit the cardiovascular system. Moreover, when aware of impending severe cold conditions within the ensuing two days, individuals may opt to remain indoors, thereby mitigating the risk. However, if it is cold for several days, one usually cannot avoid going outside, thereby escalating the risk. Nevertheless, based on current evidence, we underscore the conjectural nature of this postulated pathway.
There are some strengths in our study. First, using registry data (SWEDEHEART) for the entire country of Sweden across 15 years, the study achieved an expansive real-world dataset with strong generalizability within that nation. Secondly, this SWEDEHEART data source, which offers comprehensive information on patient characteristics and clinical presentations, enables a nuanced exploration of potential effect modifications across a wide range of patient attributes. This depth of information contributes to a more comprehensive understanding of the relationship under investigation. Thirdly, our study enhances methodological robustness by applying percentile temperature values, rather than absolute temperature values, thereby accounting for regional climatic adaptations across various municipalities in Sweden. Lastly, the study's focus on Sweden, characterized by its northerly geographic location and the existence of extensive, high-quality databases capturing hospital records throughout the country, imparts findings with relevance to populations residing in cool and cold climates globally. However, some limitations should be considered in our study. This study relied on area temperature data, while actual personal exposures surely varied. This may lead to misrepresentations of the temperature-MI relationship. However, within the framework of a large epidemiological study, leveraging existing region exposure data is the current optimal solution. At the same time, we reaffirm the need for further research efforts to depict a more granular and accurate relationship between individual cold exposures and cardiovascular event risk. Secondly, as is the case with all observational studies, we can not make causal inference. 
5. Conclusion
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]In conclusion, this exhaustive nationwide case-crossover study demonstrated that short-term exposures to lower air temperature and cold spells are associated with an increased risk of hospitalization for MI at lag 2-6 daysa novel biphasic pattern in MI risk following exposure to lower air temperatures and cold spells, characterized by an initial transient reduction in risk at lags 0-1 days, followed by a significant increase in risk at lags 2-6 days. This delayed risk underscores the need for preventive interventions that consider this temporal window. Moreover, this finding suggests that individuals may be particularly vulnerable to acute cardiac events during periods of cold stress, whether stemming from common decreased temperatures or especially extreme meteorological deviations. As the ongoing progression of climate change continues to induce complex shifts in regional weather patterns, indirectly subjecting certain areas to further cooling and more temperature variability, the necessity to augment safeguards against common low temperatures and extreme cold to mitigate the risk of cold-induced cardiac hospitalizations in the future may become progressively important.
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Figure Legends

Figure 1.  Short-term associations between air temperature and MI at lag of 0-1 and 2-6 days.
Figure 2.  Short-term associations between cold spells and MI at lag of 0-1 and 2-6 days.
Figure 3.  Independent effects of short-term exposures to air temperature and cold spells on MI at a lag of 2-6 days.

Table 1. Descriptive statistics for the characteristics of participants
	 
	Total MI (N=120,380)
	NSTEMI (N=82,205)
	STEMI (N=37,857)

	Age (years)
	70.7 (12.2)
	71.9 (11.9)
	68.0 (12.4)

	Age (≥65 years)
	84,004 (69.8%)
	60,601 (73.7%)
	23,171 (61.2%)

	Sex (male)
	78,859 (65.5%)
	52,261 (63.6%)
	26,396 (69.7%)

	BMI (kg/m²)
	27.1 (5.7)
	27.2 (5.9)
	26.9 (5.1)

	Overweight (yes)
	67,141 (55.8%)
	45,944 (55.9%)
	21,129 (55.8%)

	Smoking status
	
	
	

	  Never smoked
	48,388 (40.2%)
	33,936 (41.3%)
	14,304 (37.8%)

	  Former smoker (no smoking during the last month)
	40,404 (33.6%)
	28,926 (35.2%)
	11,412 (30.1%)

	  Current smoker
	23,671 (19.7%)
	13,512 (16.4%)
	10,107 (26.7%)

	Education (up to high school or equivalent)
	97,422 (80.9%)
	66,864 (81.3%)
	30,287 (80.0%)

	Income
	
	
	

	  Low
	47,793 (39.7%)
	33,853 (41.2%)
	13,791 (36.4%)

	  Middle
	42,298 (35.1%)
	29,084 (35.4%)
	13,110 (34.6%)

	  High
	30,069 (25.0%)
	19,142 (23.3%)
	10,862 (28.7%)

	Recurrent MI (yes)
	36,778 (30.6%)
	29,786 (36.2%)
	6875 (18.2%)

	Region
	
	
	

	  North
	17,585 (14.6%)
	12,118 (14.7%)
	5438 (14.4%)

	  Central
	45,667 (37.9%)
	31,590 (38.4%)
	14,036 (37.1%)

	  South
	56,839 (47.2%)
	38,284 (46.6%)
	18,307 (48.4%)


Note: Data are reported as mean (SD) or n (%). 
Table 2. Descriptive statistics of the levels of air temperature and air pollutants during the cold season in Sweden from 2005 to 2019
	 
	Mean
	SD
	5%
	25%
	Median
	75%
	95%

	Air temperature (°C)
	1.0
	5.6
	-8.9
	-2.2
	1.4
	4.7
	9.3

	PM2.5 (μg/m3)
	7.6
	3.9
	3.0
	5.1
	6.8
	9.1
	14.4

	PM10 (μg/m3)
	12.9
	6.1
	5.3
	8.9
	11.8
	15.5
	24.0

	NO2 (μg/m3)
	8.7
	6.5
	2.4
	4.4
	6.7
	10.8
	21.8

	O3 (μg/m3)
	50.7
	13.0
	30.9
	40.9
	50.0
	59.5
	73.7


Note: PM2.5: particulate matter with an aerodynamic diameter of ≤2.5 µm; PM10: particulate matter with an aerodynamic diameter of ≤10 µm; NO2: nitrogen dioxide; O3: ozone
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