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Climate change and air pollution have garnered increasing attention in recent years due to their 
potential to contribute to various diseases, including myocardial infarction (MI). However, no 
previous studies have explored the interactive effects of diurnal temperature range (DTR) and air 
pollution on MI. This study employed an individual-level time-stratified case-crossover design to 
investigate 391,901 MI patients in central China between 2017 and 2020. Daily estimated air pollutant 
concentrations for each patient were extracted from gridded datasets based on their residential 
addresses on both case and control days. Conditional logistic regression models were used to 
examine the lagged effects and exposure-response relationships between short-term exposure to air 
pollutants, DTR, and MI. Additionally, the relative excess odds due to interaction (REOI), proportion 
attributable to interaction, and synergy index were applied to quantify the interaction effects. 
Subgroup analyses were further conducted by gender and age (≥ 65 years old and < 65 years old) to 
identify vulnerable populations. Exposure to all six air pollutants (PM2.5, PM10, SO2, NO2, CO, O3) was 
significantly associated with an elevated risk of MI. The risks of PM2.5, PM10, SO2, and CO became 
more pronounced after exceeding specific threshold concentrations. For O3 exposure, MI risk was 
reduced when concentrations were below the critical threshold but increased when this threshold was 
exceeded. High DTR was independently associated with an increased MI risk. Significant antagonistic 
interactions between air pollutant exposure and high DTR were observed across multiple lag periods. 
This study reveals that the adverse effects of air pollutants on MI are attenuated under high DTR 
conditions, highlighting the complex interplay between DTR and air pollution in the pathogenesis of 
MI.
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As the fundamental component of the natural environment and resources underpinning human survival, 
environmental and climatic factors are intricately linked to living conditions and social activities1. In recent 
decades, direct and indirect impacts on human health have been exerted by climate change, triggering 
frequent, intense, and widespread extreme weather events (cold waves, heatwaves, and dramatic temperature 
fluctuations), which pose significant risks to public health systems and emergency medical services2. Numerous 
studies have demonstrated that extreme temperatures can induce various diseases, which alter disease incidence 
and mortality risks3–5. While daily mean temperature has been widely used as an evaluation metric by most 
research6,7, this measure may inadequately capture the severity of temperature fluctuations during periods 
of significant variation8. Diurnal temperature range (DTR) was serves as a critical indicator of short-term 
temperature variation, quantifying intraday temperature dynamics9. Early investigations have highlighted 
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associations between DTR and the incidence/mortality of cardiovascular, cerebrovascular, and respiratory 
diseases10,11, yet their relationship with myocardial infarction (MI) risk remains poorly characterized.

MI is a life-threatening condition caused by acute coronary artery occlusion leading to myocardial ischemia 
and necrosis, it is represented as a leading cause of global cardiovascular morbidity and mortality12,13, accounting 
for > 30% of ischemic heart disease deaths14. MI may be triggered by rapid temperature shifts through multiple 
pathways, including alterations in heart rate and blood viscosity, induction of systemic inflammation, immune 
suppression, and disruption of thermoregulatory mechanisms11. Air pollution is represented as a leading 
environmental risk factor for global mortality and disease burden15, and primarily consists of particulate matter 
and gaseous pollutants. Particulate matter includes fine particulate matter (PM2.5) and inhalable particulate 
matter (PM10), while gaseous pollutants comprise sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon 
monoxide (CO), and ozone (O3). Substantial evidence confirmed that short-term exposure to air pollutants 
markedly elevates MI risk16, with co-exposure to PM2.5 and heatwaves demonstrating synergistic effects on 
MI mortality17. Despite established interactions between heatwaves and PM2.5, the combined impact of DTR 
and air pollution on MI risk remains unknown, with an issue of critical significance amid escalating climate 
variability.

To address this critical issue, we conducted an individual-level case-crossover study involving 391,901 
MI patients in Henan Province, China (2017–2020). This research aims to: (1) evaluate associations between 
extreme DTR, air pollutants, and MI risk; (2) quantify interaction effects between DTR and air pollution; and 
(3) identify potential susceptible populations.

Methods
Study area
This study was conducted in Henan Province, China (31°23’–36°22’N, 110°21’–116°39’E), situated in central 
China along the middle-lower Yellow River basin (Fig. 1A). By the end of 2020, the province had a permanent 
population of 99.41 million, with 55.43% urban residents, 50.1% male population, and 13.5% aged over 65 years 
old.

Geographically, most of Henan lies in the warm temperate zone, with its southern region spanning the 
subtropical zone, characterized by a continental monsoon climate. The terrain transitions from plains to hilly 
mountains from east to west, featuring distinct seasons, concurrent rainfall and heat, and frequent climatic 
disasters (https://slt.henan.gov.cn/; accessed 26 June 2025). The Henan province has an annual average 
temperature of 12–16 °C, annual precipitation of 400–1100 mm, and annual sunshine hours of 1500–2200 h.

Air pollutant and meteorological data
Air pollution data were obtained from the China High Air Pollutants (CHAP) dataset, comprising daily 
measurements of six major pollutants (PM2.5, PM10, SO2, NO2, CO, and O3) in Henan Province from 1 
January 2017 to 31 December 202018. Specifically, the PM2.5, PM10, SO2, NO2, and CO data represented 24-
hour average concentrations, while O3 data denoted daily maximum 8-hour moving average concentrations. 
Generated using artificial intelligence, ground-based observations, atmospheric reanalysis, and satellite remote 
sensing, this high-resolution dataset ensures full coverage of China. The spatial resolution was 1 km for PM2.5, 
PM10, and O3; for SO2, NO2, and CO, it was 10 km during 2017–2018 year and improved to 1 km (higher 
precision) during 2019–2020 year. Validation against ground monitoring stations showed strong consistency: 
cross-validation coefficients of determination (R2) for PM2.5, PM10, SO2, NO2, CO, and O3 ranged from 0.80 to 
0.93, with corresponding root mean square errors (RMSE) of 10.76 µg/m3, 21.12 µg/m3, 10.07 µg/m3, 7.99 µg/
m3, 0.29mg/m3, and 15.77 µg/m3, respectively.

Fig. 1.  Spatial distribution of MI cases in Henan province from 2017 to 2020. Location of Henan province in 
China (A), spatial distribution of cases (B).
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Meteorological data were derived from the European Centre for Medium-Range Weather Forecasts 
(ECMWF) for Fifth Generation ECMWF Reanalysis (ERA5) with a resolution of 0.1°×0.1°, including daily mean 
temperature (°C), maximum temperature (°C), minimum temperature (°C), and relative humidity (%). DTR was 
defined as the difference between daily maximum and minimum temperatures.

Firstly, latitude and longitude coordinates were geocoded from MI patients’ home addresses using Baidu 
Maps, which were matched to gridded air pollution and meteorological datasets to derive individual exposures. 
Thresholds were defined using the 25th (P25) and 75th (P75) percentiles of daily DTR (2017–2020): high DTR 
was ≥P75, low DTR ≤P25, and medium DTR between P25–P75.

Study population
This study collected MI case data from 329 hospitals in Henan Province between January 1, 2017, and December 
31, 2020. MI cases were diagnosed according to The International Statistical Classification of Diseases and 
Related Health Problems 10th Revision (ICD-10), including acute MI (I21) and subsequent MI (I22). Medical 
records included patient demographics (gender, age, current address), admission date, and primary diagnosis. 
After excluding patients with incomplete records (n = 1541, 0.39%), a total of 391,901 MI patients residing in 
Henan Province during 2017–2020 were included (Fig.  1B). The study protocol was approved by the Ethics 
Committee of Zhengzhou University, and informed consent was obtained from all subjects and/or their legal 
guardians.

Study methods
This study employed a time-stratified case-crossover design based on individual exposure, to investigate 
interactive effects of DTR and air pollution on MI incidence19. This approach evaluated exposure patterns before 
and after the case day, with each case serving as its own control to mitigate potential confounding factors. For 
each MI case, the onset day was designated as the case day, and control days were defined as the same day of 
the week in the same year and month but different weeks, thereby controlling for long-term trends, seasonality, 
and personal confounders (e.g., short-term invariable factors included behavioral patterns, health status, and 
demographic characteristics). Consequently, this study only adjusted for time-varying factors (e.g., mean 
temperature and relative humidity). According to this method, each case day was matched with 3–4 control 
days. For example, if a case occurred on the second Monday of September 2017 (September 11), the onset day 
served as the case day, and other Mondays in September (September 4, 18, and 25) were selected as control days.

Statistical analysis
This study applied Spearman correlation analysis to assess the associations between air pollutants and 
meteorological factors. Conditional logistic regression models were employed to evaluate the relationships 
between temperature variations, air pollution exposure, and MI risk. DTR and air pollutants were incorporated 
into the model both as categorical variables and natural cubic spline functions, with the degrees of freedom 
(df) set to 3. Consistent with documented lag effects of air pollutants on MI, we examined both single-day lags 
(lag0–lag7) and cumulative lag exposures (lag01–lag07). Consistent with previous studies, subsequent analyses 
primarily used exposure data from the period with the strongest effect as the core indicator17,20,21. Exposure-
response curves for each air pollutant were generated, and likelihood ratio tests were used to verify nonlinear 
associations. In the presence of a nonlinear relationship, piecewise conditional logistic regression was applied to 
identify potential breakpoints. Thereafter, the percentage change in MI risk (defined as [odds ratio − 1] *100%) 
and its 95% confidence interval (CI) were reported per 1-unit increase (10 µg/m3 for PM2.5, PM10, SO2, NO2, 
and O3; 1mg/m3 for CO).

Subsequently, we evaluated the interactive effects between high DTR and air pollutants across different lag 
periods. Using the median (P50) of each air pollutant as the threshold, pollutants were categorized into low 
and high exposure levels (Table S1). DTR and air pollution groups were then paired to construct a new variable 
representing their joint exposure, for which odds ratios (ORs) were calculated for each combination. As an 
illustrative example, consider PM2.5 and high DTR: the four variable levels included medium DTR and low-
level PM2.5 (level 00), high DTR and low-level PM2.5 (level 10), medium DTR and high-level PM2.5 (level 01), 
and high DTR and high-level PM2.5 (level 11). Using level 00 (OR00=1) as the reference, the OR values were 
calculated for levels 10 (OR10), 01 (OR01), and 11 (OR11), from which three interaction metrics were calculated: 
relative excess odds due to interaction (REOI), attributable proportion of interaction (AP), and synergy index 
(SI). REOI = OR11 − OR10 − OR01 + 1, quantifying the interaction’s contribution to the overall effect. AP = REOI/
OR11, representing the interaction’s proportion in the total effect. SI = (OR11 − 1)/[(OR10 − 1) + (OR01 − 1)], 
indicating the ratio of the combined effect to individual effects. The delta method was employed to compute 95% 
CIs for these indices22. A synergistic effect was indicated by REOI > 0, AP > 0, and SI > 1 (i.e., combined effect 
exceeding individual effects), whereas REOI < 0, AP < 0, and SI < 1 signified an antagonistic interaction.

To identify potentially susceptible populations, stratified analyses were conducted by sex (male and female), 
age (< 65 and ≥ 65 years), and season (warm [April to September] vs. cold [October to March]). A two-sample 
Z test was used to assess the statistical significance of differences in effect estimates across subgroups. To verify 
the robustness of these results, we conducted two sensitivity analyses. First, we adjusted the patient scope by 
excluding patients with subsequent MI (ICD-10 code: I22). Second, to eliminate the impact of coronavirus 
disease 2019 (COVID-19), we restricted the patients’ onset time to the period from 2017 to 2019. All analyses 
were conducted using R (version 4.3.1), with two-sided P < 0.05 considered statistically significant.
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Results
General characteristics
From January 2017 to December 2020, a total of 391,901 MI patients were enrolled, including 345,011 acute MI 
(88.0%) and 46,890 subsequent MI (12.0%). The study comprised 391,901 case days and 1,331,920 control days. 
Demographic characteristics showed that 39.4% of patients were aged under 65 years old, 58.1% were male, 
69.2% were married, and 28.5% experienced the onset of MI in spring (Table 1).

During the study period, daily mean concentrations of air pollutants were as follows: PM2.5 (58.4 µg/m3), 
PM10 (101.6 µg/m3), SO2 (14.8 µg/m3), NO2 (33.7 µg/m3), CO (1.0mg/m3), and O3 (114.9 µg/m3). On case days, 
DTR ranged from 0.3  °C to 23.8  °C (mean: 10.5  °C), with daily mean/minimum/maximum temperatures of 
15.8 °C, 10.4 °C, and 20.9 °C, respectively (Table S1). Correlation analysis revealed positive associations among 
PM2.5, PM10, SO2, NO2, and CO, while O3 exhibited negative correlations with other pollutants (Fig. 2). DTR 
was positively correlated with PM10, SO2, NO2, and O3, and weakly negatively correlated with PM2.5 and CO 
(all P < 0.05).

Effects of DTR on the risk of MI
Figure 3 illustrates the effect of each 1 °C increase in DTR on the risk of MI across different lag periods. The 
results showed that low DTR exerted a protective effect against MI: with an increase in lag days, the impact on 
MI risk exhibited a decreasing trend, reaching the strongest effect at lag05 [− 0.36% (95% CI: −0.59%, − 0.13%)]. 

Fig. 2.  Spearman’s correlation coefficients between environmental factors.

 

Characteristic Count (%)

No. of cases 391,901

Acute MI 345,011 (88.0)

Subsequent MI 46,890 (12.0)

Case days 391,901

Control days 1,331,920

Age (years old)

< 65 154,477 (39.4)

≥ 65 237,410 (60.6)

Sex

Male 227,550 (58.1)

Female 164,351 (41.9)

Marriage status

Married 271,060 (69.2)

Single 120,841 (30.8)

Season

Spring 111,745 (28.5)

Summer 95,495 (24.4)

Autumn 88,433 (22.6)

Winter 96,228 (24.5)

Table 1.  Characteristics of study population in Henan province from 2017 to 2020. MI myocardial infarction.
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In contrast, high DTR was associated with an increased risk of MI. As the cumulative lag days increased, the 
association between high DTR and MI risk exhibited a pattern of first increasing and then decreasing, peaking at 
lag05 [0.67% (0.39%, 0.94%)]. Therefore, the effect at lag05 was selected as the primary outcome for subsequent 
analyses.

Effects of air pollutants on the Risk of MI
Figure 3 presents the effect of each one-unit increase in air pollutants on MI risk across different lag periods. 
For the single-day lag effect, the impacts of air pollutants on MI risk generally showed a decreasing trend as the 
number of lag days increased. The effects of PM2.5, PM10, SO2, NO2, and CO were no longer significant after 5 
days of exposure. In terms of the cumulative lag effect, with the increase in cumulative lag days, PM2.5, PM10, 
SO2, NO2, and CO all exhibited a trend of first increasing and then decreasing, reaching the peak at lag 05. At lag 
05, each one-unit increase in air pollutants was associated with a respective increase in MI risk of 0.57% (0.38%, 
0.76%), 0.56% (0.43%, 0.69%), 4.50% (3.32%, 5.70%), 3.59% (3.03%, 4.15%), and 10.32% (8.25%, 12.42%). In 
contrast, O3 exhibited a consistent decreasing trend, with the strongest effect observed at lag 0 [0.37% (0.26%, 
0.49%)].

At lag 05, critical thresholds were identified for PM2.5, PM10, SO2, and CO. Before these critical thresholds, 
no significant associations with MI risk were observed; however, beyond the thresholds, each one-unit increase 
in air pollutant concentrations was associated with respective increases in MI risk of 0.63% (0.45%, 0.82%), 
2.78% (2.06%, 3.50%), 5.31% (3.82%, 6.83%), and 16.11% (12.83%, 19.48%). Each 10 µg/m3 increase in NO2 
concentration was associated with a 3.59% (3.03%, 4.15%) increase in MI risk, with no obvious linear deviation 
observed. At lag 0, for O3, when its concentration was less than 77.08 µg/m3, each 10 µg/m3 increase was associated 
with a 7.13% (5.55%, 8.68%) decrease in MI risk; in contrast, when O3 concentration exceeded 77.08 µg/m3, each 
10 µg/m3 increase was associated with a 0.37% (0.24%, 0.51%) increase in MI risk (Fig. 4; Table 2).

Interactions of temperature variations and air pollution on the risk of MI
Interactive effects of air pollution and high DTR on the risk of MI were further explored using three interaction 
metrics: REOI, AP, and SI (Table 3; Tables S2–S6). The results revealed significant interactive effects between 
various air pollutants and high DTR across multiple lag periods. For instance, at lag 2, the REOI values for the 
interactions of PM2.5, PM10, SO2, NO2, and CO with high DTR were − 0.0437 (−0.0662, −0.0213), −0.0575 
(−0.0773, −0.0376), −0.0263 (−0.0465, −0.0062), −0.0547 (−0.0749, −0.0345), and − 0.0302 (−0.0497, −0.0106), 
respectively. These findings indicated an antagonistic interaction between the aforementioned air pollutants and 
high DTR. At lag 07, the REOI, AP, and SI for the interaction between O3 and high DTR were − 0.0208 (−0.0411, 
−0.0004), −0.0208 (−0.0412, −0.0004), and − 0.1130 (−0.1277, 0.9015), respectively, confirming an antagonistic 
interaction between O3 and high DTR as well.

Fig. 3.  Lag effect analysis of air pollution and DTR on MI risk, 2017 to 2020.

 

Scientific Reports |        2026 16:10688 5| https://doi.org/10.1038/s41598-026-46261-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Stratified analysis
Females exhibited significantly greater susceptibility to MI associated with SO₂ and NO₂ exposure compared 
with males. Moreover, the independent effects of SO₂ and NO₂ on MI risk were more pronounced among 
individuals aged ≥ 65 years than among those aged < 65 years (P difference < 0.05). The effects of PM2.5 and PM10 
on MI were significantly stronger in the warm season than in the cold season, whereas CO showed a more 
prominent effect during the cold season.

High DTR was significantly associated with an increased risk of MI among individuals aged ≥ 65 years. 
Compared with males, females were more susceptible to high DTR–related MI. Notably, the protective effect of 
low DTR was more evident in individuals aged < 65 years and was also significantly stronger in the warm season 
than in the cold season.

Regarding interaction effects, antagonistic interactions between air pollutants and high DTR were observed 
in specific subgroups. Among males, exposure to PM2.5, SO₂, or NO₂ showed antagonistic interactions with high 
DTR. Similarly, among individuals aged ≥ 65 years, exposure to SO₂ and NO₂ also demonstrated antagonistic 
interactions with high DTR. In seasonal analyses, SO₂ exhibited a significant antagonistic interaction with high 
DTR in the warm season, whereas NO₂ showed a significant antagonistic interaction with high DTR in the cold 
season. However, after stratification by sex or age, the differences in interaction effects were not statistically 
significant (P difference < 0.05; Table 4, S7 and S8).

Sensitivity analysis
Sensitivity analysis was performed by excluding patients with subsequent MI (ICD-10 code I22) to validate the 
robustness of these findings. The results showed that the antagonistic effects observed in the interaction between 
air pollution and high DTR were consistent with those from the primary analysis (Table S9). All other significant 
associations identified in the initial analysis remained statistically significant (Figure S1).

To eliminate the impact of coronavirus disease 2019 (COVID-19), we restricted the patients’ onset time to 
the period from 2017 to 2019. The results showed that all six air pollutants and high DTR significantly increased 
the risk of MI, which was consistent with the findings of the main analysis. Significant antagonistic effects were 

Breakpoint

Percent Change (95% CI)

P nonlinear< Breakpoint > Breakpoint

PM2.5 24.87 µg/m3 −4.86 (−11.17, 1.89) 0.63 (0.45, 0.82) < 0.001

PM10 179.97 µg/m3 0.13 (−0.06, 0.31) 2.78 (2.06, 3.50) < 0.001

SO2 14.02 µg/m3 −0.21 (−3.41, 3.09) 5.31 (3.82, 6.83) < 0.001

CO 1.28 mg/m3 1.01 (−3.63, 5.88) 16.11 (12.83, 19.48) < 0.001

O3 77.08 µg/m3 −7.13 (−8.68, −5.55) 0.37 (0.24, 0.51) < 0.001

Table 2.  Estimated percent change in odds of MI risk associated with exposure to each 1-unit increase in air 
pollutants. MI myocardial infarction, PM2.5 fine particulate matter, PM10 inhalable particulate matter, NO2 
nitrogen dioxide, CO carbon monoxide, O3 ozone.

 

Fig. 4.  Exposure-response association of short-term exposure to PM2.5, PM10, SO2, NO2, CO, and O3 
during their respective periods of strongest effect and the risk of MI. The solid blue lines with shaded regions 
indicated percent changes in odds of MI risk and their corresponding 95% CI, respectively. The red dotted lines 
represented the referent percent change of 0.
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Subgroups Pollutants

Estimate value (95% CI)

REOI AP SI

Male PM2.5 −0.0437 (−0.0701, −0.0172) −0.0420 (−0.0676, −0.0164) 0.4734 (0.2490, 0.6977)

PM10 0.0097 (−0.0163, 0.0357) 0.0094 (−0.0157, 0.0344) 1.3489 (0.0766, 2.6212)

SO2 −0.0580 (−0.0858, −0.0303) −0.0562 (−0.0831, −0.0292) 0.3637 (0.1776, 0.5499)

NO2 −0.0671 (−0.0941, −0.0401) −0.0660 (−0.0927, −0.0393) 0.1963 (−0.0254, 0.4180)

CO −0.0164 (−0.0431, 0.0103) −0.0157 (−0.0414, 0.0100) 0.7245 (0.3511, 1.0978)

O3 0.0529 (0.0265, 0.0793) 0.0510 (0.0256, 0.0763) −2.6611 (−10.3806, 5.0585)

Female PM2.5 −0.0060 (−0.0369, 0.0249) −0.0057 (−0.0351, 0.0237) 0.8958 (0.04049, 1.3866)

PM10 0.0407 (0.0104, 0.0710) 0.0388 (0.0100, 0.0677) 6.6260 (−25.8070, 39.0590)

SO2 −0.0271 (−0.0594, 0.0051) −0.0261 (−0.0572, 0.0050) 0.5873 (0.2522, 0.9224)

NO2 0.0056 (−0.0253, 0.0365) 0.0054 (−0.0244, 0.0352) 1.1801 (0.0111, 2.3492)

CO −0.0231 (−0.0547, 0.0084) −0.0220 (−0.0523, 0.0082) 0.6788 (0.3220, 1.0256)

O3 0.0217 (−0.0102, 0.0535) 0.0205 (−0.0096, 0.0506) 1.5859 (0.1684, 3.0034)

<65y PM2.5 −0.0287 (−0.0603, 0.0030) −0.0279 (−0.0588, 0.0030) 0.4829 (0.0820, 0.8838)

PM10 −0.0110 (−0.0424, 0.0205) −0.0108 (−0.0419, 0.0203) 0.5282 (−0.3510, 1.4073)

SO2 −0.0291 (−0.0619, 0.0036) −0.0293 (−0.0622, 0.0037) −0.1444 (−1.2245, 0.9356)

NO2 −0.0308 (−0.0625, 0.0010) −0.0312 (−0.0634, 0.0011) −0.6633 (−3.1131, 1.7865)

CO −0.0246 (−0.0566, 0.0073) −0.0243 (−0.0560, 0.0074) 0.3531 (−0.2988, 1.0050)

O3 0.0299 (−0.0022, 0.0619) 0.0292 (−0.0021, 0.0604) −4.0716 (−37.2268, 29.0836)

≥ 65y PM2.5 −0.0221 (−0.0481, 0.0038) −0.0210 (−0.0457, 0.0037) 0.7119 (0.4445, 0.9792)

PM10 0.0492 (0.0240, 0.0744) 0.0464 (0.0227, 0.0702) 5.9205 (−11.3623, 23.2033)

SO2 −0.0498 (−0.0771, −0.0225) −0.0470 (−0.0728, −0.0212) 0.5469 (0.3814, 0.7124)

NO2 −0.0291 (−0.0553, −0.0028) −0.0277 (−0.0529, −0.0026) 0.6195 (0.3686, 0.8705)

CO −0.0138 (−0.0403, 0.0127) −0.0129 (−0.0377, 0.0120) 0.8381 (0.5596, 1.1166)

O3 0.0472 (0.0208, 0.0735) 0.0442 (0.0196, 0.0689) 3.4688 (−2.1011, 9.0386)

Table 4.  Interactions of high DTR and air pollution on MI risk by subgroup analysis. MI myocardial 
infarction, DTR diurnal temperature range, REOI relative excess odds due to interaction, AP attributable 
proportion of interaction, SI synergy index, PM2.5 fine particulate matter, PM10 inhalable particulate matter, 
SO2 sulfur dioxide, NO2 nitrogen dioxide, CO carbon monoxide, O3 ozone.

 

PM2.5

Estimate (95% CI)

REOI AP SI

lag0 −0.0370 (−0.0598, −0.0142) −0.0359 (−0.0582, −0.0136) 0.4480 (0.2117, 0.6842)

lag1 −0.0209 (−0.0439, 0.0020) −0.0198 (−0.0417, 0.0020) 0.7252 (0.4827, 0.9678)

lag2 −0.0437 (−0.0662, −0.0213) −0.0439 (−0.0665, −0.0212) −0.0775 (−0.5638, 0.4087)

lag3 −0.0672 (−0.0897, −0.0447) −0.0679 (−0.0908, −0.0450) −0.1716 (−0.5452, 0.2019)

lag4 −0.0075 (−0.0297, 0.0145) −0.0074 (−0.0293, 0.0143) 0.6584 (−0.1025, 1.4194)

lag5 −0.0122 (−0.0345, 0.0101) −0.0119 (−0.0338, 0.0099) 0.6436 (0.1516, 1.1356)

lag6 −0.0167 (−0.0392, 0.0058) −0.0162 (−0.0382, 0.0057) 0.6153 (0.2298, 1.0008)

lag7 −0.0321 (−0.0548, −0.0095) −0.0314 (−0.0537, −0.0092) 0.4055 (0.1149, 0.6960)

lag01 −0.0314 (−0.0545, −0.0082) −0.0300 (−0.0522, −0.0078) 0.5943 (0.3744, 0.8142)

lag02 −0.0216 (−0.0445, 0.0013) −0.0208 (−0.0429, 0.0013) 0.6363 (0.3461, 0.9264)

lag03 −0.0096 (−0.0323, 0.0129) −0.0093 (−0.0312, 0.0125) 0.7832 (0.3619, 1.2044)

lag04 0.0052 (−0.0174, 0.0278) 0.0049 (−0.0164, 0.0263) 1.0997 (0.6291, 1.5703)

lag05 0.0335 (0.0113, 0.0557) 0.0317 (0.0107, 0.0527) 2.5310 (−0.2761, 5.3382)

lag06 0.0483 (0.0260, 0.0706) 0.0451 (0.0244, 0.0659) 3.1893 (−0.4579, 6.8366)

lag07 0.0596 (0.0372, 0.0821) 0.0557 (0.0349, 0.0766) 6.6415 (−10.5185, 23.8016)

Table 3.  Interactions of high DTR and PM2.5 on MI risk. MI myocardial infarction, DTR diurnal temperature 
range, REOI relative excess odds due to interaction, AP attributable proportion of interaction, SI synergy index, 
PM2.5 fine particulate matter.
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observed between exposures to SO₂, NO₂ and high DTR on the risk of acute MI; no significant interactions were 
found between the remaining air pollutants and high DTR exposure, which was generally consistent with the 
results of the main analysis (Table S10 and Figure S2).

Discussion
This study represented case-crossover analysis based on individual exposure to investigate interactive effect of 
DTR and air pollution on MI incidence. By analyzing data from 391,901 MI patients across a central Chinese 
province during 2017–2020, we demonstrated that short-term exposure to air pollutants and high DTR 
significantly elevated MI risk. Notably, antagonistic effects were observed between air pollutants and high DTR, 
which indicated that combined exposure may mitigate MI risk. Our findings further revealed that SO2 and NO2 
exert stronger impacts on female patients and individuals aged ≥ 65 years old, who also exhibited heightened 
susceptibility to diurnal temperature fluctuations.

To date, few studies have investigated the association between DTR and MI morbidity, with most research 
focusing on MI mortality23,24. Consequently, the impact of DTR on MI risk remains unclear. Lee et al.‘s findings 
indicated that beyond threshold temperatures (spring: 7.5 °C, winter: 6.5 °C), each 1 °C increase in DTR elevated 
the risk of MI emergency visits by 3.0% and 2.0% in spring and winter, respectively25. However, a Korean case-
crossover study reported no significant association between DTR and MI admission rates11. In contrast, our 
study observed that every 1 °C increase in high DTR (> 13.5 °C) raised MI risk by 0.67%, while low DTR exerted 
a protective effect on the population. These discrepancies may stem from regional and population differences, as 
South Korea’s average DTR during its study period (8 °C, SD = 3 °C) was lower than our study (10.5 °C, SD = 3.7 
°C). Our study confirmed that the elderly heightened vulnerability to DTR, consistent with most prior research26. 
At the same time, this study observed a protective association between low DTR and MI incidence. Lower 
diurnal variability reflects a more thermally stable environment, which may reduce acute thermoregulatory 
stress and sympathetic nervous system activation. Such temperature stability could attenuate fluctuations in 
blood pressure, vascular tone, and blood viscosity—pathways known to contribute to the triggering of acute 
coronary events27,28.

Over recent decades, most research have focused on associations between short-term air pollution exposure 
and MI mortality29,30, while studies examining MI incidence remain relatively scarce. Our findings demonstrated 
that MI risk increased significantly with rising exposure to PM2.5, PM10, SO2, and CO, with the presence of 
threshold effects. This aligns with a large Chinese case-control study reported that each interquartile range 
increase in acute exposure to PM2.5, SO2, and CO elevated MI risk by 1.32%, 0.67%, and 1.55% respectively, 
with threshold effects also observed31. An Italian study confirmed positive overall correlations between PM10, 
SO2, CO and MI incidence, but did not account for nonlinear associations, potentially underestimating effects at 
lower exposure levels32,33. Regarding O3, a Chinese study found no significant association with MI incidence31, 
contrasting with a U.S. case-crossover study that reported significant effects from short-term O₃ exposure34. Our 
analysis revealed an inverse relationship with MI risk below 77.08 µg/m3 of O3, but a significant increase beyond 
this threshold, indicated divergent findings across studies that warrant deeper investigation. A meta-analysis 
indicated that each 10 µg/m3 increase in short-term NO2 exposure was significantly associated with a 1.0% 
elevation in MI incidence35. In our study, every 10 µg/m3 increment in NO₂ concentration increased MI risk 
by 3.59%, with both studies demonstrating consistent findings. Against the backdrop of increasingly complex 
climate change, both large temperature variations and air pollution events are occurring with greater frequency. 
Consequently, investigating their combined effects has become critically important. Our findings revealed 
antagonistic effects between air pollutants with high DTR, where co-exposure actually reduced MI risk. On 
the one hand, when large DTR coincide with severe air pollution, individuals may proactively adopt protective 
measures, reduced outdoor activity and adjusted clothing promptly, and mitigated health risks. In contrast, 
when large temperature variations or air pollution occur in isolation, preventive awareness may wane, increasing 
vulnerability to individual exposures36. On the other hand, a large diurnal temperature range reflects greater 
intraday temperature variability. Such variability may influence atmospheric dispersion conditions and human 
physiological responses, thereby potentially modifying the health effects of air pollutants. Although the co-
exposure to high DTR and air pollution exhibited antagonistic effects, this interaction does not imply that large 
temperature variations or severe pollution confer health benefits. Instead, such adverse weather conditions may 
prompt heightened self-protection behaviors, which could buffer health impacts. On the premise of improving 
air quality, timely issuance of large DTR warnings is essential to safeguard public health.

This study offered several key strengths. Firstly, it represented the inaugural investigation into the combined 
impact of DTR and air pollution on MI incidence risk. Secondly, leveraging a population base of 99.36 million 
in Henan Province, the inclusion of 391,901 MI patients provided substantial statistical power for robustly 
examining these associations. Thirdly, the application of a time-stratified case-crossover design inherently 
controls for personal confounders (e.g., age, gender, socioeconomic status, lifestyle) as well as long-term trends 
and seasonality by using each case as its own control. Finally, individual exposure assessment based on residential 
addresses at symptom onset enhances the accuracy of assigned air pollution and temperature exposure estimates. 
Notably, several limitations should be acknowledged. Firstly, while pollution and meteorological data were 
matched to patients’ residential addresses, the absence of individual indoor exposure data introduces inevitable 
potential for exposure misclassification. Secondly, these findings from this central Chinese province require 
caution when generalizing to other regions, though they provided valuable references for similar geographical 
contexts.
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Conclusions
This study demonstrated that exposure to PM2.5, PM10, SO2, NO2, CO, and O3 significantly elevates the risk 
of MI onset. Notably, non-linear associations were identified between PM2.5, PM10, SO2, CO, O3, and the 
development of MI. High DTR was significantly linked to MI, particularly affecting women and older adults 
as susceptible populations. Additionally, antagonistic effects were observed between air pollutants and high 
DTR exposure, which indicated that high DTR may mitigate the adverse effects of air pollutants on MI risk. 
These findings underscore the imperative to enhance early warnings for extreme thermal variations alongside 
air pollution mitigation, prompting individuals to implement timely preventive measures for health protection.

Data availability
The air pollution and meteorological datasets used in this study were obtained from the following public domain 
resources: https://data.tpdc.ac.cn and https://www.ecmwf.int.
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